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ABSTRACT

Mitochondria, often referred to as the powerhouse of the cell, are captivating organelles
that play a multifaceted role in the physiology and metabolism of eukaryotic cells. Mitochondria
act as the central hub of cellular metabolism, providing sites for ATP synthesis, oxidative
phosphorylation (OXPHOS), nucleotide, amino acid, and fatty acid biosynthesis, reactive oxygen
species (ROS) generation, thermogenesis, and calcium homeostasis. Mitochondria are also
highly dynamic organelles that constantly change shape, size, and number through fission and
fusion events. This process, known as mitochondrial dynamics, is essential for maintaining their
vital physiological functions. Mitochondrial fission is particularly crucial for mitochondrial
biogenesis and homeostasis. As akin to many membrane-bound organelles, mitochondria cannot
be created de novo but instead grow, divide, and are passed on to daughter cells during cell
division. Mitochondrial fission is an evolutionarily conserved process dependent on the
homologs of the dynamin-related proteins known as Dnm1 in yeast. Dnml is a large GTPase (85
kDa) with 757 residues and four domains: an N-terminal GTP-binding domain, a middle domain,
a variable domain containing the B-insert, and a C-terminal GTPase effector domain. Dnm1
undergoes a repeated cycle of assembly and disassembly on the target membrane, involving the
binding and hydrolysis of GTP, which leads to the remodeling of the membrane, thereby
facilitating mitochondrial fission. Throughout this process, Dnm1 also interacts with various
membrane-bound partners. The human homolog of Dnm1, DRP1, undergoes several post-
translational modifications (PTMs) that regulate its functions, such as specific membrane
recruitment, self-assembly to form oligomers, GTPase activity, and interaction with different
proteins. While a detailed investigation of the structure, function, and interacting partners of
Dnm1 has improved our understanding of its mechanism of action, several crucial aspects of
mitochondrial fission involving Dnm1 remain poorly understood. This includes the regulation of
various oligomeric forms of the protein, their role in the dynamic spatio-temporal distribution of

xii
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the protein, and the potential influence of PTMs on higher-order structure formation.
Furthermore, any disruption in the intricate relationship between mitochondrial function and
dynamics can give rise to a multitude of human diseases, some of which are linked to specific
mutations in DRP1, leading to diverse pathological conditions. Many of these mutations are
present in the middle domain of DRP1, essential for self-assembly and higher-order structure
formation. Earlier studies have investigated the effect of some of these mutations on organelle
morphology, albeit their impact on the protein’s localization, distribution, function, and structure
remains unexplored.

In this study, we aimed to investigate specific residues that are likely to undergo
modifications or are mutated in disease conditions on the structure, localization, and function of
Dnm1. Addressing these questions can reveal the molecular basis of mitochondrial fission, its
regulation, and its relevance to human health and diseases. To achieve this, Dnm1 fusion proteins
were constructed. The structural and functional properties of Dnml fusion proteins were
investigated using molecular, biochemical, and biophysical techniques. The C-terminal GFP
fusion construct of full length (FL) Dnm1 was created to visualize intracellular localization,
dynamic behaviour, and to assess the in vivo function. FL-Dnm1-GFP was expressed as distinct
green puncta, some of which exhibited dynamic behavior visualized as rapid movements during
time-lapse image analysis. Moreover, FL-Dnm1-GFP was functional in vivo, restoring wild type
(WT) reticular mitochondrial morphology in dnml cells without affecting cell growth and
colocalized with preCOX4-mCherry-labeled mitochondria. Furthermore, for a comprehensive in
vitro structural and functional evaluation, another construct (C-terminal His-HA-tagged Dnm1)
was utilized, expressing WT Dnml-His-HA. Dnm1 was expressed in its natural host and
subsequently purified to obtain the protein in its native conformation. We identified and validated
the purified Dnm1 sequence using mass spectrometry analysis. Additionally, circular dichroism
spectroscopy confirmed that the purified protein retained its characteristic a-helical secondary
structure. Like FL-Dnm1-GFP, WT-Dnm1-HisHA was also functional in vivo, as confirmed by

Xiii
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the complementation of dnm1 cells. Therefore, both fusion proteins, FL-Dnm1-GFP and WT-
Dnm1-His-HA, were appropriate for further exploring the relationship between the structure and
function of DnmL1.

To decipher the potential influence of PTMs on Dnml, we analyzed five putative
phosphorylation sites (T62, S277, S575, S624, and S629) using site-directed mutagenesis (SDM)
and generated nonphosphorylatable alanine (A) and phosphomimetic aspartic acid (D) variants.
Dnm1 S624 corresponds to the DRP1 S616, a widely recognized phosphorylation-dependent
regulatory site that influences both protein activity and mitochondrial fission in higher
eukaryotes. Surprisingly, both S624A/D variants exhibited expression and localization similar to
FL. No significant effect on the protein function was observed through mitochondrial
morphology assessment, suggesting that Dnm1 S624, unlike DRP1 S616, may not be regulated
via phosphorylation and thereby does not affect the protein’s function. However, both the A/D
variants of T62 in the G2 motif and S277 in the G5 motif were non-functional, as observed
through in vivo mitochondrial morphology and in vitro GTPase activity assays. Interestingly,
despite being non-functional in a dominant-negative manner, both the T62A/D and the S277A/D
variants exhibited differences in protein localization and puncta dynamics in vivo. T62A/D GFP
puncta were unusually large and did not localize to mitochondria, while S277A/D exhibited a
mitochondrial localization and puncta distribution pattern similar to that of FL. The underlying
reasons for these differences may be rooted in their structural alterations. To investigate this, we
further analyzed the secondary and higher-order structures of WT, T62A/D and S277A/D.
Remarkably, the overall secondary structure of the protein was unaffected in the mutants, as
indicated by far-UV CD spectroscopy. Furthermore, both WT and mutant Dnm1l variants
exhibited higher-order structures, as demonstrated by size exclusion chromatography and native
polyacrylamide gel electrophoresis. However, the nature and functional significance of these
structures need to be determined. Computational analysis and molecular dynamics (MD)
simulations identified local conformational changes around the mutation site and altered

Xiv
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atomistic motion in distant residues, potentially explaining the observed phenotypic differences
in T62A/D and S277A/D mutant in vivo. Overall, our findings highlight the importance of two
residues in the G2 and G5 motifs of the GTPase domain, which affect Dnm1 function both in
vivo and in vitro.

We extended our investigation to study four disease-causing mutations (A395D, G362D,
R403C, C446F) of DRP1 by mimicking them in Dnml at equivalent residues (A430, G397,
R438, C481). We observed that cells expressing the A430D and G397D mutations significantly
impacted the structure and function of the protein. A430D displayed a complete loss of Dhm1
function in a dominant-negative manner, failing to restore normal mitochondrial morphology in
dnml cells. Additionally, A430D disrupted the typical Dnm1 punctate phenotype, causing most
cells to exhibit cytosolic fluorescence indicative of defective oligomerization. MD simulations
showed that the A430D mutation induced a major conformational change in a helix-loop region
and significantly altered local flexibility compared to WT Dnm1, supporting the experimental
findings. In contrast, G397D mutants exhibited fewer, larger, and less dynamic Dnm1 puncta
compared to FL. Impaired growth on glycerol and highly fragmented mitochondria were
observed in these cells. The mutation did not affect protein localization but most likely impedes
its disassociation from the organelle. MD simulations revealed a striking change in a loop
orientation of the mutated protein that might alter the formation of a higher-order structure. In
essence, our results emphasize that distinct mutations within Dnm1 can yield diverse functional
outcomes, and investigating each mutation in detail is crucial for gaining insights into their
respective roles in disease-associated alterations of mitochondrial dynamics.

In conclusion, our study offers new insights into the molecular basis of Dnm1 function
and its regulation. This will help us understand the mechanistic details of the conserved
mitochondrial fission process and further develop targeted therapies for diseases where

mitochondrial fission-fusion regulation is perturbed.
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Chapter 1 Introduction

Abstract

Mitochondria are essential eukaryotic organelles that orchestrate a myriad of vital functions
necessary for cellular survival and development. An intricate link between mitochondrial
structure and function is now unequivocally accepted. Mitochondrial fission takes the spotlight
due to its involvement in mitochondrial quality control, cellular energy distribution, and
programmed cell death. Several molecular players have been identified, which are important in
maintaining the structure of the organelle. Dynamin-related GTPase Dnml1 is one such conserved
protein in budding yeast that is a vital regulator of mitochondrial dynamics. Multidisciplinary
studies have contributed to a comprehensive understanding of the structure and mechanism of
action of Dnm1 and its mammalian ortholog DRP1 in great detail. Interestingly, mutations in
various domains of DRP1 have been identified that are associated with debilitating conditions in
patients. The involvement of the protein in disease-conditions such as neurodegeneration, cancer,
and cardiovascular disorders is also gaining attention. However, the underlying molecular
mechanism is still under investigation. This chapter provides a comprehensive overview of
mitochondrial dynamics and its regulation, mainly focusing on the role of S. cerevisiae Dnm1 in

mitochondrial fission.

This chapter is a part of

Banerjee R, Mukherjee A, Nagotu S. Mitochondrial dynamics and its impact on human health and
diseases: inside the DRP1 blackbox. Journal of Molecular Medicine. 2022 Jan 1:1-21.
DOI: 10.1007/s00109-021-02150-7
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1.1 Introduction

The survival and development of most eukaryotic life rely on one unique and
extraordinary organelle called mitochondria. Carl Benda coined the term “mitochondria” in
1898, originating from the Greek words "mitos,” signifying "thread,” and "chondrion,"
representing "grain". These semi-autonomous organelles contain their own genome and protein
synthesis machinery. They are double membrane-bound and occupy a substantial portion of the
cytosol of eukaryotic cells [1, 2]. The repertoire of vital cellular functions performed by
mitochondria include ATP synthesis through oxidative phosphorylation (OXPHOS), calcium ion
buffering, assembly of iron-sulphur clusters, biosynthesis of cellular building blocks such as
nucleotides, amino acids, steroid hormones, lipids, haem and vitamin co-factors [3-6]. It also
contributes to the cellular redox signalling, apoptosis, and autophagy. Additionally, vital
metabolic processes such as B-oxidation of fatty acids, the citric acid cycle, urea synthesis, and
gluconeogenesis occur within this organelle [3-6].

As early as 1910, the Russian scientist Konstantin Mereschkowski proposed the theory
of symbiogenesis, now known as the endosymbiotic theory, which suggests that mitochondria
originated from a symbiotic event where a nucleated cell engulfed an aerobic prokaryote (a-
proteobacterium) [7]. The engulfed cell subsequently became dependent on the protective
environment of the host cell, while the host cell relied on the engulfed prokaryote for energy
production. Eventually, the descendants of the engulfed prokaryote evolved into mitochondria,
playing a crucial role in eukaryotic evolution by utilizing oxygen to generate energy [8-11]. The
concept of energy transformation facilitated by mitochondria has profoundly influenced cellular
metabolism throughout evolution, and it is widely believed that the presence of mitochondria
played a crucial role in the emergence of complex multicellular organisms. Mitochondria are
especially needed in eukaryotic cells that cannot utilize sunlight for energy conversion. Without

mitochondria, these cells would solely rely on glycolysis, which contributes to only a small
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fraction of energy from glucose oxidation [12, 13]. Mitochondria process pyruvate and oxidize
it to CO2 and H20, resulting in a significant increase in total ATP production. Mitochondria can
also utilize fatty acids and some of the amino acids to produce ATP [14, 15]. Hence, the evolution
of cellular respiration, coupled with the utilization of oxygen as the ultimate electron acceptor,
enables aerobic organisms to extract substantially more energy than anaerobic metabolism
permits [15, 16].

1.2 Mitochondria: an organelle with intriguing architecture

The intricate structure of mitochondria reflects the wide array of functions it can perform.
As mentioned above, the widely accepted view that mitochondria originated through an
endosymbiotic process involving specialized bacteria most likely resulted in its dual-membrane
structure (Fig. 1.1). The outer membrane is smooth (known as the outer mitochondrial membrane
or OMM) and the inner membrane is highly convoluted (referred to as inner mitochondrial
membrane or IMM). This results in mitochondria being compartmentalized into four distinct
regions: the OMM, the IMM, the intermembrane space (IMS, the space between the two
membranes), and the matrix (the space within the inner membrane) (Fig. 1.1). While OMM and
IMM exhibit distinct compositions and functions, they can be identified separately from the
plasma membrane or other cellular membranes due to the presence of the mitochondria-exclusive
phospholipid, cardiolipin [17-19].

The OMM serves as a hub for cell signalling pathways, where they converge, decode,
and transmit information to the mitochondria. Furthermore, it establishes membrane contact sites
with various subcellular compartments, especially the endoplasmic reticulum (ER), as well as
lysosomes, peroxisomes, endosomes, melanosomes, lipid droplets, and the plasma membrane
[20-22]. Additionally, The OMM contains a specific type of voltage-gated anion channel
(VDAC) comprised of B-barrel structured transmembrane proteins called porins [23, 24]. Porins

create perforations in the OMM that enable the unrestricted diffusion of molecules smaller than
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5 kDa, such as sugars, nucleotides, inorganic phosphate, and ions [23, 24].

IMS Matrix OMM

IMM mtDNA

Cristae

OMM & IMM
contact sites

Fig. 1.1 Schematic representing the simplified architecture of a mitochondrion. Mitochondria is a double-
membrane bound organelle comprising of an OMM and IMM that undergoes extensive folding and forms cristae.
The space between the two membranes is called IMS and the space enclosed by the IMM is called the matrix that
houses the mtDNA.

On the other hand, the IMM is a highly folded membrane that separates the mitochondrial
matrix from the IMS. The IMM comprises two primary sub-compartments: the inner boundary
membrane (IBM) and mitochondrial cristae [25, 26]. The IBM is situated alongside the OMM
and contains several channel transporters responsible for transferring ions, ATP, ADP, and small
metabolites between the cytoplasm and the mitochondrial matrix [27]. Mitochondrial cristae are
deeply convoluted lamellar structures that increase the surface area of the IMM and house the
respiratory chain complexes [18]. Specifically, cristae contain several transport proteins and
enzymes involved in various metabolic reactions, including the electron transport chain (ETC)
and ATP synthesis [18, 28]. The IMM allows water, oxygen, and CO to pass through but
requires specific transport machinery for other molecules and ions [29-31]. Furthermore, the
OMM and the IMM also contain a translocase (translocase of the outer and inner membrane;
Tom and Tim, respectively) that facilitates the movement of proteins across these membranes.

This process is essential because most mitochondrial proteins are nuclear-encoded and trafficked

5
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into the mitochondria [31, 32].

The IMS is the smallest aqueous sub-compartment found within the mitochondrion and
can be categorized into two distinct parts: the intracristae space and the area between the outer
and inner membranes, referred to as the "external IMS™" [33]. These two sub-compartments are
separated by cristae junctions, which most likely create narrow openings at the necks of the
cristae [18, 33]. The components within the IMS play a pivotal role in various essential processes.
This includes the exchange of proteins, lipids, or metal ions between the matrix and the cytosol,
the regulated initiation of apoptotic cascades, the modulation of signalling pathways controlling
respiration and metabolic functions, the mitigation of reactive oxygen species (ROS) produced
by the respiratory chain, and the regulation of mitochondrial morphogenesis [34]. The IMS also
functions in maintaining the balance of adenine nucleotides and serves as a processing site for
proteins imported into the matrix. This compartment houses enzymes, such as adenylate kinase
and creatine kinase, which utilize ATP for phosphate transfer [34].

The mitochondrial matrix is a protein-rich aqueous core containing a unique set of
enzymes and molecules required for cellular respiration. It contains enzymes for pyruvate
oxidation (pyruvate dehydrogenase complex), the citric acid cycle (also known as the Krebs
cycle), and fatty acid oxidation [16, 35, 36]. The matrix is also a hub of important metabolites
such as ATP, ADP, NAD, and NADH". Additionally, it possesses the mitochondrial DNA
(mtDNA), which encodes subunits I, I, and Il of cytochrome ¢ oxidase (COX1, COX2, and
COX3), apocytochrome b (COB), subunits 6, 8 and 9 of ATPase (ATP6, ATP8 and ATP9) and

a ribosome-associated protein (VAR1) [16, 37].
1.3 Mitochondrial architecture: dynamic processes that regulate it

The complex structure of mitochondria is interlinked with the diverse functions
performed by the organelle. Interestingly, mitochondria in most eukaryotes are not "pill-like" or

“solitary bean-like” structures, as traditionally described [38]. Instead, they are incredibly
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dynamic organelles. Three fundamental processes, namely fusion, fission, and mitochondrial
motility, govern mitochondrial dynamics. The overall network morphology of the organelle is in
response to the metabolic needs and functional state of mitochondria [39].

Mitochondrial fusion is a regulated and intricately complex process of combining two
mitochondria, end-to-end or end-to-side, resulting in an interconnected mitochondrial network
[40, 41]. The complexity arises due to the double membrane of these organelles that requires a
sequential fusion of four membranes (two OMMs followed by two IMMs) [40]. The fusion
process leads to content mixing, where matrix components, such as mtDNA, ETC constituents,
and nutrient precursors, diffuse throughout the newly formed mitochondrial network [40].
Mitochondrial fission is the process through which a mitochondrion divides into two daughter
mitochondria [42]. Fission is needed for generating new mitochondria, removing damaged
mitochondria, and facilitating apoptosis during high levels of cellular stress [40]. Furthermore,
mitochondrial motility, coupled with frequent fusion and fission, is essential for adapting
mitochondrial quantity, shape, and internal positioning according to cellular necessities [43]. The
precise placement of mitochondria at specific intracellular locations is essential for for energy

use and calcium signalling [39, 44].

1.3.1 Mitochondrial dynamics: importance and benefits

Mitochondrial dynamics governed by the coordination of fission, fusion, and motility is
a captivating phenomenon with far-reaching implications. Delving into the importance of
mitochondrial dynamics unveils a fundamental aspect of cellular biology that influences energy

production, cellular health, and adaptability.
1.3.1.1 Mitochondrial content exchange and mtDNA maintenance

Mitochondrial fusion primarily facilitates content mixing between mitochondria without
altering morphology. Content exchange benefits mitochondria by ameliorating the effects of

heteroplasmic mtDNA mutations, minimizing oxidative damage, providing sufficient energy

7

TH-3292_166106009



Chapter 1 Introduction

supply and maintaining mitochondrial membrane potential (¥m) [45]. Mitochondrial fission and
fusion are vital for maintaining mtDNA levels and mtDNA fidelity [46]. By evenly distributing
mtDNA mutations throughout the mitochondrial population, fusion reduces the likelihood of
severe effects on any one mitochondrion [47] (Fig. 1.2). Disruption of fusion in mammals leads
to mitochondrial heterogeneity and dysfunction, linked to nucleoid loss [48]. In yeast, fusion-
defective mutants lose mitochondrial genomes, affecting respiration due to organelle
fragmentation [49]. A significant decrease in mtDNA content is reported when mitochondrial
fusion is hampered by silencing or deleting necessary proteins [50]. Mutants often lack detectable
mtDNA in many mitochondria, leading to impaired oxidative phosphorylation (OXPHQOS)
activity [51]. On the contrary, if fission is disturbed, mtDNA nucleoids aggregate, distorting
mitochondrial tubules. This aggregation results in uneven mtDNA distribution and mosaic
OXPHOS deficits [52]. Thus, while fission generates nucleoid-less organelles, fusion replenishes

mitochondrial genomes and gene products, maintaining functional mitochondria.

1.3.1.2 Mitochondrial inheritance and distribution

Mitochondria proliferate through fission from a pre-existing organelle and be inherited
by daughter cells through mitosis, as they cannot be formed de novo (Fig. 1.2). Proper
mitochondrial distribution depends on fission to split the mitochondrial network into
transportable units. In yeast, mitochondria are inherited in an ordered manner by cytoskeleton-
dependent bud-directed transport [43]. Immediately after a new bud forms, mitochondria move
into the bud to ensure that the daughter cell inherits the organelle. Increasing evidence suggests
that myosin motor proteins drive bud-directed mitochondrial movement along actin cables [43,
53]. In mammalian cells, mitochondria fragment before cell division, allowing the organelles to

be transported to the daughter cells in a stochastic manner [54].
1.3.1.3 Mitochondrial quality control through mitophagy

Mitochondrial fission helps to regulate the quality of mitochondria by identifying and

8
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segregating poorly functioning organelles that have a reduced W¥m [55] (Fig. 1.2). This selective
elimination of impaired mitochondria through autophagy is referred to as mitophagy [56]. It
serves as an adaptive survival strategy that prevents cells from undergoing apoptosis and enables
the preservation of a robust mitochondrial population for continuous energy generation [56].
Mitophagy requires that the mitochondria-targeted for degradation are smaller than the
autophagosomes. Therefore, the engagement of the mitochondrial fission machinery plays an
important role in accomplishing this size reduction [57, 58]. Indeed, numerous investigations
have proposed a correlation between mitochondrial fission and the effectiveness of mitophagy in
mammalian cells [55, 59, 60]. However, the role of mitochondrial fission in mitophagy is still
controversial in yeast [61]. Two independent research groups reported reduced mitophagy in
cells devoid of mitochondrial fission machinery [58, 62]. On the contrary, Mendl and colleagues
reported that fission machinery is not required for rapamycin-induced mitophagy in yeast [63].

Further studies are required to elucidate the definitive role of fission in mitophagy in yeast cells.
1.3.1.4 Mitochondrial fission is crucial for apoptosis

Excessive mitochondrial fragmentation by fission is a common feature of cells
undergoing apoptosis, a type of programmed cell death that is important for development and
homeostasis in eukaryotic systems (Fig. 1.2). OMM permeabilization releases pro-apoptotic
factors such as cytochrome c that initiates pathways leading to apoptosis [64]. A role for the
mitochondrial fission proteins in regulating apoptosis in yeast and mammalian cells has been
reported [65-67]. While several aspects are still subject to debate, it is proposed that
mitochondrial fragmentation takes place early in the apoptotic process, occurring just before or
concurrently with OMM permeabilization and preceding effector caspase activation [68]. Further
investigation is needed to elucidate the specific roles of mitochondrial fission and fusion

components in the process of apoptosis.
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Fig. 1.2 Mitochondrial fission-fusion cycle and its implications in regulating various aspects of mitochondria.
Mitochondria undergo a continuous cycle of fission and fusion that regulates their dynamic nature and is crucial to
perform various functions. (a) Mitochondrial fusion is necessary for the content mixing and complementation of
mtDNA in heteroplasmic cells. Fusion is also important for reducing oxidative damage, supplying sufficient energy
and maintaining ¥m. On the contrary, mitochondrial fission is necessary for (b) the inheritance and distribution of
organelles during cell division, (c) intracellular transport via the cytoskeleton (d) removal of damaged organelles
via mitophagy and (e) the release of cytochrome ¢ and other pro-apoptotic factors from the IMS required for
programmed cell death.

1.4 Mitochondrial dynamics: molecular machinery required

The molecular machinery that orchestrates mitochondrial fusion and fission comprises a
family of highly conserved, large, dynamin-related GTPases. Dynamins are a family of large
GTPases that perform essential cellular functions such as vesicle scission, fusion and fission of
organelles, vacuolar trafficking, nuclear remodelling, and microbial resistance [69-71]. Proteins
belonging to the dynamin family are involved in the fission, fusion, or tubulation of specific
target membranes. The dynamin superfamily can be categorized into two major groups: classical
dynamin and dynamin-related proteins (DRPs) based on their domain structure [71-73].
Dynamins and DRPs share key structural features that include a large N-terminal GTPase
domain, a middle domain, and a GTPase effector domain (GED) [71-73]. The GTPase domain

10
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binds and hydrolyzes GTP, while middle and GED are crucial for forming oligomers and
regulating GTPase activity [71-73]. Two additional domains, a pleckstrin homology domain
(PHD) for membrane binding and a proline-rich domain (PRD) containing multiple SH3-binding

sites essential for protein interactions, are present in the classical dynamin [71-73].
1.4.1 Mitochondrial fusion: core components

Mitochondrial fusion can be divided into OMM fusion and IMM fusion. In yeast, three
core components of mitochondrial fusion, namely Fzol, Ugol, and Mgm1, are identified. Fzol
(a large GTPase) and Ugol are present on the OMM, and Mgm1 is a dynamin-related GTPase
present in the IMM [74-80] (Table 1.1). These proteins work together to establish a complex that
facilitates mitochondrial fusion and the absence of any of these components leads to the
fragmented mitochondria [68, 81]. During mitochondrial fusion, Fzol proteins on neighboring
mitochondria form trans complexes by interacting through their C-terminal coiled-coil regions,
which link the OMM s of the two mitochondria. This interaction results in the fusion of adjacent
OMMs facilitated by the GTPase activity of Fzol [74, 75]. In a similar manner, Mgm1 forms
trans complexes that bring together opposing IMMs, leading to IMM fusion through GTP
hydrolysis by Mgm1 [79, 80]. Ugol plays a key role by physically interacting with both Fzol
and Mgm1, forming a complex that coordinates the OMM and IMM fusion in yeast [77].

In mammals, mitochondrial fusion is dependent on three pivotal dynamin-related
GTPases namely mitofusin-1 (MFN1) and mitofusin-2 (MFN2) present in the OMM and optic
atrophy 1 (OPAL) localized to the IMM [82-85] (Table 1.1). MFN1 and MFN2 (orthologs of
yeast Fzol) interact, forming homo and heterodimers and utilizing their GTPase activity to fuse
adjacent OMM [82]. OPAL (ortholog of yeast Mgm1) regulates the IMM fusion together with
MFN1 in an unknown manner [84]. OPAL undergoes proteolytic processing, resulting in the
formation of long and short isoforms. Interestingly, a recent study suggests that the ratio of the

long form of Opal (I-Opal) and short form of Opal (s-Opal) levels regulates IMM fusion [85].

11
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However, there is currently no identified mammalian equivalent of yeast Ugol. Therefore, the

coordination of fusion events between the OMMSs and IMMs in mammals remains to be

elucidated.

Table 1.1 Molecular machinery regulating mitochondrial dynamics in yeast and mammals

Yeast Mammals Function Reference
Fzol MFN1 and MFN2  OMM fusion [74, 75, 82]
Mgm1l OPA1 IMM fusion [79, 80, 83, 84]
Ugol - OMM fusion and linking of Fzol and Mgm1 [76-78]
Dnml DRP1 Mitochondrial fission [86, 87]
Fisl hFIS1 OMM receptor involved in fission [88-90]
Mdvland Adaptor for _Dnml-!:isl_ interaction and nucleator [91-04]
Caf4 for Dnm1 oligomerization

Numl - Anchors DnmL to the cell cortex [95]
Mdm36 - Adaptor for Num1-Dnm1 interaction [96]

- MFF Recruits DRP1 to OMM [97]

- MID49/51 Recruits DRP1 to OMM [98]

1.4.2 Dnml at the helm: steering the course of mitochondrial fission

The master regulator of mitochondrial fission in most eukaryotic organisms is the

dynamin-related protein 1, known as Dnml in yeast. Dnml functions together with Fisl
(mitochondrial fission protein 1) and Mdv1 (mitochondrial division protein 1) or Caf4 to achieve
mitochondrial fission in yeast [88, 91-94].

Dnm1 is a multidomain protein that comprises an N-terminal GTP binding domain,
followed by middle domain, variable domain (VD) / B-insert and a C-terminal GED [99, 100]
(Fig. 1.3A). Dnm1 was first discovered in yeast as a homolog of dynamin, a protein required for
endocytosis in humans and flies [101, 102]. Later, the role of Dnm1 in mitochondrial fission was
discovered during a search for yeast mutants with mitochondrial morphological defects [86].
Further investigations indicated that the loss of Dnm1 inhibited mitochondrial fission but not

fusion, leading to the formation of net-like mitochondrial structure [81, 103]. Mitochondrial
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fragmentation induced by a fzol mutation was no longer observed in cells lacking Dnml1,
indicating that Dnm1-mediated fission was the cause of mitochondrial fragmentation in fzol cells
[81, 103].

Dnm1 is predominantly present in the cytosol and visualized as punctate structures.
Studies have reported the presence of a dimeric form of the protein in the cytosol [86, 104].
However, time-lapse imaging of immunogold or GFP-tagged Dnm1 revealed the formation of
punctate structures on the potential OMM fission sites [81, 103]. The recruitment of Dnm1 from
the cytosol and its assembly into punctate structures on the OMM is dependent on two proteins,
Fisl and Mdv1 in yeast (Fig. 1.3B). Fisl is a small tail-anchored, integral membrane protein
present in the OMM [88]. Its N-terminal domain faces the cytosol and forms a six-helix bundle
with tandem tetratricopeptide repeat motifs (TPR) that interact with the adaptor protein Mdv1
[89]. The N-terminal extension present in Mdv1 facilitates binding with Fisl. A heptad repeat
region in Mdv1 is required for the homo-oligomeric interactions and a WD40 repeat domain at
the C-terminal interacts with Dnm1 [92]. Hence, Mdv1 acts as a molecular bridge between Fisl
and Dnm1 by forming the Fis1-Mdv1-Dnml1 fission complex [105]. Interestingly, a dual role for
Mdv1 in functioning as a nucleator for the assembly of Dnm1 on the OMM and to serve as a
functional scaffold that stabilizes oligomeric Dnm1 assemblies has been proposed [94, 105]. The
Fisl-Mdv1l-Dnml complex plays a crucial role in mitochondrial division. Fisl can also
collaborate with the Mdv1 paralog Caf4, to recruit Dnm1 to mitochondria [93]. In mutants that
lack Mdv1, a role for Caf4 in regulating mitochondrial division has been reported. This suggests
that Caf4 may play a role in mitochondrial division that is independent of Mdv1 [93]. Although
Caf4 and Mdv1 have similar expression levels and contribute to fission, they are not functionally
equivalent proteins [106]. Furthermore, Caf4 was also reported to be required for the polarized
orientation of a subset of Dnm1 assemblies towards cell cortex [107].

Interestingly, yeast Dnml interacts with two additional proteins, Numl (nuclear

13
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migration 1) and Mdm36 [95, 96]. Cells lacking either Numl or Mdm36 depict fused
mitochondrial network, resembling the phenotype of dnm1 cells (Fig. 1.3C) [95, 96]. A role for
Numl, Mdm36, and Dnm1 in anchoring mitochondria to the cell cortex in coordination with
actin has been proposed [68, 95, 96, 108, 109]. This, in turn, may facilitate mitochondrial division
by regulating membrane tension in a mechanism similar to that described for classical dynamins
[68, 95, 96, 108, 110].

Dnm1 in its GTP-bound state assembles into spirals on liposomes with a diameter of ~100
nanometers (nm) [111]. However, this diameter is inadequate to encircle a mitochondrion, which
typically has an average diameter of ~300 nm. Hence, mitochondrial constriction should be the
preceding step before forming Dnm1 spirals encircling the mitochondria. The constriction of the
mitochondrial matrix and OMM were reported to be independent of Fis1 and Dnm1, respectively
[112, 113]. Later, a role for ER in the spatial regulation of mitochondrial fission was reported
[20, 114]. Friedman and colleagues showed that ER encircles mitochondria at locations where
division is about to happen. This wrapping results in the constriction of the mitochondria
corresponding to a diameter of ~ 100 nm, which is in line with the Dnm1 higher-order structure

identified earlier [20].
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Fig. 1.3 Domain architecture of Dnm1 and its interacting partners. (A) Schematic representing various domains
of Dnm1: GTPase domain (blue), middle domain (orange), VV domain (purple) containing B-insert and GED (green).
Dnml is composed of 757 aa residues. Two fission complexes constituted with Dnm1 in the core are represented.
(B) Fisl a C-terminal tail-anchored OMM protein interacts with the adaptor protein Mdv1 (and/or Caf4), to initiate
the recruitment of Dnm1 to the OMM. (C) Dnml also interacts with Mdm36 and Num1 that aids in the anchoring
of the mitochondria to the cell cortex. This subsequently creates membrane tension, facilitates the final scission of
the membrane, and divides mitochondria [108].

The current model of mitochondrial division proposes that Fisl recruits Mdv1 from the
cytosol to the OMM [88, 92]. Upon its membrane association, Mdv1 helps in the nucleation and
stabilization of the assembly of GTP-bound Dnm1 oligomers at the ER-mediated mitochondrial
constriction sites [94, 105]. Subsequently, these Dnm1-GTP oligomers form large spirals that
gradually encircle the mitochondrion. Finally, assembly-stimulated GTP hydrolysis triggers a
conformational change that leads to fission [111, 115, 116]. Dnm1 mechanically severs the
mitochondrion through a mechanism that closely resembles the action of classical dynamins in

vesicular budding or endocytosis (Fig. 1.4). After fission, Dnm1 oligomers undergo disassembly

and are recycled to the cytosol [108].
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Fig. 1.4 Schematic representing Dnml-dependent mitochondrial fission in yeast. Cytosolic Dnm1 (lower-order
structures) is recruited to the pre-constricted sites on the OMM. Dnm1 anchors to the OMM with the help of its
interacting partners and forms higher-order structures at the fission site. These structures further constrict the OMM
and finally, GTP hydrolysis results in the division of mitochondria. Subsequently, higher-order structures of Dnm1
are disassembled and recycled back to the cytosol.

