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ANNOTATION

The acquisition of mitochondria from an endosymbiont closely related to extant
alphaproteobacteria occurred prior to the divergence of modern eukaryotes. Since then, diverse
eukaryotes have not only developed a number of different mechanisms to adapt to their
environment regarding growth and proliferation, but perpetuated certain traits that have
persisted for eons. This thesis postulates an ancestral mechanism for cristae development in
mitochondria involving interplay between two cristae shaping protein complexes, the
Mitochondrial Contact Site and Cristae Organization System and FiFo-ATP Synthase, that has
remained conserved throughout eukaryotic diversification for over 2 billion years.
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1. INTRODUCTION

“Let us beware of saying there are laws in nature. There are only necessities: there is no one
to command, no one to obey, no one to transgress.” — Friedrich Nietzsche 1882

The mitochondrion: A brief summary

Mitochondria are essential double-membrane bound organelles that are commonly
referred to as the “powerhouse” of the cell, as they supply aerobic eukaryotes with energy in
the form of ATP through respiration to meet bioenergetic needs. These organelles are inferred
to have been present in the eukaryote cenancestor, i.e., the last eukaryotic common ancestor
(LECA) (Roger et al., 2017). The acquisition of mitochondria from an endosymbiont closely
related to modern alphaproteobacteria occurred prior to the divergence of modern eukaryotes
(Martijn et al., 2018)(Eme et al., 2017). To date, mitochondria has been most well studied in
systems belonging to what is referred to as the Opisthokonta supergroup, containing model
organisms such as Mus musculus, Drosophila melanogasger and Saccharomyces cerevisiae
(Hashimi, 2019). These organisms represent a single clade of the eukaryotic Tree of Life, thus
depicting an isolated view of the diversity of mitochondria (Burki et al., 2020).

The philosophy of evolutionary cell biology suggests that a comparative approach to
biological systems in different organisms can shed light to their chemical and physical
limitations with respect to their evolution (Lynch et al., 2014). This comparative approach
allows us to discover flexible features as well as aspects that can give rise to novel properties,
as there are pathways not found in model systems but are nevertheless widely distributed
throughout eukaryotes. Moreover, by studying mitochondria in diverse organisms outside the
opisthokonts, we can discern specific features which have been lost, gained, and retained in
multiple lineages, thus completing the picture as to what the ancestral mitochondria in LECA
was like.

Labyrinthine beginnings: Evolutionary origin of the mitochondrion

In 1967, Lynn Sagan (later Margulis) famously published a paper titled On the Origin
of Mitosing Cells, in which she proposed that mitochondria and chloroplasts derived from
endosymbiotic bacteria, building upon the theory of symbiogenesis from Konstantin
Mereschkowski at the turn of the 20" century (Sagan, 1967). Initially receiving much
controversy, phylogenetic analyses of both genes and proteins from both organelles a decade
later confirmed their prokaryotic provenance (Bonen et al., 1977)(Schwartz and Dayhoff,
1978)(Yang et al., 1985)(Andersson et al., 1998). Since then, numerous datasets made available
through high-throughput sequencing and subsequent bioinformatic analyses has further
advanced our understanding of the evolutionary origin of mitochondria (Mufioz-Gémez et al.,
2017). These modern phylogenomic analyses have confirmed that the ancestorial



protomitochondria endosymbiont was indeed related to what is now known as
alphaproteobacteria (Roger et al., 2017).

The acquisition of this alphaproteobacterial endosymbiont by a host related to Asgard
archaea laid the groundwork for eukaryogensis (Martijn et al., 2018)(Eme et al.,
2017)(Zaremba-Niedzwiedzka et al., 2017). The origin and early evolution of mitochondria
can be depicted in a linear and progressive way (Fig. 1.). The earliest eukaryotic common
ancestor of mitochondria is known as the mitochondrial cenancestor, present in LECA. Prior
to that, numerous events may have taken place after the initial acquisition of the pre-
mitochondrial alphaproteobacterium from FECA (first eukaryotic common ancestor) such as
the loss of various “proto-eukaryotes” species that contained this pre-mitochondrial
alphaproteobacterium but became extinct, allowing only a single species to survive and
ultimately become the forefather to all present-day eukaryotes (Roger et al., 2017). Subsequent
investigations of diverse protists and multicellular genomic datasets years later revealed that
indeed all currently known eukaryotes descended from this single species mitochondrion-
containing ancestor (Roger, 1999)(Embley, 2006)(Dacks et al., 2016). Hence, it is wise to study
mitochondria from diverse organisms in order to find commonalities that may shed light into
how the mitochondrial cenancestor was like.

Asgard Alpha

archaea proteobacteria \

Proto- mitochondria
eukaryotes 1

Lateral gene |
transfer

FECA I

Fig. 1. The origin and evolution of mitochondria and eukaryotes (Roger et al., 2017).
Crosses indicate extinct lineages.



Back to the basics: General structure and function of mitochondria

At the finer level of mitochondrial internal architecture, a tight coupling between
function and structure has been observed (Mannella, 2006)(Mannella et al., 2013)(Cogliati et
al., 2016)(Iovine et al., 2021). The mitochondrial envelope comprises the mitochondrial outer
membrane (MOM) and the mitochondrial inner membrane (MIM), while the space between
the MOM and MIM is referred to as the intermembrane space (IMS) (Fig. 2.) (Bornstein et al.,
2020).

MOM MIM

CL membrane

ETC mtDNA

MICOS

Fig. 2. Schematic illustration of mitochondria. Mitochondrial outer membrane (MOM)),
Mitochondria inner membrane (MIM), Intermembrane space (IMS), Crista junction (CJ),
cardiolipin (CL), Mitochondrial DNA (mtDNA), Electron transport chain (ETC), Tricarboxylic
acid cycle (TCA), Mitochondrial Contact Site and Cristae Organization System (MICOS),
Translocase of the outer mitochondrial membrane (TOM), Sorting and assembly machinery
(SAM).

The MOM serves as a barrier between the organelle and cytoplasm and mediates contact with
other cellular organelles (e.g., the endoplasmic reticulum) (Scorrano et al., 2019). Numerous
channels and pores allow the MOM to be permeable to ions and small uncharged molecules.
Large multiprotein translocases and chaperone structures, including the translocase of the
outer membrane (TOM) and the sorting and assembly machinery (SAM) are found
throughout the MOM. Nuclear encoded mitochondrial proteins enter the mitochondria via
TOM, enabling protein import into different sub compartments, with the aid of N-terminal
signal peptides (Neupert, 1997)(Model et al., 2002)(Kunze and Berger, 2015). Whereas large



B-barrel proteins destined to be directly inserted into the MOM are folded and translocated by
SAM (Paschen et al., 2003)(Wiedemann et al., 2003)(Hohr et al., 2018)(Takeda et al., 2021).

The space between the outer and inner membrane is referred to as the intermembrane
space (IMS). Components of the IMS participate in a variety of functions including protein
folding and degradation, transport of metabolites (e.g., ATP, fumarate, citrate, camitine, efc.)
between the cytoplasm and MIM (Herrmann and Riemer, 2010), and reactive oxygen species
(ROS) signaling (Bornstein et al., 2020). The IMS is also the most constricted sub-
compartment of the mitochondria (Edwards et al., 2021), containing only 5% of the
mitochondrial proteome (Rath et al., 2021), yet houses a large variability of import pathways,
including the Mia40, cytochrome 52, cytochrome ¢ heam lysate, and uncoupling protein import
pathways (Edwards et al., 2021).

In order to maintain the transmembrane gradient required for respiratory metabolism
the MIM is largely impermeable to ions and small molecules, allowing only oxygen, carbon
dioxide and water to move freely between the membrane (Lemasters, 2007). Unlike the MOM,
the MIM harbors a complex morphology and invaginates into the matrix giving rise to
specialized sub-compartments called cristae, which are attached to the MIM by crista junctions
(CJs) (Perkins et al., 1997)(Fig. 2.).

The MIM also has a distinct lipid composition, including the specialized phospholipid
cardiolipin, which physically contributes to the formation of cristae (Jouhet, 2013)(Panek et
al., 2020)(Tarasenko and Meinecke, 2021). Large multiprotein complexes needed for
respiratory metabolism and ATP synthesis, collectively known as the electron transport chain
(ETC), are enriched throughout the cristac membranes. Indeed, the manifestation of cristae is
linked to the presence of respiratory chain complexes, as anaerobic mitochondria, which
commonly lack these complexes, appear with little to no cristae (Mufioz-Gomez et al.,
2015a)(Friedman et al., 2015)(Péanek et al., 2020). This reduction of cristae under low oxygen
conditions demonstrates the interdependence between function and structure; as membrane
morphology modulates the organization and function of the oxidative phosphorylation
(OXPHOS) system (Cogliati et al., 2016).

Finally, the matrix is the space contained within the inner membrane. This space
harbors the various enzymes needed for pathways including those of the tricarboxylic acid
(TCA) cycle, oxidation of pyruvate, and beta oxidation of fatty acids. The matrix also houses
mitochondrial ribosomes and mitochondrial DNA (mtDNA), with both being associated in
proximity to the MIM (Liu and Spremulli, 2000)(Gerhold et al., 2015)(Colina-Tenorio et al.,
2020).

Mitochondria: A hub for diverse pathways

Respiratory metabolism, the aerobic catabolism of nutrients such as carbohydrates,
proteins, and certain fatty acids, for energy production, takes place in mitochondria (Spinelli



and Haigis, 2018). While mitochondria also play other roles, such as signaling pathways that
induce intrinsic apoptosis and the biogenesis of iron-sulfur (Fe/S) clusters (Bohovych and
Khalimonchuk, 2016)(Lill et al., 2012), the most well-known function is that of the production
of ATP via OXPHOS under aerobic conditions. Indeed, the mitochondria has shown to house
a variety of different pathways that are integrated into the eukaryotic cell.

Glycolysis, which converts glucose into pyruvate, occurs in the cytoplasm (or within
specialized organelles termed ‘glycosomes’ in kinetoplastids, for details see page 15)(Michels
et al., 2006). Meanwhile, the TCA cycle and OXPHOS occur in the mitochondria to produce
ATP, the primary energy currency for enzymatic reactions (Hroudové and FiSar, 2013).
Embedded within the MIM, the ETC is comprised of four multiprotein complexes, which
couple the transfer of electrons to pump protons across the MIM (Fig. 3.). This generates an
electrochemical gradient, ultimately allowing protons to drive back into the matrix through
F1Fo-ATP Synthase.

In brief, electron transport begins as Complex I (NADH dehydrogenase) oxidizes the
cofactor NADH (generated by the TCA cycle) to NAD+. Electrons also enter the ETC at
Complex II (succinate dehydrogenase) through oxidation of succinate to fumarate, a
complimentary step in the TCA cycle. The electron generated by both Complex I and Complex
IT is transferred to the coenzyme factor ubiquinone, allowing for the passage of the electron to
cytochrome ¢ via Complex III (cytochrome ¢ reductase). Intriguingly, Complex II is typically
found on the IBM and not enriched in cristae, raising questions on how these electrons travel
the long way towards the cristae-localized Complex III (Wilkens et al., 2013)(Cogliati et al.,
2016). Ultimately, cytochrome c shuttles the electron to Complex IV (cytochrome ¢ oxidase),
where it is then transferred into the matrix and accepted by oxygen as final electron acceptor.
During electron transfer, protons are pumped by Complex I/III/IV from the matrix into the
IMS. The proton gradient generated subsequently powers ATP production through FiFo-ATP
Synthase, which functions as a molecular rotor to generate ATP from ADP and inorganic
phosphate.



Cytoplasm

Outer \ \
membrane

Intermembrane
space

4H* 4H* 2H* nH*

Inner
membrane

Mitochondrial
matrix

NADH ~ NAD* FADH,  FAD .
+2H° +oHe |:2H +1/2oz+—- HzO]XZ

I |
T

Electron Transport Chain

G

Fig. 3. Diagram of the transfer of electrons via the ETC and movement of protons.
Adapted from (Wu et al., 2021).

While OXPHOS is ubiquitous throughout eukaryotes, both unicellular and
multicellular, certain commonly studied mitochondrial pathways are found restricted to single
monophyletic groups. Intrinsic apoptosis is a highly regulated and controlled process of
programmed cell death via membrane blebbing, cell shrinkage, and/or DNA fragmentation and
is currently known to solely occur in metazoans (Hengartner, 2000)(Green and Fitzgerald,
2016). This mitochondrial pathway of apoptosis is initiated by a range of exogenous and
endogenous stimuli (e.g., DNA damage and oxidative stress caused by chemical
toxins/radiation) which activate proteases known as caspases that degrade proteins (Hongmei,
2012). This caspase activation is closely linked to MOM permeabilization by proapoptotic
proteins known as Bcl family proteins. These proteins subsequently activate signal-transducing
molecules that associate to the MOM and induce permeabilization. Upon disruption of the
MOM via Opal cleavage, cytochrome ¢ (localized within IMS/cristae lumen) is released into
the cytosol and triggers the execution of total cell death by activating caspase-3 via the
formation of a cytochrome c/Apaf-1/caspase-9-containing apoptosome complex (Fulda and
Debatin, 2006)(Hongmei, 2012)(Gilkerson et al., 2021).

Iron-sulfur (Fe/S) clusters are essential factors of proteins involved in respiration, DNA
replication and repair, and regulation of gene expression (Lill et al., 2012). The assembly of
Fe/S clusters is ubiquitous to eukaryotes and is present in nearly all known mitochondria, unlike
intrinsic apoptosis. It has been theorized that this particular pathway is the reason why some
anaerobic eukaryotes retain relics of mitochondria termed mitosomes that have otherwise lost
all components for OXPHOS and other mitochondrial bioenergetic pathways (Shiflett and
Johnson, 2010).



Cristae: Variations on a common theme

Cristae, the structural hallmarks of the MIM, constitute respiratory sub-compartments
within the mitochondria (Péanek et al., 2020)(Wolf et al., 2019)(Toth et al., 2020)(Mannella,
2020). Cristae contain the ability to concentrate metabolites (Mannella et al., 2013), prevent
the release of signaling molecules (e.g.,, cytochrome ¢ during apoptosis) (Cogliati et al.,
2013)(Olichon et al., 2003)(Scorrano et al., 2002), and localize proton gradients by limiting the
diffusion of molecules between the intra-cristal space and the IMS (Mannella et al., 2001). This
compartmentalization is achieved by means of CJs, which appear as tubular, slot- or neck-like
membrane structures that differentiate the MIM into the inner boundary membrane (IMB) and
the crista membrane (Barbot et al., 2015)(Colina-Tenorio et al., 2020)(Panek et al., 2020).

Although cristae are present in all aerobic mitochondria, they exhibit variations among
a wide variety of eukaryotes (Panek et al., 2020). The diversity of cristae has also been
witnessed between different tissues and during metabolic changes, indicating their dynamic
nature (Zick et al., 2009)(Vafai and Mootha, 2012). Furthermore, the distribution of cristae-
shaping proteins (e.g., MICOS, FiFo-ATP synthase dimers, Opal) does not correlate with
specific cristae morphologies (Mufoz-Gémez et al., 2015a). Two major CJ morphologies have
been observed (Panek et al., 2020). The tubular like structures is the most predominant CJ
morphology and is seen in all eukaryotes except in a handful of species. The secondary, rarer
type has been observed in ascomycete fungi, and bears a flattened, slot like opening.
Nevertheless, the diameter and width of these two types of CJs are the roughly similar although
one represents a larger opening (Panek et al., 2020).

The morphology of the cristae is far more diverse than that of CJs. Five major types of
cristae morphologies have been observed and further categorized into 2 classes (Panek et al.,
2020). The tubulo-vesicular class encompasses tubular, vesicular and irregular tubule-vesicular
morphologies, while the flat class contains both discoidal and lamellar cristae (Fig. 4.).
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Fig. 4. Cristae structures are diverse in different eukaryotes. Modified from (Panek et
al., 2020).

MICOS: An overview

The Mitochondrial Contact Site and Cristae Organization System (MICOS) is a large
hetero-oligomeric protein complex that localizes at CJs and has been best studied and
characterized in model organisms Saccharomyces cerevisiae and Homo sapiens (Harner et al.,
2011)(Colina-Tenorio et al., 2020). To a lesser extent in recent years, MICOS research has
reached outside these two systems and into more esoteric species such as Trypanosoma brucei
(Kaurov et al., 2018) and Arabidopsis thaliana (Michaud et al., 2016). MICOS appears to be
responsible for the development and maintenance of CJs, as disruption of the complex in results
in the complete loss of CJs and the accumulation of internal stacked cristae vesicles detached
from the MIM. This defective ultrastructure ultimately leads to impaired aerobic respiration
and other secondary consequences such as altered mtDNA inheritance (Paumard et al.,
2002)(Colina-Tenorio et al., 2020). Indeed, this drastic disturbance in MIM morphology
demonstrates the rigid control that mitochondrial structure exerts on function (Rabl et al.,
2009)(Harner et al., 2011).

MICOS: A multitasking giant

MICOS has been most well characterized in S. cerevisiae, and consists of six subunits
assembled hierarchically into the subcomplexes Mic60-Micl9 and Micl12-Micl10-Mic26-
Mic27 (Friedman et al., 2015)(Mufoz-Goémez et al., 2015b)(Zerbes et al., 2012). Mic60 and
Mic10 are the two most functionally important MICOS subunits, as their disruption leads to
the most severe mutant phenotypes (Bohnert et al., 2015). Moreover, homologs for both Mic60
and Mic10 are found commonly distributed throughout the eukaryote tree of life in comparison
to other S. cerevisiae MICOS subunits (Mufioz-Gomez et al., 2015a). Hence, subcomplex
organization is based around these two subunits. Overall, MICOS has been shown to perform
two major roles: the formation of CJs and contact sites (CS) (Anand et al., 2021).

Mic60, previously annotated as mitofilin/Fcjl, was the first MICOS subunit to be
described in detail and was investigated using human cell culture (John et al., 2005). A
multifunctional protein, Mic60 is one of the two core subunits of the MICOS complex. It has
been shown to directly contribute to CJ formation by actively bending the membrane of the
MIM (Hessenberger et al., 2017)(Tarasenko et al., 2017). Studies both in vivo and in vitro have
demonstrated that the intermembrane space (mitofilin) domain of Mic60 has a lipid-bending
capacity and induces membrane curvature even in absence of its transmembrane domain
(TMD) (Tarasenko et al., 2017)(Hessenberger et al., 2017). It has also been recently shown
that the Mic60 subcomplex by itself is sufficient in inducing CJ formation when re-expressed
in MICOS knockout cell lines in human cells, demonstrating its critical role in establishing de
novo Cls (Stephan et al., 2020). Mic19 (including paralog Mic25 in humans/metazoans), part
of the Mic60 subcomplex, appears to regulate the mitofilin domain by binding to it directly via



its CHCH (coiled-coil helix coiled-coil helix) domain, thus modulating the membrane shaping
activity of Mic60 (Hessenberger et al., 2017). Additionally, Mic19 is the only known MICOS
subunit to lack a TMD and thus is not directly attached to the membrane (Sakowska et al.,
2015)(Tang et al., 2020).
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Fig. 5. Determinants of mitochondrial cristae architecture and dynamics (Colina-
Tenorio et al., 2020).

Mic10 is the second core morphogenetic factor in the formation of lamellar cristae in
human cell culture (Stephan et al., 2020), as it establishes homo-oligomers that induce strong
negative curvature at CJs to maturate the IBM into cristae (Barbot et al., 2015)(Bohnert et al.,
2015). Mic10 is as a small protein with two TMDs spanning across the MIM, hypothesized to
form a wedge-like topology (Rampelt et al., 2017b). Similar to Mic60, Mic10 has been shown
to bend membranes both in vivo and in vitro (Barbot et al., 2015). It has been speculated that
the combination of Mic10’s wedge-like topology and ability to homo-oligomerize through the
glycine rich motifs present in the TMDs are the main factors contributing to membrane
bending, as oligomerization mutants fail to induce curvature (Barbot et al., 2015).

Mic12 (putative metazoan homolog annotated as Qill) has been reported to act as the
intermediary bridge between the Mic60 and Mic10 subcomplexes (Zerbes et al., 2016)(Guarani
et al., 2015). The yeast paralogs Mic26/27 are theorized to directly bind to cardiolipin and thus



may play a scaffolding role in the stability of MICOS due to their evolutionary relationship to
apolipoproteins (Friedman et al., 2015)(Zerbes et al., 2016). Moreover, it was also reported
that in the absence of cardiolipin synthesis, the Micl0 subcomplex has been shown to be
affected, suggesting an interaction between cardiolipin and Mic26/27 (Friedman et al., 2015).
Additionally, an earlier study revealed that the human homolog of Mic26/27 may serve a
similar function (Weber et al., 2013)(Anand et al., 2021). Overall, both Mic26/27 and Mic12
have been shown to influence Micl0Q stability differently, indicating independent, non-
redundant roles (Zerbes et al., 2016).

The secondary major role of MICOS is the formation of contact sites (CS). Here, CSs
are defined as steric interactions between MICOS and other proteins in proximity that play
influential roles. In humans, the Mic60 subcomplex has been shown to interact with outer
membrane protein Sam50 via Micl9 to establish contact to the MOM, assembling what is
known as the mitochondrial intermembrane space bridging (MIB) (Xie et al., 2007)(Ott et al.,
2012)(Ding et al., 2015)(Tang et al., 2020). A similar interaction has been reported with both
TOM and the major metabolite channel porin/VDAC (voltage dependent anion channel), but
not thoroughly investigated (von der Malsburg et al., 2011)(Harner et al., 2011). Depletion of
Mic19 has been shown to lead MIB disassembly, as the Mic60-Mic19-Sam50 axis is disrupted.
Even in the presence of Mic60 and Sam50, abnormal mitochondrial morphology, reduced Cls,
and reduced ATP production were witnessed (Tang et al., 2020). Thus, it has been speculated
that Sam50 serves a role as an anchoring point to guide the formation of CJs in conjunction
with Mic60 (Ott et al., 2012)(Tang et al., 2020). It is also believed that this interaction between
MICOS and MOM proteins supports the import of mitochondrial proteins (Ueda et al., 2019).
This bridging of outer and inner mitochondrial membranes also plays a role in phospholipid
transfer and biosynthesis (Khosravi and Harner, 2020), as in the case of the MIB enabling Psd1
to decarboxylate phosphatidylserine to phosphatidylethanolamine in the MOM, as precursor
lipids need to be imported from the ER into mitochondria before further synthesized in the
MIM (Daum and Vance, 1997)(Connerth et al., 2012). Furthermore, cardiolipin precursors are
transported and synthesized in a similar fashion (Miyata et al., 2016)(Khosravi and Harner,
2020). In addition, depletion of Sam50 has shown decreased numbers of CJs (Ott et al.,
2015)(Ott et al., 2012)(Tang et al., 2020). Considering that the central role of Sam50 is the
embedment of B-barrel proteins into the MOM (Klein et al., 2012), it is safe to assume that that
this decrease in ClJs is the result of the lack of CSs and not a secondary effect caused by
decreased mitochondrial import.

Therefore, MICOS has been shown to form the core of a large network of interacting
proteins with diverse functions including membrane architecture, lipid biogenesis and
metabolism. Aside from steric interactions, MICOS has additionally been reported to
transiently interact with the protein Mia40, which is essential for import and oxidative folding
of precursors IMS proteins containing disulfide bridges (Peleh et al., 2016). In conclusion, the
MICOS network has thus been proposed to play an orchestrating role for the spatial and
functional coordination of various mitochondrial activities.