1.5 DRP1, the human homolog of Dnm1: insights into isoforms, structure and

function

DRP1, the homolog of yeast Dnm1, is the central player that regulates mitochondrial
fission in mammals [86, 87, 117]. These proteins are highly conserved and share similar domain
architecture (Fig. 1.5A). Alternative splicing results in the formation of nine different isoforms
of DRP1. DRPLL transcript that codes for DRP1 comprises of twenty-one exons, of which
splicing occurs primarily in three exons (3, 16, and 17) [118] (Fig. 1.5B). Additionally, the
number of amino acids (aa) in the B-insert of the VD is variable in these isoforms [118]. Isoform
1 comprises of 736 aa and lacks exon 3; isoform 2 has 710 aa and the exon 3 and 16 are spliced
out; isoform 3 has 699 aa and exon 3, 16 and 17 are spliced out; and isoforms 4, 5, are comprised

of 725, 710 aa respectively and lack exons 3 and 17. Isoform 6 is comprised of 749 aa and
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contains all exons. Due to the absence of exons 5-8, isoform 7 has the shortest length (533 aa).
It is interesting to note that translation in isoform 7 starts at exon 2 rather than exon 1. Isoform 8
has 738 aa and lacks exon 17 and isoform 9 has 712 aa and lacks exons 16 and 17. Studies of
DRP1 isoforms have shown that they have expressed differently in different tissues, suggesting
that they have specialized functions [118, 119].

Similar to as discussed for yeast Dnm1, recruitment of DRP1 to the OMM also requires
several mitochondrial receptors such as mitochondrial fission protein 1 (FIS1), mitochondrial
fission factor (MFF), mitochondrial division proteins (MID49 and MID51) [90, 97, 98, 120] (Fig.
1.5C). MFF facilitates the recruitment and assembly of DRP1 on OMM [120]. MFF is anchored
to the OMM by a C-terminal transmembrane domain. A role for the N-terminal R1 and R2 motifs
of MFF in the recruitment of DRP1 has been reported DRP1 [121]. On the other hand, the middle
domain of DRP1 and its oligomerization status influence the interaction of DRP1 with MFF
[120]. Several middle domain mutations (A395D, G350D, G363D) inhibit the interaction of
DRP1 with MFF, thereby hampering its recruitment to OMM [122]. Selective recruitment of
active oligomeric subpopulation of DRP1 by MFF has also been reported [120]. In line with this,
increased targeting of DRP1 to the OMM upon overexpression of MFF was also reported.
Knockdown of Mff in MEFs exhibits elongated mitochondria, most likely due to the hampered
recruitment of DRP1 to the OMM. Recently, a peptide (P259) that specifically inhibits DRP1-
MFF interaction was synthesized, further highlighting the importance of this interaction in
mitochondrial dynamics [123].

Another important DRP1 interacting protein required for its recruitment is FIS1 (homolog
of yeast Fis1). However, the role of FIS1 in DRP1 recruitment is still controversial in mammalian
cells. Homologs of Mdv1 and Caf4 have not been identified in mammalian cells. The absence of
FIS1 results in elongated mitochondrial morphology in HelLa cells but does not alter the

mitochondrial morphology in HCT116 cells [97, 124]. Furthermore, increased or decreased

17

TH-3292_166106009



Chapter 1 Introduction

expression of FIS1 had minimal or no effect on the subcellular distribution of DRP1 between
mitochondria and cytosol in mammalian cells [97, 124, 125]. FIS1-dependent recruitment of
DRP1 to mitochondria in response to mitophagy and certain pathological conditions has also
been reported [126-128]. The highly conserved chordate-specific mitochondrial dynamics
proteins MID49 (MIEF2) and MID51 (MIEF1) also interact with DRP1 at the OMM [98]. Both
proteins possess an N-terminal transmembrane domain for OMM integration and a
nucleotidyltransferase domain for nucleotide diphosphate binding [129, 130]. Structural analysis
using cryo-EM revealed four DRP1 interfaces that interact with MID49 and MID51 [131]. The
proposed model suggests that MID49/51 recruits a nucleotide-bound specific conformation of
DRP1 and initiates polymerization. Subsequently, the nucleotide exchange and hydrolysis results
in the disassociation of MID49/51 receptors, followed by the curling of the DRP1 filaments into
closed rings. Dissociation of MID49 or MID51 before constriction is suggested to be essential,
and this might also explain the inhibition of mitochondrial fission reported upon overexpression
of the MID receptors [131]. The MID49 and MID51-dependent recruitment of DRP1 onto the
OMM was also reported to be independent of FIS1 or MFF [98, 125].

A recent study highlighted the importance of DRP1 interaction with mitochondrial Zn?*
transporter ZIP1 (Fig. 1.5c). This interaction was required to eliminate dysfunctional
mitochondria through mitophagy [132]. Mitochondrial depolarization results in MFF-dependent
recruitment of DRP1 from the cytosol followed by its interaction with ZIP1 on the OMM.
DRP1/ZIP1 interaction facilitated the transport of Zn?' into the mitochondrial matrix via
mitochondrial cation uniporter. Accumulation of Zn?* in the matrix resulted in further loss of
MMP, leading to mitochondrial dysfunction and selective degradation of damaged mitochondria
through mitophagy [132]. Recent studies also provide evidence for a direct interaction between
DRP1 and a mitochondrial membrane-specific lipid called cardiolipin (CL) [133]. Zabalbeitia

and colleagues showed that DRP1 had a preferential binding to CL over other anionic
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phospholipids [134]. Detailed analysis revealed that several lysines in the B-insert are involved
in DRP1-CL interaction. Furthermore, Cryo-EM studies confirmed that the VD domain plays an
important role by targeting DRP1 to CL-enriched areas to promote mitochondrial constriction
followed by fission [133]. Direct interaction of DRP1 with CL that enables the assembly of
higher-order structures and stimulates GTPase activity was also reported [134]. However, further
investigation is required to understand the regulation between the other interacting partners of
DRP1 and cardiolipin. Furthermore, a role for actin and ER in the constriction of the membrane
followed by recruitment of DRP1 and its oligomerization has been proposed [135-137]. Several
actin-interacting proteins such as IFN2, SPIER1C, myosin I, cortactin, and cofilin also impact
the function of DRP1 in mitochondrial fission [121, 138]. Ji and colleagues recently proposed an
interesting model that depicts DRP1 maturation. The authors report the association of smaller
DRP1 units to the OMM, which progressively mature into oligomers. A role for actin filaments
as a signal for such a maturation process was reported by the authors (Fig. 1.5). The binding of
actin filaments to purified DRP1 and reduced DRP1-dependent mitochondrial fission upon

inhibition of actin polymerization was also reported [135].
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Fig. 1.5 DRP1: domain architecture, isoforms and interacting partners. A. GTPase domain (blue) containing
bundle signalling elements BSE 1, BSE 2 (dashed line) and A-insert (dotted line), middle domain (yellow), VV domain
(purple) including B-insert (dotted line), and GED (green) comprising of BSE3 (dashed line) [118]. B. Cartoon
representing coding region and length of different isoforms of DRP1. Exons represented by different colours indicate
coding regions in various domains. GTPase domain (Blue, exon 1-9), middle domain (yellow, exon 10-14), V
domain (purple, exon 15-18), and GED (green, exon 19-21). A-insert (exon 3) and B-insert (exon 16,17) are part
of the GTPase and V domain, respectively [118]. C. Schematic representation of DRP1 interacting partners.
Cytosolic DRP1 requires several macromolecules for recruitment onto OMM and subsequent execution of
mitochondrial fission. (a) Integral membrane protein MFF is reported as a major DRP1 recruitment factor. MFF aids
in the recruitment of DRP1 tetramers or higher-order structures onto OMM [120]. (b) Mammalian FIS1, on the other
hand, is reported to recruit DRP1 under both physiological and certain induced conditions, such as during selective
autophagy (mitophagy) of mitochondria [128, 139]. (c) Assembly of actin filaments was proposed to act as a signal
for mitochondrial fission. Direct interaction between actin and DRP1 helps in the stimulation of DRP1 activity via
the maturation process and thereby assists in mitochondrial fission [135, 137]. (d) Interaction of the mitochondria-
specific cardiolipin with the VV domain of Drpl promotes its assembly and augments GTPase activity [133, 134].
Two structurally similar mitochondrial integral membrane proteins () MID49 and (f) MID51 are also required for
the localization of DRP1 to OMM [98]. The GTP hydrolysis of DRP1 drives the dissociation of MID49 or MID51
before the constriction of the mitochondrial membrane [131]. (g) Interaction of DRP1 with mitochondrial Zn?*
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transporter ZIP1, primarily at the mitochondrial fission site, regulates membrane potential and aids in the selective

removal of dysfunctional mitochondria [132].

1.6 DRP1: Regulation via post-translational modifications

Apart from the above-mentioned interacting partners of DRP1 on the OMM, a significant

role for the various post-translational modifications (PTM) of the protein in regulating its activity

has been reported. PTMs such as phosphorylation, dephosphorylation, ubiquitination,

deubiquitination, sumoylation, desumoylation and S-nitrosylation have been reported [70, 140]

(Table 1.2).

Table 1.2 Post-translational modifications of human DRP1 identified under physiological

and disease conditions

Modified residue Cell type Enzyme involved Phenotypic effect reported Reference
Phosphorylation
*Disrupts the intramolecular
Cyclic AMP- interaction of GED and GTPase
dependent protein domain of DRP1
HeLa cell
S637 eha cells kinase (PKA) *Decreased DRP1 activity 14], 147]
«Inhibitory effect on
mitochondrial division
S616 Cyclin-dependent U D.RPI act1v_1 ty .
HelLa cells ; *Promotes mitochondrial fission  [142]
kinase 1(CDK1) f .
during mitosis
HEKTH, £y tracellular
S616 Hela, signal-regulated *Increased DRPI aCtIVI.ty / [143]
CFPac, and . *Enhanced mitochondrial fission
kinase 2 (ERK2)
Panc-1
Human 38 mit
Mesenchyma P i mt| zgen—t . *Enhanced DRP1 translocation to
616 | Stem i? 'y eMFX(;Em the OMM [144]
Cells inase ( ) *Promotes mitochondrial fission
3585 Cyclin-dependent <Increased DRP1 activity
HelLacells  kinase 1 *Promotes mitochondrial fission  [54]
(CDK1)/Cyclin B during mitosis
Glycogen . .
Hel a cells . *Inactivates DRP1 by decreasing
5693 and HEK293 Sémhase KInase- T pase activity [145]
cells «Inhibits mitochondrial fission
(GSK-3p)
HEK 293T
Y266, Y368, Y449 and SH-  c-Abl Augments DRPL GTPase )0
SY5Y cells activity and mitochondrial fission
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Dephosphorylation

eIncreased translocation of DRP1
to the OMM

*Increased DRP1 activity and
promotes mitochondrial fission

S637 HelLacells  Calcineurin [142]

S-nitrosylation

*Assists in dimerization of DRP1
Increased GTPase activity [147]
*Increased mitochondrial fission

Co644 HEK?293 Nitric oxide
cells synthase (NOS)

Sumoylation

K532, K535, K558, HEK293 ;J;’gfé;‘;ttgghond“ -Locking of SUMOylated DRP1
K568, K594, K597, cells on the mitochondrial membrane  [148]

K606, K608 protein ligase ||~ ced mitochondrial fission

(MAPL)
Desumoylation
* Desumoylation leads to
i HEK293T ubiquitination and degradation of
cells SENP5L DRP1 [149]

*Decreased mitochondrial fission
« Facilitates DRP1 localisation at
- PIEK293 SENP3 OMM [150]
cells . P
« Increased mitochondrial fission

Ubiquitination

Mitochondrially ~ *Required for mitochondrial
HeLa cells localized RING division and accurate sub-cellular

i finger E3 ligase trafficking of DRP1 [151]
(MARCHS)

HelLa and *Assists in the removal and

SH-SY5Y ’ degradation of DRP1 from the

cells BRI OMM after every round of fission [152]

«Inhibits excessive fragmentation

Deubiquitination

HEK293 and » Stabilizes DRP1 and increases
- HCT116 OTUDGA mitochondrial fission [153]

cells
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1.7 DRPL1: involvement in various disease conditions

Altered mitochondrial dynamics can severely affect tissues and organs, such as the brain
and heart, that extensively depend on energy produced by functional mitochondria [140, 154].
Hence, most mitochondria-associated diseases are linked to development, neurodegeneration,
metabolic disorders, and cardiomyopathies. Mitochondrial dysfunction is one of the hallmark
pathological features in many neurodegenerative disorders. Increased mitochondrial
fragmentation, aberrant mitochondrial function, and apoptosis are characteristics reported in
most of the above-mentioned disease conditions [155]. As discussed in earlier sections, DRP1 is
an essential protein that plays a significant role in regulating mitochondrial structure and its role
in various disease conditions has just begun to be explored. Studies in several model systems
have resulted in understanding the effects of altered expression of DRP1 and the pathways
affected in these debilitating conditions. Altered mitochondrial dynamics (mediated by DRP1)
contribute to age-associated disease conditions such as neurodegeneration and cancer.
Interestingly, reducing/blocking the activity of DRP1 using pharmacological inhibitors has been
reported as a treatment option for these disease conditions. The role of DRP1 and mitochondrial
dynamics in neurodegeneration, cancer, and cardiovascular diseases and their potential cure by
targeting DRP1 for therapeutic approaches are depicted in detail in box 1 and box 2 (Fig. 1.6 and
Fig. 1.7).

Interestingly, several random and rare genetic mutations in DRP1 result in altered
mitochondrial dynamics and are associated with pathological conditions. Dominant and recessive
mutations in the GTPase, middle, and GED that alter the protein function and result in disease
conditions are reported (Fig. 1.8; Table 1.3). This section discusses the structural and functional

changes of such mutant variants of DRP1 that lead to debilitating conditions.
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Fig. 1.6 Role of DRP1 in various neurodegenerative conditions.

a Alzheimer’s disease is characterized by the accumulation of AP. (i) This accumulation leads to enhanced
mitochondrial fission via regulating PTM dependent activity of DRP1 (red circles). Increased DRP1 activity due to
either (a) S-nitrosylation of DRP1C644 residue or (b) O-GIcNAcylation leads to fragmentation of mitochondria and
triggers mitophagy and apoptosis [147, 156]. (ii)) DNA damage due to increased intracellular ROS is responsible for
the induction of tumour suppressor P53 which subsequently mobilizes Bax, a pro-apoptotic factor. Interaction of Bax
along with MFN2 and DRP1 promotes increased mitochondrial fission and subsequent neuronal injury [157]. (iii) AB
mediated activation of serine/threonine protein kinase GSK3p results in DRP1S693 phosphorylation. This inhibits
DRP1 activity resulting in hyperelongated mitochondria in AD neurons. Synthetic peptide TAT-DRP1-SPS could
block GSK3p mediated DRP1 phosphorylation [145, 158]. (iv) AP mediated hyperactivation of DRP1 inhibits the
interaction between VDAC and HK1 on OMM. Further inactive HK1 results in suppression of glycolysis and causes
glycolytic stress. Destabilized VDAC causes oxidative stress due to the release of mitochondrial content into the
cytosol. Stress-induced activation of NLRP3 mediated inflammasome results in inflammatory injury and white matter
loss in mature oligodendrocytes [159]. b Accumulation of a-synuclein is a hallmark feature of Parkinson’s disease:
(1) a-synuclein interacts with DRP1 and regulates the PTMs. Decreased DRP1S616 phosphorylation and increased
DRP1S637 phosphorylation that results in reduced DRP1 activity and mitochondrial dysfunction are reported [160].
(ii) Mutant Parkin results in DRP1 accumulation due to its inability to ubiquitinate DRP1, a prerequisite for
proteasomal degradation. This leads to increased mitochondrial fission and fragmentation that further results in
enhanced apoptosis mediated neuronal cell death. The detrimental effect of increased mitochondrial fission could be
suppressed by inhibitors such as mdivi-1, P110, and dynasore which reduces DRP1 accumulation and MitoQ that
inhibits DRP1 oligomer formation on OMM [161-165]. (iii) Direct interaction between LRRK2 and Drpl increases
DRP1 recruitment to OMM and leads to excessive mitochondrial fragmentation [166]. (iv) Accumulation of DRP1
leads to Bax/Bak activation resulting in the release of cytochrome ¢ from mitochondria. This is followed by a series
of caspase activation and subsequent neuronal cell death [167]. (v) ROCK1 dephosphorylates DRP1 (S637) that
increases mitochondrial translocation of DRP1 resulting in fission, apoptosis of dopaminergic cells and loss of
dopamine. Y-27632, an inhibitor that blocks ROCK1 activation, could significantly alter this process [168]. ¢ mhtt
accumulation is an important characteristic of Huntington’s disease. This accumulation of mhtt resulted in increased
DRP1 GTPase activity. (i) NO-mediated DRP1 S-nitrosylation at DRP1C644 or (ii) increased oxidative stress lead to
increased activity of DRP1 [169, 170]. Increased activity of DRP1 results in fragmentation of mitochondria, increased
Wm, and decreased ATP production and neuronal damage.
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Fig. 1.7 Role of DRP1 in cellular pathways leading to cancer and cardiovascular diseases. A. Altered PTMs of
DRP1 in various cancer types have been reported. (i) Kinases such as CDK1/cyclin B, AMPK, PI3K-AKT, and
signalling pathways such as Ras-MAPK and ERK1/2 activate DRP1 by phosphorylation. Activation of DRP1 results
in enhanced mitochondrial fission that further results in increased glycolysis. This leads to the synthesis of essential
cellular building blocks required for cell growth and tumour progression [171]. (ii) Under nutrition-deprived
conditions in tumour cells, altered mitochondrial morphology that compensates for this was observed. PKA mediated
DRP1S637 phosphorylation retracts DRP1 from OMM, and a role for DRP1 in the metabolic shift of cancer cells
from OXPHOS to glycolysis and vice versa depending upon stress conditions is proposed [171, 172]. (iii)
Phosphorylation of DRP1 by cyclin B/CDK results in enhanced mitochondrial fission and activates different
signalling pathways (P53/P21, NFkp) responsible for G1 to S progression [54, 173]. Cyclin E and DRP1 association
controls cell proliferation in a cell density—dependent manner [174]. Treatment with the DRP1 inhibitor mdivi-1
rescued most of the cells in the G2 phase highlighting a positive correlation between enhanced DRP1 activation and
cell cycle progression [175]. B. Various kinases (ROCK, ERK 1/2, CDK, CamKIlI) phosphorylate and activate DRP1
under cardiac stress [140, 176]. A subsequent increase in mitochondrial fission and fragmentation results in increased
mitochondrial ROS, OMM permeability, membrane depolarization, and cytochrome c release leading to cardiac cell
death. Drugs targeting DRP1 such as mdivi-1, metformin, melatonin, and P110 can be used to block CVD progression
[140, 177, 178].
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1.7.1 GTPase domain

The GTPase domain of DRP1 is involved in the binding and hydrolysis of GTP and in
the formation of a higher-order structure on OMM. Assembly is predominantly regulated by 80-
loop, a region of 16 aa stretch that extends from the globular GTPase domain. 80-loop mediates
tethering between the intermolecular GTPase domains, and mutations in this region inhibit dimer
formation [72]. The GTPase domain in isoforms 6, 8, and 9 contains a 13 aa insertion called A-
insert. The presence of A-insert was reported to reduce the GTPase activity of the protein [179].
Yoon and colleagues reported two compound heterozygous nonsense mutations in the coding
region of the GTPase domain of DRP1, resulting in p.W88M (OMIM: 603850.0004) and
p.D129K (OMIM: 603850.0005) that inhibited the protein activity. Patients with these mutations
showed hypotonia, absent respiratory effort, and giant mitochondria in neurons [180].
Myelination of the sural nerve and reduced axon numbers were also reported in these patients
[180]. Another heterozygous mutation p.S36G (OMIM: 603850.0007) in the GTPase domain,
was detected in a patient with psychomotor delay [181]. Immunofluorescence staining of DRP1
in the patient fibroblast revealed localization of the protein to the cytosol. This resulted in a block
in fission and the formation of elongated mitochondria in patient fibroblasts [181]. A role for S36
residue in binding GTP/GDP through the side-chain hydroxyl group has been proposed [181,
182]. In the disease condition, this interaction is lost; hence, the protein cannot bind to GTP/GDP.
The yeast orthologous variant of this mutation was identified to be hypomorphic recessive, and
cells expressing the mutation exhibited decreased oxygen consumption rate (OCR) and growth
[181].

Gerber and colleagues reported two cases of heterozygous dominant optic atrophy due to
the degeneration of retinal ganglion cells [183]. In most cases, a mutation in OPAL that encodes
another large GTPase required for mitochondrial fusion is the cause of the disease condition

[184]. However, sequencing analysis revealed that the patients had dominantly inherited
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missense mutations in two highly conserved aa E2A (OMIM: 603850.0009) and A192E (OMIM:
603850.0010) in the GTPase domain of DRP1 [183]. Immunofluorescence studies showed
reduced localization of DRP1 to mitochondria in patient fibroblasts [183]. Additional analysis
revealed hyperfilamentous mitochondria in the patient's fibroblast, indicating severe fission
defect, although mitochondrial respiration remained unaltered [183]. Retinal ganglion cells from
a mouse model with a knockout in the DRP1 allele were analyzed for further insight into the
pathological mechanism. TEM images of the retina and optic nerve showed a significant increase
in mitochondrial length in these cells [183].

An infant was presented with a history of profound hypotonia, developmental delay, and
abnormal movement. A homozygous mutation at p.T115M in the GTPase domain was identified
by panel sequencing [185]. This particular mutant variant increased the monomeric form of
DRP1 up to three-fold and reduced the formation of the functional oligomers of the protein in
the patient fibroblast [185]. Phenotypes such as elongated mitochondria with notably fewer
branch points and lack of uniform size and distribution were observed by microscopic analysis
[185]. Balanced mitochondrial fusion and fission are also required to maintain mtDNA content.
mtDNA was significantly (60%) reduced in the patient cells. Additionally, loss of OCR and
decreased ¥m were also observed in the patient fibroblasts. Molecular modelling of DRP1
suggested that T115 lies at the interface where GTPase head domains interact during
oligomerization. Changing this threonine to methionine introduced a significant steric hindrance
between adjacent head domains that disrupted oligomer formation [185, 186].

Two DRP1 heterozygous mutations in patients affected by severe encephalopathy were
reported recently [187]. One of them, a 2-year-old infant, was detected with chronic seizure and
ataxia and later developed global cerebral and cerebellar atrophy. High-throughput sequencing
studies identified a heterozygous DRP1 variant ¢.668G > T (p.G223V) (Another mutation found

in the patient was in the middle domain and is discussed in the subsequent section). Upon
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culturing patient cells in a glucose-containing medium, hyperfused mitochondria that are swollen
and rod-shaped were observed [187]. In galactose-containing media, a condition that requires
cells to perform oxidative phosphorylation (OXPHQOS) for ATP generation, the mitochondrial
network of DRP1G223V mutant was more disorganized with swollen puncta, rings, and chain-
like structure [187]. OCR was reported to be decreased by 60% in yeast cells expressing the
orthologous disease variant DRP1G252V. In addition to this, a significant increase (50%) of
petite colonies was observed compared to WT, indicative of decreased mtDNA stability [187].
G223V mutation resulted in substituting a small and flexible glycine with a hydrophobic valine,
leading to a structural change in the GTPase domain near residues 215 to 221 and hampered
GTPase activity [187].

A 5-year-old patient was diagnosed with severe psychomotor developmental delay,
global hypotonia, and limb ataxia due to axonal sensory neuropathy. Clinical exome sequencing
revealed a de novo heterozygous missense mutation (p.D146N) in the DRP1 GTPase domain
[188]. Confocal and electron microscopy (EM) analysis showed that mitochondria in patient
fibroblasts were excessively hyperfused and formed a giant balloon-like structure compared to
control cells. Expression of the mutant (D146N) in WT fibroblast also resulted in hyperfused
mitochondrial network morphology, suggesting a dominant-negative characteristic of the
mutation. p.D146N cells also had a markedly reduced mitochondrial turnover rate compared to
WT fibroblast due to decreased autophagy. Furthermore, aberrant mitochondrial turnover
increased oxidative stress due to enhanced mitochondrial ROS. These cells also showed higher
levels of carbonylated proteins in the mitochondrial fraction, indicating enhanced mitochondrial
ROS [188]. Whitley and colleagues identified two novel de novo heterozygous missense variants
of DRP1, G32A in the GTPase domain, and C431Y in the middle domain [189]. Both patients
demonstrated hypotonia, developmental delay, and/or regression. The individual with the G32A

variant exhibited significant ocular involvement, abnormally increased lactate concentration, and
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very long-chain fatty acids in the brain cells. Mitochondria in G32A patient-derived fibroblasts
were dramatically hyperfused and showed a highly connected network compared to same-aged
control fibroblasts. When expressed in WT HCT116 cells, DRP1G32A showed a very strong
dominant-negative effect. Cells expressing the mutant variant exhibited a significant increase in
hyperfused mitochondria [189]. The yeast orthologue of this mutation Dnm1G35A was equally
dominant-negative. WT yeast cells expressing GFP tagged DRP1G32A depicted hyperfused
mitochondria, absence of DRP1 puncta on the mitochondria, and cytosolic localization of the
protein [189].

Keller and colleagues recently reported a case of a 10-year-old boy with a severe
neurodevelopmental disorder characterized by profound amyotrophy, dystonia, and sensory
neuropathy [190]. The condition was attributed to a heterozygous de novo missense variant in
the GTPase domain coding region of DRP1 (NM_012062.4: c.115 A > G), resulting in the
substitution of a serine residue with glycine (p.Ser39Gly) [190]. This variant affects the
evolutionarily conserved serine 39 located in the G1 motif (P-Loop) of the GTPase domain [182].
The serine 39 residue in the P-Loop plays a crucial role in GTP binding, forming one of the four
hydrogen bonds that stabilize the a-phosphate to the P-Loop. This interaction facilitates a
conformational change, wherein the side chain of serine 39 rotates approximately 180° upon GTP
binding, thus potentially stabilizing a GTP transition state. However, despite this important
finding, the exact underlying pathological mechanism of DRP1 mutations, particularly those
leading to impairment of peripheral sensory nerves while sparing motor neurons, has yet to be
fully elucidated. Further research is needed to gain a comprehensive understanding of these
mechanisms.

Another recent study from Lhuissier and colleagues revealed a heterozygous de novo
variant in the GTPase domain coding region of DRP1 [NM_001278464.1: c.176C>A

p.(Thr59Asn)] leading to defective mitochondrial and peroxisomal fission [191]. The adult
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female patient showed a complex neurological phenotype associated with developmental delay,
progressive spastic quadriplegia, dystonia, dysarthria, dysphagia, axonal neuropathy, ataxia,
nystagmus, optic atrophy, epilepsy, low sensitivity to pain, scoliosis, delayed menarche, and
learning difficulties. Interestingly, when the skin fibroblast from the patient carrying the DRP1
p.Thr59Asn mutation was analyzed by western blotting, a strong decrease of DRP1 protein levels
was observed [191]. Additionally, in silico analysis indicated that the “Thr” is situated in the
GTPase domain, specifically within a sequence of remarkably conserved residues of the switch
| region that is crucial for ligand binding, the enzyme's catalytic activity, and its interaction with
other domains, including switch 1l [182]. Hence, the variant Thr59Asn may have a destabilizing
effect on the protein. Furthermore, as compared to control fibroblasts, which possess small and
abundant peroxisomes and dynamic tubular mitochondrial network, mutated fibroblasts showed
a significantly elongated decreased number of peroxisomes and a hyper-connected mitochondrial
network [191].

A de novo mutation in the DRP1 GTPase domain was identified in a 4.5-year-old male
child [192]. The child displayed symptoms of developmental delay, ataxia, and peripheral
neuropathy. Whole exome sequencing analysis of the patient revealed the presence of a missense
mutation in DRP1 (c.445 G>A, p.G149R) [192]. Interestingly, Gly149 is a constituent of the
conserved DxxG motif located in the switch Il region of DRP1, and it helps to bind the y-
phosphate of GTP through its main chain. [182]. Therefore, it is plausible that the p.G149R
mutation disrupts GTP binding or hydrolysis, consequently affecting DRP1's motor function
[182]. This may lead to a dominant-negative effect due to the formation of non-functional
heteromers comprising both the mutated and WT DRP1 [192].

In a recent study, Nolden and colleagues examined a case involving a patient who
experienced several conditions, such as chronic ataxia, mild learning difficulties, status

epilepticus, epilepsy, motor axonal neuropathy with edema and flexed right knee contracture
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[193]. Comparative genomic hybridization assay detected a microduplication on chromosome
19p13.3, which is a single de novo heterozygous ¢.687_689dup, p.Leu230dup DRP1 variant. The
patient exhibited elongated mitochondrial morphology, characterized by reduced branch points.
Additionally, the peroxisomes appeared more fused, with a decreased number of peroxisomes
overall and a diminished size distribution. These observations collectively suggest an impaired
fission process. Moreover, the patient's (p.Leu230dup) fibroblasts exhibited multiple OXPHOS
defects, with decreased steady-state levels of NDUFB8, UQCRC2, and COX2. Further in silico
analysis suggested the insertion of an additional leucine at position 231 (L230dup) within the
GTPase domain. This insertion is situated in a short a-helix surrounded by two disordered loops
called the G4 and G5 motifs, which are essential for nucleotide binding [182, 193]. Although not
experimentally tested, the authors predict that the introduction of the extra leucine has the
potential to induce conformational changes in nearby regions, including the G4 and G5 motifs
and the D190-containing helix, which could impair GTPase domain dimerization and negatively

impact GTPase activity by disrupting the nucleotide binding.
1.7.2 Middle domain

DRP1 middle domain forms part of the stalk along with the GED. It is an intermediate
region between GTPase and VD and is required for DRP1 self-assembly and the formation of
higher-order structures [122]. Waterham and colleagues first reported the effect of DRP1
mutations on human health and diseases [194]. In this study, a newborn girl was diagnosed with
lethal encephalopathy characterized by microcephaly, abnormal brain development, optic
atrophy, and hypoplasia, persistent lactic acidemia, and elevated plasma concentration of long-
chain fatty acids. The patient survived only for the first 37 days. Sequence analysis identified a
single heterozygous mutation ¢.1148C > A in the coding region of the DRP1. This resulted in the
substitution of a conserved alanine at position 395 by aspartic acid (OMIM: 603850.0001).

Immunofluorescence with antiserum against peroxisomal catalase suggested that patient
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fibroblast had fewer peroxisomes compared to the control. In addition to this, the mitochondria
in the patient's cells were also observed to be elongated. Most of the tubular mitochondria were
found around the nuclear periphery in the patient’s fibroblast [194]. Overexpression of the mutant
variant of DRP1 in control fibroblasts induced aberrant mitochondrial phenotype. This indicates
that the A395D mutation interferes with the homo-oligomerization of DRP1 in a dominant-
negative manner [194].

A de novo variant of DRP1 was reported in a patient who presented with refractory
epilepsy and global developmental delay at the age of 6 months [195]. The whole-exome
sequencing of the patient identified a missense substitution in exon 10 of DRP1
NM_012062.4:¢c.1085G4A; NP_036192.2:p.(G362D; OMIM: 603850.0002). Confocal imaging
of the patient’s primary fibroblasts revealed the presence of hyperfused mitochondria compared
to control [195]. The substitution of adjacent glycine to aspartate (G363D) resulted in DRP1
tetramerization in the cytoplasm but diminished the assembly of higher-order structures and
polymerization-dependent GTPase activity [122]. The hyperfused mitochondrial phenotype
observed in the patient was most likely due to the inability of DRP1 to form helical structures on
OMM, leading to impaired mitochondrial fission [195]. Another de novo heterozygous, dominant
mutation (c.1084G > A) in the same aa, i.e., G362S (OMIM: 603850.0003) of DRP1, was
identified in a patient who exhibited chronic neurological disorder, characterized by postnatal
microcephaly, developmental delay, and pain insensitivity [196]. Muscle biopsy revealed
decreased respiratory chain complex IV activity, ATP production, and oxygen consumption,
indicating compromised mitochondria function. Mitochondria in the patient’s fibroblast were
aberrant and nine times longer than control cells when visualized by fluorescence microscope
and TEM [196].

Diez and colleagues reported a case of infantile parkinsonism as a result of de novo DRP1

middle domain mutation (NM_005690,c.1337G > T; p.C446F) [197]. The patient died when he
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was two and a half years old due to cardiac arrest. The patient’s skin fibroblasts showed a 70%
decrease in the number of mitochondria (compared to control) and were observed to be
significantly elongated and fused compared to control mitochondria [197]. A significant
reduction in the number of peroxisomes (50% decrease compared to the control) was also
observed [197]. The impaired mitochondrial fission may further disrupt mitochondrial transport
in neuronal cells, leading to loss of synapse and causing neurodegeneration [198].

A novel, de novo, missense heterozygous mutation in DRP1 ¢.1207C > T (p.R403C;
OMIM: 603850.0006) was identified in two unrelated patients who presented similar problems
such as refractory epilepsy, encephalopathy, and developmental regression [199]. However,
unlike the previous cases of missense mutations (A395D and G362D), where the patients
suffered encephalopathy and epilepsy in the early stages of life, these patients had normal
development until 4-5 years of age before the sudden onset of epilepticus and subsequent
developmental regression and encephalopathy [194, 195]. This variant of DRP1 also exhibited a
dominant-negative phenotype and interfered with the function of WT DRP1 [199]. The change
of cationic arginine into a neutral and smaller cysteine most likely altered the oligomerization of
the protein in the patient cells [199].

Zaha and colleagues reported another novel de novo DRP1 mutation (¢.1217 T > C,
p.L406S) where a 6-month-old infant presented with severe hypotonia, infantile spasms with
suppression-burst, and a high level of lactate in cerebrospinal fluid. The patient had delayed
development and eventually died at the age of eighteen months [200]. The presence of elongated
mitochondria in the patient’s cells was observed using fluorescence microscopy. Similar to the
mutations mentioned above, the L406S variant was also reported to be heterozygous dominant-
negative and interfered with the formation of helical polymers of the protein [200].

Mutations in DRP1 were identified in two patients characterized by poor feeding, poor

growth, developmental delay, and hypotonia [201]. One of them was a 14-month-old infant and
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exhibited global developmental delay, hypotonia, and status epilepticus. EM of the muscle
suggested mitochondrial pleomorphism along with lipid accumulation in the muscle. The patient
died at the age of 5 years due to severe status epilepticus with respiratory failure. Whole exome
sequencing revealed ¢.1048G > A, p.G350R mutation in DRP1 (OMIM: 603850.0005) [201].
The other patient was diagnosed with persistent lactic acidosis, and the MRI of the brain showed
microcephaly and the absence of corpus callosum. The patient also had diffused hypotonia,
global developmental delay, and poor growth. The patient passed away at 10 months of age due
to pneumonia. Whole exome sequencing revealed two de novo mutations in mitochondria-related
genes, one in DRP1 (c.1135G > A, p.E379K) and the other one in PDHAL, linked to pyruvate
dehydrogenase E1 deficiency (OMIM: *300502) [201]. Both the above DRP1 mutations were
also studied in Drosophila to understand their effect on mitochondrial morphology and structure.
DRP1G350R showed a dominant-negative effect on peroxisomal and mitochondrial morphology
[201]. Larvae expressing the G350R mutant variant showed aberrant mitochondrial distribution
and trafficking in synapse compared to cells expressing WT DRP1. DRP1E379K showed a
milder effect on aberrant mitochondrial trafficking when compared to G350R [201, 202].

A 5-year-old child was presented with an abrupt manifestation of a myoclonic status
epilepticus, psychomotor deterioration and long-duration seizures [187]. High throughput
sequencing studies identified a heterozygous DRP1 variant ¢.1109 T > G (p.F370C).
Mitochondria in the patient’s fibroblast were typically hyperfused and showed swollen puncta
and ring-like structures [187]. F370C variant replaces the large hydrophobic phenylalanine that
plays an important role in monomer stability and tetramer formation. Several hydrophobic
interactions that involve F370 are disrupted due to the incorporation of cysteine. This further
resulted in the formation of disulfide bonds with nearby cysteines and influenced the
oligomerization of the protein. A significant increase in the protein level was observed in patient

fibroblasts, most likely due to increased stability and altered degradation [187].
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A novel and lethal de novo heterozygous missense variant C431Y was reported in a
patient by Whitney and colleagues [189]. The patient had hypotonia, developmental delay,
regression, and seizures. An abnormal brain MRI1 was reported, and the patient eventually died
at the age of 10 months. However, when mitochondrial morphology was investigated in HCT116
cells and yeast that express the mutant variant, no robust dominant-negative activity was
observed [189]. Structural analysis suggested that, as the mutation is situated in an assembly
interface, the substitution of tyrosine in this region could damage the integrity of the interface,
thereby affecting assembly [189].

An 8-month-old girl presented with an autosomal dominant, spontaneous DRP1 c.
1228G>A (p. E410K) mutation. The symptoms included septo-optic dysplasia, hypotonia,
developmental delay, elevated blood lactate, and severe mitochondrial cardiomyopathy. The
condition progressed to non-ischemic congestive heart failure and cardiogenic shock, ultimately
leading to the unfortunate demise of the patient [203]. Earlier research has demonstrated that the
location of p. E410 within the DNM1L protein domain is crucial for its tetramerization [122]. In
the case of this patient, the DRP1 c¢. 1228G>A (p. E410K) mutation could potentially hinder
cardiac differentiation by impeding protein tetramerization. This, in turn, might lead to
inadequate energy supply and the consequent development of ineffective cardiomyocytes,
ultimately resulting in cardiomyopathy [203].

Two heterozygous DNMI1L variants, ¢.1085G>A (p.Gly362Asp) and ¢.1535T>C
(p.11e512Thr) were identified in the same patient [187]. The patient exhibited psychomotor delay,
partial motor status epilepticus, refractory epilepsy and psychomotor regression, spastic
tetraparesis, lack of postural control, hyperkinesis, and severe cognitive impairment. Sanger
sequencing revealed that the ¢.1535T>C (p.11e512Thr) was inherited from the mother while the
€.1085G>A (p.Gly362Asp) represents a de novo event. To assess the pathogenic role of the DRP1

G362D and 1512T variant Saccharomyces cerevisiae dnml strains were used for
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complementation studies. The amino acid residues corresponding to p.Gly362Asp and
p.1le512Thr variants are conserved between the two species (p.Gly397 and p.lle543 in yeast,
respectively). Multiple experiments, such as growth analysis on media supplemented with
different carbon sources (glucose, glycerol, and ethanol), OCR, and petite frequency
measurement, were conducted to evaluate the impact of the mutants on mitochondrial function.
These experiments collectively indicated that the alteration at p.lle512Thr may serve as a

modifier, exacerbating the phenotype linked to the p.Gly362Asp mutation [187].
1.7.3 GTPase Effector Domain

GED is also known as the C-terminal assembly domain. It is critical for the formation of
higher-order complexes. It also acts as a cooperative stimulator for the GTPase activity by
interacting with the GTPase domain [204]. Mutations in the GED disrupt its intramolecular
interaction with the GTPase domain, leading to decreased GTPase activity of DRP1 [204].

A 27-year-old patient was presented with static encephalopathy, a history of seizures, and
nystagmus. A novel heterozygous variant in the GED of DRP1 Y691C was identified in the
patient cells. Overexpression of the Y691C variant resulted in a dramatic change in muscle
mitochondrial morphology and distribution in the Drosophila model. Perinuclear distribution of
the mitochondrial network and scarcity of mitochondria in the muscle fibers were also reported
[205].

Recently, Nolden and colleagues reported a second case of a novel, de novo heterozygous
DRP1 mutation in the GED (c.2128A>G, p. R710G) [193]. The affected patient, a 17-year-old,
passed away due to a combination of chronic inflammatory demyelinating polyneuropathy, extra-
pyramidal movement disorder, epilepsy, optic atrophy, fatigue, and episodes of developmental
regression triggered by infections. Upon investigation, the patient's fibroblast exhibited
hyperfused mitochondria when examined using a high-resolution confocal microscope. The

mutant DRP1 was predominantly found in the cytosol and showed decreased recruitment to
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mitochondria. Interestingly, the expression of DRP1 R710G in the patient's fibroblast was
significantly lower compared to the control, suggesting a possible dominant-negative effect of
the mutated protein, overriding the function of the wild-type allele. Furthermore, the mutant
showed diminished GTPase activity in vitro compared to the control. In silico analyses indicated
that residue R710G, situated around the BSE region of GED, forms a salt bridge with E702. The
substitution of R710G most likely resulted in the loss of this salt bridge. Moreover, the authors
proposed that R710G is assembly-deficient compared to the WT variant and exists in a dynamic
equilibrium between the dimeric and tetrameric states. The study suggested that the R710G
variant disrupts the coupling between DRP1 assembly and assembly-stimulated GTP hydrolysis,
providing valuable insights into how assembly-state information is translated to the GTPase

domain [193].
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Fig. 1.8 Schematic representing the position of various DRP1 mutations associated with disease conditions.
Arrows determine the position of each mutation in the encoded DRP1 protein.

Table 1.3 DRP1 mutations and associated phenotypes discussed in this chapter

Drpl
Domain Mutation Type structure and Pathology Pathophysiology  Reference
function
Missense Cytoplasmic DRP1
E2A, dominant,- Loss of DRP1 Dominant optic  aggregates, [183]
GTPase Al192E . activity atrophy elongated
negative ) i
mitochondria
: Psychomotor . .
D146N Missense, Loss of DRP1 developmental G!ant balloqn-llke
heterozygous, mitochondria and
. GTPase delay, global [188]
dominant- . : elongated
. function hypotonia, .
negative . . peroxisomes
limb ataxia
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S36G Missense, Loss of DRP1 (Fj’s?/chomoror EI.OngﬁteO(Ij .
recessive GTPase elay, ocullar mitochondria [181]
’ . and cerebellar and aberrant
heterozygous function . X
involvement peroxisomes
T115M Impairs Developmental EI_ongated _
Homozygous oligomer delay, . mitochondria, [185]
formation neurological reduced mtDNA
impairment and OCR
Loss of DRP1
WEBM,  Nonsense, — rpace Hypotonia Giant mitochondria [180]
E129K  heterozygous .
activity
Missense, Lack of Hypotonia,
. developmental
G32A heterozygous formation of ; Hyperfused
. . delay, optic " . [189]
dominant- higher-order mitochondria
. atrophy, ocular
negative structure 1
involvement
G223V Missense No ClL§ Seizure, epileptic Hyperfused,
heteroz ,ous il ence ha’tlopatr? swollen, [187]
vg phalopathy™ mitochondria
severe
neurodevelopmen
GTP tal disorder with
$39G Missense, hydrolysis severe B [190]
heterozygous completely amyotrophy,
abolished dystonia, and
sensory
neuropathy
Decreased Axonal sensory _
neuropathy, Block in
Ve EER spasticity, optic ~ mitochondrial and
T59N Heterozygous due to P Y, Opt . [191]
atrophy, ataxia,  peroxisomal
probable . A
] dysarthria, fission.
degradation |
dysphasia
Missense, Likely to Developmental
heterozygous, interfere with delay, ataxia,
GL49R dominant- GTP binding/ peripheral B [192]
negative hydrolysis neuropathy
Chronic ataxia,
Mav impair Left sided chorea.
Heterozygous, Al Seizures, status
. GTPase g
L230dup dominant- domain post epilepticus [193]
negative dimerizati and epilepsy,
imerization
Motor axonal
neuropathy
Microcephaly, Fission defect of
A395D  Heterozygous, Defect in abnormal brain ; .
. ; mitochondria and
. dominant- oligomer development, : [194]
Middle . . : peroxisomes
negative formation optic atrophy and
hypoplasia
Missense, BIO.Ck n Developmental ~ Hyperfused
G362D domi helical ’ .
ominant- polymer de!ay, refractory mitochondrial [195]
negative formation epilepsy network
C446F  Missense, 3 Severe infantile  Elongated [197]
heterozygous parkinsonism mitochondria
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dominant- and peroxisomes
negative
Missense Reduces Hyperfused
R403C . ' DRP1 Epileptic mitochondria
dominant- - [199]

. oligomer encephalopathy  (mouse)

negative f .
ormation

Block in Hypotonia Neuronal necrosis

L406S  Missense, helical rypotonia, L ’

. infantile spasms, fission defect of
dominant- polymer delayed mitochondriaand  [2°]
negative formation Y :

development peroxisomes
Missense, Hypotonia,
C431lY  heterozygous developmental

. - [189]
dominant- delay
negative

63625 . Complex IV
Heterozygous, microcephaly, . "R

X inactivity, impaired
dominant- - developmental ; . [196]

. . mitochondrial
negative delay, pain fission defect

insensitivity
G350R, . Lactic acidosis,
E379K  Missense - LG developmental [201]
encephalopathy .
delay, hypotonia
Increased DRP1
F3fo6 Missense, Abnc_)rmal Myoclonic status level, hyperfused,
multimer - [187]
heterozygous f . epilepticus swollen,
ormation . s
mitochondria
Septo-optic
dysplasia,
hypotonia,
developmental
E410K ?uto_somal _ delay, elevated [203]
ominant
blood lactate, and
severe
mitochondrial
cardiomyopathy
Abnormally
I512T Compound Psychomotor elongated
Middle G362[3 heterozygous, delay, Epileptic  mitochondriaand [187]
& VD recessive encephalopathy  aberrant
peroxisomes
Prapbged tp Srtlizghalopathy
Missense, disrupt GED- ’
GED Yeslc heterozygous GTPase Eystagm_us, B [205]
) . ypotonia,
interactions !
epilepsy
Decreased Chronic
level of DRP1, inflammatory
loss of GED- demyelinating
GTPase polyneuropathy,
R710G  Heterozygous interactions,  extra-pyramidal - [193]
and impair movement
assembly disorder,
driven GTP  epilepsy, optic
hydrolysis atrophy, fatigue
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1.8 S. cerevisiae as a model organism to study mitochondrial dynamics and

associated diseases

For several decades, S. cerevisiae has been a valuable tool for understanding basic cellular
mechanisms that contribute to human physiology. In recent years, yeast has gained substantial
attention as a tool for exploring the genetic and molecular foundations of human diseases. This
is because of the high degree of homology between yeast and human genes and highly conserved
cellular activities and metabolic pathways in all eukaryotes. Due to these reasons, S. cerevisiae
has been popularly called an "honorary mammal” [206]. S. cerevisiae was the maiden eukaryotic
organism to have its entire genome sequenced and published [207]. Interestingly, approximately
46% of known human proteins exhibit orthologs in yeast. This includes crucial proteins involved
in DNA replication, recombination, transcription, translation, cellular trafficking, and
mitochondrial biogenesis [208]. Additionally, around 40% of human genes responsible for
disease-causing mutations possess orthologs in yeast [209]. Due to this, yeast has been
extensively used to understand the molecular processes that underlie many diseases.
Additionally, yeast is a valuable model organism for studying mitochondrial functions and
dysfunctions because mitochondrial genetics and recombination were first discovered in yeast
[210]. S. cerevisiae was chosen for mitochondrial studies for specific reasons: its metabolic
regulation according to carbon and oxygen availability, metabolic shifts from glucose-induced
glycolysis to respiration upon glucose depletion, and utilization of non-fermentable carbon
sources like glycerol and ethanol requiring functional mitochondria. Yeast, a facultative
anaerobe, can survive without mitochondrial function and mtDNA as long as fermentable carbon
is present. Yeast mutants impaired in OXPHOS are respiratory deficient and form petite colonies
on non-fermentable sources due to ethanol accumulation. This petite-positive feature facilitates
studying mitochondrial mutations without lethality. Conserved mitochondrial genes/functions

between yeast and humans enable modelling mitochondria-related pathologies, often
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characterized by impaired oxidative growth, reduced respiratory activity, and rearranged
cytochromes [210, 211]. Yeast can be used to study human diseases in two important ways. First,
if the disease-associated gene has an ortholog in yeast, the disease-causing mutation can be
introduced into the yeast gene and its effects can be studied. Furthermore, this organism's
capability to exist as haploid or diploid offers flexibility in determining the dominant or recessive
property of the mutation. Conversely, if the disease-related gene lacks a counterpart in yeast, the
transgene can be expressed in yeast to create a "humanized yeast" strain for functional analysis
[212, 213]. Moreover, several mitochondrial diseases are caused by defects in mtDNA, and the
ability to introduce mutations into mtDNA in yeast allows researchers to study the effects of
these mutations in a living organism. Lastly, yeast can serve to identify compounds capable of
mitigating the phenotypic abnormalities triggered by mutations. This involves introducing the
defective human protein into yeast and subsequently exposing the yeast to various compounds.
Those compounds, which alleviate the phenotypic irregularities, can then be subjected to deeper

investigation for their potential in human disease treatment.
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1.9 Perspectives on future work

Mitochondria are essential organelles vital for optimal cellular function. Malfunctions in
the fission machinery leading to alterations in mitochondrial dynamics are implicated in various
potentially life-threatening disorders. Extensive research over the past few decades has
tremendously improved our knowledge about the mechanisms of mitochondrial division, its
regulation, and its relevance to cellular health. Yeast has proven to be a useful model for these
studies since the initial discovery of Dnm1, the master regulator of mitochondrial fission [86,
103]. Further research into Dnm1's structure, function, and interacting partners has paved the
way for a better understanding of its mechanism of action. However, several crucial aspects of
mitochondrial fission involving Dnm1 are still not vividly understood. Some of these aspects are
listed below.

e How is the formation of various oligomeric forms of S. cerevisiae Dnm1 regulated?

e How are these different oligomeric forms related to the dynamic spatio-temporal
localization of the protein?

e Is the function and formation of higher-order structures regulated by PTMs?

e Can S. cerevisiae Dnm1 be used as a model and decipher the mechanisms of DRP1-
associated disease mutations?

Addressing these questions can provide deeper insights into the molecular basis of
mitochondrial fission, its regulation, and its relevance to human health and disease. Harnessing
yeast as a model organism for studying mitochondrial dynamics and diseases can also be
advantageous due to the ease of performing high-throughput screens to enable the discovery

of potential therapeutic compounds for human diseases.
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1.10 Motivation of the research work

Dnml is a multidomain protein. The role of these domains in the structural regulation of
the protein, thereby influencing its function, are well reported. Several studies in various model
organisms have identified important residues in the protein essential for maintaining the
structure. DRP1, the human homolog of Dnm1, is known to be regulated via various PTMs.
However, such a regulation in the case of yeast Dnml is not reported. Global proteome studies
have identified various residues in Dnm1 that can undergo phosphorylation [214-219]. However,
detailed studies of these putative sites on the structure, function and localization of the protein
are not performed. Furthermore, several studies have reported that random mutations in different
domains of DRP1 contribute to the pathophysiology of several debilitating disease conditions
[188, 193-195, 197, 199, 220]. Several of those reported mutations are found in the middle
domain of the protein that forms part of the stalk along with GED and is required for self-
assembly and higher-order structure formation [194, 195, 197, 199]. Although certain mutations
have been investigated regarding their influence on organelle morphology, their effects on
protein localization, distribution, function, and structure have yet to be explored.

In this study, we aimed to study these two important aspects using S. cerevisiae Dnm1
and set out to investigate if and how certain residues (that undergo modifications or are mutated
in disease conditions) affect protein's conformation, localization and function. Our study will
shed light, contribute to the understanding of the structure of the protein in more detail, and

associate the structural changes with the function of the protein.
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1.11 Objectives of the thesis

Based on the available literature and the potential for future research in understanding the
role of Dnm1 in mitochondrial dynamics, the following objectives were formulated.

e Cloning, expression and characterization of Dnm1 fusion proteins
e To analyze the role of PTMs in the function of Dnm1

e To mimic and characterize the disease-causing DRP1 mutations in yeast Dnm1

1.12 Organization of the Ph.D thesis

Chapter 1 provides an overview of mitochondrial dynamics and its regulation. The
importance of mitochondrial fission is highlighted, and the role of dynamin-related protein 1,
Dnm1/DRP1 in S. cerevisiae and humans is discussed in detail. The differences between these
two proteins in structure, interacting partners, and regulation via PTMs are also highlighted.
Pathological conditions resulting from an imbalance in fusion and fission, especially the severe
phenotypes caused by mutations in DRP1, are enlisted. The chapter concludes by explaining the
aim of the thesis, which, in a nutshell, is to understand how the function of Dnm1 is regulated in
a cell and the contribution of various domains of the protein to this. In this study, yeast Dnm1
was also used to mimic disease-causing mutations of DRP1 to understand structural and
functional alterations in detail.

Chapter 2 provides a description of the materials and methods used to conduct the
experiments. The experimental methods are described in detail and the details of materials used,
such as the manufacturers of the chemicals and components, are listed.

Chapter 3 describes the construction of fusion proteins of Dnm1. Both the C-terminal
GFP and C-terminal His-HA fusion proteins were further characterized for functionality by
complementation in dnml cells. Using Dnm1-GFP, mitochondrial morphology, protein

localization, and dynamics have been studied. Dnm1-His-HA was used for protein expression,
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purification, identification by mass spectrometry and structural analysis by circular dichroism
spectroscopy. The results confirmed the functionality of the fusion proteins and their suitability
for further work.

Chapter 4 investigates putative phosphorylation sites of Dnm1 identified in earlier
studies. Two specific residues, T62 and S277 in the GTPase domain of the protein were analyzed
for the structure, function, and localization of the protein. The selected residues were mutated to
either alanine (A) or aspartic acid (D) to mimic phosphorylated and non-phosphorylated
conditions of the protein. Our results demonstrate that both residues are crucial for protein
function, although mutant variants showed differences in protein localization and dynamics.
Interestingly, the mutant variants retained their secondary structure and were able to form higher-
order structures but were non-functional both in vivo and in vitro. We went ahead and obtained
insights into the local structural alteration in these variants using molecular dynamics
simulations.

In Chapter 5, four disease-causing mutations reported in the middle domain of human
DRP1 were mimicked in yeast Dnm1 and characterized using a comprehensive approach that
includes fluorescence microscopy, live cell imaging, biochemistry and MD simulations.
Interestingly, out of the four mutations studied, one mutation mimicked the exact loss of function
phenotype as observed in patients (A430D). One mutation resulted in partial loss of function
(G397D). The remaining two mutations did not show any effect when introduced in yeast Dnm1
(R438C and C481F).

Chapter 6 is the conclusion and future perspective that summarizes and highlights the
significant findings from the work carried out. This chapter also emphasizes the future direction

of research to elucidate the mechanism by which Dnm1 governs mitochondrial dynamics.
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2.1 MATERIALS

2.1.1 Strains and plasmids

The S. cerevisiae strains utilized in this study are listed in Table 2.1. The deletion strains used in
this study were acquired from the gene deletion library (Dharmacon) and their authenticity was
verified through polymerase chain reaction (PCR). Table 2.2 gives a list of plasmids used in this
study.

2.1.2 Primers

The primers used in the study are listed in Table 2.3. Primers used for cloning and site-directed
mutagenesis (SDM) were constructed using the clone manager 9 software.

2.1.3 Culture media

For this study, the molecular biology-grade components of bacterial and yeast culture media were
procured from HiMedia (HiMedia Laboratories Pvt. Ltd., India) or SRL (Sisco Research
Laboratories Pvt. Ltd., India). The growth media for cell culture were sterilized by autoclaving at
121 °C and 15 psi for 20 min, while heat-sensitive elements such as antibiotics were sterilized
through filtration using a 0.22 u membrane filter. The composition of different media used in the
study are given below.

2.1.3.1 Bacterial media

Luria Bertani (LB)

5 g/L Yeast extract, 10 g/L Tryptone and 10 g/L NaCl.

For the preparation of LB agar plates, 20 g/L agar was added to the media before autoclaving. If
required, the media was supplemented with ampicillin at a concentration of 100 pg/mL. A stock
solution of ampicillin at a concentration of 100 mg/mL was prepared in sterile distilled water,
filter sterilized, and stored at -20 °C. The antibiotic was added to the autoclaved LB agar media,

which was moderately warm, just before pouring it into the plates.
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2.1.3.2 Yeast media
Yeast extract-Peptone-Dextrose (YPD) media
1% Yeast extract, 1% Peptone and 1% Glucose
To prepare YPD agar plates, the media was supplemented with 2% agar as mentioned above.
Minimal media (YND)
0.17% yeast nitrogen base (YNB) without amino acids and ammonium sulphate supplemented
with 2% glucose and 0.5% ammonium sulphate as nitrogen source. pH was adjusted to 6.0 using
KOH (Erdmann et al. 1989). When necessary, the media was supplemented with leucine (3
mg/mL), lysine (10 mg/mL), histidine (10 mg/mL), and uracil (3 mg/mL). To facilitate growth
on plates, 2% agar was added to the media.
Minimal media (YNG)
YNG media is composed of 0.17% YNB without amino acids and ammonium sulfate, 2%
glycerol and 0.5% ammonium sulfate as a nitrogen source. The pH of the media was adjusted to
6.0 using KOH (Erdmann et al.1989). When necessary, the media was supplemented with leucine
(3 mg/mL), lysine (10 mg/mL), histidine (10 mg/mL), and uracil (3 mg/mL). To enable growth
on plates, 2% agar was added to the media.
Raffinose-containing media (YNR)
0.17% YNB without amino acids and ammonium sulphate, 0.5% ammonium sulphate, 2%
raffinose, isoleucine (30 mg/L), valine (150 mg/L), arginine (20 mg/L), histidine (20 mg/L),
leucine (30 mg/L), methionine (20 mg/L), phenylalanine (50 mg/L), tryptophan (20 mg/L) and
tyrosine (30 mg/L). pH of the media was adjusted to 6.0 using KOH.
Galactose-containing media (YPGal)
Yeast-extract and peptone (YP) supplemented with 6% galactose.
2.1.4 Buffers and solutions
2.1.4.1 Buffers for protein extraction
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Lysis buffer

50 mM Tris-HCI (pH 7.5), 200 mM Nacl, 10 mM imidazole, 0.1% Triton X-100, 20% glycerol

(v/iv), 1 mM PMSF, 1X protease inhibitor cocktail without EDTA and 1X phosphatase inhibitor

cocktail. The protease and phosphatase inhibitor cocktail was added just before using the buffer.

TCA buffer

50% (w/v) Tri-chloro acetic acid

Ice-cold 80% (v/v) acetone

1% (w/v) SDS in 0.1 N NaOH

2.1.4.2 Buffers for protein purification

Equilibration buffer

50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 30 mM imidazole, 0.1% Triton X-100 and 20%

glycerol.

Wash buffer

50 mM Tris-HCI (pH 7.5), 200 mM NaCl and imidazole at varying concentrations of 60 mM, 80

mM and 100 mM.

Elution buffer

50 mM Tris-HCI (pH 7.5), 200 mM NaCl and 500 mM imidazole.

2.1.4.3 Buffers and solutions for SDS-PAGE (sodium dodecyl sulphate-polyacrylamide

gel electrophoresis)

30% Acrylamide solution

29 g acrylamide, 1 g bis-acrylamide dissolved in 100 mL water

10% Sodium Dodecyl Sulphate (SDS)

10 g SDS dissolved in 100 mL water

Resolving gel mix (10%, 10 mL)

4 mL Tris-Cl (1M, pH 8.8), 1 mL SDS (1%), 3.3 mL acrylamide: bis-acrylamide (29:1), 1.7 mL
49

TH-3292_166106009



Chapter 2 Materials & Methods

H>0, 100 pl ammonium persulphate (APS) (10%), 10 ul TEMED.

Stacking gel mix (4%, 5 mL)

0.6 mL Tris-Cl (1M, pH 6.8), 0.5 mL SDS (1%), 0.7 mL acrylamide: bis-acrylamide (29:1), 3.2
mL H»0, 50 pul ammonium persulphate (APS) (10%), 5 ul TEMED.

SDS sample buffer (SSB)

0.1 M Tris-Cl (pH 6.8), 20% Glycerol (v/v), 4% SDS (w/v), 0.0002% bromophenol blue, 10%
B-mercaptoethanol. The SDS sample buffer was prepared as a 2X concentrate and used at 1X
final concentration.

SDS-PAGE electrophoresis buffer

0.25 M Tris-Cl (pH 8.0), 1.92 M Glycine and 1% SDS. A 10X stock solution was prepared and
used at 1X final concentration.

Gel fixing solution

40% (v/v) ethanol, 10% (v/v) glacial acetic acid and 50% water

Coomassie Brilliant Blue (CBB) staining solution

0.1% Coomassie Brilliant Blue R-250, 50% (v/v) Methanol and 10% (v/v) Glacial acetic acid
Destaining solution

40% (v/v) Methanol, 10% (v/v) Glacial acetic acid, and 50% water

2.1.4.4 Buffers for western blotting

Transfer buffer (10X stock solution)

0.25 M Tris-Cl (pH 8.0), 1.92 M Glycine and 1% SDS. A 10X stock solution was prepared and
used at a final concentration of 1X containing 20% methanol.

Tris-Buffered Saline (TBS)

50 mM Tris and 150 mM NacCl, final pH was adjusted to 7.4 with HCI. TBS buffer was made as
a 10X concentrate and used at a final concentration of 1X.

Wash buffer (TBS-T)
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TBS (1X final concentration) with 0.1% Tween-20. The required volume was mixed with water.
Blocking buffer
TBST (1X final concentration), 5% skim milk, 0.1% Tween-20
Ponceau S staining solution
0.25% (wi/v) Ponceau S, 40% (v/v) Methanol and 15% (v/v) Acetic acid
2.1.45 GTPase activity assay buffers
Reaction buffer (RB) (20X)
25 mM HEPES, 25 mM PIPES, pH 7.0, 100 mM MgClz, 20 mM phosphoenol pyruvate (PEP)
and 150 mM KCI, prepared and stored in -80 °C as aliquots.
GTPase assay reaction mixture
For each 200 ul reaction: 10 pl 20X RB, 6 pl 20 mM NADH, 12 pl 2 M NaCl, 132 ul 25 mM
HEPES, 25 mM PIPES, pH 7.0, 5 pl pyruvate kinase/lactate dehydrogenase mixture, 20 pl 10X
GTP stock solution, 15 pl Dnm1 (0.1 uM).
2.1.4.6 Size exclusion chromatography (SEC) buffers
Column equilibration buffer
50 mM Tris-Cl pH 7.5, 200 mM NaCl, and 5% glycerol
2.1.4.7 Native polyacrylamide gel electrophoresis (Native PAGE) buffers (8%, 10 mL)
2.5 mL Tris-Cl (1.5 M, pH 8.8), 2 mL 40% acrylamide: bis-acrylamide, 5.5 mL deionized H-0,
100 pl APS (10%), 10 pl TEMED.
2.1.4.8 Phos-tag gel electrophoresis buffers
1.5 M Tris-Cl (pH 8.8), 1% (w/v) SDS, 30% (w/v) acrylamide: bis-acrylamide, 5 mM Phos-tag™
solution, 10 mM MnClI solution.
2.1.49 Other buffers
SHP buffer (1X)
0.6 M Sorbitol, 20 mM HEPES-KOH pH, 7.4, 1 mM PMSF
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Phosphate buffer (20 mM, pH 7.5)

100 mM phosphate buffer (pH 7.5) contains 16 mL 100 mM of NaH2PO4 and 84 mL 100 mM of
NazHPOg.

Phosphate-Buffered Saline (PBS), pH 7.4

137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO4, 2 mM KH2PO4. PBS buffer was made as a 10X
concentrate and used at a final concentration of 1X.

Tris-acetic acid EDTA (TAE) buffer

40 mM Tris base, 0.5 M EDTA. Final pH was adjusted to 8 with glacial acetic acid. TAE buffer
was prepared as a 10X concentrate and used at a final concentration of 1X.

Yeast transformation buffer

1 M Lithium acetate (LIOAc), 50% Polyethylene glycol (PEG), 100 mM Tris-Cl pH 7.5 and 10

mM EDTA.
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2.2 METHODS

2.2.1 Microbiological techniques
2.2.1.1 Bacterial growth and storage conditions

Escherichia coli DH5a cells were used for cloning purposes. The cells were cultured at
37 °C in LB medium with the addition of ampicillin (100 pg/mL) when required. The strains were
preserved as stocks in glycerol (850 pl cell culture and 150 pl 87% glycerol) and stored at -80
°C. To revive the cells from glycerol stocks, they were streaked onto agar plates containing the
appropriate antibiotic marker.