F1Fo-ATP Synthase: An overview

The FiFo-ATP Synthase consists of a hydrophilic, matrix-facing ATP-generating F;
head and the membrane-embedded Fo subcomplex (Fig. 6.) (Noji et al., 1997)(Yoshida et al.,
2001). The primary function of F-type ATP synthase is the synthesis of ATP from ADP and
inorganic phosphate coupled with the proton gradient generated by the ETC. Indeed, these F-
type ATP synthases are one of the most ancient enzymatic complexes as they are found
ubiquitously throughout all living organisms, including anaerobes (Ozawa et al., 2000)(Petri et
al., 2019). Predominantly, they are localized to the lumen of mitochondrial cristae, the
thylakoid membrane of chloroplasts, and the plasma membrane of bacteria (Kiihlbrandt, 2019).
Currently, F-type ATP synthases are the only known biological mechanism capable to
transduce a membrane protentional directly into chemical energy, thus making it one of the
most fundamental reactions in the field of biology (Kiihlbrandt, 2019).

F1Fo-ATP Synthase: A marvelous enzyme

F-type ATP synthases, when operating in the forward mode, employ proton motive
force generated by the ETC to produce ATP, the universal energy currency of the cell, by rotary
catalysis. In the reverse mode, they act as ATP-consuming proton pumps contributing to the
generation of electrochemical membrane potential. Prokaryotes have been known to utilize
both modes depending on species and the environment (Cotter and Hill, 2003). In contrast,
mitochondrial ATP synthases in the majority of aerobes produce cellular ATP and the reserve
mode appears as a manifestation of pathophysiological conditions (Campanella et al.,
2009)(Gahura et al., 2021). Due to their central role in cell metabolism and bioenergetics, the
FiFo-ATP Synthase has been of key interest to biochemists, molecular biologists, and
structural biologists (Kiihlbrandt, 2019).
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Fig. 6. (a) Schematic overview of F-type ATP synthases. F-type ATP synthases consist of a
catalytic F1 head, and the Fo motor complex embedded in the membrane. (b) Mitochondrial
ATP synthase exists as a dimer (Kiihlbrandt, 2019).



In mitochondrial ATP synthase, the F1 motor consists of a heterohexamer assembly of
three a- and three - subunits, organized symmetrically around the y- subunit central shaft
(Abrahams et al., 1994). Within the F; motor, the 3- subunits constitute the catalytic nucleotide
binding sites, where empty pockets become occupied by Mg-ADP and inorganic phosphate,
which condense to form Mg-ATP. Although both the o and /8- subunits show similar structure
and polypeptide sequences, the catalytic site lays embedded within the /- subunits (Kiihlbrandt,
2019).

While the F; head performs the catalytic function, the Fo motor either generates the
torque required for ADP phosphorylation via proton flow driven from IMS, or actively pumps
protons into the matrix to maintain the electrochemical protentional under dephosphorylation
conditions. The foundation of the Fo moiety is found within the 8-17 c-ring subunits. The F;
head is connected to the Fo motor by the central stock (y-, e- and J- subunits) and the peripheral
stalk (OSCP subunit in mitochondria). The y- subunit functions as a crankshaft by pressing the
F1 a- and 8- head into different conformations, allowing for different binding affinities for ATP
or ADP and inorganic phosphate (Wilkens and Capaldi, 1998).

The mitochondrial ATP synthase differs from that of bacterial and chloroplast ATP
synthase (Junge and Nelson, 2015). Among these differences include structure, membrane
arrangement and several additional Fo associated subunits (von Ballmoos et al.,
2009)(Kiihlbrandt, 2019). Perhaps the most noticeable feature of mitochondrial ATP synthase
is that they occur as dimers (Fig. 6.) (Arnold et al., 1998)(Dudkina et al., 2005)(Davies et al.,
2012). These ATP synthase dimers have been witnessed to arrange themselves into long rows
or short ribbons around the cristae rim membranes (Davies et al., 2012)(Dudkina et al.,
2010)(Anselmi et al., 2018). The enrichment of ATP synthase dimers along cristae rims leads
to the conclusion that they mediate cristae structure by inducing membrane curvature (Dudkina
et al., 2006)(Davies et al., 2012). The exact mechanism how these dimers are formed is still
under debate. However, it has been shown in S. cerevisiae that ATP synthase dimer
maintenance is dependent on the presence of Fo moiety subunits e- and g- (Guo et al.,
2017)(Wagner et al., 2009). Indeed, deletion of either genes encoding for subunits e- or g- was
shown to result in disassociation of ATP synthase dimers into monomers (Arnold et al.,
1998)(Davies et al., 2012). Additionally, as a result of this loss of dimerization, mitochondria
exhibit malformed cristae, giving the appearance of layered, onion-like morphology (Arselin
et al., 2004)(Paumard et al., 2002)(Davies et al., 2012). Hence, it has been concluded that the
presence of ATP synthase dimers in vivo is a prerequisite for proper cristae architecture to take
place. Therefore, apart from enzymatic function, ATP synthase affect mitochondrial
physiology by shaping submitochondrial ultrastructure.



Trypanosoma: An enticing model to study mitochondria

As previously mentioned, the evolution of the mitochondria from an
alphaproteobacterial endosymbiont was achieved via a set of events, including the transfer of
genes to the host nucleus, development of a targeting system enabling the transfer of nuclear
encoded proteins into the organelle, and host cell control over division (Hewitt et al., 2011)(Ku
et al., 2015)(Roger et al., 2017). Given that this singular event occurred prior to the separation
of eukaryotic lineages into their present-day major supergroups, it can be said that various
evolutionary divergencies have taken place with their mitochondria as well (Roger et al., 2017).
Thus, by studying trypanosomal mitochondria, we have the ability to discern specific features
that have been lost, gained, and/or retained in comparison to Opisthokont model species.

Trypanosomes are a group of single-flagellum bearing protists belonging to the
supergroup Discoba (formally grouped as Excavata along with Metamonada and
Malawimonadida) (Fig. 7.) (Adl et al., 2019)(Burki et al., 2020). Trypanosomes are exclusively
parasitic with some members being causative agents of diseases such as human African
trypanosomiasis (7rypanosoma brucei) and Chagas disease (Trypanosoma cruzi) (Matthews,
2015). Species encompassing Discoba are believed to diverged early from opisthokonts ~2 Ga
ago (Eme et al., 2017) and thus are an enticing model to study both mitochondrial conserved
features as well as novel properties when compared to well-studied lineages such as S.
cerevisiae and M. musculus (Hashimi, 2019). Unlike other mitochondria, the trypanosomal
mitochondrion contains the genome at a single location near the flagellar basal body (Fig. 8.)
(Ogbadoyi et al., 2003). This mitochondrial genome consists of a network of tightly packed
circular DNA (kDNA) known as the kinetoplast which contains multiple copies of the genome
(Lukes et al., 2002). Because of this property, trypanosomatids appear bearing only a single
mitochondrion (Esseiva et al., 2004). Therefore, species that contain this kinetoplast are
commonly referred to as kinetoplastids (Lukes et al., 2005). 7. brucei is without a doubt the
best studied kinetoplastid, as it is easily cultured and amenable to a variety of reverse genetic
techniques (Matthews, 2015).
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An additionally property of the amenability of 7. brucei is the ability to recapitulate
parts of their lifecycle under culturable conditions. The life cycle of 7. brucei is dixenous,
involving both a tsetse fly vector (Glossina spp.) and a mammalian host (Fig. 8.) (Vickerman,
1985)(Mehlhorn, 2001). Throughout its different life cycle stages, gross morphology and
ultrastructure are heavily remodeled alongside drastic metabolomic changes (Vickerman,
1985)(Bily et al., 2021). A simplistic approach to the lifecycle of 7. brucei is to state that two
major stages exist: the bloodstream stage within the mammalian host, while within the tsetse

fly midgut it takes form of the procyclic stage (Fig. 8.).



Tsetse Fly

Man and reservoir host

Fig. 8. The complex life cycle of 7. brucei. Nucleus (N), Mitochondrion (MI),
Kinetoplast (KI). Taken from (Mehlhorn, 2001).

The mitochondrion of Trypanosoma brucei

The overall gross morphology of 7. brucei changes throughout its dixenous life cycle,
similar drastic remodeling takes place within its singular mitochondrion to meet the different
bioenergetic requirements within host environments (Vickerman, 1985)(Dolezelova et al.,
2020). Due to the abundance of free glucose found in mammalian blood (Wasserman, 2009),
during the bloodstream stage, production of ATP relies exclusively on glycolysis (Dolezelova
et al., 2020). These glycolytic pathways take place within kinetoplastid specific peroxisome-
derived organelles known as ‘glycosomes’, containing glycolytic and gluconeogenic enzymes.
(Michels et al., 2006). In the bloodstream stage, OXPHOS does not take place and several
components of the ETC (Complex III and Complex VI) are absent (Zikova et al., 2017). During
this stage, F1Fo-ATP Synthase is still present and performs ATP to ADP hydrolysis in order to
maintain the mitochondrial membrane potential for protein import and Fe/S cluster assembly



(Hierro-Yap et al., 2021). Moreover, the bloodstream form mitochondrial volume is reduced
by 36-50 % compared to that of the procyclic stage (Bily et al., 2021). This reduction in volume
is accompanied by low levels of MIM invaginations resembling stub-like cristae (Brown et al.,
1973)(Bily et al., 2021). These nascent cristae-like structures occupy 1-2 % of the overall
mitochondrial volume, which is consistent with the lack of ETC complexes that are found
typically enriched within cristae (Zikova et al., 2017)(Cogliati et al., 2013)(Bily et al., 2021).

During the procyclic stage the mitochondrion appears larger and reticulated, reflecting
on the upregulation of the TCA cycle and OXPHOS (Verner et al., 2015). Large, discoidal
cristac are abundant and appear throughout the mitochondrion, starkly contrasting the
bloodstream mitochondrion (Vickerman, 1985). Due to the abundancy of proline and lack of
free glucose in the tsetse fly midgut, 7. brucei relies on the catabolism of the former as the
main source of carbon for the TCA cycle to produce ATP (L Hostis et al., 1993)(Lamour et al.,
2005)(Mantilla et al., 2017). Strikingly however, the TCA cycle during the procyclic stage does
not operate in a conventional cyclic matter but is broken into individual pathways. This is
achieved in part that only certain TCA enzymes are used for energy generation while other
parts of the “cycle” are utilized for transportation and degradation of mitochondrial substrates
(van Hellemond et al., 2005).

Thus, the ability for the trypanosome mitochondrion to undergo extensive remodeling
makes it an appealing model to study cristac maturation. In pleomorphic cell lines, the
differentiation from bloodstream to procyclic can be induced in vitro, thus allowing cristae
development to be studied thoroughly and relatively easy. Moreover, the procyclic stage can
be easily cultivated with or without fermentable carbon sources to address metabolic and
respiration capacities in vitro.

MICOS: A view outside humans and yeast

By 2014, little was known about the evolutionary history of MICOS, save for its
presence in yeast and animals (S. cerevisiae, C. elegans, and H. sapiens) (Mun et al.,
2010)(Head et al., 2011). A year later, phylogenetic analyses revealed that both Micl0 and
Mic60 appeared to be well conserved throughout aerobic mitochondria containing eukaryotes
based on BLAST and Hidden Markov Model (HMM) predictions against S. cerevisiae MICOS
(Munoz-Goémez et al., 2015b). Additionally, in 2016 Mic60 was first biochemically described
in Arabidopsis thaliana (Michaud et al., 2016) and in 2018 the entire complex was
characterized in Trypanosoma brucei (Kaurov et al., 2018).

With the exception of Micl0, 7. brucei contains no obvious yeast MICOS homologs
(Munoz-Goémez et al., 2015b)(Kaurov et al., 2018). Of noteworthy mention, 7. brucei Mic10
is present as two paralogs, Micl0-1 and Mic10-2, the former bearing higher similarity to
conventional yeast Micl0 in terms of glycine residue amounts within the predicted
transmembrane domain (Kaurov et al., 2018). Similar to yeast however, the trypanosomal



MICOS is divided into two subcomplex; the membrane integral subcomplex containing
paralogs Mic10-1/2-Mic16-Mic60 and the peripheral IMS soluble complex Mic32-Mic34-
Micl17-Mic40-Mic20 (Fig. 9.) (Eichenberger et al., 2019). Interestingly, the integral
subcomplex contains a putative Mic60 subunit containing a conserved coil coiled motif, N-
terminal transmembrane domain, and mitochondrial signaling sequence, reminiscent of
human/yeast Mic60. However, an obvious mitofilin domain remains absent, which is the
canonical hallmark of Mic60, ergo why trypanosomal Mic60 was not initially detected
bioinformatically (Kaurov et al., 2018)(Mufioz-Gémez et al., 2015b). It is speculated that one
of the peripheral subcomplex proteins could provide the role of a cryptic mitofilin domain
(Hashimi, 2019). In addition, it should be noted that the integral subcomplex houses the more
eukaryote wide conserved MICOS subunits (i.e., Micl0 and Mic60) while the peripheral
subunits exhibit kinetoplastid specific proteins. Intriguingly, this occurrence of membrane
bound proteins appearing more evolutionary conserved is inconsistent with the hypothesis that
soluble proteins are dramatically more conserved than their membrane counterparts (Sojo et
al., 2016).
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Fig. 9. Illustrative differences between yeast and trypanosomal MICOS. In both
systems, MICOS is categorized into two subcomplexes. Taken from (Hashimi, 2019).

Functional analysis of the trypanosomal MICOS has shown that several conserved
features remain that have been previously reported in human/yeast MICOS. Depletion of
individual subunits results in the detachment of cristae from the MIM and altered mitochondrial
ultrastructure, with the exception of Mic16 which was not shown to have a phenotype (Kaurov
et al., 2018). This apparent loss of CJ formation is consistent with MICOS mutants witnessed
in human and yeast cell cultures. In addition, it has been reported that Mic60
immunoprecipitation pulldowns show enriched amounts of SAM, demonstrating the ability to
form contact sites with MOM proteins and possibly establishing a trypanosomal MIB (Kaurov



et al., 2018)(Tang et al., 2020). The ability for trypanosomal MICOS to aid in protein import
into the mitochondria has also been briefly reported. Depletion of the peripheral subunit Mic20
was shown to lead to significant decreased levels of IMS proteins in comparison to Mic60
depletion (Kaurov et al., 2018). Mic20 contains a putative thioredoxin-like domain that has
been predicted to aid in oxidative folding of IMS proteins containing CX3,0C motifs. Taking
the above information into consideration, the trypanosomal MICOS has been proposed to act
as a hub for both cristae shaping and IMS protein import. These multi-features found in 7.
brucei MICOS are thus comparable to the diverse functions of MICOS that have been
thoroughly described in human and yeast mitochondria.

Although the complex has yet to be characterized, Mic60 has been demonstrated to
contribute to the export of phosphatidylethanolamine from mitochondria and import of
galactoglycerolipid from plastids in A. thaliana (Michaud et al., 2016). Additionally, A.
thaliana Mic60 has been reported to aid in lipid desorption from membranes and bind to
directly TOM, suggesting the ability to form contact sites with the MOM (Michaud et al.,
2016). The authors hypothesize that contact sites could mediate lipid trafficking between the
MOM and MIM (Michaud et al., 2016). Noteworthy, no interaction with Sam50 was witnessed.

F1Fo-ATP Synthase: Different models for different species

Comparable to the assortment between conserved and diverged features in MICOS
mentioned above, mitochondrial FiFo-ATP Synthases display similar diversity between
species. ATP synthases have been the focal point of interest for structural biologists since the
1970’s, and therefore the abundancy of structural data from different organisms is extensive
compared to other mitochondrial complexes. In order to better differentiate ATP synthase
dimer structures, a four class system (Type [-IV) has been established based on dimer angle as
determined using cryo-electron imaging (Fig. 10.) (Kiihlbrandt, 2019)(Panek et al., 2020).
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Fig. 10. Different classes of F1Fo-ATP Synthases dimer angles, depicted as Types I-1V,
found in different eukaryotes (Panek et al., 2020).
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These structural studies have revealed major difference between ATP synthase dimers
among different protists and multicellular organisms. The majority of solved structures exhibit
V-shaped dimers, meaning the angle originating from the interface at the Fo moiety eventually
pries apart as the Fi heads separate (Type I, II, IV). In contrast, Type III dimers exist as U-
shaped, with each monomer erected in parallel to each other and are only found in a handful of
species including ciliates (SAR family). However, it should not be misinterpreted that Type III
dimers are rare in nature given the fact that the SAR family is highly diverse and found in all
biomes. Additionally, ATP synthase structures have only been described in detail in a select
number of species, thus more than four classifications of dimers may emerge in future studies.

Type I dimers are found in mammals and yeast (Opisthokonta) and are found to exists
at an angle of ~86° (Davies et al., 2011)(Davies et al., 2012). This class of dimers appear to
associate into long rows along the cristae lumen and generate high local membrane curvature
at the edges, ergo producing lamellar shaped cristae (Fig. 4.) (Strauss et al., 2008)(Péanek et al.,
2020).

Type II dimers are common in unicellular green algae (Archaeplastida) with the cryo-
electron structure being solved in both Polytomella sp. and Chlamydomonas reinhardtii (van
Lis et al., 2007)(Dudkina et al., 2006). Additionally, proteomic data from both organisms
revealed a set of unique Fo subunits that form part of its unusually thick peripheral stalk; the
hallmark of Type II dimers (Véazquez-Acevedo et al., 2006)(Vazquez-Acevedo et al., 2016).
The typical dimer angle has been calculated at 56° for Polytomella sp. However, not all
Archaeplastida exhibit Type II dimers, as the multicellular Solanum tuberosum (potato)
manifests with a dimer angle of 115° (Panek et al., 2020).

As previously mentioned, Type III are unique as they form an atypical U-shape, with
each Fi monomer slightly a skewed relative to each other when viewed as a plan (i.e., from the
top, matrix side), giving this dimer an angle close to 0° (Panek et al., 2020). This set of
unorthodox dimers are found in the tubular cristae of Paramecium multimicronucleatum (SAR)
(Miihleip et al., 2016). Hence, this specific dimer type may induce different extents of positive
curvature in vivo, possibly contributing to the diversity of cristae.

Type IV dimers are found in euglenozoans and trypanosomes (Discoba) and share
certain features with Type III dimers, as their peripheral stalks appear offset between dimers
(Panek et al.,, 2020). The angle between monomers has been determined to be ~50°
(Kiihlbrandt, 2019). Additionally, Type IV dimers have a pyramid shaped F; as opposed to the
globular shape seen in Type I/II, due to the occurrence of euglenozoan-specific subunit p18
(Gahura et al., 2018)(Montgomery et al., 2018). These dimers have also been witnessed to form
a closely packed lattice of interlaced rows, presenting themselves as short ribbons that run a
skewed along the cristae edge, due to their offset peripheral stalks (Miihleip et al., 2017). Due
to this difference between V-shaped dimer row formation between Type I and Type IV ATP
synthases, it is tempting to speculate the role they contribute regarding lamellar and discoidal
cristae formation, respectively (Panek et al., 2020).



MICOS and F1Fo-ATP Synthase crosstalk: A conserved interaction? Or a fungal
novelty?

Crosstalk between crista-shaping factors MICOS and dimeric FiFo-ATP Synthases
has been previously demonstrated in yeast (Rampelt et al., 2017a)(Eydt et al., 2017)(Rampelt
and van der Laan, 2017). It has been theorized that a fraction of Mic10 physically interacts
with ATP synthase dimers, presumably via subunit e-, and the overexpression of Mic10 leads
to stabilization of ATP synthase hyper-oligomers (Rampelt et al., 2017a). An even more
pronounced accumulation of ATP synthase hyper-oligomers was witnessed upon deletion of
the Mic60 gene, but concrete evidence of a physical interaction between Mic60 and any ATP
synthase subunits has yet to be reported (Rabl et al., 2009)(Schweppe et al., 2017). This
interplay between MICOS and ATP synthase is a remarkable yet still unexplained
phenomenon, as both complexes play critical and antithetical roles in shaping the MOM.

In T. brucei, a similar phenomenon was recently reported regarding crosstalk between
trypanosomal MICOS and dimeric FiFo-ATP Synthase (Cadena et al., 2021). Indeed, upon
depletion of trypanosomal Mic60, acclimation of ATP synthase hyper-oligomers was
witnessed. Additionally, one of the two Mic10 paralogs present in 7. brucei, Mic10-1, was
shown to have physically interact with ATP synthase in vivo. Moreover, the identification of
trypanosomal ATP synthase subunit e- was also reported in the same study. The appearance
of this crosstalk in both 7. brucei and S. cerevisiae is compelling evidence towards the fact
that this feature is not simply a fungal novelty but potentially a highly conserved, ancestral
feature of mitochondria. Given this statement, three different scenarios of MICOS-ATP
synthase crosstalk have been hypothesized (Fig. 11.). The first postulates that a fraction of
unbound Mic10 interacts directly to ATP synthase dimers on cristae edges (Rampelt et al.,
2017a). The second involves ATP synthase dimes in the proximity of crista junctions, using
Micl0 as a bridge between both complexes (Eydt et al., 2017). The third hypothesis proposes
that the Mic10-ATP synthase interaction is dynamic and transient, and occurs at the future
site of crista junctions in nascent cristae during the process of ATP synthase dimer-induced
invagination of the MIM (Cadena et al., 2021).
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Fig. 11. Three possible scenarios of MICOS-ATP synthase crosstalk in cristae (Cadena
et al., 2021).
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2. AIMS AND TASKS

The main aims of the research were to:

(1) Identify whether crosstalk between MICOS and F1Fo-ATP Synthase is a conserved
eukaryote feature by utilizing model system 7. brucei;

(i1) Identify the existence of a kinetoplast specific FiFo-ATP Synthase subunit capable
of stabilizing dimer formation;

(iii) Propose an alternative mode of action contributing to the maturation of
mitochondrial cristae via MICOS and F1Fo-ATP Synthase interplay.

3. SUMMARY

As described above, the philosophy of evolutionary cell biology suggests that a
comparative approach to biological systems in different organisms can shed light to their
chemical and physical limitations with respect to their evolution. Hence, it is wise to study
mitochondria from species that are outside the framework of model organisms that receive over
60% of primary research (i.e., Opisthokonta model systems). I accepted the notion that the
ancient biological machineries of F1Fo-ATP Synthase and MICOS are key in regulating the
formation of proper cristae development, and thus enable the aerobic eukaryotic cell to perform
the bioenergetic needs to grow and propagate. In addition, given that both FiFo-ATP Synthase
and MICOS are found throughout diverse eukaryotic linages and found enriched within cristae,
I have speculated that crosstalk and coordination between these two complexes may exists.
Indeed, I came across previous research concluding that crosstalk between F1Fo-ATP Synthase
and MICOS is present in Opisthokonta model system S. cerevisiae. I took the initiative to
investigate whether this crosstalk was a conserved feature of mitochondria or just a fungal
novelty by using the parasitic protist 7. brucei as my system, given that it diverged from
humans/yeast some 2 billion years ago and bares an almost alien-like mitochondria in
comparison. I was able to conclude that this crosstalk was indeed witnessed in 7. brucei and
thus may very well have been present in the last common ancestor of Opisthokonta and
Discoba. This and other discoveries are discussed in Paper I, which summarizes my findings
and proposes a novel scenario in cristae development that utilizes transient crosstalk between
FiFo-ATP Synthase and MICOS, a scenario that may have been applied to ancient
mitochondria.
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and F,Fo-ATP Synthase Crosstalk Is a Fundamental Property of

Mitochondrial Cristae
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ABSTRACT Mitochondrial cristae are polymorphic invaginations of the inner membrane
that are the fabric of cellular respiration. Both the mitochondrial contact site and cristae
organization system (MICOS) and the F,F,-ATP synthase are vital for sculpting cristae by
opposing membrane-bending forces. While MICOS promotes negative curvature at crista
junctions, dimeric F,Fo-ATP synthase is crucial for positive curvature at crista rims.
Crosstalk between these two complexes has been observed in baker’s yeast, the model
organism of the Opisthokonta supergroup. Here, we report that this property is con-
served in Trypanosoma brucei, a member of the Discoba clade that separated from the
Opisthokonta ~2 billion years ago. Specifically, one of the paralogs of the core MICOS
subunit Mic10 interacts with dimeric F,F5-ATP synthase, whereas the other core Mic60
subunit has a counteractive effect on F,F,-ATP synthase oligomerization. This is evoca-
tive of the nature of MICOS-F,Fo-ATP synthase crosstalk in yeast, which is remarkable
given the diversification that these two complexes have undergone during almost 2
eons of independent evolution. Furthermore, we identified a highly diverged, putative
homolog of subunit e, which is essential for the stability of F,F,-ATP synthase dimers in
yeast. Just like subunit e, it is preferentially associated with dimers and interacts with
Mic10, and its silencing results in severe defects to cristae and the disintegration
of F,F5-ATP synthase dimers. Our findings indicate that crosstalk between MICOS and
dimeric F,F,-ATP synthase is a fundamental property impacting crista shape throughout
eukaryotes.