To isolate plasmids, bacterial cells that contain a selection marker, such as ampicillin,
were grown overnight in LB medium with the appropriate antibiotic at 37 °C and 180 rpm. The
overnight cultured cells were then harvested by centrifugation and subsequently used for plasmid
extraction.
2.2.1.2 Bacterial transformation by calcium chloride (CaCl2) method

E. coli DHSa cells were grown overnight in 5 mL LB medium at 37 °C and 180 rpm until
they reached saturation. The overnight culture was then diluted to 20 mL of fresh LB medium
(ODsgoo = 0.1) and allowed to grow until the ODegoo reached 0.3-0.5. 2 mL of these cells were
collected by centrifugation at 14,000 rpm for 30 sec. The resulting cell pellet was resuspended in
1 mL of ice-cold 0.1 M CacCl; and incubated on ice for 45 min. Subsequently, another round of
centrifugation (14,000 rpm for 30 sec) was performed, and the cell pellet was gently resuspended
in 100 pl of ice-cold 0.1 M CaCl,. To introduce the plasmid DNA into the cells, the cells were
mixed with the plasmid DNA and the mixture was incubated on ice for 30 min, followed by a
brief heat shock at 42 °C for 105 sec. The cells were then immediately transferred back to ice for
1 min. Subsequently, 1 mL of LB medium was added to the cells and incubated at 37 °C and 180
rpm for 1 h. The cells (1%, 10%, and 89% of the total) were then plated on selective plates with

ampicillin. Colonies were visible after incubation for 16-24 h at 37 °C.
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2.2.1.3 Yeast strains and culture conditions

S. cerevisiae strains used in this study are derivatives of BY4742 unless mentioned
otherwise and are listed in Table 2.1. The yeast strains were preserved in glycerol (600 ul cell
culture and 400 ul 87% glycerol) at -80 °C. To revive the cells from glycerol stocks, they were
streaked onto agar plates containing specific amino acids, nucleotide or an antibiotic marker. The
wild type (WT) strain BY4742 and cells with gene deletions (dnm1) were streaked onto YPD
plates. Whereas, the cells containing plasmids were streaked onto YND plates with suitable
markers. Cells were cultured at 30 °C and at 200 rpm in selective/minimal medium (YND)
(0.17% yeast nitrogen base without amino acids and ammonium sulphate, 1% glucose, and 0.5%
ammonium sulphate) along with the necessary supplements. The cells grown till stationary phase
were pre-cultured twice and then shifted to fresh media for further experiments. The growth of
yeast cells was analyzed in the presence of different carbon sources by serial dilution on YND or
YNG (glycerol) plates containing 2% agar. Plates were incubated for 2-7 days at 30 °C. The
protease-deficient strain BJ2168 was used for protein expression (Table 2.1) [221].
2.2.1.4 Yeast transformation by LiOAc method

S. cerevisiae cells were transformed using the LIOAc method and recombinant clones
were chosen by auxotrophy/marker selection [222]. Subsequently, when required, these cells
were further transformed with pHS12-preCOX4-mCherry (presequence of cytochrome ¢ oxidase
(COX) tagged with mCherry, Addgene, plasmid 25444) for analysis of mitochondrial
morphology. A loop full of freshly streaked yeast cells was suspended in 500 pl of a solution
containing 40% PEG (3350) in LIOAC/TE. Subsequently, 5-6 pl of denatured herring sperm
DNA and 2-3 ul of plasmid DNA or 5 ul of PCR product were added to the cell suspension. The
mixture was incubated for 30 min at 30 °C with shaking. Following this, 40 pul of DMSO was
added, and a heat shock was applied at 42 °C for 5 min. The cells were then collected by

centrifugation at 5000 rpm for 2 min, and the resulting cell pellet was resuspended in 100 pl of
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1 M sorbitol. The suspension was plated on selective plates and colonies were visible after
incubation at 30 °C for 2-3 days.
2.2.1.5 Serial dilution assay/Spot assay

dnml cells expressing FL-Dnm1 and the mutant variants were spotted onto selective
fermentable (glucose) and non-fermentable (glycerol) plates by drop serial dilution assay to study
the effect on cell growth. Cells were grown initially in liquid YNG media till they reach log phase
(ODeoo = 1). Tenfold serial dilutions of log phase cultures were then plated/spotted onto either
YND or YNG plates and incubated in 30 °C for 3 days and 7 days, respectively to visualize cell
growth.
2.2.2 Molecular biology techniques
2.2.2.1 Yeast genomic DNA (gDNA) isolation

Yeast cells were collected from a freshly streaked plate and mixed with 30 pl of 0.2%
sodium dodecyl sulfate (SDS). The mixture of cells and SDS was then vigorously mixed for 15
sec using a vortex and heated at 80 °C for 5 min. Following this, the cells were centrifuged at
13,000 g for 1 min to separate the gDNA from the cell debris. The resulting supernatant
containing the gDNA was carefully separated into a new tube and stored at -20 °C.
2.2.2.2 Polymerase chain reaction (PCR) of endogenous DNM1

Endogenous DNM1 was amplified for the construction of Dnm1-GFP fusion protein
using specific primers (Table 2.3), Phusion DNA polymerase and 10 ng of template in a reaction
volume of 50 pl. The initial denaturation step was at 95°C for 5 min before the start of the thermal
cycle. Denaturation at 95 °C for 1 min, annealing temperature range of 50 °C to 62 °C for 1 min,
and an extension step at 72 °C for 2.5 min. After completing 30 cycles, a final extension step was
performed at 72 °C for 10 min. The amplified products were then run on an agarose gel for
visualization.

2.2.2.3 Gel extraction and PCR product clean-up
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The DNA from the excised gel fragments and the amplified PCR product were extracted
and purified using the Macherey-Nagel (MN) Nucleospin® gel and PCR clean-up kit. All steps
and protocols were executed according to the instructions provided by the manufacturer.

(https://www.mn-net.com/media/pdf/02/1a/74/Instruction-NucleoSpin-Gel-and-PCR-Clean-up.

pdf)
2.2.2.4 Plasmid isolation

Plasmid DNA was isolated from E. coli DH5a cells using the MN Nucleospin® plasmid
isolation kit. The cells were first revived from glycerol stocks by streaking them on a fresh LB-
agar plate containing ampicillin. A single colony from the agar plate was then inoculated in 5 mL
of LB-ampicillin liquid medium and allowed to grow overnight at 37 °C and 180 rpm. The
overnight culture was then centrifuged at 11,000 g for 30 sec, and the plasmid DNA was isolated
according to the manufacturer's protocol.

(https://www.mn-net.com/media/pdf/45/51/02/Instruction-NucleoSpin-Plasmid.pdf)

2.2.2.5 Restriction digestion and ligation

The cloning process involved digesting both the amplified product and the vector using
the same set of restriction enzymes (Table 2.6). Subsequently, the digested products were
purified either through a PCR purification Kit or by extracting them from excised agarose gel
fragments using a gel extraction kit. Following purification, the digested PCR product (insert)
and the plasmids (vector) were ligated together using T4 DNA ligase. The ratio of vector to insert
was determined using NEBioCalculator online tool. The ligation mixture consisting of vector,
insert, ligase and reaction buffer was incubated at 16 °C for 16 h and then transformed into E.
coli DH5a cells.
2.2.2.6 Site-directed mutagenesis (SDM)

Plasmids constructed and used in this study are listed in Table 2.2. Full length (FL) DNM1

fused to GFP (pRBAO0O05) was used as a template for the generation of mutant variants. To
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introduce targeted mutations in DNM1, a two stage PCR was conducted using PfuTurbo DNA
polymerase (Agilent Technologies, USA) as described by Wang and Malcom [223] (Fig. 2.1).
Briefly, in stage one, two extension reactions were carried out in two tubes, one carrying the
forward primer and the other containing the reverse primer (Table 2.3 and 2.4). The thermal
cycler conditions were as follows: initial denaturation at 95 °C for 2 min; subsequent denaturation
at 95 °C for 30 sec; primer annealing at 55 °C - 62 °C for 30 sec; and primer elongation at 68 °C
for 17 min. The individual reactions were run for 9 cycles, and then they were combined (Stage
2) before amplification for an additional 19 cycles. The procedure ended with a 10 min, 72 °C
terminal extension. The amplified product was then assessed using agarose gel electrophoresis,
followed by Dpnl digestion for 1 h at 37 °C to eliminate unwanted parental DNA. Dpnl is a
restriction enzyme that cleaves only methylated DNA at the GATC site. Since the parental DNA
is methylated while the amplified product is not, Dpnl specifically cleaves the parental DNA,
leaving the amplified product intact. The Dpnl-digested DNA was then externally ligated using
ligase. Both the unligated and ligated products were subsequently transformed into DH5a cells.
Following that, the ligated products (plasmids) containing the desired mutations were isolated
from DH5a cells and were initially confirmed through digestion with unique restriction enzymes
generated by specific nucleotide(s) changes in the mutant (without altering the amino acid).
Confirmation was further ensured through DNA sequencing analysis. The primers and template
DNA used to generate the plasmid carrying the desired mutation are specified in the Table 2.4.
A similar strategy with minor modifications was also used to introduce mutations in
DNM1 fused to His-HA in the template plasmid pRBAOQO31. The thermal cycler conditions
followed were 2 min 95 °C initial denaturation step, a 30 sec 95 °C denaturation step, a 30 sec
58 °C - 60 °C primer annealing step followed by a 22 min 68 °C primer elongation step. The
resulting plasmids pRBA032, pRBA033, pRBA034 and pRBAO035 harbouring mutant variants

of DNM1 were confirmed by specific restriction enzymes and sequencing analysis.
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Fig. 2.1 Schematic representation of the construction of Dnm1-GFP and Dnm1-His-HA mutant variants by two-
stage PCR-based SDM. In stage 1, two independent PCRs were carried out for 9 cycles with mutation-specific forward
or reverse primers. The individual reactions were then combined, and PCR was continued for 28 cycles. The PCR
product was detected in an agarose gel, and template DNA was removed by Dpnl digestion. E. coli DH50 competent
cells were prepared using CaCl, and mutated PCR product was transformed. Positive colonies were then selected based
on the antibiotic resistance and cultured to isolate mutated plasmids. Suitable restriction digestion and DNA sequencing
analysis further confirmed the desired mutations. Images are created using BioRender.com.

2.2.3 Proteomics, biophysical and biochemical analysis

2.2.3.1 Purification of Dnm1-His-HA (Wild type, T62A/D and S277A/D)

S. cerevisiae Y258 cells expressing Dnm1-His-HA under the control of an inducible

galactose promoter and BJ2168 cells expressing plasmids pRBA032, pRBA033, pRBA034,
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pRBAO035 that code for T62A, T62D, S277A and S277D variants respectively were grown as per
the  specifications of the  Yeast ORF  collection instruction manual

(https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/yeast-orf-

collection-manual.pdf) (Fig.2.2). Briefly, cells were precultured overnight at 30 °C and 200 rpm

in YND medium containing the following amino acids: isoleucine (30 mg/L), valine (150 mg/L),
arginine (20 mg/L), histidine (20 mg/L), leucine (30 mg/L), lysine (30 mg/L), methionine (20
mg/L), phenylalanine (50 mg/L), tryptophan (20 mg/L) and tyrosine (30 mg/L). The overnight
culture was diluted to 0.1 ODeoo in fresh medium containing 2% raffinose (YNR) and grown until
it reached 1.2 ODsoo units. Subsequently, 3x yeast extract-peptone (YP) with 6% galactose was
added to the culture and cells were incubated for 8-10 h. Galactose-induced cells were harvested
by centrifugation at 10000 rpm for 10 min. Subsequently, the pellet was resuspended in lysis
buffer containing 50 mM Tris—HCI (pH 7.5), 200 mM NaCl, 0.1% Triton X-100, 10 mM
imidazole, 20% glycerol, 1 mM PMSF, 1 X protease inhibitor cocktail without EDTA [Sigma-
Aldrich] and 1 x phosphatase inhibitor cocktail [Sigma-Aldrich] [224].

Zirconia beads equivalent to one-third of the volume were added to the cell suspension
and cells were disrupted by periodic vortexing for 30 sec and incubation on ice for 1 min repeated
for 15-20 cycles. The obtained whole cell extract (WCE) was centrifuged at 14000 rpm, 4 °C for
15 min to remove cell debris and bead particles. The supernatant was mixed with Ni-NTA resin
and incubated overnight at 4 °C. The column was stringently washed twice with increasing
concentrations of imidazole (60, 80 and 100 mM). Resin-bound wild type (WT), T62A/D and
S277A/D Dnm1-His-HA proteins were eluted using 500 mM imidazole. The eluate was analyzed
for the extent of purification of Dnm1 by SDS-PAGE gel stained with Coomassie brilliant blue
G-250 and immunoblot with polyclonal antibody against HA (1:5000; BioBharati Life Science,

India).
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Fig. 2.2 Schematic representation of the expression and purification of Dnml. Cells containing plasmids
pRBAO031-035 were sequentially grown in YND and YNR media before being shifted to YPGal medium. After 8-10
hours, galactose-induced cells were collected by centrifugation and dissolved in lysis buffer. Cells were lysed by
periodic ice-vortexing in the presence of zirconia beads. Lysis was confirmed from the morphology of the yeast cells
under a microscope. The WCE obtained after lysis was checked for the presence of induced Dnm1 by SDS-PAGE.
The WCE was then incubated overnight in a column containing Ni?*/NTA resin. Dnm1-His-HA was finally eluted
with elution buffer containing 500 mM imidazole after stringent washing of the column. Images are created with
BioRender.com.
2.2.3.2 Circular dichroism (CD) spectroscopy analysis

After every purification experiment, purified eluates were pooled together and desalted
in 20 mM phosphate buffer using PD10 columns (GE Healthcare) according to the
manufacturer’s protocol prior to CD spectroscopy. Far-UV CD of purified WT, T62A/D and
S277A/D was recorded under continuous nitrogen purging on a J-1500 spectropolarimeter
(Jasco, Japan) at 25 °C. The far-UV CD spectra were acquired from 260 to 190 nm. A continuous
scan rate of 100 nm/min with 5.0 nm bandwidth and 1 sec data integration time was used. The
acquired spectra are the average of five scans, and the buffer signal was subtracted from the final
signal of each sample to remove the background ellipticity of the buffer components.
Measurements of 0.25 mg/mL protein were recorded using a quartz cuvette with a path length of
0.1 cm. The data obtained is represented as As (M cm™). Ae was calculated with the following
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equation [0 x (MRW x 0.1)/(C x L)/3298], where 0 = ellipticity (millidegrees), C = concentration
of the sample (mg/mL), L = pathlength (cm) and MRW = mean residue weight (Da) as described
in [225].
2.2.3.3 Mass spectrometry (MS) analysis
In-gel digestion

The MS analysis was performed at the Proteomic facility, Institute of Bioinformatics,
Bengaluru, India. The purified Dnm1 band was excised for MS analysis. The excised gel
fragment was subjected to a destaining solution of 40 mM ammonium bicarbonate (Sigma-
Aldrich) and 40% (v/v) acetonitrile (Merck Millipore). Once the gel fragments were completely
destained, 0.5 mL of 100% acetonitrile was added and incubated for 10-15 min until the gel slice
shrunk and became opaque. After destaining, a reduction solution of 5 mM dithiothreitol (Sigma-
Aldrich) in ammonium bicarbonate was added to the gel fragment and incubated at 60 °C for 30
min. This was followed by incubation of the gel fragment in an alkylation solution consisting of
20 mM iodoacetamide (Sigma-Aldrich) in 40 mM ammonium bicarbonate for 10 min at room
temperature in the dark. The gel fragment was then dehydrated in 100% acetonitrile solution
followed by digestion with trypsin (Promega) overnight at 37 °C. Following overnight digestion,
the peptides were extracted using an extraction buffer consisting of 5% formic acid (Merck
Millipore) and 40% acetonitrile. The final peptide extraction was performed in 100% acetonitrile
solution, followed by subjecting the pooled extract to vacuum-dry in a SpeedVac.
LC-MS/MS analysis

Reconstitution of the dried peptides was performed in 0.1% formic acid. The
reconstituted peptides were then analyzed using Orbitrap Fusion Tribrid™ (Thermo Scientific
™ Bremen, Germany) mass spectrometer coupled with Proxeon Easy nLC system (Thermo
Scientific™, Bremen, Germany). Peptide enrichment was achieved by allowing the protein

fragments to pass through at a flow rate of 3 pL/min on to an Acclaim™ PepMap™ trap column
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(2 cm x 75 pm, Magic C1sAQ, 5 pm, 100 A, Michrom Biosciences Inc.). Peptides were separated
on an analytical column (10 cm x 75 pum, Magic C1s8AQ, 3 um, 100 A, Mi-chrom Biosciences
Inc.) at a flow rate of 350 nL/min employing a linear gradient of 5-32% acetonitrile for 40 min
with a total run time of 60 min. MS and MS/MS scan acquisitions were executed in the Orbitrap
mass analyzer at a mass resolution of 120,000 and 15,000 at 200 m/z, respectively. MS spectra
were acquired in a data dependent manner targeting the twenty most abundant ions with charge
state > 2 in each survey scan in the m/z range of 350—1600. Fragmentation was carried out using
higher energy collisional dissociation mode with normalized collision energy of 34. Isolation
width was set to 1.6 m/z with 0.5 m/z offset. Precursor ions selected for MS/MS fragmentation
were dynamically excluded for 30 s. The automatic gain control for full MS and MS/MS was set
to 4 x 10° and 1 x 10° ions, respectively. The maximum ion injection time for full MS and MS/MS
was set to 50 ms and 75 ms, respectively. Internal calibration was carried out by enabling lock
mass option using polydimethylcyclosiloxane (m/z, 445.1200025) ions [226].
Data analysis

The mass spectrometry data were searched against Saccharomyces genome database and
analyzed using Mascot (version 2.2.0, Matrix Science, London, UK) and SequestHT algorithm
and Proteome Discoverer software (Version 1.4.0.288, Thermo Fisher Scientific). The analyzing
criteria were set as oxidation of methionine and phosphorylation modification of serine, threonine
and tyrosine as variable modifications and carbamidomethyl modification of cysteine as fixed
modification. A 10 ppm of precursor mass tolerance, 0.02 Da of fragment mass tolerance and a
maximum of two missed cleavages were allowed. The spectral match hits were screened with
1% false discovery rate at the peptide level.
2.2.3.4 Phosphatase treatment, Phos-tag SDS-PAGE

The WT Dnm1 protein were purified and subjected to treatment with three units of calf

intestinal alkaline phosphatase (CIAP) (Promega). The mixture was then incubated at 37 °C for
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a duration of 30 min. Eluate fractions of Dnm1 without CIAP treatment were taken as control.
Further, these proteins were separated using a 10% SDS-PAGE containing 50 uM Phos-tag
(Wako chemicals) and 100 pM MnClI; in the resolving gel [227]. Electrophoretic separation was
performed at 80 volt (V) for 5 h in an ice-tank. Following electrophoresis, the gel was soaked
with gentle agitation in transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol, pH 8.3)
containing 1 mM EDTA for a duration of 10 min, and then with transfer buffer without EDTA.
Subsequently, the proteins were transferred onto a nitrocellulose membrane at 20 V for 30 min.
2.2.3.5 Continuous GTPase activity assay

GTPase activity of Dnm1 was assessed through a previously described coupled assay in
which the enzyme pyruvate kinase continuously converts GDP into GTP using the substrate PEP
(Fig. 2.3) [228]. The pyruvate generated in the process is reduced to lactate by the enzyme lactate
dehydrogenase. Simultaneous depletion of co-substrate NADH during this process was measured
at Aasso to obtain the rate of GTP hydrolysis. This assay allows continuous GTP regeneration,
maintaining the required substrate concentration until NADH is depleted (Fig. 2.3). For
determination of kinetic parameters, reactions were carried out in a buffer containing 25 mM
HEPES, 25 mM PIPES, pH 7.0, 7.5 mM KCI, 150 mM NaCl, 5 mM MgCl,, 1 mM PEP, 20
units/mL pyruvate kinase/lactate dehydrogenase, 600 uM NADH and variable concentration of
GTP (100-1500 uM). The final concentration of purified Dnm1 used in each reaction was 10
pg/mL (0.096 uM). The final volume of all assay reactions was 200 pl, of which 150 pl was
aliquoted into a 96-well plate. Depletion of NADH over time was measured for a duration of 90
min at 20 sec intervals using Multiskan GO 96-well plate reader (Thermo Scientific).
Spectrophotometric data was imported to Microsoft Excel and the measured depletion of NADH
with time was converted into protein activity. Absorbance vs time was plotted for each GTP
concentration using the ‘add trendline’ function. The slope (AAszs/min) was converted to activity
(min't) with the following equation, activity = [{(AAsa/min) * (10° uM/M)} / (¢ * d)]J/[Dnm1],
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where AAz40 = change in absorbance of NADH at 340 nm for the steady state linear depletion, €
= molar extinction coefficient of NADH i.e. calculated as 6220 M cm, d = pathlength of the
well which is 0.38 cm in our assay conditions, [Dnm1] = concentration of Dnm1 used in this
assay [37]. Activity at each GTP concentration was plotted in GraphPad prism software. The data
were fitted globally to a Michaelis-Menten model to estimate the kinetic parameters Vmax, Km

and Keat (Vmax/[Dnm1]).
Dnml
m

GTP GDP + Pi

Lactate dehydrogenase

'Y

PEP Pyruvate + NADH + H* Lactate

1

Measure AUy,

Pyruvate Kinase

Fig. 2.3 Schematic representation of the coupled GTP hydrolysis assay for continuous GTP (substrate)
regeneration. In the continuous GTP-regenerating assay, Dnm1 catalyzes the conversion of GTP into GDP and
inorganic phosphate (1). GTP is regenerated from GDP and PEP through the enzymatic activity of pyruvate kinase
(2). The pyruvate generated in this regenerative process is subsequently converted into lactate by the enzyme lactate
dehydrogenase, utilizing NADH as a co-substrate (3). NADH depletion is measured by monitoring absorbance at
340 nm over time. The decrease in absorbance is directly proportional to GTP hydrolysis [228].
2.2.3.6 Size exclusion chromatography (SEC) analysis

SEC was carried out using HiLoad™ 16/600 Superdex™ 200 pg column (GE Healthcare
#28-9893- 35) connected to a BioRad NGCTM chromatography system [229]. The column was
equilibrated with a buffer comprising 50 mM Tris-Cl pH 7.5, 200 mM NacCl, and 5% glycerol.

The column was calibrated at room temperature with p-amylase (200 kDa), alcohol

dehydrogenase (158 kDa), albumin (66 kDa), carbonic anhydrase, (29 kDa) and cytochrome C
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(12.4 kDa) (Sigma, catalog no. MWGF-200) at a flow rate of 1 mL/min. The SEC of affinity-
purified WT Dnm1, Dnm1 T62A/D, and Dnm1 S277A/D was then carried out under the same
operating conditions.
2.2.3.7 Isolation of mitochondrial crude extract

Mitochondrial crude extracts were isolated by yeast cell fractionation as described
previously [230]. Briefly, yeast cells grown till mid log phase were harvested by centrifugation
(3000%g, 5 min, 4 °C), washed once with water and resuspended in 1 mL ice cold 1X SHP buffer
(0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.4, 1 mM PMSF). Cells were lysed under ice cold
conditions by brief vortexing using zirconia/ silica beads (0.5 mm diameter) (Unigenetics).
Lysates were centrifuged (600xg, 5 min, 4 °C) to remove cell debris and supernatants were
collected and centrifuged two times (4000xg, 5 min; 12,000xg, 30 min, 4 °C). The supernatant
S12000 Obtained later was used as cytosolic fraction whereas the pellet P12000 containing crude
mitochondria were further dissolved in 1X SHP buffer. Protein concentrations in both the
fractions were determined using Bradford protein estimation assay (Sigma Aldrich, USA).
Presence of Dnm1-GFP in both cytosol and mitochondria were verified using immunoblot with
rabbit polyclonal a-GFP (1:5000; BioBharati Life Science, India) and a-GAPDH (1:5000;
BioBharati Life Science, India) or mouse monoclonal a-porin (1:5000; Invitrogen, Thermo
Fisher Scientific, US) antibodies.
2.2.3.8 Western blotting

Trichloroacetic acid (TCA) treated cell extracts obtained from either bead lysis or
trichloroacetic acid (TCA) treatment were prepared for SDS-PAGE analysis. as previously
reported [231] Briefly, the culture volume corresponding to 3 ODggo units was spun down and
the pellet obtained was resuspended in 50% TCA and incubated for 30 min at -80 °C. The cell
suspension was centrifuged and the obtained pellet was washed twice with 80% acetone (ice

cold) and air dried. Pellets were finally dissolved in 1% SDS/0.1 N NaOH solution. For certain
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experiments cell lysate obtained by bead lysis was also analysed by SDS-PAGE.

Protein concentration was determined using Lowry's protein estimation technique or
Bradford protein estimation method. Subsequently, equal amount of protein was loaded in each
lane of the gel [232, 233]. The gels were run at a constant voltage of 130 V and then transferred
onto nitrocellulose membrane using Bio-Rad Trans-Blot®Turbo™. The membrane was treated
with a blocking solution (either 5% skimmed milk or 5% bovine serum albumin) at room
temperature for a duration of 2 h. The blots were probed with antibodies as mentioned in Table
2.5. The blots were developed using the Bio-Rad ECL substrate and captured using the Bio-Rad
ChemiDoc™ XRS+ system.
2.2.3.9 Native polyacrymide gel electrophoresis (Native PAGE)

Purified WT and mutant Dnm1 samples were mixed with 4x native sample buffer (240
mM Tris-HCI pH 6.8, 40% glycerol, 0.04 % bromophenol blue). The different oligomeric states
of the proteins were then analysed on an 8% native polyacrylamide gel after resolving for 5 h at
120 V. The resolved proteins in the native gel were stained with Coomassie and compared to
known molecular weight standard protein markers (Invitrogen, catalogue no. LC0725).

2.2.4 Fluorescence microscopy analysis

Imaging was carried out using an inverted microscope (1X83, Olympus) equipped with a
100x/1.4 oil immersion objective. Samples were illuminated using pE-300""® CoolLED light
source. GFP signal was detected using a U-FBNA filter with an excitation range 470-495 nm,
dichroic 505 nm and emission 510-550 nm. mCherry was visualised with a brightline triple-
bandpass filter (Semrock) operating at 378/474/575 nm and a dichroic beamsplitter operating at
409/493/596 nm (Semrock). CellSens Dimension (Olympus) and ImageJ/Fiji software were used
for image analysis. Deconvolution of mitochondrial morphology images was perfomed using
CellSens Dimension (Olympus) software. Final images were assembled using Adobe Photoshop.

Cells expressing pHS12-preCOX4-mCherry were used for quantitative evaluation of
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mitochondrial morphology. Mitochondrial morphology was classified into four types:
reticular/branched, tubular, collapsed, and fragmented. Cells were fixed with 4% formaldehyde
in phosphate-buffered saline, pH 7.4, for 15 min on ice for colocalization studies and for
quantification of Dnm1-GFP puncta. Z-stacks were captured from top to bottom and at intervals
of 0.3 um. The same z-sections from both fluorescence channels were then extracted and merged
to analyze colocalization. The ImageJ “line profile” tool was used for this analysis. Additionally,
the "multi-point” tool in ImageJ was utilized to mark individual cells in the images for
quantification purposes. Dnm1-GFP puncta were quantified by counting GFP spots in 50
randomly selected yeast cells from each experiment. Two independent experiments were
considered for the statistical analysis.

For time lapse imaging, cells were placed on a thin layer of 2% low-melting temperature
agarose and covered under a glass coverslip. A single 0.28-um step size section was imaged and
used for time lapse analysis. A total of 31 images were captured for 1 min at regular intervals of
2 sec with 2x2 binning. Tracking of Dnm1-GFP puncta was monitored using 2D/3D particle
tracker under Mosaic plugin of ImageJ software.

2.2.5 Computational methods
2.2.5.1 Homology modelling

The objective of homology modelling procedure is to generate the three-dimensional (3D)
structure of a protein by “fitting” its sequence into a known template structure. Greater the
sequence homology (greater than 30% with the template) better the structural model. The 3D
structure of yeast Dnm1 was generated by homology modelling [234-236]. Sequence alignment
of the protein was performed using the program BLAST (Basic Local Alignment Search Tool),
which finds regions of similarity between biological sequences. The homology model of the
Dnm1 protein described in chapter 4 was derived using experimentally determined structures of

the proteins with more than 90% identity. Four PDB templates (5A3F; 4BEJ; 6FGZ and 5WP9)
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were used to build the Dnm1 model. Further sequence alignment of the target and template
proteins was performed using the Modeller program. Of the four models generated by Modeller,
the one with the highest Discrete Optimized Protein Energy (DOPE) score was selected. In
chapter 5, X-ray structures (PDB 3SNH, 5A3F, and 3ZVR) were used as templates to build the
3D structure of Dnm1 [237-239]. 64 out of 757 amino acids were modelled using ab initio method
(threading) for which structural template was unavailable.
2.2.5.2 Molecular dynamics (MD) simulations

Classical MD simulations were performed on the WT Dnml and its variants (T62A,
T62D, S277A and S277D) as described in chapter 4. The structures of the variants were generated
using the mutagenesis function of PyMOL by substituting the residue of WT with A/D residue
[240-242]. The pKa values of the individual amino acids were calculated on the PDB2PQR
server. To generate the force fields of WT Dnm1, T62A/D and S277A/D structures, AMBER
FF14SB force-field was used [243]. Classical MD simulations were performed using NAMD
2.12 package [244]. The protein was explicitly solvated in a 15 A margin TIP3P water box to
perform MD simulations [245]. The system was centered in the periodic box of dimensions of
90.12x89.99x110.64 A3 containing water molecules. Particle mesh Ewald method was used to
account for the long-range interaction with a cut-off distance of 12 A [246]. The temperature and
pressure were controlled using the Langevin algorithm at 300 K and 1 atm, respectively [247].
A time step of 2 fs was used to integrate the equations of motion. Initially, the system was
equilibrated for 5 ns and subsequently, 150 ns long trajectories were obtained as the production
dynamics to perform statistical analysis. The simulated trajectories of all systems were analyzed
to calculate various parameters such as root mean square deviation (RMSD), root mean square
fluctuation (RMSF) and radius of gyration (Rg). Visual Molecular Dynamics (VMD) software
was utilized for visualization and analysis of the trajectories, Bio3D package was used to perform

the dynamical cross-correlations matrix (DCCM) and define secondary structure of proteins
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(DSSP) for analyzing secondary structure percentages [248, 249].

A slightly modified MD simulation setup was used for the analysis of Dnm1 A430D,
G397D, and C481F variants described in chapter 5. A 25 A radii sphere, centered at the mutation
site (A430D, G397D, and C481F) of the modelled Dnm1 was spherically truncated and subjected
to MD simulations (Fig. 2.4). The mutants were modelled by altering the side-chain of a single
amino acid residue in the homology modelled structure. The outer region of the spherically
truncated MD model (buffer region, between 22 and 25 A) was harmonically restrained by
applying force constant (gradually increased from 3.0 to 5.0 kcal/mol/A2 to the boundary) to the
non-hydrogen protein atoms. The inner region (up to 22 A radius) was fully flexible during
production MD trajectory. The spherically truncated protein was overlaid with a cubic water box
(edge length 80 A, Fig. 2.4) and the waters that overlapped with the protein were deleted. The
overall charge of the simulation box, including protein and waters were neutralized by adding
counter ions. The simulation model consists of ~ 49000 atoms that include more than 15,000
explicit water molecules and 3—7 counter ions. MD was performed with a constant temperature
(310 K), pressure (1 bar) with 2 fs time-step in the periodic boundary condition setup. Particle
Mesh Ewald method [246] was used to compute long-range electrostatics. van der Waals
interaction was truncated at 16 A cut-off distance. Langevin dynamics [250] (bath coupling
coefficient of 5 ps-1) and Langevin piston [251] was used for controlling the simulation
temperature and pressure, respectively. Protein, waters and ions were described using standard
CHARMMZ36 force field [252]. Explicit waters were represented using TIP3P water model [253].
CHARMM programme [254] has been used to generate input files and NAMD program [255]
was used to perform MD simulation. Each simulation model was subjected to two independent
MD simulations by randomizing the initial velocities. Each replica includes 325 ps equilibration
followed by 50 ns production dynamics, thus total 100 ns production run was considered for

structural analysis for each simulation model. In total 600 ns of production MD simulations were
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considered for structural analysis of three WT regions and three of its mutant Dnm1 analogues.
The simulation box was slowly heated up (upto 310 K) in the first phase of equilibration and then
kept fixed during the production dynamics. During equilibration, harmonic restraint was also
imposed to the heavy atoms of the inner region (within 22 A, force constant = 4 kcal/mol/A2)
relative to the starting structure. The restraints of the inner region (within 22 A) were completely
removed at the final stage of equilibration. RMSD of the protein-heavy atoms relative to the
homology modelled structure was estimated. Average RMSD was estimated by averaging over
the last 40 ns of 50 ns trajectory. Estimation of RMSF and structural analysis was performed

from the last 25 ns of 50 ns production MD.

StepS
Production MD 3% gquilibration “~—— Minimization —St2<

Fig. 2.4 MD setup used in this study. Step 1: Selection of 25A radii sphere centered at mutation site (e.g, A430D
site) of the homology modelled yeast Dnml. Step 2, 3: Heavy atoms of the “buffer region” (22A-25A) of the
spherically truncated model (25A sphere) were harmonically restrained relative to template modelled structure. Step
4-6: Water box (~ edge length 80A) overlaid and subjected to minimization, equilibration, and finally production
MD.
2.2.6 Statistical analysis

All experiments were performed with a minimum of two or three independent biological
replicates. One-way or two-way ANOVA with Dunnet’s multiple comparison test as per
requirement was used to determine statistical significance. The error bar indicates mean + SEM.
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For all statistical analysis *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered.

GraphPad Prism 8 software was used for statistical analysis and data visualization.

Table 2.1 S. cerevisiae strains used in this study

Strain Description Source

BY4742 WT MATa his3A leu2A lysA ura3A Dharmacon Inc

BY4742 dnml dnmlA::kanMX4 Dharmacon Inc

?éﬁifévw preCox4- BY4742WT.LEU2::PaoiPreCOX4-mCHERRY  This study

BY4742 dnml preCox4- BY4742 dnm1.LEU2::PapHi1PreCOX4- This stud

mCherry mCHERRY y

2:3742 dnmi F1“Phel- BY4742 dnm1.URA3::Pyer2s DNM1-GFP This study
T62A_

2:3742 dnmd Brml BY4742 dnm1.URA3::Pyer2s DNM1T62A-GFP This study
T62D_

2:3742 drm? Drygft BY4742 dnm1.URA3::Pyr2s DNM1™20-GFP This study
S277A_

2:3742 dognl Cin1 BY4742 dnm1.URA3::Pyer2s DNM1S277A-GFP This study
S277D_

2:3742 ahmi Bpiml BY4742 dnm1.URA3::Pyers DNMISZP-GFP  This study
S575A._

E\F(gmz dryni Bpm1 BY4742 dnm1.URA3::Pyerss DNMISA-GFP  This study
S575D_

2:3742 anfrr] Gl BY4742 dnm1.URA3::Pyers DNM1S™°-GFP  This study
S624A_

E\F(SMZ drrl, Driggl BY4742 dnm1.URA3::Pyer2s DNM1S?A. GFP This study
$624D_

E\F(SMZ dnm Qrim’ BY4742 dnm1.URA3::Pyer2s DNM1S2O_GFP  This study
$620A_

E\F(SMZ dnm1 Dl BY4742 dnm1.URA3::Pyer2s DNM1S%A-GFP This study
$629D_

E\F(SMZ dnmd Dnmi& BY4742 dnm1.URA3::Pyers DNM1S2C-GFP  This study
A430D_

E\F(SMZ dnmd Dnmi BY4742 dnm1.URA3::Pyers DNM1AS®_.GEP  This study
G397D

EZSMZ dnmd Dnmi BY4742 dnm1.URA3::Pyer2s DNM1G¥°_GFP  This study
RA438C_

(55:;1742 dnm1 Dnm1 BY4742 dnm1.URA3::Pyer2s DNMIRC.GFP  This study
C48IF.

(85:3742 dnm1 Dnm1 BY4742 dnm1.URA3::Pyer2s DNMIC®F-GFP  This study

BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pumer2s DNM1-GFP This stud

mCherry Dnm1-GFP LEU2:: Paor PreCOX4-mCHERRY y

BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1™A-GFP This stud

mCherry Dnm1™?A-GFP LEU2:: Papni PreCOX4-mCHERRY y

BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyers DNM1™°®°-GFP This stud

mCherry Dnm17%2°-GFP LEU2:: Papni PreCOX4-mCHERRY y
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BY4742 dnml preCox4-

BY4742 dnm1.URA3::Pyerzs DNM127A-GFP

mCherry Dnm15?"7A-GFP LEU2:: Papri PreCOX4-mCHERRY This study
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1%2"P-GFP This stud
mCherry Dnm152""°-GFP LEU2:: Papn1 PreCOX4-mCHERRY y
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyers DNM1%7A-GFP This stud
mCherry Dnm1%5A-GFP LEU2:: Papni PreCOX4-mCHERRY e
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1%7P-GFP This stud
mCherry Dnm1%57°P-GFP LEU2:: Papni PreCOX4-mCHERRY y
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyeros DNM1%%A-GFP This stud
mCherry Dnm15624A-GFP LEU2:: Papni PreCOX4-mCHERRY e
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1%%2P-GFP This stud
mCherry Dnm15624°-GFP LEU2:: Papni PreCOX4-mCHERRY y
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Puer2s DNM1%#A-GFP This stud
mCherry Dnm16%A.GFP LEU2:: Papri PreCOX4-mCHERRY 15 study
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyer2s DNM1%62P-GFP This stud
mCherry Dnm1562°C-GFP LEU2:: Papni PreCOX4-mCHERRY e
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyer2s DNM144P-GFP This stud
mCherry Dnm1A%%.GFP LEU2:: Papii PreCOX4-mCHERRY 15 study
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1°*"°-GFP Sehis stud
mCherry Dnm13°"C-GFP LEU2:: PapHi PreCOX4-mCHERRY y
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1RC.GFP Thidstud
mCherry Dnm1R*#-GFpP LEU2:: Papr1 PreCOX4-mCHERRY y
BY4742 dnm1 preCox4- BY4742 dnm1.URA3::Pyerzs DNM1C481F-GFP This stud
mCherry Dnm1¢4F-GFP LEU2:: Papni PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyers DNM1™A-GFP Thicktud
mCherry Dnm1T?A-GFP LEU2:: P apr1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1™°-GFP Thisstud
mCherry Dnm1T6>-GFP LEU2:: P aori PreCOX4-mCHERRY > Study
BY4742 WT preCox4- BY4742 WT.URA3::Pyvers DNM1%277A-GFP This stud
mCherry Dnm1S27A-GFP LEU2:: P aor1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyer2s DNM1%7P-GFP This stud
mCherry Dnm152""°-GFP LEU2:: P apr1 PreCOX4-mCHERRY > sty
BY4742 WT preCox4- BY4742 WT.URA3::Pyer2s DNM1%7A-GFP This stud
mCherry Dnm1S55A-GFP LEU2:: P ao1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyer2s DNM1%P-GFP This stud
mCherry Dnm1%°°°-GFP LEU2:: P apr1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1%#A-GFP This stud
mCherry Dnm156%A.GFP LEU2:: P apu PreCOX4-mCHERRY > SUdy
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1%%P-GFP This stud
mCherry Dnm1562*°-GFP LEU2:: P apr1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1%2A-GFP This stud
mCherry Dnm1562A.GFP LEU2:: P aps PreCOX4-mCHERRY > Stdy
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1%%P-GFP This stud
mCherry Dnm1562°C-GFP LEU2:: P apr1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1A4P-GFP This stud
mCherry Dnm1A%%.GFP LEU2:: P aps PreCOX4-mCHERRY > Stdy
BY4742 WT preCox4- BY4742 WT.URA3::Pyerzs DNM1%%P-GFP This stud
mCherry Dnm1¢3*’P-GFP LEU2:: P apr1 PreCOX4-mCHERRY y
BY4742 WT preCox4- BY4742 WT.URA3::Puerzs DNM1R*C-GFP This study

mCherry Dnm1R4¥C-GFp

LEU2:: P apn1 PreCOX4-mCHERRY
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BY4742 WT.URA3::Pyeros DNM1S#F.GFP
LEU2:: P apn1 PreCOX4-mCHERRY

BY4742 WT preCox4-

mCherry Dnm14F-GFP This study

MAToa pep4-3, his4-580, leu2-3,112,

Y258 Dnm1-His-HA URA3::Pea. DNM1-His-HA

Dharmacon Inc

MATa,ura3-52, trp1-289, leu2-3, 112, prbl- Prof. K. Mishra

BJ2168 1122, prcl- 407, pep4 -3 lab

BJ2168 Dnm1T%?A- His HA BJ2168.URA3::Pca. DNM1™?A-His-HA This study
BJ2168 Dnm17%?P- His HA BJ2168.URA3::Pca DNM1™%P-His-HA This study
BJ2168 Dnm152"7A- His HA BJ2168.URA3::Pca DNM152"7A-His-HA This study
BJ2168 Dnm152"7P- His HA BJ2168.URA3::Pca DNM15277P-His-HA This study
Table 2.2 Plasmids used in this study
Plasmid Description Source
pUG35 GFP Pwerzs GFP; ampR Sc-URA3 Egogéfnoaﬁ”r:s
pUG35 DNM1-GFP (pRBAQ05) Pverzs DNM1-GFP; ampR Sc-URA3 This study
pHS12-mCherry EAEDJIZ preCOX4-mCHERRY; amp® Sc- écéiizr)]e
?FEJR%%?%MMWD'GFP Pwier2s DNM1%%"°-GFP; ampR Sc-URA3 This study
pUG35-DNM1C**-GFP (pDRBA018)  Pyerzs DNM1C*F-GFP; ampR Sc-URA3 This study
pUG35-DNM1R4C.GFP (pRBAO19)  Puierzs DNM1R“C-GFP; ampR Sc-URA3 This study
?#R%?fégngAMD'GFP Pucrzs DNM1AC_GFP: amp® Sc-URA3  This study
pUG35-DNM1™2A-GFP (pRBA021)  Pyer2sDNM1™?A-GFP; ampR Sc-URA3 This study
pUG35-DNM1™°-GFP (pRBA022)  Pyier2sDNM1™2P-GFP; ampR Sc-URA3 This study
pUG35-DNM15?7"A-GFP (pRBA023)  Pyier2sDNM152""A-GFP; ampR Sc-URA3 This study
pUG35-DNM15%""P-GFP (pRBA024)  Puner2sDNM1%2""P-GFP; ampR Sc-URA3 This study
pUG35-DNM1%"A-GFP (pRBA025)  Punet2sDNM1%°°A-GFP; ampR Sc-URA3 This study
pUG35-DNM1%7P-GFP (pRBA026)  Pyier2sDNM1%7°P-GFP; ampR Sc-URA3 This study
pUG35-DNM1%2*A-GFP (pRBA027)  PyersDNM1%2*A-GFP; ampR Sc-URA3 This study
pUG35-DNM1562*°-GFP (pRBA028)  Pyer2sDNM1%2*P-GFP; ampR Sc-URA3 This study
pUG35-DNM1%62°A-GFP (pRBA029)  Pyier2sDNM1%A-GFP; ampR Sc-URA3 This study
pUG35-DNM152P-GFP (pRBA030)  Puniet2sDNM1%2P-GFP; ampR Sc-URA3 This study
BG1805-DNM1-His-HA (pPRBAO031) Pga. DNM1-His-HA; amp® Sc-URA3 Dharmacon
BG1805-DNM1 ™ His-HA Pea. DNM1™?A-His-HA; amp® Sc-URA3  This study

(pPRBA032)
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BG1805-DNM1™?A-His-HA

(PRBA033)

BG1805-DNM1%2""A-His-HA

(PRBA034)

BG1805-DNM1%#""P-His-HA

(pPRBA035)

Pea. DNM172P-His-HA; amp® Sc-URA3  This study
Pea. DNM15%""A-His-HA; amp® Sc-URA3  This study

Pea. DNM1%%"P_His-HA; ampR Sc-URA3  This study

Table 2.3 Primers used in this study

Primer Sequence

pr-RBA001 5-CGCGGATCCATGGCTAGTTTAGAAGATC-3'

pr-RBA002 5-TCCCCCGGGCAGAATATTACTAATAAGGGT-3

pr-RBA0OOS 5-GAATACGATACAGAGGAAGGCGC-3'

pr-RBA014 5-CGAAGGAACTCTGTGATGGCGCCCGTATTTATTAC-3'
pr-RBA015 5'- GTAATAAATACGGGCGCCATCACAGAGTTCCTTCG-3'
pr-RBA016 5-GAAAATATGCCATAAATTTGGATCCGCTGAGCTAG-3'
pr-RBAQ017 5-CTAGCTCAGCGGATCCAAATTTATGGCATATTTTC-3'
pr-RBA018 5'-CAGACAAGAAAAGAGCAATTGCCGGTGATGG-3'
pr-RBA019 5'-CCATCACCGGCAATTGCTCTTTTCTTGTCTG-3'

pr-RBA020 5'-CAGACAAGAAAAGAGATATTGCAGGTGATGG-3'
pr-RBA021 5-CCATCACCTGCAATATCTCTTTTCTTGTCTG-3'

pr-RBA026 5-CTTGATGTTAGAACAGATATTAGGAATTCTACTGGTC-3'
pr-RBA027 5'-GACCAGTAGAATTCCTAATATCTGTTCTAACATCAAG-3'
pr-RBA028 5-GAAATTCTACTGGGCCCTGTCCTACATTATTTGTACC-3'
pr-RBA029 5-GGTACAAATAATGTAGGACAGGGCCCAGTAGAATTTC-3'
pr-RBA030 5'- GTATTAATGGTACCTCAGCTATCTCTTCGAATATAG-3'
pr-RBA031 5-CTATATTCGAAGAGATAGCTGAGGTACCATTAATAC-3'
pr-RBAQ032 5-GGTATTAATGGTACTTCAGATATCTCTTCGAATATAGAT-3'
pr-RBA033 5-ATCTATATTCGAAGAGATATCTGAAGTACCATTAATACC-3
pr-RBA038 5-GGTACTGGTATTGTCGCGAGGAGACCGTTAGTTCTTC-3'
pr-RBA039 5'-GAAGAACTAACGGTCTCCTCGCGACAATACCAGTACC-3
pr-RBA040 5-GGTACTGGTATTGTCGACAGAAGGCCGTTAGTTCTTC-3'
pr-RBA041 5-GAAGAACTAACGGCCTTCTGTCGACAATACCAGTACC-3'
pr-RBA042 5-GGTGTAGTGAATCGCGCGCAACAGGATATTCAA-3
pr-RBA043 5-TTGAATATCCTGTTGCGCGCGATTCACTACACC-3'
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pr-RBA044 5-GGTGTAGTGAATCGCGATCAACAGGATATTC-3'
pr-RBA045 5-GAATATCCTGTTGATCGCGATTCACTACACC-3'
pr-RBA046 5-CCTGTGTTCGATGCAGCTGACAAGAAAAGATCC-3'
pr-RBA047 5-GGATCTTTTCTTGTCAGCTGCATCGAACACAGG-3'
pr-RBA048 5-CCTGTGTTCGATGCAGATGACAAGAAAAGATCC-3'
pr-RBA049 5-GGATCTTTTCTTGTCATCTGCATCGAACACAGG-3'

Table 2.4 Primers and template DNA used for SDM

Plasmid Mutation Primer pair Template  Effect of restriction digestion
pr-RBA014 Sfol digestion; WT = 8502 bp;
pRBA017  G397D pRBAO05 oy
pr-RBA015 Mutant = 7057, 1445 bp
pr-RBA016 BamHI digestion; WT = 8502 bp;
pRBA018  C481F pRBAO005 _
pr-RBA017 Mutant = 7053, 1449 bp
pr-RBA028 Apal digestion; WT = 8502 bp;
pRBA019  R438C pRBA005 .
pr-RBA029 Mutant = 5294, 3208 bp
pr-RBA026 EcoRlI digestion; WT = 6579,1054,869
PRBAQ20 ARFD pr-RBA027 PREAOCS bp; Mutant = 6579, 998, 869, 66 bp
pr-RBA038 Nrul digestion; WT = No cut;
pRBA021  T62A pRBA005 a
pr-RBA039 Mutant = 8502 bp
pr-RBA040 Sall digestion; WT = 8502 bp;
pRBAO022  T62D pRBAO005 -
pr-RBA041 Mutant = 6372, 2130 bp
pr-RBA042 BssHII (Paul) digestion; WT = 4725,
PRBAOZITSEA or-RBA043  PRBAOOS © o00s o Mutant = 4725,2508,1269 bp
pr-RBA044 Nrul digestion; WT = No cut;
pRBA024  S277D pRBAQ05 &
pr-RBA045 Mutant = 8502 bp
pr-RBA030 Kpnl digestion; WT = 8502 bp;
PRBA0ZS 38754 or-RBA031  PRBAOOS 0 tant = 6915, 1587 bp
-RBA032 Acul digestion; WT = 4017, 2994,
pRBA026  S575D P pRBA005 1012, 479 bp; Mutant = 3048, 2994,
PRGRL33 1012, 969, 479 bp
pr-RBA046 Pvull digestion; WT = 4450, 4052 bp;
PRBA027 ~ S624A pr-RBA047 PRBAD0S Mutant = 4450, 2493, 1559 bp
pr-RBA048 Nsil digestion; WT = 6302, 2200 bp;
PRBA028 ~ S624D or-RBAO4g  PRBAOOS  iont = 8502 bp
-RBAO1S Munl digestion; WT = 5431, 2038,
pRBA029  S629A P pRBA005 1033 bp; Mutant = 5431, 1042, 1033,
pr-RBA019
996 bp
-RBA020 Kpnl+Bvel (BspMI) digestion; WT =
pRBA030  S629D Ef RBAO2L pRBAQ05 8502 bp; Mutant = 6904, 5481, 1598,
) 1423 bp
pr-RBA038 Nrul digestion; WT = No cut;
pRBA032  T62A pRBA031 a
pr-RBA039 Mutant = 9030 bp
pr-RBA040 Sall digestion; WT = No cut;
PRBA033  T62D or-RBA041  PRBAOSL w0 tant = 9030 bp
75

TH-3292_166106009



Chapter 2 Materials & Methods
-RBA042 BssHII (Paul) digestion; WT = 5514,
277A pr
PRBAQ34 S pr-RBA043 PRBA0S1 3473 bp; Mutant = 5514,2141,1332 bp
-RBA044 Nrul digestion; WT = No cut;
S277D pr ’ ’
PRBAO3S or-RBA045  PRBAOSL 0 tant = 9030 bp

Table 2.5 List of antibodies used in this study

Primary antibodies

Name Dilution used Source Clonality Company
a-GFP 1:5000 Rabbit Polyclonal Biobharti Life Science
a-HA 1:5000 Rabbit Polyclonal Biobharti Life Science
a-GAPDH 1:5000 Rabbit Polyclonal Biobharti Life Science
a-B-actin 1:5000 Mouse Monoclonal Invitrogen
a-porin 1:5000 Mouse Monoclonal Invitrogen
Secondary antibodies
a-rabbit IgG (HRP- ) . . .
conjugated) 1:5000 Goat Biobharti Life Science
a-mouse IgG (HRP- ) .
conjugated) 1:5000 Goat Invitrogen

Table 2.6 List of chemicals used in this study
Chemical Name Manufacturer
Enzymes Phusion DNA polymerase New England Biolabs (NEB)

TH-3292_166106009

Pfu Turbo DNA polymerase
T4 DNA ligase
Alkaline Phosphatase
Xbal

Smal

EcoRl

BamHI

Bglll

Munl

BssHII (Paul)
Bvel(BspMI)

Nrul

76

Agilent Technologies
ThermoFisher Scientific
Promega

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

New England Biolabs (NEB)

ThermoFisher Scientific

ThermoFisher Scientific

New England Biolabs (NEB)
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Sfol
Kpnl
Apal
Dpnl
Acul
Sall
Pvull
Nsil

New England Biolabs (NEB)
ThermoFisher Scientific
New England Biolabs (NEB)
ThermoFisher Scientific
New England Biolabs (NEB)
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

Kits

Plasmid isolation Miniprep kit
PCR purification kit

Gel extraction kit

Protein concentration
estimation kit

Macherey-Nagel
Macherey-Nagel
Macherey-Nagel

BioRad

Other chemicals

Phos-tag

ECL

Protease inhibitor cocktail
without EDTA

1x phosphatase inhibitor
cocktail

Pyruvate kinase/Lactate
dehydrogenase

NADH
GTP
Phospho(enol)pyruvate

Wako chemicals

BioRad

SigmaAldrich
SigmaAldrich

SigmaAldrich

SigmaAldrich
SigmaAldrich
SigmaAldrich
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Abstract

The dynamin-related GTPase, Dnml, plays a pivotal role in regulating yeast mitochondrial
morphology through mitochondrial fission. To study the localization, function, and structural
properties of Dnm1, fusion proteins have been constructed in this study. A C-terminal GFP fusion
(FL-Dnm1-GFP) and a C-terminal His-HA fusion (Dnm1-His-HA) were used to characterize the
protein. Both the fusion proteins were functional in vivo upon complementation analysis of
mitochondrial morphology in dnm1l cells. No effect on the growth and survival of cells was
observed upon expression of the fusion proteins. FL-Dnm1-GFP was expressed in cells as
punctate GFP fluorescence, which partially colocalized with a mitochondrial marker. Dnm1-His-
HA was expressed in yeast and was successfully purified from the native host, ensuring its
suitability for in vitro studies. Mass spectrometry analysis confirmed the successful purification
of Dnm1, validating its identity and purity. Further, analysis of the purified protein with circular
dichroism spectroscopy showed that Dnm1 retained predominantly a-helical secondary structure.
The fusion proteins and strains generated in this study can be instrumental in deciphering the

structure-function relationship of Dnml1.

This chapter is a part of

Banerjee R, Mukherjee A, Adhikary A, Hussain S, Sharma S, Ali E, Nagotu S. Insights into the
role of the conserved GTPase domain residues T62 and S277 in yeast Dnml. International
Journal of Biological Macromolecules, 2023.

DOI: https://doi.org/10.1016/j.ijbiomac.2023.127381
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3.1 Introduction

Compartmentalizing cellular contents into functional units called organelles is an
essential feature of eukaryotic cells. One such important organelle in a cell is the mitochondrion,
which harbors the TCA cycle and oxidative phosphorylation machinery for energy production.
Biosynthesis of cellular building blocks such as nucleotides, amino acids, and Ca?* buffering also
requires active mitochondria [3, 15, 256]. A role for mitochondria in regulating cellular redox
balance and apoptosis has also been reported [257, 258]. Interestingly, mitochondrial shape and
dynamics profoundly affect the functions mentioned above. Mitochondria are dynamic in nature,
whose morphology is maintained by a continuous process of fission and fusion [259]. Several
proteins involved in these processes are identified and are conserved across eukaryotic organisms
[108].

Mitochondrial fission is a highly conserved process and is dependent on the homologs of
the dynamin-related proteins in all organisms studied [86, 87, 260-262]. It is now widely accepted
that Dnm1, a large GTPase, plays a crucial role in mitochondrial membrane fission in yeast [86,
103, 116, 263]. The protein consists of four structural domains: An N-terminal GTP-binding
domain, the middle domain, the variable domain (VD) containing the B-insert, and the C-
terminal GTPase effector (GED) domain [99, 100]. The life cycle of Dnm1 unfolds in the cytosol,
where it most likely exists as a dimer [104]. The process of targeting this protein to the membrane
is not entirely understood. In S. cerevsiae Dnm1 interacts with Fisl, an OMM protein, and two
WDA0 repeat proteins, Mdv1/Caf4, that function as adapter proteins and are part of the fission
complex at the mitochondrial membrane [88, 92, 105]. However, the proteins with which Dnm1
interacts and associates for the fission of the membrane seem to be variable in different organisms
[88, 89, 93, 94, 98, 120, 139]. Electron microscopy (EM) studies have reported that Dnm1 forms
large oligomers/helical structures with a radius similar to that of mitochondrial girth at the OMM
[20, 111]. Following its fission activity at the OMM, it is proposed that Dnm1 dislodges itself
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from the membrane and is released into the cytosol [108]. Multiple localizations of the protein
and variable oligomeric forms highlight the very dynamic nature of the protein. However, several
facets of the life cycle of the protein are not yet deciphered. Studying yeast Dnm1 will enable us
to understand these important and interesting questions. In this study, we investigated the
structural and functional properties of Dnm1 using molecular, biochemical, and biophysical
approaches. Our findings show that Dnml resides as punctate structures in the cytosol and
mitochondria. These punctate structures are dynamic as assessed using live-cell imaging. Cells
lacking Dnm1 have collapsed and fused mitochondria, similar to as reported in earlier studies.
Purified Dnm1 retained its characteristic secondary structure, demonstrating its suitability for

future in vitro investigations.

3.2 Results

3.2.1 FL-Dnm1-GFP is functional in vivo and does not affect the growth of cells

The utilization of the GFP tag to study Dnm1 offers several advantages. The GFP tag not
only enables visualization of the protein in vivo but also allows us to identify its localization to
sub-cellular compartments. It also provides insights into the spatio-temporal distribution and
dynamics of the protein. To construct a C-terminal GFP fusion protein, DNM1 was amplified
from yeast genomic DNA using primers pr-RBA001 and pr-RBA002 (Fig. 3.1.A.i). The
amplified gene (2289 bp) and the pUG35-GFP vector (6231 bp) were digested with restriction
enzymes BamHI and Smal, and the resulting fragments were purified (Fig. 3.1.A.ii). The purified
fragments were ligated using T4 DNA ligase, and the ligated product was transformed into E.
coli DH5a. cells. The transformed cells were plated onto selective plates and colonies were
screened and confirmed for the presence of the desired plasmid pRBAOQO5 (expressing fusion
protein FL-Dnm1-GFP) by restriction digestion with Bglll and Xbal followed by sequencing

analysis (Fig. 3.1.A.iii and 3.1.A.iv). pPRBAOQO05 was subsequently transformed into S. cerevisiae
81
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dnml cells and analyzed for expression by fluorescence microscopy and western blotting. As
depicted in Fig. 3.1.B, FL-Dnm1-GFP was visualized as a distinct green puncta in contrast to the
diffused GFP signal observed in cells expressing pUG35 (empty vector). Further, expression of
FL-Dnm1-GFP in exponentially growing cells was determined by western blotting using a-GFP
antibody. Fig. 3.1.C depicts the detection of FL-Dnm1-GFP (112 kDa) by a-GFP antibody in
cells containing plasmid pRBAO0O5, whereas no band was detected in S. cerevisiae dnm1 (control)
cells. To determine the effect of the expression of FL-Dnm1-GFP on cell growth, dnm1 cells
containing pRBAQO05 were spotted onto selective (YND or YNG) plates by drop serial dilution
and cultured in YND or YNG liquid medium. Cells lacking Dnm1 did not exhibit a significant
difference in growth compared to wild type (WT) in YND (doubling time: WT-2.33 h and dnm1-
2.74 h; FL-2.52 h) (Fig. 3.2.A). Unlike glucose, glycerol is a non-fermentable carbon source, and
glycerol utilization requires two major steps, including phosphorylation of glycerol in cytosol
followed by conversion of glycerol phosphate to dihydroxyacetone in mitochondria [264, 265].
While there was no notable difference in doubling times of the WT, dnm1, and FL-Dnm1-GFP
expressing cells when cultured on YNG (doubling time: WT-11.04 h and dnm1-11.39 h; FL-9.21
h), the growth of all the strains was slower compared to their growth in YND (Fig. 3.2.B).
Dnm1 is required for mitochondrial membrane fission, and WT vyeast cells with a
functional Dnm1 exhibit a reticular/branched mitochondrial phenotype (Fig. 3.2.C) [86]. Cells
lacking Dnm1 (dnm1) exhibit a characteristic collapsed/fallen mitochondrial morphology (Fig.
3.2.C) [86]. To evaluate if the constructed FL-Dnm1-GFP was functional, it was expressed in
dnml cells containing preCOX4-mCherry that labels mitochondria. Upon expression of FL-
Dnm1-GFP in these cells, the collapsed mitochondrial phenotype characteristic of dnm1 cells
was restored to reticular mitochondrial morphology corresponding to the morphology observed

in WT cells, suggesting that the fusion protein was functional in vivo (Fig. 3.2.C).
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Fig. 3.1 Construction and expression of FL-Dnm1-GFP

(A) Construction of FL-Dnm1-GFP. (i) Gradient PCR was used to amplify DNM1 at annealing temperatures ranging
from 50 to 62°C, resulting in a 2289 bp product. (ii) Linear fragments of the vector (pUG35-6227 bp) and the PCR
product (2279 bp) obtained by sequential digestion with BamHI and then Smal are represented. (iii) Screening of
colonies by digestion of DNA with the single cutter Bglll and the double cutter Xbal is represented. Lane 6 shows a
negative colony, while all other lanes show positive colonies. (iv) Plasmid map represents pRBA0O5 (8502 bp)
containing FL-Dnm1-GFP. (B) Fluorescence microscopy analysis of dnm1 cells expressing FL-Dnm1-GFP or empty
vector pUG35. FL-Dnm1-GFP is visualized as distinct puncta in contrast to a diffused cytosolic GFP expressed from
pUG35. (C) represents a western blot of whole cell extracts probed with a-GFP. A band of approximately 112 kDa

was observed in FL-Dnm1-GFP-expressing cells. (M.W. of Dnm1 and GFP is = 85 kDa and 27 kDa, respectively).
M represents the molecular weight marker.
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Fig. 3.2 Assessment of growth and mitochondrial morphology of cells expressing FL-Dnm1-GFP.

Growth analysis of WT, dnm1 and dnm1 cells expressing FL-Dnm1-GFP under different carbon sources by drop
serial-dilution assay and growth curve are represented. (A) and (B) represents culture conditions comprising glucose
(YND) and glycerol (YNG), respectively. Tenfold successive dilutions of log phase cultures were spotted onto YND
or YNG plates and incubated at 30 °C for 3 days and 7 days, respectively. For growth kinetics, cells were grown in
liquid YND or YNG medium (Start ODggo: 0.1) at 30 °C. Samples were taken at different time intervals and ODsgo
was measured. Bar graphs represent the doubling time (h) of WT, dnm1 and FL grown in YND or YNG medium.
Error bars indicate + SEM from two independent experiments. (C) Mitochondrial morphology of WT, dnm1 and FL
is visualized using preCOX4-mCherry. Maximum intensity projections of the z-axis are used to depict the images.
WT depicts cells expressing endogenous Dnm1, dnml indicates complete absence of Dnml protein, and FL
represents dnml cells expressing FL-Dnm1-GFP. Scale bar - 5 pm.

3.2.2 FL-Dnm1-GFP shuttles between the cytosol and mitochondria

Dnm1-GFP is visualized as distinct dynamic puncta in cells [94, 95, 266]. A similar
phenotype of FL-Dnml1-GFP, when expressed in dnml cells, was also observed in our
experimental conditions (Fig. 3.3.A). The number of GFP puncta was quantified in cells fixed
using formaldehyde, followed by microscopy analysis. Discrete GFP spots of variable sizes were
observed in these cells, which typically ranged from 2 to 7 puncta/cell (Fig. 3.3.A). Further, to
analyze if FL-Dnm1-GFP localized to mitochondria, z-sections of the cells were analyzed for co-

localization of Dnm1-GFP with preCOX4-mCherry. Consistent with previous studies, our data
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also show that a fraction of the FL-Dnm1-GFP puncta in a cell colocalizes with the mitochondrial
marker (Fig. 3.3.B) [94].

An intriguing feature of Dnm1 puncta in vivo is their dynamic nature, with a small number
of puncta displaying rapid movement [94, 95, 113]. This dynamic nature of FL-Dnm1-GFP was
analyzed in this study by time-lapse imaging and the particle tracker plugin of ImageJ. Dnm1-
GFP puncta were tracked in several cells, and several puncta in each cell were also tracked. A
representative image of such tracking is shown in Fig 3.3.C. Extensive movement of the tracked
puncta (arrow) in both the X and Y directions was observed, highlighting the dynamic nature of

the protein (Fig. 3.3.C).
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Fig. 3.3 FL-Dnm1-GFP is dynamic and shuttles between cytosol and mitochondria.

(A) dnm1 cells expressing FL-Dnm1-GFP were analysed by fluorescence microscopy. Dnm1-GFP was visualized
as distinct puncta of various sizes. Maximum intensity projection over the Z-axis was analyzed. Bar graphs represent
the quantitative analysis of the number of Dnm1-GFP puncta/cell counted from randomly chosen Z-merged

85

TH-3292_166106009



Chapter 3 Results

fluorescence images. Error bars are obtained from two sets of independent biological replicates (50 cells in each)
and are displayed as mean + SEM. (B) Representative fluorescence image (single z plane) of cells expressing FL-
Dnm1-GFP and preCOX4-mCherry. Randomly selected FL-Dnm1-GFP puncta (white arrow) were evaluated for
co-localization with mitochondrial marker, and the extent of co-localization is also depicted as a line profile
generated using Imagel. (C) Time-lapse images of cells expressing FL-Dnm1-GFP were captured for 1 min. A
single 0.28-um section at the start of the imaging is shown. The arrow points to the Dnm1-GFP puncta that is tracked
using the ImageJ plugin particle tracker. White circles indicate the recorded position of the puncta at each time point.
Green and red circles indicate the start and end time of tracking. Scale bar - 5 um.

3.2.3 Dnm1-His-HA retains its secondary structure in vitro

For in vitro studies, a plasmid expressing Dnm1 tagged with His-HA at the C-terminus
and under the control of a galactose promoter was utilized (pPRBAO031). To ensure that the
introduction of this tag does not interfere with the protein's functionality, pPRBA031 was
transformed into dnml cells, and the mitochondrial morphology was examined. The
mitochondrial phenotype of dnml cells was effectively restored by pRBA031, indicating that
Dnm1-His-HA fusion is functional in vivo (Fig. 3.4.A).