IMPORTANCE Mitochondria have undergone profound diversification in separate line-
ages that have radiated since the last common ancestor of eukaryotes some eons
ago. Most eukaryotes are unicellular protists, including etiological agents of infec-
tious diseases, like Trypanosoma brucei. Thus, the study of a broad range of protists
can reveal fundamental features shared by all eukaryotes and lineage-specific inno-
vations. Here, we report that two different protein complexes, MICOS and F,F,-ATP
synthase, known to affect mitochondrial architecture, undergo crosstalk in T. brucei,
just as in baker's yeast. This is remarkable considering that these complexes have
otherwise undergone many changes during their almost 2 billion years of independ-
ent evolution. Thus, this crosstalk is a fundamental property needed to maintain
proper mitochondrial structure even if the constituent players considerably diverged.

KEYWORDS ATP synthase, MICOS, Trypanosoma, evolution, mitochondria

itochondria are ubiquitous organelles that play a central role in cellular respira-
tion in aerobic eukaryotes alongside other essential processes, some of which are
retained in anaerobes (1). These organelles have a complex internal organization.
While the mitochondrial outer membrane is smooth, the inner membrane is markedly
folded into invaginations called cristae, the morphological hallmark of the organelle in
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facultative and obligate aerobes (2, 3). Cristae are enriched with respiratory chain complexes
that perform oxidative phosphorylation (4, 5), and eukaryotes that cannot form these com-
plexes lack these ultrastructures (1, 6).

Mitochondrial morphology differs among species, tissues, and metabolic states.
Nevertheless, these variations are derived from common structural features, some of
which were likely inherited from an endosymbiotic alphaproteobacterium that gave
rise to the organelle (1, 7, 8). Cristae contribute to this variety as they can assume dif-
ferent shapes, such as platelike lamellar cristae, which decorate yeast and animal mito-
chondria, and the paddlelike discoidal cristae seen in discoban protists (9). These
shapes are at least in part determined by protein complexes embedded within the
crista membranes.

The mitochondrial contact site and cristae organization system (MICOS) is a hetero-
oligomeric protein complex that is responsible for the formation and maintenance of
crista junctions, narrow points of attachment of cristae to the rest of the inner mem-
brane (10, 11). Crista junctions serve as diffusion barriers into and out of cristae, as
these structures cease to act as autonomous bioenergetic units upon MICOS ablation
(12). The two core MICOS subunits Mic10 and Mic60, both of which are well conserved
throughout eukaryotes (13, 14), have demonstrated membrane modeling activity that
contributes to constriction at crista junctions (15-18).

The F,F5-ATP synthase (here “ATP synthase”) dimers also influence the shape of cris-
tae (19). Throughout eukaryotes, dimeric ATP synthase assembles into rows or other
oligomeric configurations that promote positive curvature at crista rims (20-22). In
yeast and animals, both belonging to the eukaryotic supergroup Opisthokonta (23),
ATP synthase dimerization depends on membrane-embedded F, moiety subunits e
and g (24-26). Although these subunits do not directly contribute to intermonomer
contacts, deletion of either of them hinders dimer formation (20) and subsequently
results in the emergence of defective cristae (26, 27).

Crosstalk between the crista-shaping factors MICOS and ATP synthase has been
demonstrated in yeast. A fraction of Mic10 physically interacts with ATP synthase
dimers, presumably via subunit e, and the overexpression of Mic10 leads to the stabili-
zation of ATP synthase oligomers (28, 29). An even more pronounced accumulation of
ATP synthase oligomers was observed upon the deletion of the Mic60 gene, but no
physical interaction between Mic60 and any ATP synthase subunits has been reported
(30). This interplay between MICOS and ATP synthase is a remarkable and still unex-
plained phenomenon, as both complexes play critical yet apparently antithetical roles
in shaping the inner membrane.

Here, we ask whether crosstalk between MICOS and ATP synthase dimers is a funda-
mental property of cristae. We employed the protist Trypanosoma brucei, a model or-
ganism that is part of the clade Discoba, which diverged from the Opisthokonta ~1.8
billion years ago (23, 31). Because of their extended independent evolution, discoban
MICOS (31-33) and ATP synthase (22, 34-36) differ radically from their opisthokont
counterparts. Discoban MICOS has two Mic10 paralogs and an unconventional Mic60
that lacks the C-terminal mitofilin domain characteristic of other Mic60 orthologs (13,
14). Furthermore, unlike opisthokont MICOS, which is organized into two integral
membrane subcomplexes, each assembled around a single core subunit, trypanosome
MICOS is composed of one integral and one peripheral subcomplex. Discoban ATP syn-
thase exhibits type IV dimer architecture, different from the canonical type | dimers
found in opisthokonts (20-32), and has a dissimilar F, moiety, which lacks obvious
homologs of subunit e or g (37).

RESULTS

Depletion of trypanosome Mic60 affects oligomerization of F,F,-ATP synthase
independent of other MICOS proteins. In T. brucei, the ablation of conserved MICOS
components, Mic60 or both Mic10 paralogs simultaneously, resulted in impaired sub-
mitochondrial morphology characterized by elongated cristae adopting arc-like struc-
tures (32). Because in budding yeast, the knockout of Mic60 affects the oligomerization
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of ATP synthase (27), a major contributor to crista organization, we asked whether ATP
synthase plays a role in the changes in mitochondrial ultrastructure observed after
Mic10 and Mic60 depletion. After inducible RNA interference (RNAI) silencing of Mic60
(Mic60]), we observed increased levels of ATP synthase subunits 3, a component of
the catalytic F, sector; oligomycin sensitivity conferral protein (OSCP), a subunit of the
peripheral stalk; and ATPTb2, a distant homolog of opisthokont subunit d. Simultaneously,
levels of Mic10-1 were mildly reduced (Fig. 1A). Notably, RNAi induction of Mic10-2 in the
Mic10-1 knockout cell line (AMic10-1 Mic10-2]) resulted in the same crista defects as those
in Mic60| cells (31) but did not result in detectable changes in steady-state levels of ATP
synthase subunits (see Fig. STA in the supplemental material). Thus, the accumulation of
ATP synthase subunits documented upon Mic60 knockdown cannot be explained as a
general consequence of morphologically elongated and detached cristae.

The increased abundance of ATP synthase subunits prompted us to investigate if the
depletion of Mic60 affects the oligomeric state of ATP synthase by immunodetection of
ATP synthase complexes in 1.5% n-dodecyl-B-p-maltoside (DDM)-solubilized mitochondria
resolved by blue native polyacrylamide gel electrophoresis (BN-PAGE) (Fig. 1B). RNAi induc-
tion in Mic60] but not in AMic10-1 Mic10-2] cells led to the stabilization of ATP synthase
oligomers, which are labile to nonionic detergents in wild-type (WT) cells (38, 39). ATP hy-
drolysis in-gel activity staining demonstrated that the oligomers are enzymatically active.
To confirm that the accumulation of detergent-resistant ATP synthase oligomers was exclu-
sive to Mic60|, we screened the effect of the depletion of two kinetoplastid-specific subu-
nits of MICOS known to disrupt cristae, Mic32 and Mic20. Upon their depletion, no changes
in ATP synthase oligomerization were observed on native gels (Fig. S1B). In conclusion, we
present evidence that Mic60 depletion in T. brucei alters the oligomeric state of ATP syn-
thase independently of the defects to cristae.

Trypanosome Mic10-1 interacts with F,F,-ATP synthase. To analyze whether any
of the Mic10 paralogs interact with ATP synthase, the F, moiety ATPTb2 was C-terminally V5
epitope tagged and used for coimmunoprecipitation (co-IP) from chemically cross-linked mito-
chondrial lysates. To facilitate the immunocapture of proteins interacting with the ATPTb2-V5
bait, hypotonically isolated mitochondria were cross-linked with dithiobis(succinimidyl propio-
nate) (DSP) prior to solubilization. These were subsequently incubated with mouse anti-V5
antibody conjugated to protein G Dynabeads to immunoprecipitate the tag. After extensive
washing, eluted proteins that coimmunoprecipitate with ATPTb2 were separated via protein
electrophoresis and blotted, and the co-IP eluate was probed for the presence of Mic10-1 (the
molecular weights of this and other proteins investigated here are given in Table S1). Mic10-1
was shown to coimmunoprecipitate with ATPTb2, yielding two discernible bands at approxi-
mately 35 kDa and 70 kDa (Fig. 2A). While un-cross-linked Mic10-1 is prominent in the input, it
is completely absent in the eluate, suggesting that the protein can coimmunoprecipitate with
ATPTb2 only when permanently linked to an unknown partner. We speculate that the
~35-kDa band corresponds to an adduct between Mic10-1 and the unknown partner,
and the ~70-kDa band may represent the same adduct cross-linked to ATPTb2.

In order to verify the interaction between Mic10-1 and ATPTb2, we performed a recipro-
cal pulldown of C-terminally V5-epitope-tagged Mic10-1. Indeed, we were able to capture
ATPTb2 with the Mic10-1-V5 bait in the eluted protein fraction with bands present at
40kDa and 70 kDa. These bands were not detected in the eluate from Mic10-1-V5 immuno-
precipitation (IP) after ATPTb2 was targeted by RNAI (Fig. 2B). The former band corresponds
to un-cross-linked ATPTb2, and the latter most likely corresponds to the above-mentioned
putative tripartite ATPTb2/Mic10-1/unknown partner adduct. Unlike Mic10-1, C-terminally
V5-epitope-tagged Mic10-2 did not coimmunoprecipitate ATPTb2 (Fig. S2A), eliminating this
paralog as an interaction partner with ATP synthase.