Dnml was expressed in the native host and subsequently purified by affinity
chromatography to obtain insights into its mechanistic and structural properties. This approach
facilitated the production of Dnm1 in its natural conformation, enabling accurate acquisition of
data. S. cerevisiae cells containing pRBAO31 were precultured in YND and shifted to raffinose-
containing media (YNR). Following this, Dnm1 expression was induced by the addition of
galactose (YPGal) to the YNR culture. Cells were cultured for another 6 h in the presence of
YPGal. Protein expression was confirmed by western blotting of the whole cell lysate using the
a-HA antibody (Fig. 3.4.B). Subsequently, Dnm1-His-HA was purified from the whole cell
lysate by immobilized metal ion affinity chromatography (IMAC). The successful purification
of Dnm1 was confirmed by both SDS-PAGE and western blotting using an a-HA antibody (Fig.
3.4.C). The purified protein was further confirmed using mass spectrometry analysis. A sequence

coverage of 35% was obtained for Dnm1 (Fig. 3.4.D).
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Fig. 3.4 Expression, purification, and mass spectrometry analysis of Dnml-His-HA. (A) Mitochondrial
morphology of dnml cells expressing Dnml-His-HA. preCOX4-mCherry was used to visualize mitochondrial
morphology. Scale bar - 5 um. (B) Cells expressing Dnm1-His-HA were cultured in YND and YNR media prior to
induction by the addition of YPGal. The whole cell lysate was analyzed to confirm the expression of Dnm1l by
western blotting using a-HA antibody (red arrow). A band of approximately 104 kDa was observed (M.W. of Dnm1
and His-HA tag is ~ 85 kDa and 19 kDa, respectively). M represents the molecular weight marker. (C) represents
affinity purification under native conditions. (i) Coomassie-stained SDS PAGE of the purification and (ii) western
blotting using a-HA antibody is depicted. L — ladder, WCE — whole cell extract, FT — flow through, W — wash, E —

87

TH-3292_166106009



Chapter 3 Results

elute. (D) Representative MS/MS spectrum of purified Dnm1. Sequences highlighted in red represent peptide
fragments of Dnm1 detected in MS/MS.

The structure of Dnm1 has not been reported in the literature to date. However, the
structure of the human homolog DRP1 has been reported [73]. The purified protein was subjected
to desalting and analyzed using far-UV CD spectroscopy to obtain hints of its secondary
structure. The CD spectrum provides insights into the composition of the secondary structure of
the protein, such as a-helices, -sheets, turns, and random coils, based on the magnitude and
distinct shape of the spectra [267, 268]. The far-UV CD spectra confirmed that the purified
protein retained its secondary structure. Notably, two negative peaks were observed in the range
of 220.5-221.5 nm and 208.5-209.5 nm, while a positive peak was observed in the range of 196.5-
198 nm, indicating a a-helical structure (Fig. 3.5.A) predominantly. The sequence of Dnm1 was
also analyzed using PSIPRED, a widely used bioinformatics tool for predicting the secondary
structure of proteins [269]. This tool utilizes a combination of position-specific scoring matrices
(PSSMs) and a machine learning algorithm to make accurate predictions about the secondary
structure elements of a given protein sequence [269]. According to PSIPRED analysis,
approximately 50.5% of the Dnm1 residues were predicted to form helices, while approximately
43% were predicted to form coils. In contrast, only 6.3% of the residues were predicted to form

sheets (Fig. 3.5.B).
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Fig. 3.5 Secondary structure determination of Dnm1. (A) The purified WT Dnm1-His-HA protein was subjected
to a desalting column pre-calibrated with 20 mM phosphate buffer. The desalted protein eluted (0.25 mg/mL) in
phosphate buffer was then analysed via far-UV CD spectroscopy. The data obtained are represented as Ae (M cmr
1 vs wavelength (nm). (B) The PSIPRED algorithm was employed to predict the secondary structure elements of
Dnml. The predicted secondary structure includes helices (pink), strands (yellow), and coils (grey).

3.3 Discussion

The aim of this study was to investigate the structural and functional properties of Dnm1
fusion proteins. We used a combination of molecular, biochemical, and biophysical approaches
to study these aspects. To visualize the localization of Dnm1 in cells, we generated the C-terminal
fusion protein FL-Dnm1-GFP (Fig. 3.1.A). In literature, both C and N-terminal tagged Dnm1
fusion proteins are reported [94, 95, 99, 104, 270]. As mentioned earlier, the GTPase domain is
at the N-terminus of the protein and hence, we resorted to the C-terminal fusion. This fusion
protein was expressed in S. cerevisiae dnml cells, and its localization was assessed using
fluorescence microscopy and western blotting (Fig. 3.1.B). We observed that FL-Dnm1-GFP was
expressed as multiple distinct green puncta consistent with the previous reports [94, 104]. Time-
lapse imaging analysis revealed that Dnm1 is dynamic in nature, with some puncta displaying
rapid movement. Also consistent with previous observations, we found that the majority of Dnm1
puncta are localized to mitochondria, as evident from the co-localization of FL-Dnm1-GFP with
the mitochondrial marker preCOX4-mCherry (Fig. 3.3) [271].

Tagging a protein may sometimes result in impairment of its endogenous function. This
emphasizes the importance of assessing the functional properties of the fusion protein. This
evaluation is crucial to prevent any adverse effects on the protein's intended biological activity
[272]. In this study, recombinant FL-Dnm1-GFP successfully restored the collapsed
mitochondrial morphology of dnml cells to a reticular phenotype, resembling cells expressing
endogenous Dnm1 (Fig. 3.2.C). This finding suggests that FL-Dnm1-GFP was functional in vivo.
Furthermore, overexpression of a protein may disrupt normal cell growth by burdening cellular

machinery, affecting protein production and folding, leading to cellular stress and compromised
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functions. The overexpressed protein may also interact with other cellular components and
pathways, interfering with signaling cascades and essential protein-protein interactions, resulting
in abnormal cellular responses and growth patterns. Additionally, overexpression can deplete
critical cellular resources, such as energy and metabolites, necessary for normal cell division and
metabolism [273]. We investigated the effect of FL-Dnm1-GFP expression on cell growth. When
cultured in YND, the growth of dnm1 cells expressing FL-Dnm1-GFP was similar to WT cells,
indicating that the presence of the fusion protein did not significantly affect growth under these
conditions (Fig. 3.2.A). However, when cells were cultured in YNG, the overall growth rate was
slower for all strains compared to the YND medium. However, there were no notable differences
in doubling time among WT, dnm1, and FL cells in YNG, signifying that overexpression did not
affect cell growth (Fig. 3.2.B).

To gain insights into the structural properties of Dnm1, we used the C-terminal His-HA
tagged Dnm1. Importantly; we observed that the addition of the tag did not affect the function of
the protein, as Dnm1-His-HA was able to successfully restore the mitochondrial morphology in
dnml cells, similar to both endogenous Dnml and FL-Dnm1-GFP protein (Fig. 3.4.A).
Furthermore, we used a native host for protein expression and purified the protein to obtain it in
its natural conformation. Most in vitro studies using purified Dnm1 have expressed the protein
in bacterial expression systems [100, 263, 274]. This may not be the most suitable way, as certain
eukaryotic modifications that influence the protein structure and function may be missed. Dnm1-
His-HA was successfully expressed and purified using affinity chromatography, resulting in
approximately 1 mg of protein from 1g wet weight of cells (Fig. 3.4.B and 3.4.C). The presence
of Dnm1 in the purified eluate was confirmed using MS analysis. MS accurately determined the
mass of peptides generated through enzymatic digestion by analyzing their mass-to-charge ratio
(Fig. 3.2.D). These peptide masses were compared to a protein sequence database, leading to the

successful identification and confirmation of the Dnm1 sequence. Further, we employed far-Uv
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CD spectroscopy to gain insights into the secondary structure of the purified Dnml-His-HA
protein. The analysis of the far-UV CD spectra indicated that the purified protein maintained its
characteristic secondary structure conformation, predominantly composed of a-helices (Fig.
3.5.A). This observation aligns with the results of the PSIPRED analysis, providing additional
support to the CD data (Fig. 3.5.B).

It is interesting to note that Dnm1 undergoes repetitive assembly and disassembly on the
target membrane. This process involves protein targeting to the membrane, GTP binding and
hydrolysis, ultimately resulting in the remodelling of membrane curvature followed by fission
and dislodging of the protein from the membrane. Several questions in this entire life cycle of
Dnm1, from cytosol back to cytosol, are yet to be answered. What is the oligomeric status of the
protein in all the intermediate steps? When and to which oligomeric state is GTP bound? Are
there protein or lipid interactions specific at each step? Future experiments using the fusion

proteins generated in this study will enable us to address some of these questions.
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Abstract

Mitochondrial division is a highly regulated process. The master regulator of this process is the
multi-domain, conserved protein called Dnm1 in yeast. In this study, we systematically analyzed
two residues, T62 and S277, reported to be putatively phosphorylated in the GTPase domain of
the protein. These residues lie in the G2 and G5 motifs of the GTPase domain. Both residues are
important for the function of the protein, as evident from in vivo and in vitro analysis of the non-
phosphorylatable and phosphomimetic variants. Dnm1™*P and Dnm1S27"AP showed
differences with respect to the protein localization and puncta dynamics in vivo, albeit both were
non-functional as assessed by mitochondrial morphology and GTPase activity. Overall, the
secondary structure of the protein variants was unaltered, but local conformational changes were
observed. Interestingly, both Dnm18?4® and Dnm1527"~P exhibited dominant-negative behavior
when expressed in cells containing endogenous Dnm1. To our knowledge, we report for the first
time a single residue (S277) change that does not alter the localization of Dnm1 but makes it
non-functional in a dominant-negative manner. Intriguingly, the two residues analyzed in this
study are present in the same domain but exhibit variable effects when mutated to alanine or

aspartic acid.

This chapter is published as

Banerjee R, Mukherjee A, Adhikary A, Hussain S, Sharma S, Ali E, Nagotu S. Insights into the
role of the conserved GTPase domain residues T62 and S277 in yeast Dnml. International
Journal of Biological Macromolecules, 2023.

DOI; _https://doi.org/10.1016/j.ijbiomac.2023.127381
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4.1 Introduction

The biogenesis of organelles has been an interesting topic for decades now. One such
organelle that is essential in all eukaryotes is the mitochondrion. Regulation of mitochondrial
dynamics by fission and fusion has been studied in various model organisms [275]. This process
is extremely conserved and requires homologs of the dynamin-related proteins [86, 87, 260-262].
Dynamin-related protein 1 (Dnml in yeast and DRP1 in humans) is a large GTPase whose role
in mitochondrial fission is now unequivocally accepted [81, 86, 87, 103, 116, 263]. It is a multi-
domain protein that comprises an N-terminal GTP binding domain, a middle domain, a variable
domain (B-insert), and a C-terminal GTPase effector domain (GED) [99, 100]. Interestingly,
interacting partners of this protein required for its recruitment and association with the outer
mitochondrial membrane (OMM) are variable in different organisms [88, 89, 93, 94, 98, 120,
139].

Yeast Saccharomyces cerevisiae is an immensely useful model organism for the study of
organelle dynamics as this is a very conserved process. Dnm1-mediated mitochondrial fission is
extensively studied in this model organism and has paved the way to understanding the molecular
organization and function of the protein. The life cycle of Dnm1 unfolds in the cytosol, where it
most likely exists as a dimer [104]. The process of targeting the protein to the membrane is not
completely clear. However, a role for Fisl, a tail-anchored OMM protein, has been reported in
the recruitment of Dnm1 [88, 89]. Additionally, two WDA40 repeat adapter proteins, Mdv1/Caf4,
that interact with Fis1 and Dnm1 are also a part of the fission complex at the OMM [92-94]. Lack
of any of these proteins results in hampered mitochondrial division, albeit to a variable extent
[89, 106, 276]. Electron microscopy studies have reported that Dnml forms large
oligomers/helical structures at the OMM, with a radius similar to that of the mitochondrial girth
[111, 116, 263]. These large oligomers are formed as a result of self-assembly and GTP binding
of the protein [94, 111, 274]. The binding of GTP to the G-domain of the protein alters its
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conformation and subsequently results in membrane constriction and fission [99, 116]. A role for
endoplasmic reticulum (ER) in the spatial regulation of mitochondrial fission has also been
reported. Contact sites between ER and mitochondria mark sites of the preconstriction on the
OMM required for fission [20, 114]. Following fission, Dnm1 most likely dislodges itself from
the membrane and is released into the cytosol. Thus highlighting the very dynamic nature of the
protein in terms of its oligomeric status and sub-cellular localization [108]. Further, Dnm1 also
interacts with other proteins such as Num1, Mdma36 and Srv2 (actin-binding protein) and aids in
anchoring mitochondria to the cell cortex and regulates the organelle morphology and division
[95, 96, 109]. Interestingly, a recent study reported the role of an intermembrane space protein,
Mdil, in the Dnm1-mediated mitochondrial division [277]. The authors propose that Mdil aids
in Dnm1-mediated division by distorting the membrane from the inside of the organelle.
Remarkably, the structure and function of Dnm1 are highly conserved in all studied
model organisms, including the human homolog DRP1. DRP1 is known to be regulated via post-
translational modifications (PTM) such as phosphorylation, nitrosylation, ubiquitination and
sumoylation [141, 143, 145, 147, 148, 151]. Such modifications regulate the response of cells to
both intracellular and extracellular signals for the change of mitochondrial form and function.
Phosphorylation of DRP1 at S616 and S637 has been extensively studied with respect to its
activity [141, 143, 278]. Several kinases, such as PKA, FAK, ERK1/2, AKAP1, and TBK1, can
phosphorylate DRP1 under various conditions [141, 143, 279-281]. Interestingly, no such
modifications have been experimentally identified in S. cerevisiae Dnml. DRP1 S616 is
conserved in S. cerevisiae and a Threonine is present in the place of S637. On the other hand,
Mehta and colleagues have reported that fission yeast lacks the S616 phosphorylation site, but
S637 is conserved in this organism [282]. Cyanidioschyzon merolae is a red alga that has a single
mitochondrion whose division requires Cm Dnm1. Recent studies have identified T139, a residue

in the GTPase domain in Cm Dnm1, as an important site for phosphorylation by the Aurora
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kinase [261]. The authors also report no role for this phosphorylation in the intracellular
localization of the protein.

In this study, we aimed to identify residues important for the structure-function of S.
cerevisiae Dnm1, which are also listed as putatively phosphorylated sites in the literature. Upon
literature search and selection based on conservation, we chose five putative sites to analyze in
this study. Using a holistic approach encompassing various methodologies, we have tried to
understand the role of selected amino acid residues in the structure and function of the protein.
Our data highlight the importance of two residues in the G2 and G5 motifs of the GTPase domain

that affect the function of the protein both in vivo and in vitro.

4.2 Results and Discussion

4.2.1 Investigation of the phosphorylation status of S. cerevisiae Dnm1l

Regulation of various dynamin-related proteins via phosphorylation has been previously
reported [54, 141, 143, 145, 261, 283]. The importance of this modification in the function of
DRP1 has been emphasized in earlier studies [70, 284]. Interestingly, there are no such studies
on S. cerevisiae Dnml. Data in Saccharomyces Genome Database (SGD:
https://www.yeastgenome.org/) report 16 phosphorylation sites in Dnm1 compiled from various
global phosphoproteome studies (Table 4.1) [214-219]. However, experimental verification of
these sites has not been performed. In this study, we aimed to determine if Dnm1 undergoes
phosphorylation in S. cerevisiae and if this modification is important for its function. To unravel
this, we have taken two approaches: one is the expression and purification of the protein from S.
cerevisiae and the identification of phosphorylation by mass spectrometry (MS). The second is
to analyze the list of putative sites from SGD.

Dnml1 tagged with His-HA at the C-terminus was expressed under the GAL promoter in S.
cerevisiae cells grown in galactose media and purified with the help of immobilized metal ion

chromatography and subsequently analyzed by MS (Fig. 3.4C, 3.4D). Surprisingly, our MS
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analysis was unable to identify any phosphorylated residues in contrast to the results obtained
from the global phosphoproteome analysis (Fig. 3.4D). The purified protein was also resolved
using a phos-tag SDS-PAGE and conventional SDS-PAGE and no mobility shift was observed
upon treatment with calf intestinal alkaline phosphatase (CIAP) (Fig. 4.1A, 4.1B). We were
unable to identify phosphorylation of the protein from our experimental setup, which may have
been missed due to the dynamic nature of the modification, culture conditions, physiological
state of the cells, and other experimental conditions. Hence, we resorted to the second approach

of analyzing the putative sites obtained from SGD.
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Fig. 4.1 Phos-tag gel analysis of DnmL.
Purified WT Dnm1 was treated with CIAP and subjected to both (A) conventional and (B) 10 uM phos-tag SDS-
PAGE followed by immunoblotting with a-HA antibody. The red arrow indicates Dnm1-His-HA band (104 kDa).

We analyzed the reported sites carefully and chose six out of the sixteen reported sites
based on the following criteria (i) conserved residues across different yeast species, (ii) conserved
sites with reported human DRP1 sites and (iii) number of times a site was reported in the
literature. The selected residues are: T58, T62, S277, S575, S624, S629. All the selected residues
were modified to either non-phosphorylatable alanine (A) or phosphomimetic aspartic acid (D)

through SDM (Fig. 4.2). However, we were unable to mutate the T58 residue to either A or D
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after multiple trials and continued with the other five residues (Fig. 4.3A, 4.3B, Table 4.1). The
mutations were generated using the plasmid pRBAO0O5, which has FL-DNM1 fused to GFP. The
confirmation of all DNM1 variants was accomplished through restriction digestion using specific

enzymes followed by DNA sequencing analysis (Fig. 4.2).

Table 4.1 Putative Dnm1 phosphorylation sites reported in SGD are mentioned in column 1. The selected
residues in this study are italicized. Column 2 represents comparison of these reported residues of Sc
Dnml with other yeast species (Schizosaccharomyces pombe, Yarrowia lypolytica, Hansenula
polymorpha, Candida albicans). Column 3 shows corresponding residues found in DRP1.

Alignment with other ~ Corresponding residue in

Sc Dnm1 residue yeast Dnm1 DRP1 (isoform 1) References
T62 Conserved T59 [214]

S277 Conserved T248 [214, 215]
$575 gglgsnfg‘;gﬂaexcept NH. E55g [214, 216]
S624 S/ILITIPI- S616 [214]

S629 SILITIPI- Not aligned [214-219]
T58 Conserved T55 [214]

S77 SIT/DIE D73 [214, 215]
T47 ;'”ir;tsh.e(r:grevisiae, N in sa4 [214]

S578 S/DIQ G557 [214, 216]
$599 SIT/E/HIN V581 [214]

S326 S/IN/H H295 [214]

S366 SNITIAIG A331 [214]

S588 SIVIAIGIE V570 [214, 215, 217]
S584 SIQMH S563 [214, 215]
S645 -ITI-IS Not aligned [217]

S648 -[-I-IT Not aligned [217]
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Fig. 4.2 Generation of Dnm1-GFP variants by SDM.
(A) and (B) represents SDM-mediated change of selected residues (T62, S277, S575, S624, S629) to either A or D
variant, respectively. (i) agarose gel image depicting two-stage PCR product of template pRBAOO5 with respective
primers required for the desired mutation. (ii) represents unique restriction digestion profiles of respective mutants
compared to WT. (iii) represents further confirmation of the mutations with DNA sequencing analysis. Solid line
boxes represent the key nucleotide changes for the intended mutations, while the dotted boxes represent nucleotide
changes without changing the amino acid to create a unique restriction site for mutant screening. (iv) represents the
sequence alignment of WT and mutants. The region of interest is marked with red outline. Key nucleotide
mismatches that change the amino acid to A/D are highlighted in yellow. Blue highlighted regions show nucleotide
changes that produce a unique restriction site for mutant screening without changing the amino acid.
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4.2.2 Effect of Dnm1l variants on cell growth and protein expression

dnm1 cells expressing FL-Dnm1 and its variants were spotted onto selective fermentable
(YND) and non-fermentable (YNG) plates by drop serial dilution assay to study the effect on
cell growth (Fig. 4.3C, 4.3D). Expression of Dnm1 variants did not show any significant change
in growth as compared to FL-expressing cells in YND (Fig. 4.3C). Interestingly, S624 that
corresponds to the extensively studied S616 in DRP1 when mutated to A showed reduced growth
in YNG compared to FL (Fig. 4.3D). No significant change in the growth of cells expressing
other variants of Dnm1 was observed (Fig. 4.3C, 4.3D). Protein levels in exponentially growing
cells cultured in YND were assessed by western blotting using a-GFP (Fig. 4.3E). Protein levels
were quantified and are displayed as a fold change with respect to FL (Fig. 4.3E). Dnm1 T62A,
S575A, and S624A/D levels were observed to be lower than FL by ~35% (Fig. 4.3E). On the
other hand, S629D expression was reduced by ~26% when compared to FL (Fig. 4.3E).
However, no significant difference was observed in the expression of T62D, S277A/D, S575D
and S629A when compared to FL (Fig. 4.3E). Earlier studies have also reported DRP1 mutations

resulting in disease conditions that are associated with reduced levels of the protein [191, 193].
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Fig. 4.3 Dnm1l residues selected for this study and the effect of mutations on cell growth and protein
expression. (A) Schematic representing various domains of Dnm1: GTPase, middle, VV domain (VD) containing B-
insert and GED. The location of the residues selected for this study is depicted. (B) Representation of homology
modeled structure of Dnm1 generated using Modeller program. Positions of the mutated residues are indicated. (C)
and (D) represent growth analysis of dnm1 cells expressing Dnm1-GFP variants under different carbon sources
using drop serial dilution. Tenfold successive dilutions of log phase cultures were spotted onto (C) YND and (D)
YNG plates and incubated in 30 °C for 3 days and 7 days, respectively. (E) Whole-cell lysates of dnm1 cells
expressing FL and variants of Dnm1-GFP equivalent to 3 ODggo Were separated by SDS-PAGE and were
subsequently detected using a-GFP antibody at 112 kDa. Band density was normalized to loading control (GAPDH)
and compared to FL. Error bars indicate SEM obtained from 3 independent biological replicates. A one-way
ANOVA with Dunnett's multiple comparison test was used to determine the importance of the difference between
Dnm1 variants and cells expressing FL-Dnm1-GFP.

4.2.3 Dnml S624 corresponding to DRP1 S616 does not regulate the function of the

protein

Mitochondria of S. cerevisiae cells expressing a functional Dnm1 display a characteristic
reticular morphology signifying homeostasis between fission and fusion (Fig. 4.4) [86]. A
complete lack of Dnm1 or mutations in specific residues that regulate the structure and function
result in collapsed mitochondrial morphology in yeast (Fig. 4.4) [81, 86]. To evaluate if any of
the above mutants affect the Dnm1-mediated mitochondrial division, we assessed the ability of
the variants to rescue the mitochondrial morphology in dnm1 cells. preCOX4-mCherry was used
to mark the mitochondria in cells expressing FL and variants of Dnm1-GFP (Fig. 4.4) [271].
Cells were examined under a fluorescence microscope and graded for mitochondrial
morphologies (reticular/branched, tubular, collapsed/fallen, and fragmented). When expressed in
dnm1 cells, FL-Dnm1-GFP almost fully recovered the WT reticular shape of mitochondria (Fig.

45A, 4.5B).

Reticular Tubular Collapsed Intermediate Fragmented
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Fig. 4.4 Fluorescence images depicting various mitochondrial morphology phenotypes observed in S.
cerevisiae cells and classified in this study. Mitochondria are visualized using preCOX4-mCherry. Blue line
represents the cell boundary. Scale bar - 5 um.
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Fig. 4.5 Dnml T62 and S277 mutants exhibit defective mitochondrial fission.

(A) Mitochondrial morphology in dnm1 cells upon the expression of FL and variants of Dhm1-GFP. preCOX4-
mCherry was used as a marker to visualize mitochondria. Maximum intensity projections of the z-axis are used to
depict the images. Scale bar - 5 um. (B) Cells were grouped into four mitochondrial morphology phenotypes for
quantification: reticular, tubular, collapsed and fragmented. Quantification was conducted on two sets of
independent biological replicates, with 50 cells counted from each experiment. A two-way ANOVA with Dunnett's
multiple comparison was used to evaluate the significance of the difference observed in cells expressing FL and
variants of Dnm1-GFP. Error bars displayed are mean + SEM.

Interestingly, most cells expressing either S624A/D variants exhibited reticulate
mitochondrial morphology indicative of functional Dnm1. This is remarkably different when
compared to the homologous residue in DRP1 (S616), which is crucial for the function and

localization of the protein to mitochondria [54, 143, 278, 285]. A significant increase in tubular
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morphology (= 22 %) when compared to FL (<10 %) was observed upon expression of S624D
(Fig. 4.5A, 4.5B). FL-Dnm1-GFP was visualized as distinct dynamic punctate structures that are
primarily localized to the cytosol and OMM marked with preCOX4-mCherry as reported earlier
(Fig. 4.6A, 4.6B) [94]. In order to investigate whether the S624A/D variants exhibit altered Dnm1
localization, z-sections of these cells were examined for colocalization of Dnm1-GFP with
preCOX4-mCherry (Fig. 4.6A, 4.6B). Dnm15624AD showed similar mitochondrial localization as

visualized in FL-expressing cells (Fig. 4.6C, 4.6D).
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Fig. 4.6 Altered localization of Dnm1 was observed in T62A/D variants.

Representative fluorescence image (single z plane) of dnm1 cells expressing Dnm1 variants and preCOX4-mCherry
is depicted. Panel A represents ‘A’ variants and panel B represents ‘D’ variants. Randomly selected Dnm1-GFP
puncta (white arrow) were evaluated for colocalization with mitochondrial marker and the extent of colocalization
is also depicted as a line profile generated in ImageJ. Scale bar - 5 um. (C and D) The extent of colocalization of
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Dnm1-GFP with the mitochondrial marker was assessed by quantitative analysis. Statistical analysis was performed
using a one-way ANOVA with Dunnett's multiple comparison test. Error bars are obtained from two sets of
independent biological replicates (50 cells in each) and are displayed as mean + SEM.

4.2.4 DnmlT62 and S277 reside in important GTP binding motifs and mutation in these

conserved residues blocks protein function in vivo

Members of the dynamin superfamily have a characteristic large GTPase domain of
around 300 amino acids, which sets them apart from other signalling GTPases [71, 286]. The
GTPase domain of most dynamin superfamily members comprises five important GTP-binding
motifs: G1 or P-loop (phosphate-binding loop) consisting of the highly conserved sequence
GXQSXGKSSXLE, switch I with the central T62 in Dnm1 (DRP1 T59) as G2 element, switch
Il containing G3 element DLPG, G4 containing a conserved TKLD and a dynamin specific G5
or G-cap motif comprising GXXNRS2’Q (Fig 4.7A, 4.7B) [182]. These motifs are conserved
among Dnm1 of different yeast species and human DRP1 (Fig. 4.7A). Earlier studies in yeast
Dnm1 have analysed three residues in the G1 to G5 motifs [86, 94]. K41 in the G1 motif, when
substituted with A showed loss of GTPase activity in vitro and, interestingly, when combined
with WT Dnm1, stimulated the activity of the WT protein in vitro [94]. S42, when changed to N
resulted in the loss of GTPase activity and the protein did not localize to the mitochondria in vivo
[94]. On the other hand, T62, when replaced with D/F resulted in loss of GTPase activity in vitro
and, when changed to A failed to rescue the dnm1 mitochondrial phenotype in vivo [86, 94].

Interestingly, two of the predicted phosphorylation residues selected in this study, T62
and S277 are present in the conserved G2 and G5 motifs of the GTPase domain. In our study,
we characterized the earlier reported T62 in detail and also, for the first time, characterized S277
residue in G5. The zoomed-in structure of the WT protein near T62 and S277 residues depicting
key residues and hydrogen bonds in a vicinity of 20 A is shown in Fig. 4.7C. Interactions via
hydrogen bonds between the residue pairs, G50:E46, K137:F53, N160:L123 and R63:1154 were

noticed. Interestingly, when these sites were changed to either A or D (T62A/D, S277A/D) the
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protein was non-functional in vivo and a significant reduction in the number of cells exhibiting
reticulate phenotype of mitochondria was observed (Fig. 4.5A, 4.5B). More than 85% of these
cells exhibited collapsed and tubular phenotypes that represent defects in fission as observed in
dnml cells (Fig. 4.5A, 4.5B). On the other hand, cells expressing the B-insert variants, S575A/D
and S629A/D, did not show any significant alteration in the mitochondrial morphology and
resembled dnm1l cells complemented with FL protein (Fig. 4.5A, 4.5B). It is to be noted that
S629 is the most reported site to undergo phosphorylation in SGD, reported in six independent

studies [214-219]. However, no change in mitochondrial morphology upon changing it to A/D

was observed (Fig. 4.5A, 4.5B).
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Fig. 4.7 T62 and S277 reside in the conserved G2 and G5 motifs of the GTPase domain.

(A) Sequence alignment comparing the five important motifs required for GTP binding of Dnm1 of different species.
Sc: Saccharomyces cerevisiae, Sp: Schizosaccharomyces pombe, YI: Yarrowia lypolytica, Hp: Hansenula
polymorpha, Ca: Candida albicans, Hs: Homo sapiens. (B) The conserved T62 and S277 residues investigated in
this study are located in the G2 and G5 motifs of the Dnm1 GTPase domain, respectively. (C) The zoomed-in view
of the snapshots of WT Dnm1 structure highlighting T62 and S277 (marked with the red circle). The red dashed
line represents the four key interactions in the analyzed 20 A radii.

4.25 Dnm1T62AD and Dnm1S277AD exhibit variable puncta phenotype and localization

Dnm1-GFP characteristically forms distinct dynamic punctate structures that can be
visualized in the cytosol and on mitochondria [94]. Typically, the puncta in cells expressing FL-
Dnm1-GFP ranged in number from 2 to 7 puncta/cell (Fig. 4.8A, 4.8B). However, S277A/D
depicted a reduced average number of puncta/cell. In both these variants, 2-4 distinct GFP
puncta/cell were prevalently observed (Fig. 4.8A, 4.8B). Interestingly, only one puncta/cell was
present in over 90% of the T62A/D expressing cells. These puncta were also structurally larger
than those observed in FL and in the S277 variant (Fig. 4.8A, 4.8B). This is consistent with
earlier studies that identified T62D/F as a significant aberrant structure that may result in dead-
end aggregates [94]. Dnm1T%?AP and Dnm1S?7"AP displayed differences in their in vivo
localization pattern despite exhibiting indistinguishable non-functional behavior in vivo. Upon
analysis of the colocalization of T62A/D variants, the large aberrant cytosolic structures did not
associate with mitochondria (Fig. 4.6A, 4.6B). However, the localization of these aberrant
structures reported in earlier studies was not the same (cytosolic and mitochondrial), presumably
because different parental strains were used [94, 287]. Surprisingly, on the other hand, the
S277A/D variants were observed to colocalize with mitochondrial-targeted mCherry similar to
the FL protein, suggesting no influence of the change in the amino acid on the localization of the
protein (Fig. 4.6A, 4.6B). Interestingly, all the B-insert variants (S575A, S575D, S624A, S624D,
S629A, S629D) tagged to GFP showed a similar pattern of mitochondrial localization as the FL
protein (Fig. 4.6A, 4.6B). Quantitative analysis of the colocalization is represented in Fig. 4.6C

and 4.6D.
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Owing to the altered phenotype of mitochondrial morphology, Dnm1 puncta number and

localization, T62A/D and S277A/D were chosen for further analysis.
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Fig. 4.8 GFP puncta phenotype is altered in Dnml variants. (A) Representative fluorescence images of dnml
cells expressing FL, T62A/D and S277A/D Dnm1-GFP variants. Dnm1-GFP was visualized as distinct puncta of
various sizes. Maximum intensity projection over the z-axis were analyzed. Scale bar - 5 pm. (B) Bar graphs
represent the quantitative analysis of the number of Dnm1-GFP puncta/cell counted from randomly chosen z-merged
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fluorescence images. Error bars are obtained from two sets of independent biological replicates (50 cells in each)
and are displayed as mean + SEM.

42.6 Dnm1T82AD and Dnm1SZ77AD do not exhibit altered secondary structure and

oligomerization but show reduced GTPase activity in vitro

In vivo, various structural forms (monomer, dimer, oligomer) of Dnml have been
reported and hence, the protein’s structure-function interdependence is crucial for regulating
mitochondrial morphology. To investigate the structural aspects, a C-terminal His-HA tagged
Dnm1 under the control of the galactose promoter was used (pPRBA031). This plasmid was able
to rescue the dnm1 mitochondrial phenotype, suggesting that the plasmid is functional in vivo
(Fig. 4.9). T62A/D and S277A/D mutations were generated using pRBA031 as a template
resulting in plasmids pPRBA032, pRBA033, pPRBA034, pRBAO035 (Fig. 4.10; Table 2.2). Protein
expression of all variants was similar to that of WT (Fig. 4.11A). WT, T62A/D and S277A/D
variants were purified to homogeneity and were analyzed by far-UV CD spectroscopy as
described in materials and methods (Fig. 4.11B, 4.11C, 4.11D). Interestingly, the far-UV CD
spectra of all Dnm1 variants were similar to that obtained for the WT protein, suggesting that the
mutations did not alter the overall secondary structure significantly (Fig. 4.11D). Two negative
peaks were obtained typically in the range of 220.5-221.5 nm and 208.5 - 209.5 nm, whereas the
positive peak appeared in the range of 196.5-198 nm in all samples suggesting a predominant -
helical structure (Fig. 4.11D). The minor difference observed in the helical structures of the

mutants is insignificant and is attributed to the minor differences in protein concentrations.
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Fig. 4.9 C-terminal His-HA tagged Dnm1 is functional in vivo
Mitochondrial morphology of dnm1 cells expressing both preCOX4-mCherry and galactose-induced Dnm1-His-
HA visualized using fluorescence microscopy. Scale bar - 5 um.
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Fig. 4.10 Generation of Dnm1-His-HA variants by SDM. SDM-mediated generation of C-terminal His-HA
tagged Dnml1 T62A, T62D, S277A and S277D, respectively is shown. (i) represents two stage PCR product of
template pRBAO031 with respective primer pairs required for the desired mutations. (ii) represents unique restriction
digestion profiles of respective mutants compared to WT. (iii) represents further confirmation of the mutations with
DNA sequencing analysis. Solid line boxes represent the key nucleotide changes for the intended mutations, while
the dotted boxes represent nucleotide changes without changing the amino acid to create a unique restriction site for
mutant screening. (iv) represents the sequence alignment of WT and mutants. The region of interest is marked with
red outline. Key nucleotide mismatches that change the amino acid to A/D are highlighted in yellow. Blue
highlighted regions show nucleotide changes that produce a unique restriction site for mutant screening without

changing the amino acid.
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purification under native conditions. Coomassie-stained SDS-PAGE of the purification and western blotting using
a-HA antibody is depicted (red arrow at 104 kDa). L — ladder, WCE — whole cell extract, FT — flow through, W —
wash, E — eluate. (D) Far-UV CD spectra of 0.25 mg/mL WT, T62A, T62D, S277A and S277D variants. Ae for
each sample was calculated. (E) GTP hydrolysis by purified WT and Dnm1 protein variants. Dnm1 GTPase activity
was determined using an enzyme-coupled assay by monitoring NADH depletion, which was subsequently translated
to activity (min‘?). Data from two independent biological replicates were fit to a Michaelis-Menten model. Kinetic
parameters Vmax, Keat, Km and kea/Kw are shown. (F) Calculated secondary structure analysis of WT and mutants for
150 ns MD trajectories using timeline plugin in VMD. Timeline creates 2D box plot (time vs. structural residues)
that shows detailed structural events of an entire system over an entire MD trajectory. The structural elements are
shown in colored boxes below the secondary structure map.

Dynamin-related proteins, including yeast Dnml, form higher-order oligomeric
structures [94, 120, 131, 263, 283, 288]. To analyze if Dnm1 variants can also form higher-order
structures, WT, T62A/D, and S277A/D were separately resolved by size exclusion
chromatography (SEC) and native polyacrylamide gel electrophoresis (Native PAGE). WT
Dnm1 yielded one large peak and two minor peaks in SEC, corresponding to higher, moderate,
and lower-order oligomers, respectively, as reported earlier (Fig. 4.12A) [122]. S277A/D
variants showed a similar SEC profile as the WT (Fig. 4.12A). However, T62 variants mostly
lacked minor peaks in SEC, suggesting a prevalence of higher-order Dnm1 species (Fig. 4.12A).
This observation aligns with the GFP puncta phenotype in T62A/D variants, where smaller
dynamic spots in FL-Dnm1 cells were absent (Fig. 4.8, Fig. 4.12A). Although the exact
molecular weights of the eluted proteins could not be determined from SEC, the presence of
higher-order structures eluting as a prominent peak was evident. However, we cannot comment
on the nature of these higher-order structures in WT and Dnml1 variants if these are functional
or non-functional structures. Additionally, Native PAGE profiles of WT and S227A/D were
similar, whereas T62A/D showed minor differences in band intensities for higher-order
oligomers (Fig. 4.12B). The data from the above experiments suggests that Dnm1 variants do
not exhibit significant defects in oligomerization and formation of higher-order structures.

Interestingly, both these variants are non-functional in vivo despite forming higher-order

structures in vitro, prompting us to speculate that these structures are non-functional at different

levels and may be different in their inter-molecular interactions, thereby affecting GTP
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hydrolysis. In order to assess this, we analyzed the in vitro GTPase activity with increasing
amounts of GTP to determine the Vimax, Km and keat. We observed that at the physiological salt
concentration (150 mM NaCl) all variants exhibited significantly reduced GTPase activity (up
to 1.5 mM of GTP) in contrast to WT (Fig. 4.11E). Vmax, Km, Keat, Keat/ Km Values obtained for
the WT and Dnml1 variants are shown in Fig. 4.11E.

If T62 and S277 undergo phosphorylation, it is interesting to note that both A/D variants
exhibit the same mitochondrial phenotype, suggesting that the modification is dynamic and
spatiotemporally regulated. Phosphorylation of these residues may affect GTP recruitment to
Dnm1 and subsequent GTP hydrolysis. It will be interesting to analyze if these variants are not
only hampered in GTP hydrolysis (as shown above) but also its binding. A role for
phosphorylated residues in GTP binding and its hydrolysis has been reported for Rab and Ras

GTPase in earlier studies [289, 290].
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(A) The oligomeric forms of WT and variants of Dnm1 were characterized by SEC using HiLoad™ 16/600
Superdex™ 200 pg column. The elution profiles of standard molecular weight protein markers are indicated with
inverted arrows on top of the chromatogram. The molecular weight standard protein markers in kiloDalton (kDa)
include (Blue Dextran, 2000 kDa, B-Amylase, 200 kDa; Alcohol dehydrogenase 150 kDa; Albumin, 66 kDa). WT
and S277A/D mutant variant waere primarily eluted as 1 large peak (>2000 kDa; black arrow) and 2 minor broad
peaks (200-1000 kDa and 80-150 kDa, respectively; black arrow with arch). Dnm1 T62A/D mutants predominantly
showed only 1 large peak (>2000 kDa) with little or no minor peaks. (B) Native PAGE differentiated higher,

moderate, and lower-order multimeric Dnm1 self-assembly units in WT and variants. L — ladder.
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4.2.7 Computational studies to understand the dynamics of Dnm1762AD and Dnm1S277A'D

Earlier studies have reported the use of computational structural analysis and machine
learning to understand the structure-function relationship of dynamin-like proteins [263, 291].
To understand the effect observed due to mutations in the GTPase domain, the dynamics of the
protein (WT, T62A/D and S277A/D variants) was analyzed using MD trajectories and compared.
The RMSD plots for all five trajectories are shown in Fig. 4.13. Interestingly, despite the
mutation sites being present in the GTPase domain, no significant fluctuations in the RMSD of
this domain were observed. The RMSD fluctuations for the GTPase domain were quite small
throughout the simulation for WT and T62A/D. However, certain conformational changes were
observed at 100 ns in the S277A and the RMSD value obtained was higher for the GTPase
domain in S277D as compared to other Dnm1 variants (Fig. 4.13). Furthermore, quite large
fluctuations were observed in the GED in WT and T62D. On the other hand, in T62A and S277A,
large fluctuations were observed for the B-insert. A high deviation in RMSD was seen in the B-
insert of S277A at 120 ns (Fig. 4.13). Earlier studies have reported that intramolecular
interactions between GTP binding and GED of Dnm1 are crucial for the function of the protein.
A role for B-insert in the interaction of Dnm1 with its interacting partner Mdv1 has been shown
[99, 204]. Loss of such intra-molecular interactions and altered interaction with proteins at the
mitochondrial membrane upon mutating T62 and S277 can be envisaged. The fluctuations of
individual amino acid residues were also analyzed and quantified with the RMSF. The protein
Co atoms were considered for the calculations of the RMSF values (Fig. 4.14). Large fluctuations
were seen in the B-insert of the T62D (Fig. 4.14). The RMS fluctuations in the WT are the lowest
compared to all the variants in the B-insert (Fig. 4.14). The fluctuation in the Rg as a function of
time for WT and Dnm1 variants was estimated to determine the compactness of the protein. The
average Rg value in the range of 36.60 to 47.19A was obtained for all the cases (Fig. 4.15). The

decrease in Rg value for S277A signify overall compactness of the protein (Fig. 4.15).
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Fig. 4.13 Calculated RMSD for the WT and mutant structures of Dnm1 for 150 ns of simulated trajectory.
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Fig. 4.15 Calculated Rg for the WT and mutants to compare the structural compactness of the protein. The
Rg value was observed to change over the time in each case. The average Rg value was in the range of 36.60 to
47.19A for all cases. In S277A, the Rg value was observed to be higher initially. However, over time it decreases,
which reveals increased compactness of the protein.

Timeline plugin in VMD software was used to further confirm our CD result and to
observe if Dnm1™2*P and Dnm152"7A'P exhibit any changes in the secondary structure. This
provides detailed information about the secondary structure all through the simulation. As
shown, the secondary structure content was stably maintained by all residues in the WT and
Dnml variants, and no significant variation in the overall secondary structure of WT and Dnm1
variants was observed, similar to as observed in our CD data (Fig. 4.11D, 4.11F; Table 4.2).
Analysis of secondary structure using DSSP also suggests a predominant a-helical structure of
the WT and Dnml1 variants (Table 4.2). However, upon comparing the dynamics of the WT and
variant structures, local changes in the secondary structures, especially in the orientation, were
observed (Fig. 4.16A). Changes in the local interaction network in response to T62A mutation
include the loss of hydrogen bond interaction between R63:1154 (Figure 4.16A; Table 4.3). The
other three hydrogen bond interactions i.e., G50:E46, K137:F53 and N160:L123 were intact as

observed in WT (Figure 4.16A; Table 4.3). This loss of hydrogen bond interaction resulted in an
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altered orientation of the loop region (residues P105 to E118; A148 to P158; P183 to 1203 and
S277 to V287). The residues 86-100 formed coils in WT and in the presence of mutation, formed
a-helical structure. A similar loss of hydrogen bond interaction between R63:1154 was also
observed upon T62D mutation (Fig. 4.16A; Table 4.3). However, the structural orientation was
less altered in T62D. The loss of hydrogen bond interaction (R63:1154) resulted in a tilt in the
helix conformation (residues M1- G22) and altered orientation of the helix-loop (V49 to Q278).
In S277A and S277D, no loss of hydrogen bonds was observed (Table 4.3). Conversion of the
coil to the helix in the residues K95 to Y108 and change in the orientation of the loop-helix
(R276 to H301 and G185 to Q194) were observed in S277A. Changes in the loop orientation
were observed in S277D (residues E107 to D117 and Q278 to VV287) as highlighted in Fig.
4.16A. Further, no new interactions were observed in any of the Dnm1 variants.

The importance of residues in G2 and G5 motifs in DRP1 for intramolecular interactions
was reported in earlier studies. The switch | residue T59 (the equivalent of Dnm1l T62) is
important for the placement of the catalytic water molecule and Mg?* coordination to facilitate
the enzyme’s mechanochemical energy conversion [182, 292]. The same may be envisaged for
Dnm1. X-ray structure analysis of DRP1 using a GTP analog showed that the G5 motif functions
as a rigid guanosyl binding pocket and characteristically binds to the substrate in a lock-and-key
manner [182]. The adjacent residues to the DRP1 S248 (corresponding Dnm1 S277) in the G5
motif, R and N, were reported to stabilize ribose 2’-OH and N7 of the aromatic ring via
interaction with water molecule, respectively [182].

For a deeper understanding of long-range interaction patterns, DCCM was performed by
computing all the Pearson cross-correlation coefficients for the backbone Ca atoms of all the
residues. The DCCM maps for the WT, T62A/D and S277A/D variants are graphically presented
in Fig. 4.16B. Strongly correlated motions between specific residues are depicted in cyan and

strongly anti-correlated motions are depicted in pink. The DCCM analysis reveals that the
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atomistic motions are strongly correlated in WT as compared to the mutants. A correlation
pattern was found between residues 1 to 350 in T62D. However, this correlation pattern was
completely disrupted between the residues 350 to 700 (Fig. 4.16B). Similar pattern was also
observed in S277A. However, the residues were both correlated and anti-correlated in this
variant. Mostly, non-correlation of the residues was found in T62A (Fig. 4.16B). These results
suggest that the mutations change the DCCM pattern of the residues and break the interdomain
correlation in the proteins, suggesting mutation-driven changes. Interestingly, we observed that
the mutations affect the atomistic motion of the residues far from the mutated site and exhibit an

overall impact on the residue fluctuation of different domains (Fig. 4.16B).
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Fig. 4.16 MD simulation analysis of WT, Dnm1T62AP and Dnm18277AD
(A) Comparison of the structure of WT and variants of Dnm1 around the mutation site. The red dashed line
highlights the key interactions and the residue is marked with a red circle. The mutant structures are compared with
the WT and specific changes are highlighted and marked with different dashed boxes. (B) The DCCM of WT and
variants obtained from the entire production dynamics are represented. The red-dotted region indicates the mutated
domain (residues 1 to 334). The extent of correlated and anti-correlated motion are color coded as cyan-positive

correlation, magenta-anti-correlation and white-non-correlation.

Table 4.2 Secondary structure content (in %) of Dnm1 WT, Dnm172AP and Dnm152/"AD

Label WT T62A T62D S277A S277D
Alpha-Helix (H) 41.1 44.8 43.3 43.91 42.0
310-Helix (G) 3.8 5.8 3.3 4.2 4.6
Pi-helix (1) 0.0 0.0 0.0 0.0 0.0
Extended-strand (E) 10.8 9.6 9.6 9.1 10.4
Beta-bridge (B) 0.7 1.6 0.9 0.8 1.7
Turn (T) 12.3 11.0 13.6 13.5 11.4
Bend (S) 12.8 9.6 11.1 10.5 10.8
Coil (C) 18.5 17.6 15.1 18.0 19.0

Table 4.3 Key interatomic distances (in A) around the mutation sites of Dnm1 (averaged over the MD
trajectories). Distances are averaged for 150 ns of MD and standard deviation is given as error after .

SI.No Residue-pairs WT T62A T62D S277A S277D

1 G50:E46 2791044 3284078 326+093 311+007 331+0.72

2 K137:F53 3.10+£031 291+011 3.74+£087 289+019 3.14+047

3 N160:L123 3.34+082 288+019 357+073 393+084 2.86+0.67

4 R63:1154 251 +£0.09 - - 3.05+0.21 2.85%+0.63
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4.2.8 Dnm1T62AD and Dnm1S?"7AP exhibit dominant-negative effects in vivo

Earlier studies by Naylor and colleagues showed that T62D/F variants exhibited a
dominant-negative effect in the in vitro GTPase activity assay in the presence of WT protein
[94]. To analyze if GFP-tagged T62A/D and S277A/D variants in this study also exhibit similar
effects, we expressed them in cells containing endogenous Dnm1. In contrast to the reticulate
mitochondrial morphology observed in cells expressing only endogenous Dnml1, a significant
change in mitochondrial phenotype was observed upon the expression of GFP-tagged T62A/D
and S277D variants. More than 90% of cells had tubular and/or collapsed phenotype similar to
that observed in dnml cells (Fig. 4.17A, 4.17B). Interestingly, upon the expression of S277A
variant, 62% of cells depicted problems in mitochondrial fission and an intermediate phenotype
between WT and dnm1 was observed in almost 30% of cells (Fig. 4.17A, 4.17B). This phenotype
observed could be most likely due to the rendering of the endogenous Dnm1 non-functional by
the expressed variant. It can be envisaged that the oligomeric form of the protein required for the
division of mitochondria may be formed by a combination of monomers of endogenous and

mutant Dnm1. This may result in the formation of non-functional higher-order structures.
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Fig. 4.17 T62 and S277 variants exhibit a dominant-negative phenotype.
(A) Mitochondrial morphology in WT cells upon the expression of Dnm1-GFP variants (T62A, T62D, S277A and
S277D). Mitochondria are marked using preCOX4-mCherry. Maximum intensity projections of the z-axis are used
to depict the images. Scale bar - 5 um. (B) Quantification was conducted on two sets of independent biological
replicates, with 50 cells counted from each experiment. A two-way ANOVA with Dunnett's multiple comparison
was used to evaluate the significance of the difference observed in Dnm1 variants with WT. Error bars displayed

are mean + SEM.
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4.3 Conclusion

In this study, we identified T62 and S277 as residues important for both in vivo and in
vitro function of Dnm1. Cells expressing Dnm1T%2AP and Dnm1527"AP showed mitochondrial
morphology predominantly similar to dnm1l cells. An interesting difference between T62 and
S277 variants was the number of puncta and their localization. Dnm12A® formed large puncta
that did not colocalize with the mitochondrial marker in our study. Dnm15277AP GFP puncta,
though localized to mitochondria, were non-functional, resulting in dnm1-like morphology. Not
only the in vivo experiments but also the in vitro GTPase activity assay also revealed a significant
reduction in the activity of T62A/D and S277A/D variants. Biochemical data show that both
T62A/D and S277A/D mostly retain their secondary structure and are able to form higher-
ordered structures in vitro. MD simulation and computational analysis show altered atomistic
motion of residues situated farther away from the mutation site. Also, an increase in the overall
compactness of the protein was observed in S277A. Large fluctuations in RMSD in other
domains (GED and B-insert) of the protein have also been identified, suggesting altered intra-
molecular interactions upon mutation of the residues located in the GTPase domain. The
dominant-negative effect of the mutations suggests that the mutant protein interacts with the WT
protein and renders it non-functional, which is evident from the observed mitochondrial
phenotype. At this stage, we are unable to say if these residues (both T62 and S277) undergo
phosphorylation and if the effect observed is due to the altered phosphorylation status of the
protein in the variants or the change in the structure and interactions of the protein that may result
due to aminoacyl substitution. Albeit, both scenarios highlight the importance of these residues
for the function of the protein.

Recently, Bauer and colleagues studied disease-causing mutations in various domains of
DRP1 [220]. The authors reported variable effects of two mutations in the GTPase domain on
the structure-function of the protein. Indeed, our data also shows variation in the phenotype
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observed with respect to protein puncta and localization to mitochondria in both T62A/D and
S277A/D variants signifying the different effects caused due to mutations in the same domain.
Interestingly, a recent study has reported a mutation of DRP1 T59 to N that resulted in adult
encephalopathy due to hampered mitochondrial and peroxisomal fission [191]. This residue
corresponds to yeast Dnm1 T62 studied in this manuscript. The authors also report reduced levels
of DRP1 and suggest a role for PTM in the function of the protein. Our study reports similar
observations in the yeast model and further evaluates the role of this residue in protein structure
and function. Additionally, the conserved nature of these proteins from yeast to humans is

highlighted and is a significant contribution of our study.
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Abstract

The dynamin-related protein 1 (DRP1) and its homologs in various eukaryotes are essential to
maintain mitochondrial morphology and regulate mitochondrial division. Several mutations in
different domains of DRP1 have been reported, which result in debilitating conditions. Four such
disease-causing mutations of the middle domain of DRP1 were mimicked in the yeast dynamin-
related GTPase (Dnm1) and were characterized in this study. Mitochondrial morphology and
protein function were observed to be altered to a variable extent in cells expressing the mutated
variants of Dnm1. Several aspects related to the protein such as punctate formation, localization
to mitochondria, dynamic behavior and structure were analyzed by microscopy, biochemical
studies and molecular dynamics simulations. Significant effects on the protein structure and
function were observed in cells expressing A430D and G397D mutations. Overall, our data
provide insight into the molecular and cellular alterations resulting from middle domain

mutations in Dnm1.

This chapter is published as

Banerjee R, Kumar A, Satpati P, Nagotu S. Mimicking human Drpl disease-causing mutations
in yeast Dnm1 reveals altered mitochondrial dynamics. Mitochondrion. 2021 Jul 1;59: 283-95.
DOI: https://doi.org/10.1016/j.mito0.2021.06.009

126

TH-3292_166106009



Chapter 5 Results

5.1 Introduction

Compartmentalization of cellular contents into functional units called organelles is an
essential feature of eukaryotic cells. One of the most critical organelles of a cell is the
mitochondrion, which harbors TCA cycle and oxidative phosphorylation machinery for energy
production. Biosynthesis of cellular building blocks such as nucleotides and amino acids along
with Ca?* ion buffering also requires active mitochondria [15, 256]. A role for mitochondria in
maintaining cellular redox balance and apoptotic pathway of cell death is also reported [257,
258]. Interestingly, mitochondrial shape and dynamics have been reported to have a profound
role on the abovementioned functions. Mitochondria are dynamic in nature whose morphology
IS maintained by a continuous process of division and fusion [259]. Several proteins involved in
these processes have been identified and these are conserved across eukaryotic organisms [108].
Mitochondrial fission in mammals is dependent on the GTPase DRP1 (Dynamin related protein
1) that belongs to the family of dynamin-related proteins [87]. The N-terminal GTP-binding
domain, middle domain, variable domain containing B insert, and C-terminal GTPase effector
domain (GED) constitute the protein [73, 108]. DRP1 exists as soluble dimers and tetramers in
the cytosol and shuttles between the cytosol and the mitochondrial surface [293]. Extensive
studies on the mechanism of action of DRP1 have revealed that it forms helical oligomers that
wrap around the mitochondrial outer membrane and subsequently utilize GTP hydrolysis activity
leading to membrane fission [87, 294]. Specific receptors and interacting proteins (Mff,
MiD49/51, and human Fisl) function together with DRP1 in this process [90, 97, 98].

As mentioned earlier an intricate relationship between mitochondrial function and
dynamics has been reported and is an important aspect of investigation in several human diseases
such as neurodegeneration [147, 155, 295-297]. Interestingly, loss of DRP1 also triggered
genome instability and initiated DNA damage response [117]. Several mutations in DRP1 have
been identified to date that resulted in various disease conditions [183, 187, 188, 194-197, 199].
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These mutations have been identified in various domains of the protein. However, the most
number of mutations are reported in the middle domain of DRP1. A role for the middle domain
in dimerization, tetramerisation and formation of higher ordered oligomers has been reported
[288, 293, 298].

Homolog of DRP1 is called Dnm1l in yeast and Drp3A/B in plants [103, 108, 262]. A
number of recruitment factors such as Fis1, Mdv1 and/or Caf4 are required for the association of
Dnm1 to the mitochondrial membrane [88, 93, 94]. A role for these proteins in peroxisome
division in various model organisms has also been reported [299-302]. As the yeast Dnml is
highly conserved with DRP1, structural and functional analysis performed using Dnm1l as a
model mostly holds true for DRP1. To better understand the role of the DRP1 middle domain
mutations in disease pathology, we have constructed the equivalent yeast Dnm1 mutations and
analyzed structural and functional alterations. The mutations chosen to study are R438C
(equivalent to DRP1-R403C resulting in epileptic encephalopathy), C481F (equivalent to DRP1-
C446F leading to infantile parkinsonism), G397D (equivalent to DRP1-G362D observed in
refractory epilepsy) and A430D (equivalent to DRP1-A395D that results in a lethal defect) [194,
195, 197, 199]. Though some of these mutations were analyzed earlier for effect on organelle
morphology, the aspects related to the protein localization, distribution, function and structure
have not been reported. In this study, we aim to address these questions using biochemical

methods, microscopy and molecular dynamics (MD) simulations.
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5.2 Results

5.2.1 Generation of orthologous disease mutation in Dnm1

DRP1 and its homologs belong to a highly conserved protein family that regulate
mitochondrial structure in various organisms. Four DRP1 mutations known to cause disease
conditions in humans were introduced into equivalent residues of the S. cerevisiae DNM1 by
SDM. The mutations of Dnm1, equivalent to the disease causing mutations of DRP1 studied in
this work are R438C, C481F, G397D and A430D [194, 195, 197, 199]. The sequence alignment
of the relevant region of DRP1 and Dnml1 is depicted in Fig. 5.1.A and shows that the residues
mutated in the disease conditions are conserved in yeast Dnm1 (residues in red colour) (Fig.
5.1A). A schematic that depicts the domain structure of Dnm1 and the 3D structure of Dnm1
obtained using the webtool Phyre2 are depicted in Fig. 5.1B and C, respectively. The position of
the mutations is indicated in these figures and it can be noted that all the four studied mutations
lie in the highly conserved middle domain of the protein (Fig. 5.1B & 5.1C). The mutant variants
were generated using the plasmid pRBAOQO5 that contains FL-Dnm1 fused to GFP. Restriction
digestion and sequencing analysis confirmed the successful generation of the mutant variants
(Fig. 5.2).
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Fig. 5.1 Mimicking orthologous disease-causing human DRP1 mutations in S. cerevisiae Dnml. (A) Sequence
alignment of middle domain region of human DRP1 (Uniprot ID: 0O00429) and S. cerevisiae Dnml (SGD ID:
YLL001W) depicting the position of amino acids selected for this study. (B) Schematic showing domain architecture
of DRP1 (736 aa) and Dnm1 (757 aa) and corresponding positions of mutations. (C) Structure of yeast Dnm1l
generated using Phyre2 and the positions of the mutagenized residues in Dnm1 are depicted.
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Fig. 5.2 Construction of Dnm1-GFP variants G397D, C481F, R438C and A430D respectively by SDM.

(i) Agarose gel image depicting two stage PCR product of template pPRBAQO5 with respective primers required for
the desired mutation (Table 2.4). (ii) Represents unique restriction digestion profiles of respective mutants compared
to WT (Table 2.4). (iii) represents further confirmation of the mutations with DNA sequencing analysis. Solid line
boxes represent the key nucleotide changes for the intended mutations, while the dotted boxes represent nucleotide
changes without changing the amino acid to create a unique restriction site for mutant screening. (iv) represents
sequence alignment of WT and mutants. Region of interest is marked with red outline. Key nucleotide mismatches
that changes the amino acid are highlighted in yellow. Blue highlighted regions show nucleotide changes that
produce a unique restriction site for mutant screening without changing the amino acid.

5.2.2 Effect of Dnm1 mutations on cell growth and protein expression

The mutated DNM1 variants were generated in a yeast expression plasmid (pRBAO0OQ5) in
which DNM1 was expressed under the control of met25 promoter and was fused to GFP at its C-
terminus. The plasmids were subsequently transformed into yeast cells lacking the endogenous
Dnml (dnml). To determine the effect of expression of mutated variants on cell growth, dnml
cells carrying the plasmids were both spotted onto selective (glucose) plates by drop serial

dilution and cultured in liquid medium containing glucose (YND medium) (Fig. 5.3A, 5.3B,
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5.3C). Interestingly, neither deletion of DNML1 nor the expression of the mutant variants R438C,
C481F and A430D resulted in a significant difference in growth as compared to WT and FL (Fig.
5.3A, 5.3B, 5.3.C). However, among all the variants, G397D exhibited slower growth with a
doubling time of 3.98 h (Fig. 5.3B). In general, S. cerevisiae cells exhibited slower growth when
glycerol was used as the sole carbon source compared to glucose medium as reported earlier
[264] (Fig. 5.3D, 5.3E, 5.3F). Interestingly, G397D grew very slowly also on glycerol (YNG)
liquid medium, suggesting a possible functional loss of mitochondria (Fig. 5.3D, 5.3E).
Similarly, no growth was observed on spotting these cells on plates containing glycerol as carbon
source (Fig. 5.3F). To understand if the mutations alter protein expression, levels of Dnm1 from
exponentially growing and stationary cells were determined by western blotting using a-GFP
(Fig. 5.4A, 5.4C). The expression of WT and mutant variants was quantified and is represented
as a fold change in expression (Fig. 5.4B, 5.4D). In the log phase, expression of the mutant
variants was not significantly different to cells expressing FL-Dnm1-GFP (Fig. 5.4A, 5.4B).
However, in stationary cells, the levels of the G397D variant was significantly reduced (Fig.

5.4C, 5.4D). Equal loading of the samples was confirmed using a-actin.
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Fig. 5.3 Growth of different Dnm1 mutant variants. Growth analysis by growth curve and drop serial-dilution
assay of WT, dnml and dnml cells expressing FL-Dnm1-GFP and mutant variants (A430D, G397D, R438C,
C481F). Cells were grown in liquid YND (A) or YNG medium (D) (Start ODggo: 0.1) at 30 °C. Samples were taken
at different time intervals and ODggo Was measured. Error bars indicate SEM from two independent experiments.
Doubling time (h) of WT, dnm1 and dnm1 cells expressing FL-Dnm1-GFP and different Dnm1 mutations grown
on YND (B) or YNG (E) medium. Tenfold serial dilutions of log phase cultures were spotted onto YND (C) and
YNG (F) plates and were incubated for 3 days and 7 days respectively in 30 °C.
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Fig. 5.4 Expression of different Dnm1 mutant variants. Whole cell lysates from YND grown log phase (A) and
stationary phase cultures (C) equivalent to 3 ODggo Units were separated by SDS-PAGE and immunoblotted with a-
GFP antibody. Quantitative analysis of the Dnm1-GFP immunoblots in both log (B) and stationary phase (D) were
normalised with actin (loading control) and represented as bar diagrams. Error bars indicate SEM obtained from 3
independent experiments. A one-way ANOVA was used with Dunnett’s multiple comparison test to assess
significance of difference in Dnm1 mutant variants with cells expressing FL-Dnm1-GFP. **p < 0.01.
5.2.3 Dnm1A4%0 mutation leads to aberrant mitochondrial morphology

To determine whether the disease-causing mutations alter the function of Dnm1, cells
expressing FL-Dnm1-GFP and mutated variants grown in YND medium were analyzed for
mitochondrial morphology using the plasmid pHS12 that expresses preCOX4-mCherry to mark
mitochondria [271]. Cells were visualized under a fluorescence microscope and scored for

various morphologies (reticular/ branched, tubular, collapsed/fallen and fragmented) of

mitochondria. The FL-Dnm1-GFP, when expressed in dnm1 cells, completely restored the WT
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reticular morphology of mitochondria (Fig. 5.5A, 5.5B). The mutant proteins were able to rescue
the mitochondrial fission defect of dnml cells to a variable extent. C481F restored the
morphology of mitochondria similar to the FL protein, with most cells (80%) exhibiting reticular
mitochondrial phenotype (similar to that in WT cells) (Fig. 5.5A, 5.5B). A small increase in the
collapsed mitochondrial phenotype was observed in this mutant. However, this was not
statistically significant when compared to the FL expressing cells. R438C and G397D could
partially rescue dnml mitochondrial morphology and exhibited intermediate phenotype with
nearly 60% and 50% cells harboring WT like reticular mitochondria, respectively (Fig. 5.5A,
5.5B). These mutants also had an increased number of cells with tubular and/or collapsed
mitochondria (morphology typical for dnm1 cells), indicating a partial loss of Dnm1 function
(Fig. 5.5A, 5.5B). However, approximately 18% of the cells expressing Dnm1G397D-GFP
mutation also showed fragmented mitochondria (Fig. 5.5B). Of all the studied mutants, A430D
was not capable of rescuing dnm1 mitochondrial morphology, indicating a loss of function of
Dnm1. The majority of the A430D cells (70%) exhibited collapsed mitochondria like that in
dnml cells (Fig. 5.5A, 5.5B). Morphology of mitochondria in cells grown on glycerol as carbon
source (YNG medium) was also evaluated (Fig. 5.6). Cells expressing FL-Dnm1-GFP showed
extensive reticulate like mitochondria and cells expressing A430D depicted fallen/ tubular
mitochondrial morphology. G397D on the other hand exhibited fragmented mitochondria in most
of the cells. Cells expressing R438C variant exhibited a mixed phenotype of reticulate and tubular
mitochondria. C481F expressing cells depicted mitochondrial morphology similar to FL-Dnm1-

GFP expressing cells with most cells having reticulate mitochondria (Fig. 5.6).
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Fig. 5.5 A430D mutant shows defective mitochondrial fission. (A) Mitochondrial morphology in dnm1 cells upon
expression of FL-Dnm1-GFP and mutant variants (A430D, G397D, R438C and C481F) grown in YND medium.
Mitochondria were labelled with mitochondrial membrane targeted preCOX4-mCherry. Scale bar represents 5 um.
(B) For quantification of mitochondrial morphology cells were differentiated into four categories of mitochondrial
morphology i.e. reticular, tubular, meshwork and/or fragmented. Quantification was performed in two sets of data
and 50 cells were counted from each experiment. Error bar indicates SEM. Schematic images represent the classified
mitochondrial morphology. A two-way ANOVA with Dunnett’s multiple comparison was used to assess the
significance of difference observed in mutant variants with cells expressing FL-Dnm1-GFP. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Fig. 5.6 Mitochondrial morphology in dnml cells upon expression of FL and different mutant variants
(A430D, G397D, R438C and C481F) grown in YNG medium. Mitochondria were labelled with mitochondrial
membrane targeted preCOX4-mCherry. Scale bar represents 5 um.