To investigate if Mic10-1 associates with the entire ATP synthase, rather than with its
subcomplex or unassembled ATPTb2, proteins in the eluate from co-IP with Mic10-1-V5
were trypsinized and identified by liquid chromatography-tandem mass spectroscopy
(LC-MS/MS). Mock IPs on cell lines lacking the V5 tag were performed in parallel as a neg-
ative control. Protein enrichment in comparison to mock IP controls was quantified using
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FIG 1 F,F,-ATP synthase oligomers are stabilized upon Mic60 depletion. (A) Representative immunoblots of whole-cell lysates from Mic60| cells over a 6-
day course of RNAi induction with antibodies indicated on the left and densiometric quantification of immunoblots done in triplicate, with the signal
normalized to unaffected HSP70 (error bars indicate standard deviations [SD]). Days postinduction are shown above the immunoblots. Line colors to the
right of each immunoblot label the antibody signal intensities shown in the graph. The signal intensity is plotted in arbitrary units. The statistical
significance of differences in signal intensities between 0 and 6 days after RNAi induction (i.e., the overall change in protein levels over the time course) is
shown by asterisks on the right (**, P=0.01; ***, P=0.001). (B) Blue native PAGE using 1.5% DDM-solubilized mitochondria from AMic10-1 Mic10-2] and
Mic60] RNAi cells at 5days postinduction compared to the wild type (WT). ATP hydrolysis in-gel activity staining is shown on the left, and an immunoblot
(WB) probed with anti-ATP synthase B-subunit antibody is shown on the right. V,, oligomer; V,, dimer; V, monomer; F,, free F, moiety.

label-free quantification (LFQ) by a previously described pipeline (40). The identified proteins
were filtered to meet the following criteria: (i) presence in all three triplicates, (ii) a mean of
each triplicate’s log,-transformed LFQ intensity score of >23, (iii) absence from at least two
out of three mock IPs, and (iv) presence within the ATOM40 depletome, which indicates that
proteins are imported via this outer membrane translocator into the mitochondrion (41). In
total, 51 proteins out of 209 detected proteins conformed to these criteria (Fig. 2C and D,
Fig. S2B, and Data Set S1). Subunits of the ATP synthase complex and MICOS that are em-
bedded or peripheral to the mitochondrial inner membrane (33) were the most represented
proteins in the data set (Fig. 2D). Out of the 23 known subunits that make up the trypano-
some ATP synthase, a total of 17 subunits were identified (Fig. 2C), including 5 of 6 subunits
of F,. As expected, proteins belonging to the MICOS complex were also identified, with all in-
tegral subcomplex proteins being present alongside two components of the peripheral moi-
ety; in total, six out of the nine MICOS proteins fit the criteria described above.

In contrast, only 1 protein from electron transport chain (ETC) complex IV (also known as
cytochrome ¢ oxidase) was recovered using the same criteria out of the 29 proteins that
constitute the complex (42). Two other integral inner membrane proteins found to coimmu-
noprecipitate with the bait were mitochondrial carrier proteins, one of which was an ADP/
ATP carrier protein (43). The other 25 proteins found within the set benchmark consisted
mainly of highly abundant enzymes affiliated with the tricarboxylic acid (TCA) cycle as well
as other prolific soluble mitochondrial matrix proteins (Fig. S2B). To conclude, we present
evidence that Mic10-1 interacts with ATP synthase given that the complex’s subunits are
enriched in Mic10-1-V5 IPs.

Trypanosome ATPTb8 may be a functional analog of opisthokont F,F,-ATPase
synthase dimer-enriched subunit e. Previous studies in budding yeast demonstrated
that Mic10 directly interacts with ATP synthase dimers via subunit e (28, 29), which is
essential for the stability of dimers (20, 44, 45) but does not contribute directly to the
monomer-monomer interface (46). In opisthokonts, subunit e contains a conserved
GxxxG motif located within its single transmembrane domain (TMD) (45). Analyzing all
the ATP synthase subunits identified in the Mic10-1 pulldown (Fig. 2C), we identified a
low-molecular-weight protein, termed ATPTb8 (47), that contains this motif (Fig. 3A)
and is highly conserved among all kinetoplastids (Fig. S3). A search with HHpred (48)
revealed a similarity of the region of ATPTb8 encompassing the TMD to subunit e from
yeast and human (also known as ATP5ME) (Fig. 3A). Additionally, a Kyte-Doolittle hydropa-
thy plot comparison of ATPTb8 and human subunit e shows highly similar hydrophobicity
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profiles (Fig. 3B). SWISS-MODEL (49) identified mammalian subunit e among the best tem-
plates for structure homology modeling. The modeled part of ATPTb8 corresponds to the
transmembrane region of mammalian subunit e, including the GxxxG motif, which homo-
typically interacts with its counterpart on subunit g (Fig. 3C). Just like subunit e, subunit g
was implied in dimer stabilization in yeast (50), but recently, the protein was also proposed
to make interdimer contacts in the rows of mammalian ATP synthases (51, 52).

Because the bioinformatic predictions indicated that ATPTb8 might be a distant
homolog of opisthokont subunit e, we examined whether this subunit is required for
the formation or stability of ATP synthase dimers in T. brucei. Utilizing two-dimensional
(2D) protein gel electrophoresis, with denaturing SDS-PAGE following the first-dimen-
sional BN-PAGE gel after treatment with 1.5% DDM, we show that C-terminally V5-
tagged ATPTb8 is indeed predominantly detected in the dimer fraction (Fig. 4A), which
is consistent with the hypothesis that ATPTb8 is involved in dimerization like yeast sub-
unit e (24). Inducible RNAI silencing of ATPTb8 (ATPTb8]) resulted in cellular growth
arrest after 72 h (Fig. 4B and C). The growth defect in ATPTb8]| is likely a consequence
of compromised ATP production by oxidative phosphorylation, and it is consistent
with growth phenotypes previously observed after silencing of other trypanosomal
ATP synthase subunits (38, 39). No alterations in steady-state levels of Mic60 and
Mic10-1 were detected in ATPTb8] inductions (Fig. S4). Noteworthy, the depletion of
ATPTb8 preferentially affected the stability and/or assembly of ATP synthase dimers, as
shown by Western blotting (WB) of BN-PAGE-resolved mitochondrial lysates probed
with antibodies against subunits 8 and p18 (Fig. 4D).

To investigate whether the loss of ATPTb8 has an effect on mitochondrial morphology,
transmission electron microscopy of cell sections was performed on cells after 3 days of RNAi
induction. Mitochondria exhibiting a loss of this subunit depicted anomalous cristae that had
circular or semicircular shapes (Fig. 4E), reminiscent of the onion-like structures that appear
upon subunit e deletion in budding yeast (20, 26). Collectively, these data suggest that
ATPTDb8 is a dimer-incorporated subunit much in the same vein as subunit e in budding
yeast.

Trypanosome Mic10-1 interacts with dimeric F,F,-ATP synthase enriched with
ATPTb8. To confirm that Mic10-1 interacts with fully assembled ATP synthase dimers
in T. brucei, ATPTb8 was in situ C-terminally V5 epitope tagged to perform a cross-link
IP. Because ATPTb2 coimmunoprecipitated with ATPTb8-V5, the tag most likely does
not interfere with the incorporation of the protein into ATP synthase (Fig. 5A). Next, we probed
the IP eluate for the presence of Mic10-1, which was observed mostly as un-cross-linked
(Fig. 5B), suggesting that Mic10-1 does not need to be tethered to any interaction partner to
coimmunoprecipitate with ATPTbS8, unlike with ATPTb2 (Fig. 2A). This further alludes to the
possibility that Mic10-1 interacts more firmly with ATP synthase dimers enriched with ATPTb8.
Interestingly, a faint band at 40 kDa and a stronger band at 70 kDa were also detected (Fig. 5B,
left), reminiscent of the Mic10-1 immunoband pattern seen in the ATPTb2 IP (Fig. 2A).

FIG 2 Legend (Continued)

antibody against Mic10-1 and V5 peptide. Arrows indicate discernible bands corresponding to ~35kDa and ~70kDa. (B) Immunoprecipitation (IP)
of WT, Mic10-1-V5:ATPTb2|, and Mic10-1-V5 mitochondria cross-linked with 80 uM DSP. The input (10% of the eluate) and eluates were resolved
by SDS-PAGE and immunoblotted (WB) against anti-ATPTb2 and anti-V5 peptide. Arrows indicate discernible bands corresponding to ~40kDa and
~70kDa. (C) Summary of oxidative phosphorylation and MICOS complex subunits that coimmunoprecipitate with Mic10-1-V5 identified by mass
spectroscopy. Proteins in dark blue belong to the ATP synthase complex, those in orange belong to the MICOS complex, and those in yellow
belong to the electron transport chain (ETC). The naming for the ATP synthase subunits was taken from Gahura et al. and Perez et al. (37, 47). The
star indicates bait protein Mic10-1-V5. The intensity score is on the x axis (n=3; error bars indicate SD). Pie charts on the right depict the portion of
proteins identified versus the total number of subunits in each respective complex. Other proteins fitting the criteria are given in Fig. S2B in the
supplemental material. (D) Sunburst chart of all proteins that coimmunoprecipitate with Mic10-1-V5 identified above the established threshold and
criteria described in the text. Subunits of the ATP synthase complex are shown in dark blue and are further distinguished into the F, and Fg,
moieties. Proteins belonging to the MICOS complex are shown in orange and are further separated into integral or peripheral membrane proteins.
All other proteins that met the mass spectroscopy threshold are labeled by letters in boxes in the outside circle, which are defined in Fig. S2B. ETC
complex cytochrome ¢ oxidase (complex IV) is shown in yellow, and mitochondrial carriers are shown in green. Components of the tricarboxylic
acid (TCA) cycle are in different shades of gray and are distinguished into SDH (succinate dehydrogenase), PDC (pyruvate dehydrogenase complex),
and OGDC (oxoglutarate dehydrogenase complex), while those not belonging to any complex lack labels in the innermost circle. Other proteins
that could not be categorized into a single group are shown in light blue.
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FIG 3 Trypanosome ATPTb8 may be a distant homolog or analog of opisthokont ATP synthase subunit e. (A) Schematic
representation of critical features of the ATPTb8 primary structure. The predicted helical regions and the transmembrane
domain are shown in pale and dark blue, respectively. The characteristic embedded GxxxG motif is labeled. A sequence
alignment with human subunit e is shown for the region with similarity revealed by an HHpred search. The regions of
ATPTb8 and mammalian subunit e depicted in panel C are marked with blue and green bars, respectively. (B) Kyte-
Doolittle hydropathy profile comparison of ATPTb8 and the human homolog of subunit e. The range of homology
between both sequences is shown as a bar at the top based on HHpred analysis. (C) Model of ATPTb8 predicted by
SWISS-MODEL using the structure of bovine subunit e (su-e) as a template (PDB accession number 6ZPO) (44). The
model is superposed with the bovine subunit e and subunit g (su-g) dimer. Glycines of all GxxxG motifs are in red. The
conserved residues, which are involved in hydrophobic interactions between subunits e and g, are shown as sticks (44).

DISCUSSION

Crosstalk between MICOS and ATP synthase was first demonstrated in the budding
yeast Saccharomyces cerevisiae, a model organism representing the supergroup Opisthokonta,
which also encompasses humans. Deletion of Mic60 leads to an accumulation of nonionic-
detergent-resistant ATP synthase oligomers, likely connected to the apparent functional

May/June 2021 Volume 6 Issue3 e00327-21 msphere.asm.org 7

Downloaded from https://journals.asm.org/journal/msphere on 07 December 2021 by 147.231.253.30.


https://doi.org/10.2210/pdb6ZPO/pdb
https://msphere.asm.org

Cadena et al. mSphere@

st
A 1 > B ATPTbS8] — RNAi- C ATPTbS|
Vo V Fy — RNAi +
| e | o 8 $ 1
— S
Z6 S o
3805
-ATP B - J— =4 —
¢ ¢ 2nd 5] & § 0.125 0.154
2 4 ! . 0
-V5 - 0 2 4 6 = 2 3
a Days post-induction Days post-induction
Short exposure Y
ATPTDb8| P.I. ATPTb8| P.I.
D WT 3 5 WT 3 5
a-ATP B - )
nd Va2 - -
2
ove-in W VI - . aes
L Y ,
ong exposure o . . . . ‘ ‘
2D Gel WB: ATPTb8V5
WB: a-ATP WB: a-ATP p18
E ATPTbS| WT

FIG 4 ATPTb8 is enriched in F,F,-ATP synthase dimers and crucial for crista formation. (A) Two-dimensional (2D) protein gel electrophoresis
of ATPTb8-V5, with denaturing SDS-PAGE following first-dimensional BN-PAGE. (Top) First-dimension immunoblot (WB) against anti-ATP S
showing the positions of ATP synthase dimers (V,), monomers (V), and the free F, moiety. (Middle and bottom) Second-dimension
immunoblots against anti-ATP B and anti-V5 at both short (middle) and long (bottom) exposures. (B) Measurement of ATPTb8] and
negative-control cell growth in glucose-rich medium in which cells were diluted to 2 x 10° cells/ml every day (n=3; error bars indicate SD).
The cell density is on the y axis; days postinduction are on the x axis. (C) Quantitative PCR verification of ATPTb8]. The relative abundances
of ATPTb8 mRNA in RNAi-induced cell lines in comparison to uninduced control cells were normalized to the unaffected 18S rRNA at 2 and
3days postinduction. (D) BN-PAGE of 1.5% n-dodecyl-B-p-maltoside-solubilized mitochondria from ATPTb8| cells at 3 and 5 days
postinduction (P.l.) compared to the wild type (WT). Immunoblots (WB) against F, subunit anti-ATP B8 and anti-ATP p18 are shown. (E)
Transmission electron micrographs of WT T. brucei and ATPTb8| at 3 days postinduction. Arrows point to cristae of mitochondria (m). Bars,
500 nm.

antagonism between Mic60 and ATP synthase dimerization subunits e and g in yeast (30). At
least a fraction of Mic10 interacts with subunit e, which appears to promote ATP synthase
dimer oligomerization (28, 29). Indeed, these two phenomena were proposed to be linked in
the Mic60 deletion mutants: the cumulative effect of MICOS disruption with the remaining
Mic10's stabilizing activity on ATP synthase dimer oligomers resulting in the observed hypero-
ligomerization phenotype (3, 28).