5.2.4 Mutated variants of Dnm1 show altered localization and dynamics

Dnm1-GFP is visualized as distinct dynamic puncta in cells [94, 95, 266]. A similar
phenotype of FL-Dnm1-GFP, when expressed in dnml cells was also observed in our
experimental conditions (Fig. 5.7A). Discrete GFP spots of variable sizes were observed in these
cells. The change of the mitochondrial morphology in dnml cells from collapsed to reticulate
upon expression of FL-Dnm1-GFP confirms that the fusion protein is functional. Similarly, all
the mutant variants were analyzed for expression and distribution of the protein. To quantify the
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number of GFP puncta, cells were fixed using formaldehyde, followed by microscopy analysis.
The phenotype and distribution of Dnm1-GFP puncta in R438C and C481F variants was similar
to that of FL-Dnm1-GFP (Fig. 5.7A, 5.7B). Discrete GFP puncta were observed in these cells
which ranged between 2 and 7. A substantial reduction in the number of puncta was observed in
the mutant variant G397D with most cells showing only 1 punctum/cell (Fig. 5.7A, 5.7B).
Interestingly A430D, on the other hand, exhibited cytosolic distribution of GFP in a large fraction
of cells (=30%, Fig. 5.7A, 5.7B). However, cells with many discrete small puncta were also
visible, albeit to a lesser extent (Fig. 5.7A, 5.7B).

To further explore the possibility of altered sub-cellular distribution of the protein upon
expression of mutant variants, we examined protein levels in the cytosolic and organellar
fractions (Fig. 5.7C). Quantitative analysis showed that larger fraction of FL-Dnm1-GFP is in
the cytosol and not tightly associated with the mitochondria. A similar distribution was also
observed in mutants A430D, R438C and C481F respectively. Interestingly, G397D cells showed
an increased amount of Dnm1 in the organellar fraction compared to the supernatant suggesting
a tighter association of the protein with mitochondria (Fig. 5.7D).

Further, to analyze if the mutated variants of the protein can still localize to mitochondria,
z-sections of the cells were analyzed for co-localization of Dnm1-GFP with preCOX4-mCherry
(Fig. 5.8A). As mentioned in 5.2.4, Dnm1-GFP is visualized as puncta in cells, which are variable
in size and number. Interestingly Dnm1 puncta still localized to mitochondria in G397D, R438C
and C481F cells (Fig. 5.8A). As mentioned above in 5.2.4, most of the cells of A430D exhibited
cytosolic Dnm1, and hence in these cells, no co-localization was observed (Fig. 5.8A). However,
in cells where small puncta of Dnm1 were visualized, localization to mitochondria was observed
(Fig. 5.8A). Co-localization of a single puncta (marked by an arrow) in all mutant variants is also
depicted as a line graph using intensity profiles obtained from ImageJ (Fig. 5.8A). The

quantification data (Fig. 5.8B) was obtained from two independent experiments by scoring 50
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cells where at least one Dnm1-GFP puncta was localized to mitochondria. A430D cells with only
cytosolic GFP fluorescence were not taken into account for this quantification. As seen in Fig.
5.8B, the percentage of cells showing co-localization of Dnm1-GFP with mitochondrial marker

did not vary in cells expressing mutant variants or FL-Dnm1-GFP.
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Fig. 5.7 Dnm1-GFP puncta number and distribution varies in different mutants. (A) Fluorescence microscopy
images of dnml cells expressing FL-Dnm1-GFP and mutant variants (A430D, G397D, R438C, C481F). Dnm1-
GFP was either visualized as distinct puncta or as diffused cytosolic fluorescence. Scale bar represents 5 um. (B)
Quantification of Dnm1-GFP puncta in FL and mutant variants corresponding to those in A is shown. Fluorescence
spots were counted from randomly taken fluorescence microscopy images (z-projection merge). Quantification was
done from two independent experiments taking 50 cells into account. Error bar indicates SEM. (C) Dnm1-GFP
distribution pattern in cytosolic (S) and mitochondrial fraction (P) was evaluated by immunoblotting. Cytosolic and
mitochondrial protein was normalised with GAPDH (cytosolic marker) and porin (mitochondrial marker),
respectively. (D) Quantitative analysis of immunoblots are represented as bar diagrams. Error bars indicate SEM
obtained from 3 independent experiments. A one-way ANOVA was used with Dunnett’s multiple comparison test
to assess significance of difference in Dnm1 mutant variants with cells expressing FL-Dnm1-GFP. **p < 0.01.
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Fig. 5.8 Dnm1-GFP puncta depicted altered localization in A430D variant. (A) dnm1 cells expressing different
Dnm1-GFP mutations and mitochondria targeted preCOX4-mCherry were imaged by fluorescence microscopy for
co-localisation analysis. Randomly selected (white arrows) Dnm1-GFP puncta were assessed for their association
with mitochondria and represented as line profile generated using ImageJ. Scale bar represents 5 um. (B) Percentage
of cells that showed mitochondrial localization of at least one Dnm1-GFP puncta are represented as a bar graph.
Error bar indicates SEM from two independent experiments (50 cells in each).
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Fig. 5.9 Altered dynamic behaviour of Dnm1-GFP mutant variants. (A) Time-lapse images of cells expressing
FL-Dnm1-GFP, A430D and G397D variants were captured for 1 min. A single 0.28-um section at the start of the
imaging is shown. Arrows point to the Dnm1-GFP puncta that is tracked. All the movies are available as
supplementary data. (B) Movement of Dnm1-GFP puncta from images in A are tracked using the ImageJ plugin
particle tracker. White spots indicate the recorded position of the puncta at each time point. Green and red spots
indicate start and end time of tracking.

Another interesting feature of Dnm1 puncta observed in cells is their dynamic nature [94,
266]. WT protein was reported to be dynamic in nature with few puncta that exhibit rapid
movement [95]. As G397D and A430D mutant variants showed significant alteration in Dnm1
puncta phenotype and number, these mutations along with FL-Dnm1-GFP were further analyzed
for the dynamic nature of the protein by time-lapse imaging. Several cells were analyzed for

tracking Dnm1-GFP puncta and a representative image of such a tracking is shown in Fig. 5.9.

The puncta that was tracked using ImageJ is marked by an arrow (Fig. 5.9A). The tracks of
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movement of the selected puncta are shown in Fig. 5.9B. As depicted, FL-Dnm1-GFP exhibited
the most dynamic behavior with extensive movement in both X and Y directions. The small
puncta in A430D cells exhibited restricted movement and the punctate structure in G397D cells

was almost immobile.

5.2.5 A430D exhibits a dominant-negative effect

The DRP1 mutations exerted a heterozygous dominant-negative effect in the patients i.e.
mutant alleles showed interference with the function of the WT DRP1 allele [194, 195, 197, 199].
To analyze if the dominant-negative effect can also be observed in yeast cells, all the mutant
variants were expressed in WT cells that also expresses endogenous Dnml. The WT
mitochondrial morphology in most cells is reticular and branched and this did not alter
significantly with the expression of plasmid encoded Dnm1 (Fig. 5.10A, 5.10B). In contrast,
A430D mutant showed the most drastic change in mitochondrial morphology where 65% of the
cells showed collapsed and 25% of the cells exhibited tubular mitochondrial phenotype (Fig.
5.10A, 5.10B). This was the most significant dominant-negative allele. Approximately 35% of
the R438C expressing cells showed either tubular or collapsed mitochondria, indicating a
moderate interference of this particular mutation on the endogenously expressed WT functional
Dnm1 (Fig. 5.10A, 5.10B). However, mutants G397D and C481F had almost no effect on Dnm1-
WT function as both mutants showed more than 80% cells with reticular and branched

mitochondrial morphology (Fig. 5.10A, 5.10B).
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Fig. 5.10 Expression of Dnm1 mutant variants in WT yeast cells for assessment of dominant-negative effects.
(A) Mitochondrial morphology in WT yeast upon expression of different Dnm1 mutant variants (A430D, G397D,
R438C and C481F). Scale bar represents 5 um. (B) The graph represents quantification of mitochondrial
morphology in WT yeast cells expressing mitochondrial membrane targeted preCOX4-mCherry and mutant variants
of Dnm1. Error bar indicates SEM of two independent experiments. A two-way ANOV A with Dunnett’s multiple
comparison was used to assess the significance of difference observed in mutant variants with cells expressing FL-
Dnm1-GFP. ****p < 0.0001.

5.2.6 MD simulation of mutated variants of Dnm1l
Recently, machine learning was used to investigate the role of Dnm1 in mitochondrial
fission [263]. The computational structural analysis suggested that mutation in the GTPase

domain (e.g, G43S and K206N) results in impaired nucleotide-binding [291]. The link between
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the structure and dynamics of Dnm1 protein is not completely understood. MD simulation can
be a useful tool in understanding the structure-dynamics relationship of Dnm1. To understand
the effects of mutations in the middle domain on the local structure and dynamics of Dnm1, we
first built the 3D structure of Dnm1 using homology modelling and the resulting structure was
subjected to MD simulations for the first time. Results indicate that A430D mutation exerts
pronounced effect in altering the local structure and dynamics.

Root mean square deviation (RMSD) of the protein-heavy atoms of Dnm1 relative to the
homology modelled structure was estimated and is given in Fig. 5.11. Small RMSD of < 3.4 A
indicates that the MD structures are very similar to the starting template homology structure. The
region around residue 430 shows the highest structural deviation relative to the starting template

structure. Plateau of RMSD vs time plot confirm structural convergence.
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Fig. 5.11 Root mean square deviation (RMSD in A) vs time (in ps) plot. RMSD was estimated relative to the
starting structure (homology modelled Dnm1). Average RMSD was estimated from the last 40 ns of trajectory.
Standard deviation is reported after +.
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Root-mean-square fluctuations (RMSF) is a popular choice to measure the flexibility of
biomolecule during an MD trajectory. RMSF was estimated along the MD trajectory and
averaged for every amino acid residue. Comparison of RMSF between WT and mutant Dnm1
indicates that (1) local flexibility is severely altered in response to A430D mutation (see residue
417-423, and 436-449, Fig. 5.12A). Note, flexibility increases in the residue 417-423 region
and decreases in residue 436-449 region upon A430D mutation. (2) G397D and C481F
mutations are less significant in altering protein flexibility (Fig. 5.13).

A430D mutation results in a conformational change of helix-loop region (residue 421—
443, Fig. 5.12B) and alters the local intra-protein interaction network around the mutation site
(Fig. 5.12B). The appearance of polar side-chain upon A430—D430 mutation in the hydrophobic
patch (consist of V427, 1431, and VV443) of Dnml1 is energetically unfavorable and induces the
conformation change by exposing the D430 side-chain to solvents and fine-tune the intra-protein
interaction network (Fig. 5.12B, Table 5.1). A430D mutation results in the formation of hydrogen
bonding network involving R438 (side-chain) and T435 (backbone), disrupting T419 (side-
chain) and P418 residues. Hence, A430D mutation results in a decrease and increase in the
flexibility in the region containing R438 and T419 respectively (Fig. 5.12A). Conformation
change of the helix-loop region (residue 421-443) is a robust feature observed in the MD
simulations (Fig. 5.12B). R428 and R432 form salt-bridge with E667 and E669, respectively in
the A430D mutant (Fig. 5.12B), whereas WT Dnm1 shows R428:E666 and R432:E667 salt-
bridges.

Comparison of the WT and G397D mutant structures reveals a noticeable change in the
loop (residue 384-397) orientation (Fig. 5.14A). The change in local interaction network in
response to G397D mutation includes (1) formation of salt bridge interaction between D397 and
K480, and (2) loss of two backbone hydrogen bonds (i.e, R400:C396, 1401:G397) (Fig. 5.14A,

Table 5.1). Loss of backbone interactions leads to the altered orientation of the loop (residue

143

TH-3292_166106009



Chapter 5 Results

384-397).
Structural integrity was preserved and least altered in C481F mutant relative to its

analogue (WT). The bulky phenyl side-chain of F481 in the mutant is adjusted in the hydrophobic

patch by disrupting C481-N378 interaction (Fig. 5.14B).
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Fig. 5.12 (A) MD trajectory averaged residue-wise RMSF of protein-heavy atoms. A430D mutation results in
increase and decrease of flexibility around T419 and R438 residues. (B) MD structure of WT and mutant (A430D)
around the mutation site. Hydrophobic pocket in the vicinity of the residue 430 is denoted by grey surface. Key
interactions are highlighted by the broken line and the location of mutation is marked with red arrow. Helix-loop
conformation change as a result of A430D mutation is highlighted within the black-box.
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Fig. 5.13 Residue-wise RMSF of protein-heavy atoms: WT vs G397D (upper panel), WT vs C481F (lower panel).
RMSF was estimated by averaging over last 25 ns of 50 ns trajectory. Location of mutation is marked with red
arrow.
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Solvent accessible surface area (SASA) of a biomolecule is a geometric measure of the
surface area that is accessible to a solvent. SASA plays a key role in biomolecular association
(binding affinity). Estimation of SASA from the MD trajectories suggests no significant change
in SASA in response to mutations (Table 5.2). A small increase in SASA in case of C481F
mutation is due to the larger size of F side-chain. Secondary structural content (helix, sheet and
loop region) was also well conserved during MD simulations for both WT and mutant variants
of Dnm1 (Fig. 5.13).

R438 is located in the loop region of the middle domain of modelled WT Dnm1 (Fig.
5.1C). R438 is not involved in interactions with any other protein residues of Dnm1 monomer
and exposes its side-chain to the water. Hence, R438C mutation is unlikely to alter the secondary
structural feature of the protein. Thus, we have not performed simulations with R438C mutant.
It can be argued that R438C mutation might hinder the dimer/higher-order structure or disrupt
interaction with other interacting partners. The lack of high resolution experimental structural
data certainly limits the computational analysis. Furthermore, our MD simulations is not
appropriate to address the importance of bio-molecular cross talk involving multiple bio-
macromolecular partners including Dnm1; nevertheless, the results provide atomic insights into
the structural and dynamical aspects of monomeric Dnm1 in response to mutations (A430D,

G397D, and C481F).
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Table 5.1 Key interatomic distances (in A) around the mutation sites of Dnm1 (averaged over the MD
trajectories) WT (3™ column) and its mutant analogue (4™ column). Distances are averaged over last 25
ns of 50 ns MD and standard deviation is given as error after +. Heavy atom distances more than 3.4 A
are not reported.

SI.No Residue pairs WT (Distances in A) A430D (Distances in A)
1 K674 E664 3.29+0.78 2.77x£0.12
2 K674: E666 2.68 £ 0.09 2.87+£0.43

. 2.73+£0.12 -
3 E666: R428 571013 ]

. 2.98 £ 0.54 -
5 E667: R432 350 + 043 )

. - 2.95+0.47
7 E667: R428 ) 591 +0.44

_ 2.69 + 0.09
8 E669: R432 - 273+011
9 T419: P418 (main-chain/O) 2.68 £ 0.93 -

R428: T435 (main-

10 chain/O) - 2.90+0.21

SI. No Residue pairs WT (Distances in A) G397D (Distances in A)

1 R400: EA73 2:32 s 8:% 332 \ 8:22
SRR waw
s OIS g -
4 D397: K480 ﬁ 299 + 044

Table 5.2 Trajectory averaged (from last 25 ns of 50 ns production dynamics) SASA and secondary
structural elements for WT and mutant Dnm1. Standard deviation is given after .

in 9
MD simulation system  SASA (in nm?) Secondary structural content (in %)

Helix Sheet Loop
WT (A430) 82.39 +1.37 47.7 - 52.3
Mutated (D430) 82.22 +1.31 47.7 - 52.3
WT (G397) 121.16 £1.54 65.1 01.1 33.8
Mutated (D397) 120.55 +£1.46 69.3 01.1 29.7
WT (C481) 119.84 +1.57 65.4 - 34.6
Mutated (F481) 124.34 £1.89 66.7 - 33.6
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5.3 Discussion

DRP1 is the central protein that regulates mitochondrial fission. It is conserved across
eukaryotes and the yeast orthologue is called Dnm1. DRP1/Dnml belongs to the family of
dynamin-like GTPase proteins whose mechanism of action is proposed to be similar to that of
classical dynamins with a difference in their membrane association [303]. The role of distinct
domains of the protein in its function has been extensively studied. Earlier studies have analyzed
various pathogenic mutations of DRP1 and their corresponding Dnm1 variants such as K41A,
G385D, G35A, A430G, R438C, C466Y for mitochondrial morphology in yeast [189]. In this
study, we have chosen four additional pathogenic mutations and investigated the mitochondrial
morphology and studied in detail the effect of the chosen mutations on protein structure and
function. The four Dnm1 mutations mimicking equivalent DRP1 mutations that cause disease
conditions in humans were generated and expressed in yeast. All the chosen mutations in this
study are mapped to the middle domain of the protein. Fluorescence microscopy and western
blotting confirms that all the mutant variants of the protein were expressed in yeast cells.

DRP1%%2P mutation resulted in hyperfused mitochondria in patient cells [195]. In our
study, expression of G397D (DRP1%62P) (neutral non-polar glycine to acidic polar aspartic acid)
was reduced in stationary cells when compared to the FL-Dnm1 and other mutant variants.
Further, we also observed reduced number of Dnm1 puncta in these cells which were also larger
in size. These puncta also differed in their dynamic nature and were observed to be very static,
unlike the WT protein. Strikingly, cells expressing this mutation had reduced growth on glycerol
signifying loss of mitochondrial function. Additionally, these cells depicted highly fragmented
mitochondria on glycerol unlike WT cells. Fragmentation of mitochondria in these cells could
be as a result of accumulation of reactive oxygen species which in turn could be due to
dysfunctional mitochondria. Our observation that the cytosolic fraction of the protein is reduced
in cells expressing G397D and also that the puncta are immobile suggests that this mutation most
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likely does not interfere with the localization of the protein to the mitochondria but may hamper
the disassociation of the protein from the organelle. Computer simulations of G397D mutant of
the monomeric Dnm1 reveals a striking change in the orientation of a loop region (residue 384—
397, Fig. 5.14A). This conformational change of the loop might hamper the formation of higher
order structure resulting in functional loss. Earlier studies have reported a lack of association of
DRP1%%2D variant with its anchor Mid49. Interestingly, cryo EM studies of this variant showed
that DRP1 formed only closed ring-like structures which differed from the tubules and rings
formed by the WT protein. Also the WT rings were dynamic and disassembled in the presence
of GTP unlike the mutant [131].

The mutation that showed the greatest effect on mitochondrial morphology and protein
function was the A430D. This is equivalent to the DRP143%P mutation that was reported in a
patient who exhibited abnormal brain development and survived only 37 days of birth. The
patient fibroblasts exhibited aberrant mitochondrial and peroxisome morphology [194]. This
mutation also showed problems with higher order assembly and enhanced monomeric species of
the protein were observed using size exclusion chromatography [122]. Very interestingly, A430D
resulted in the loss of punctate phenotype of Dnml with most cells expressing cytosolic
fluorescence. However, a fraction of cells expressing A430D also exhibited numerous small
puncta albeit which showed reduced dynamic behavior when compared to WT protein. A similar
cytosolic distribution of the protein was earlier reported for another middle domain mutation
G385D which was also reported to be non-functional and exhibited aberrant mitochondrial
morphology [104, 189]. In our study, A430D also exhibited the most robust dominant-negative
phenotype when expressed in WT cells and interfered with the function of the WT protein. MD
simulations suggest that A430D mutation induces a conformational change of a helix-loop region
(Fig. 5.12B) and severely alters the local flexibility (Fig. 5.12A) relative to WT monomeric

Dnm1 and corroborates the experimental observations.
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The C481F (neutral slightly polar cysteine to neutral nonpolar phenylalanine) and R438C
(basic polar arginine to neutral slightly polar cysteine) mutations had a more subtle effect on the
overall function of Dnml. Approximately, 40% of cells in R438C showed fallen or tubular
morphology similar to dnml cells. Similar data was earlier reported in MEF cells harboring
DRP1R4%3C mutation [199]. The number of Dnm1 puncta, localization and the dynamic behavior
of the protein in cells expressing R403C was similar to that of WT protein. R438C in our study
showed a milder dominant-negative effect in yeast which is in line with an earlier report [189].
Yeast cells expressing C481F did not show any marked difference in mitochondrial morphology,
localization and dynamics of the protein. In contrary, patient cells expressing C446F exhibited
hampered mitochondrial fission and reduced expression of the protein [197].

Overall, we have shown that mutations at equivalent sites of Dnm1 can be used to model
fundamental aspects of DRP1 function. Interestingly, not all studied disease mutations exhibited
a dominant-negative effect as reported in disease conditions. We therefore, cannot exclude that
yeast do not fully recapitulate the complexity of the diseased conditions though much of our
understanding of mitochondrial function comes from studies in S. cerevisiae. Interestingly,
though all the studied mutations are mapped to the middle domain of the protein, the extent of
effect caused by these on mitochondrial structure, structure and function of the protein is very
diverse. This further highlights important residues/ regions in the middle domain of the protein
needed to maintain optimum structure and function. Our data suggests that detailed study of
individual mutations is necessary to understand the molecular alterations in disease mimicking
conditions. However, as mitochondria have a key role in several essential cellular functions, the
diseases caused due to alterations in this organelle are also not only very diverse but challenging

to study.
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6.1 Conclusion

The important feature that differentiates eukaryotic and prokaryotic cells is the presence
of membrane-bound structures in the former. Hence, eukaryotic cells rely on extensive
membrane dynamics. Most of these membranes undergo constant remodelling, fission and
fusion to maintain the organelle shape and form. This shape and form are ultimately linked to
the function of the sub-cellular structures. Several cellular functions, such as secretion,
organelle biogenesis, autophagy, and cell division, rely on this ability of membranes [304, 305].
Membrane remodelling, fission and fusion are regulated by several proteins [27, 306, 307]. The
large GTPase protein family that comprises dynamins and related proteins constitutes an
important group of such proteins [71, 308]. The importance of dynamin-related proteins in
organelle biogenesis has been accepted for a long time and is also reported in several model
organisms [86, 87, 260, 261, 275, 300].

One such organelle that is dependent on the dynamin-related proteins for the
fission and fusion of its membrane is the mitochondria [68, 71, 309]. Interestingly, the proteins
required for mitochondrial fission are conserved across all eukaryotic organisms, and so is the
central regulator, the GTPase Dnm1 (DRP1 in mammals), which is essential for mitochondrial
fission [71, 310]. In yeast, the transmembrane protein Fisl recruits Dnm1 with the assistance
of adaptor proteins Mdv1 or Caf4 [88, 92, 93, 103, 107]. Subsequently, Dnm1 forms oligomers
on the mitochondrial membrane, which encircles the fission site and eventually divides the
membrane by its GTPase activity [111]. The ER-mediated constriction marks the fission site
on the mitochondria and a role for cytoskeletal elements in this has also been proposed [20,
136, 311].

Most studies concerning yeast Dnm1 have utilized microscopy and biochemical
approaches as the major tool, to characterize the role of the protein in mitochondrial fission.

Residues in various domains of the protein have been reported to be essential for the function
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of the protein [94, 99, 104, 263]. Mutations not only in the GTPase domain of the protein but
also in the other domains are reported that lead to the loss of function of the protein [99, 104].
This emphasizes the importance of inter-molecular interactions that form large oligomers
involving different domains [94, 99, 111, 274]. On the other hand, it is noteworthy that
extensive literature is available on the regulation of human DRP1 by various post-translational
modifications (PTMs) in different cell types [141, 143, 145, 147, 148, 151]. Among these, the
regulation of DRP1 activity via phosphorylation has been extensively studied [141, 143, 145].
Very few studies have reported such regulation in other model organisms [261, 282]. Several
global proteome studies have reported sites that can undergo phosphorylation in
Saccharomyces cerevisiae. However, it is unknown if this phosphorylation has any role in
regulating the protein’s structure and function. Interestingly, recent study has identified
phosphorylation of C. merolae Dnm1 at T139. However, the authors reported that this
modification had no role in the localization of the protein [261].

The research pertaining to organelles has garnered attention in recent times, especially
with the emergence of studies reporting organelle dysfunction in disease conditions.
Dysfunctional mitochondria and especially lack of regulation of fission (i.e. both excessive
fission and lack of fission) are associated with various pathological conditions in humans [41,
155, 312]. The altered PTM status of DRP1 is a major contributor to this lack of regulation of
mitochondrial fission [143, 147, 284, 313]. Not only PTM, but several studies have linked
specific mutations in DRP1 to disease conditions in humans [187, 193, 194, 197]. Given the
high degree of conservation between Dnml and DRP1, structural and functional analysis
conducted using Dnm1 as a model largely applies to DRP1. Thus, to further understand the
regulation of Dnm1-mediated mitochondrial fission a two-sided approach was used. The first
is to decipher and characterize phosphorylation-mediated regulation of Dnm1 and the second

is to gain insights into disease-causing DRP1 mutations using Dnm1 as a model.
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To achieve the above objectives, we started off with the construction of two Dnm1
fusion proteins, Dnm1-GFP and Dnm1-His-HA. Both the fusion proteins were functional as
they complemented cells lacking Dnm1 and restored the defective mitochondrial morphology.
The fusion proteins also enabled us to study the expression, localization and function of Dnm1
in vivo and in vitro. The secondary structure of the purified protein was determined to be
predominantly a-helical. These fusion proteins were subsequently used for determining the
effect of selected residues on the structure and function of the protein. To dig deeper into the
regulation of Dnm1 by phosphorylation, five putative residues (T62, S277, S575, S624, S629)
conserved across species and reported by global phosphoproteome studies were analyzed. We
identified T62 and S277 two residues in the GTPase domain, as important for both in vivo and
in vitro function of Dnm1. Cells expressing mutant variants Dnm1T62A/D and Dnm1S277A/D
showed mitochondrial morphology predominantly similar to dnm1 cells (Fig. 4.5). However,
T62A/D and S277A/D mutant variants differed in the number of GFP-puncta in the cells and
their localization. We report for the first time a residue in the GTPase domain, S277 which
when mutated to either A/D still localized to the mitochondria, retained its secondary structure
but was non-functional. Not only the in vivo experiments but also the in vitro GTPase activity
assay revealed a significant reduction in the activity of T62A/D and S277A/D variants (Fig.
4.11E). T62A/D and S277A/D are able to form higher-ordered structures in vitro, which are
most likely non-functional (Fig. 4.12). MD simulation and computational analysis revealed
altered atomistic motion of residues far from the mutation site (Fig. 4.16B), increased protein
compactness in S277A (Fig. 4.15), and large RMSD fluctuations in GED and B-insert domains
(Fig. 4.13), suggesting altered intramolecular interactions upon mutation of GTPase domain
residues (Fig. 4.16A).

The mutations exhibited a dominant-negative effect, suggesting that the mutant protein

interacts with the WT protein and renders it non-functional (Fig. 4.17). At this stage, we are
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unable to say if these residues (both T62 and S277) undergo phosphorylation and if the effect
observed is due to the altered phosphorylation status of the protein in the variants or the change
in the structure and interactions of the protein that may result due to aminoacyl substitution.
However, both scenarios highlight the importance of these residues for the function of the
protein.

In this study, we also further mimicked four disease-causing mutations of the middle
domain of human DRPL1 in yeast Dnm1. Altered mitochondrial morphology similar to as in
dnml cells was observed in A430D. Protein expression, localization and dynamics were
analyzed and have been found to be affected in these cells. The reduced cytosolic fraction and
presence of immobile puncta in cells expressing G397D variant suggested that this mutation
does not affect the localization of Dnm1 to mitochondria but may hinder its disassociation from
the organelle (Fig. 5.7, Fig. 5.8). MD simulations of the G397D variant revealed a significant
conformational change in a loop region, potentially disrupting higher-order structural formation
and causing functional loss (Fig. 5.14). A430D mutation, on the other hand, resulted in a
completely different phenotype of Dnm1-GFP, unlike all other mutant variants analyzed in this
thesis. Cells expressing A430D displayed cytosolic fluorescence and Dnm1 puncta was not
visible in most cells (Fig. 5.7). A430D also showed a strong dominant-negative effect when
expressed in WT cells similar to T62A/D and S277A/D variants (Fig. 5.10). MD simulations
suggested that A430D induced a conformational change in a helix-loop region, severely
affecting local flexibility compared to the WT monomeric Dnm1, consistent with experimental
findings (Fig. 5.12). The R438C and C481F mutations showed milder effects on mitochondrial

morphology and protein function.
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Fig. 6.1. Schematic representing the life cycle of Dnm1 and its role in mitochondrial fission. From the results
obtained in our study, the mutant variants are most likely affected at different stages of the lifecycle of Dnm1.
The cytosolic fluorescence observed in most A430D expressing cells indicate that the dimer-tetramer
interconversion in the cytosol may be dysregulated in these cells. On the other hand, very small and weak
fluorescent spots were observed in some cells, posing a question of their functional oligomeric status on the OMM.
T62A/D mutations most likely hinder the recruitment of Dnm1 to the OMM. S277A/D though localized to OMM,
may impede the formation of functional oligomers. Lastly, G397D mutation most likely hampers the release of
Dnm1 oligomers from the OMM.

In a nutshell, in this study we have analysed nine residues, out of which two are in the
GTPase domain, four in the middle domain and three are in the variable domain of the protein.
Interesting phenotypic changes were observed upon mutating four residues, T62, S277, G397D,
and A430D. The lifecycle of Dnm1 from the cytosol back to cytosol has been described in the
earlier chapters. From the different phenotypes observed in our study and their detailed
analysis, we hypothesize and indicate the role of the four residues in various stages of the life
cycle of Dnm1 (Fig. 6.1). We propose that A430D variants are most likely arrested at the dimer
(or monomer) stage that in turn also effects the dimer-tetramer stoichiometry in the cytosol and
their recruitment to the OMM. Interestingly, small and faint Dnm1 puncta on the OMM were
observed in some of these cells suggesting dysregulated higher-order structure formation.

T62A/D, on the other hand, may form oligomers in the cytosol but are not recruited to the

OMM (Fig. 6.1). S277A/D are recruited to the OMM but are unable to form functional higher-
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order structures (Fig. 6.1). Lastly, G397D is also recruited to the OMM but is unable to
disassociate from the OMM, an important step in the life cycle (Fig. 6.1). In summary, these
findings highlight the diverse effects of mutations on Dnm1 and emphasize the importance of

studying individual mutations to understand the structure-function relationship of the protein.

6.2 Future perspectives

» Our data highlights the significance of two residues (T62 and S277) in the G2 and
G5 motifs of the GTPase domain that affect the function of the protein both in vivo
and in vitro. We could not detect the phosphorylation of these residues in the
conditions used in this study. The contribution of this modification to the phenotypes
observed needs to be assessed.

» However, it cannot be ruled out that the changes are purely due to structural alterations. For
this, X-ray crystallography or Cryo-EM structure of the purified protein can be determined
to pinpoint the exact structural changes.

> Interestingly, some recent literature on other proteins, such as Ras and Rab, suggests a link
between the phosphorylation of residues in the GTPase domain and GTP hydrolysis. It can
be determined if this is also true in the case of Dnm1.

> Altered local structure and localization phenotype upon mutating key residues have been
observed in this study. This also suggests altered interactions with the interacting partners
of Dnm1 and should be analyzed.

> Inour study, we propose two types of higher-order structures of Dnm1, functional and non-
functional. It is intriguing as to how these two can be distinguished.

» The cytosolic fluorescence observed in A430D is a very interesting phenotype observed for
Dnm1, which is otherwise always seen as dynamic puncta. Dnm1 is also reported to exist
as dimers in the cytosol. Hence, the observed phenotype in A430D variant needs further

characterization.
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» We have also reported that the mutations resulted in dominant-negative effects when
expressed in WT cells. How this is exactly achieved needs to be investigated.

» Several new mutations have been reported after our study was initiated [190-193]. It is
important to study different mutations in detail to link the structural alterations with the
observed defects in function.

» The exact regions of G1/G2/G3/G4/G5 in yeast Dnm1 are not identified. The effect of each
region on GTP-binding and GTP hydrolysis needs to be understood.

> Finally, we have also observed some variation with respect to the importance of residues in
human and yeast proteins. For instance, S616 is extensively phosphorylated and crucial for
the function in human DRP1. On the other hand, the corresponding residue in yeast S624
is not indispensable for the function of Dnm1. Initial studies suggest that phosphorylation
of Dnm1 may not be as essential in both budding yeast and fission yeast as in human DRP1.
Is there an evolutionary significance for such a mechanism of regulation in higher
eukaryotes? This needs to be addressed.

» Given the significance of mitochondria in cellular processes, diseases associated with
mitochondrial alterations are diverse and challenging to study. Studying the role of Dnm1
in different model organisms will also provide comprehensive insights into mitochondrial
dysfunction-related disorders. Ultimately, understanding the precise molecular mechanisms
that regulate the function of Dnm1 and DRP1 can also open avenues that can be used as a
therapeutic approach in treating disease conditions where altered mitochondrial fission is a

major contributor to the disease pathology.
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