The physiological role of MICOS-ATP synthase crosstalk in yeast mitochondria
remains enigmatic (3), precluding any rational means to hypothesize whether this can
be a general eukaryotic phenomenon and not just a fungal novelty. In this work, we
have documented the interplay between MICOS and ATP synthase dimers in T. brucei,
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FIG 5 Mic10-1 interacts with F,F,-ATP synthase dimers. Immunoprecipitation (IP) of WT and ATPTb8-V5
mitochondria cross-linked as described in the legend of Fig. 2 was performed. (A) The input (10% of the eluate)
and eluates were resolved by SDS-PAGE and immunoblotted (WB) using anti-ATPTb2 antibody. The arrow
indicates a discernible band corresponding to ~45kDa (ATPTb2). (B) Same as panel A except using antibody
against Mic10-1 and V5 peptide. Arrows indicate discernible bands corresponding to ~10kDa (Mic10-1),
~40kDa, and ~70kDa.

an experimental model belonging to the clade Discoba, which separated from the
Opisthokonta ~1.8 billion years ago (23, 31). Even though particular aspects of these
complexes are conserved between yeast and trypanosomes, such as MICOS maintain-
ing crista junctions (32) and rows of ATP synthase dimers occurring at the rims of dis-
coidal cristae (22), both complexes exhibit numerous divergent features (30, 37). Based
on the early branching of the two lineages and the marked divergence of their MICOS
and ATP synthase, we reason that the crosstalk between MICOS and ATP synthase is a
fundamental and ancestral property of cristae.

Specifically, we have demonstrated that Mic60 depletion in T. brucei phenocopies
the stabilization of ATP synthase oligomerization observed in S. cerevisiae Mic60 dele-
tion mutants. In addition to being our first indication that there is MICOS-ATP synthase
crosstalk in T. brucei, this result also supports the putative designation of this subunit
as Mic60 despite its lack of a mitofilin domain (32).

We show that crosstalk between MICOS and ATP synthase is mediated by one of
the two trypanosome Mic10 paralogs, Mic10-1. We demonstrate that Mic10-1 cross-
links to ATPTb2 and ATPTb8, two membrane-associated subunits of the F, moiety (34,
37). This observation is consistent with Mic10-1 being an integral membrane protein
mostly comprised of two TMDs (32). Furthermore, Mic10-1 coimmunoprecipitates most
of the ATP synthase subunits after cross-linking. However, ATP synthase subunits were
scarcely detected when MICOS subunits were immunoprecipitated in the absence of
any cross-linker (32), suggesting this intercomplex interaction is dynamic and perhaps
transient (53).

Our results demonstrate that there are functional differences between Mic10-1 and
Mic10-2, as the latter does not interact with ATP synthase. Because Mic10-1 mediates
this crosstalk as Mic10 does in yeast, it may represent the conventional Mic10 paralog,
while Mic10-2 may be the diversified variant whose precise role in discoidal crista shap-
ing remains undefined. Indeed, trypanosome Mic10-1 has the typical GxGxGxG gly-
cine-rich motif in the C-terminal TMD, a property shared with other Mic10 homologs,
whereas Mic10-2's corresponding TMD has a reduced GxGxG motif (32). It is tempting
to speculate that this difference may be responsible for Mic10-1 interacting with ATP
synthase and may explain why Mic10-2 does not. However, other factors instead of or
in synergy with the GxGxGxG motif could possibly mediate Mic10’s interaction with
ATP synthase.
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FIG 6 Possible modes for the functional interplay between MICOS and F,F,-ATP synthase dimers in
eukaryotes. Shown is a schematic representation of 3 possible mechanisms of the functional interplay
between MICOS (green) and F,F,-ATP synthase (red) in the mitochondrial inner membrane. (1) An
extra-MICOS fraction of Mic10 (blue) interacts with ATP synthase dimers at crista rims. Arrows
represent crosstalk between MICOS and ATP synthase dimers via Mic10. (2) Mic10 bridges the MICOS
complex to ATP synthase dimers directly at crista junctions, enabling dimers to induce positive
curvature at the tubular necks of cristae. (3) Transient Mic10-1 interacts with ATP synthase at nascent
cristae during ATP synthase dimer-induced invaginations. The asterisk represents a putative MICOS
complex subassembly. See Discussion for a more in-depth description of each scenario.

Because yeast Mic10 interacts with ATP synthase dimers, we set out to identify any
subunits that may potentially affect dimerization and thus serve as a marker for this
higher-order configuration. The F, moiety subunits of T. brucei ATP synthase identified
by mass spectroscopy have not been fully characterized to date (37). Thus, we
screened these subunits for the presence of a single-pass TMD with a GxxxG motif, a
signature of yeast subunit e (24, 45). The protein ATPTb8 emerged from this screen,
and outputs of structural modeling and hidden Markov searches support potential
homology with human subunit e. ATPTb8 was enriched in dimer fractions, and its abla-
tion phenotype is highly evocative of that of yeast subunit e, in which ATP synthase
dimers become sensitive to nonionic detergent treatment along with the correlative
emergence of defective cristae (25). Thus, we predict that ATPTb8 may represent a
homolog of subunit e. Whether discoban ATPTb8 and opisthokont subunit e arose
through divergent or convergent evolution remains an open question. Phylogenetic
analysis may be precluded by the short lengths of these polypeptides and a high
degree of divergence, as observed in human and yeast homologs of subunit e, despite
belonging to the same eukaryotic supergroup.

Why is this crosstalk between MICOS and F,F,-ATP synthase present in both opistho-
konts and discobans, and what role does it play? Two different hypotheses have been previ-
ously given, and here, we propose a third (Fig. 6). These hypotheses may not necessarily be
mutually exclusive and perhaps may not apply to all lineages. The first hypothesis postulates
that an extra-MICOS fraction of Mic10 interacts with ATP synthase dimers. The local negative
curvature induced by Mic10 (15, 16) may relieve membrane tension caused by the positive
bending mediated by dimer rows (54), stabilizing the ATP synthase oligomers. In addition,
Mic10 binding might enable coordination between MICOS and ATP synthase to temporarily
and spatially regulate the shape of cristae (3, 28). In the second hypothesis, Mic10 acts to
bridge the MICOS complex with ATP synthase dimers directly at crista junctions (29). In this
scenario, the ATP synthase dimers would induce positive curvature of tubular necks of cris-
tae. However, it should be noted that crista junctions in S. cerevisiae and other fungi have a
predominantly slot-like morphology mainly comprised of flat membranes (9). Our third hy-
pothesis is that we are capturing a transient Mic10-1 interaction with ATP synthase occurring
at nascent cristae during the process of ATP synthase dimer-induced invagination of the
inner membrane at the future site of crista junctions. This interaction may involve Mic10
alone or as part of a putative MICOS subassembly present on emerging cristae. Why the
occurrence of this crosstalk has been preserved throughout the diversification of eukaryotes
is still waiting to be answered.

MATERIALS AND METHODS

Generation of transgenic cell lines. All trypanosome cell lines used in this study were derived from
T. brucei SmOxP927 procyclic-form cells, i.e., TREU 927/4 expressing T7 RNA polymerase and a tetracycline
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repressor to allow inducible expression (55), and are listed in Table S2 in the supplemental material. The C-
terminally tagged ATPTb8-3xV5 and ATPTb2-3xV5 cell lines were generated using the pPOTv4 vector
containing a hygromycin resistance cassette by PCR amplification with the oligonucleotides based on a
previously established protocol (56) (Table S2). The underlined sequence anneals to the pPOT vector.

ATPTb8 RNAI constructs were made by PCR amplifying a fragment of the ATPTb8 gene from T. brucei
strain 927 genomic DNA with the oligonucleotides listed in Table S2. Utilizing the underlined Xhol and
BamHI restriction sites within the primer, these fragments were cloned into the pAZ055 stem-loop RNAi
vector (Table S2).

Trypanosome cell culture. Cells were grown at 27°C in SDM-79 medium supplemented with 10%
(vol/vol) fetal bovine serum and 7.5 mg/liter hemin. Cells were grown in the presence and absence of
1 ng/ml doxycycline for RNAi induction. Cell density was measured using the Beckman Coulter Z2 cell
and particle counter and maintained at the exponential mid-log growth phase throughout the analyses.

SDS-PAGE and Western blotting. Protein samples were separated on a Bolt 4 to 12% Bis-Tris Plus
gel (Invitrogen), blotted onto a polyvinylidene difluoride (PVDF) membrane (Amersham), blocked in 5%
milk, and probed with the appropriate primary antibody listed in Table S2 diluted in 5% milk in phos-
phate-buffered saline plus Tween (PBS-T). This was followed by incubation with a secondary horseradish
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibody (1:2,000; Bio-Rad), depending on the or-
igin of the primary antibody. Proteins were visualized using the Pierce ECL system (Genetica/Bio-Rad) on
a ChemiDoc instrument (Bio-Rad).

Blue native PAGE, in-gel histochemical staining of F,-ATPase activity, and 2D electrophoresis.
Blue native PAGE (BN-PAGE) of mitochondrial lysates was adapted from previously reported protocols
(34). Briefly, mitochondrial vesicles from ~5 x 108 cells were resuspended in 100 ul NativePAGE sample
buffer (Invitrogen), lysed with 1.5% (vol/vol) dodecylmaltoside (DDM) for 20 min on ice, and then cleared
by centrifugation (18,600 x g for 15min at 4°C). The protein concentration of each lysate was deter-
mined by a Bradford assay (57) so that 50 ug of total protein could be mixed with 5% Coomassie brilliant
blue G-250 before loading on a 3 to 12% Bis-Tris BNE gel (Invitrogen). After electrophoresis (2.5 h at 150
V at 4°C), the gel was either blotted onto a PVDF membrane (Amersham) or incubated overnight in an
ATPase reaction buffer [35 mM Tris (pH 8.0), 270 mM glycine, 19 mM MgSO,, 0.5% Pb(NO,),, 15 mM ATP].
For 2D electrophoresis, individual BNE lanes were cut and placed horizontally on a 12% polyacrylamide
gel prior to electrophoresis and Western blot analysis.

Hypotonic mitochondrial isolation. Mitochondrial vesicles were obtained by hypotonic lysis as
described previously (32). Briefly, cell pellets from 5 x 108 cells were washed in SBG (150 mM Nadl,
20 mM glucose, 1.6 mM NaHPO,), resuspended in DTE (1 mM Tris, 1 mM EDTA [pH 8.0]), and disrupted
through a 25-gauge needle. To reintroduce a physiologically isotonic environment, disrupted cells were
immediately added to 60% sucrose. Samples were centrifuged (12,300 x g for 15 min at 4°C) to clear the
soluble cytoplasmic material from pelleted mitochondrial vesicles. The resulting pellets were resus-
pended in STM (250 mM sucrose, 20 mM Tris [pH 8.0], 2mM MgCl,) and incubated with 5 wg/ml DNase |
for 1 h on ice. An equal volume of STE buffer (250 mM sucrose, 20 mM Tris [pH 8.0], 2 mM EDTA [pH 8.0])
was subsequently added, and the mixture was then centrifuged (18,600 x g for 15min at 4°C). Pellets
enriched with mitochondrial vesicles were then snap-frozen in liquid nitrogen for further analysis or sub-
sequently treated with a chemical cross-linker, as described below.

Chemical cross-linking. Hypotonically isolated mitochondrial lysates were resuspended in 1 ml PBS
(pH 7.5) and incubated with 80 M DSP for 2h on ice. The reaction was stopped by the addition of
20 mM Tris-HCI (pH 7.7) for 15 min at room temperature (RT), and the lysates were then cleared by cen-
trifugation (18,600 x g for 15 min at 4°C). The cross-linked mitochondrial vesicles were then snap-frozen
for subsequent immunoprecipitation (IP).

Immunoprecipitations. IP of tagged proteins was adapted from previously reported protocols (32).
In brief, DSP-cross-linked mitochondrial vesicles from ~5 x 102 cells were solubilized in IPP50 (50 mM
KCl, 20 mM Tris-HCI [pH 7.7], 3mM MgCl,, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride [PMSF],
complete EDTA-free protease inhibitor cocktail [Roche]) supplemented with 1% (vol/vol) Igepal for
20 min on ice. After centrifugation (18,600 x g for 15 min at 4°C), the supernatant was added to 1.5mg
of anti-V5-conjugated magnetic beads, previously washed three times in 200 ul of IPP50 plus 1% Igepal
for 5min at RT. The solubilized mitochondria were rotated with beads for 90 min at 4°C. After the re-
moval of the flowthrough, the beads were washed three times in IPP50 plus 1% Igepal. Prior to elution,
the beads were transferred into a new tube. Elution was done in 0.1 M glycine (pH 2.0) for 10 min at 70°
C with shaking at 1,000 rpm. The eluate was neutralized with 1 M Tris (pH 8.0). The elution step was
repeated to achieve higher recovery. The eluates were further processed for LC-MS/MS analysis or
resolved by SDS-PAGE. IPs were performed in triplicate.

Protein preparation and mass spectroscopy. Triplicate eluates of coimmunoprecipitated proteins
were processed for mass spectroscopy analysis as described previously (58, 59). In brief, samples were
resuspended in 100 mM tetraethylammonium bromide (TEAB) containing 2% sodium deoxycholate
(SDQ). Cysteines were reduced with a final concentration of 10 mM Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) and subsequently cleaved with 1 g trypsin overnight at 37°C. After digestion, 1% tri-
fluoroacetic acid (TFA) was added to wash twice, and eluates were resuspended in 20 ul of TFA per
100 g of protein. A nano-reversed-phased column (Easy-Spray column, 50-cm by 75-um inner diame-
ter, PepMap C,,, 2-um particles, 100-A pore size) was used for LC-MS analysis. Mobile phase buffer A
consisted of water and 0.1% formic acid. Mobile phase B consisted of acetonitrile and 0.1% formic acid.
Samples were loaded onto the trap column (Acclaim PepMap300 C,,, 5 um, 300-A-wide pore, 300 um by 5 mm)
at a flow rate of 15 ul/min. The loading buffer consisted of water, 2% acetonitrile, and 0.1% TFA. Peptides were
eluted using a mobile phase B gradient from 2% to 40% over 60 min at a flow rate of 300 nl/min. The peptide
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cations eluted were converted to gas-phase ions via electrospray ionization and analyzed on a Thermo Orbitrap
Fusion instrument (Q-OT-qIT; Thermo Fisher). Full MS spectra were acquired in the Orbitrap instru-
ment with a mass range of 350 to 1,400 m/z, at a resolution of 120,000 at 200 m/z, and with a maxi-
mum injection time of 50 ms. Tandem MS was performed by isolation at 1.5 Th with the quadru-
pole, high-energy collisional dissociation (HCD) fragmentation with a normalized collision energy
of 30, and rapid-scan MS analysis in the ion trap. The MS/MS ion count target was set to 10%, and
the maximum infection time was set at 35 ms. Only those precursors with a charge state of 2 to 6
were sampled. The dynamic exclusion duration was set to 45 s with a 10-ppm tolerance around the
selected precursor and its isotopes. Monoisotopic precursor selection was on with a top-speed
mode of 2-s cycles.

Analysis of mass spectrometry peptides. Label-free quantification of the data was performed
using MaxQuant software (version 1.6.2.1) (60). The false discovery rates for peptides and proteins
were set to 1% with a specified minimum peptide length of 7 amino acids. The Andromeda search
engine was used for the MS/MS spectra against the Trypanosoma brucei database (downloaded from
UniProt, November 2018, containing 8,306 entries). Enzyme specificity was set to C-terminal Arg and
Lys, alongside cleavage at proline bonds, with a maximum of 2 missed cleavages. Dithiomethylation
of cysteine was selected as a fixed modification, with N-terminal protein acetylation and methionine
oxidation as variable modifications. The “match between runs” feature in MaxQuant was used to
transfer identification to other LC-MS/MS runs based on mass and retention time with a maximum
deviation of 0.7 min. Quantifications were performed using a label-free algorithm as described
recently (60). Data analysis was performed using Perseus software (version 1.6.1.3). Only proteins
identified exclusively alongside a mean log,-transformed LFQ intensity score of >23 and found in
the ATOM40 depletome (indicating that proteins are imported into the mitochondria) were consid-
ered putative interaction proteins (41). Exclusive identification is defined here as a situation where a
given protein was measured in all three replicates of the bait protein pulldown but absent in at least
two out of three control replicates.

Transmission electron microscopy. For ultrastructural studies, cells were centrifuged at 620 x g
for 10 min at RT and immediately fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.2). Samples were then postfixed in osmium tetroxide for 2 h at 4°C, washed, dehydrated through
an acetone series, and embedded in resin (Polybed 812; Polysciences, Inc.). A series of ultrathin
sections were cut using a Leica UCT ultramicrotome (Leica Microsystems) and counterstained with
uranyl acetate and lead citrate. Samples were observed using a JEOL 1010 transmission electron
microscope operating at an accelerating voltage of 80 kV and equipped with a MegaView Il charge-coupled-
device (CCD) camera (Emsis).

Bioinformatic analysis. The multiple-sequence alignment of ATPTb8 homologs from the order
Kinetoplastida was performed by ClustalW using default settings. These alignments were trimmed
to remove gaps and regions of poor conservation and rendered in Jalview (version 2.11.1.3) (61).
Sequences were obtained from the TriTrypDB database. The regions homologous to human and
yeast subunit e were determined using the HHpred toolkit (48), and the helical region and trans-
membrane domain within the ATPTb8 sequence were predicted by PSIPRED 4.0 and MEMSAT-SVM
software (62), respectively. Kyte-Doolittle hydropathy plots for ATPTb8 and the human subunit e
sequence were calculated using the ProtScale prediction software courtesy of the ExPASy server
(63). The structure of ATPTb8 was homology modeled using SWISS-MODEL (49).

Data availability. The mass spectroscopy data have been deposited to the ProteomeXchange
Consortium (http://www.proteomexchange.org) via the PRIDE partner repository with the data set iden-
tifier PXD025109.
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5. CONCLUSION

Crosstalk between FiFo-ATP Synthase and MICOS has been previously demonstrated
in yeast, a model system within the supergroup Opisthokonta, which also includes humans
(Eydt et al., 2017)(Rampelt et al., 2017a). Deletion of Mic60 leads to increased levels of ATP
synthase oligomers, likely the results of functional antagonism between Mic60 and ATP
synthase dimer subunits e- and g- in yeast (Rampelt et al., 2017a)(Rabl et al., 2009). It has been
reported that a fraction of Mic10 interacts with subunit e- and appears to promote ATP synthase
oligomerization. However, this physiological roles of this crosstalk in yeast remains enigmatic,
precluding any rational means as to whether this interaction is a general eukaryotic
phenomenon or just a fungal novelty.

I was able to document that indeed this interplay between MICOS and ATP synthase dimer in
present in 7. brucei, a model system within the clade Discoba, which separated from
Opisthokonta ~1.8 billion years ago (Cadena et al., 2021). Although some aspects of these
complexes are conserved in both S. cerevisiae and T. brucei (i.e., MICOS ability to maintain
crista junctions, facilitate protein import and the occurrence of ATP synthase dimer rows at
cristae rims) both complexes exhibit divergent features (Hashimi, 2019). Due to their early
branching lineages and the marked divergence of their respective MICOS and ATP synthase,
I conclude that this crosstalk is a fundamental and ancestral property of cristae (Burki et al.,
2020).

It has been demonstrated that trypanosomal Mic60 depletion phenocopies the hyper-
oligomerization witnessed in yeast Mic60 deletion mutants (Rampelt et al., 2017a). This is the
first indication of a putative MICOS-ATP synthase crosstalk in 7. brucei (Cadena et al., 2021),
in addition, this result supports the putative designation of this subunit as a bona fide Mic60
despite the lack of an obvious mitofilin domain (Kaurov et al., 2018). Moreover, crosstalk
between MICOS and ATP synthase appears to be mediate by one of the two trypanosome
Mic10 paralogs, Mic10-1, as it crosslinks to ATPTb2 and ATPTbS, two membrane-associated
subunits of the Fo moiety (Cadena et al., 2021). This interaction is consistent with Mic10-1
being an integral membrane protein comprised of two transmembrane domains (Kaurov et al.,
2018). Additionally, Micl10-1 co-immunoprecipitates with the majority of ATP synthase
subunits after cross-linking. However, these ATP synthase subunits are scarcely detected when
MICOS is immunoprecipitated in the absence of cross-linker, alluding to the fact that this
interaction may be dynamic and/or transient (Cadena et al., 2021).

These results demonstrate that there is functional difference between the Micl0
paralogs, as Mic10-2 appears to not interact with ATP synthase (Cadena et al., 2021). Because
Mic10-1 mediates this crosstalk as canonical Mic10 in yeast, it may represent the conventional
Mic10 paralog. Whereas Mic10-2 could have arisen as the result of a diversified variant whose
precise role in discoidal crista shaping remains unknown. Indeed, Mic10-1 contains the typical
GxGxGxG motif in the C-terminal transmembrane domain, a property shared with other Mic10
homologs, whereas Mic10-2 presents a reduced GxGxG motif (Kaurov et al., 2018). One can
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speculate that this difference could be the reason why Mic10-1 interacts with ATP synthase as
opposed to Mic10-2.

Due to yeast Micl0 interacting with ATP synthase dimers, I set out to identify any
subunits that may potentially affect dimerization and thus serve as a marker for hyper-
oligomerization. The Fo moiety of 7. brucei ATP synthase identified by mass spectroscopy has
yet to be fully characterized. Thus, proteins containing a single-pass transmembrane domain
with a GxxxG motif were screened, a signature motif of yeast subunit e-. The protein ATPTb8
appeared, and outputs of structural modelling, hydropathy plots and Hidden Markov Models
supported potential homology with human/yeast subunit e- (Cadena et al., 2021). ATPTbS is
enriched in dimer fractions and its ablation phenocopies that of yeast subunit e-, where
defective cristae appear as onion-like structures. Thus, it is predicted that ATPTb8 represents
a homolog of subunit e-. However, whether discoban ATPTb8 and opisthokont subunit e- arose
through divergent or convergent evolution remains enigmatic, as phylogenetic analysis of the
open reading frames and coding regions of both genes are short and highly diverged; a
combination lacking the phylogenetic information needed to reconstruct evolutionary
relationships.

Why has this crosstalk between MICOS and FiFo-ATP Synthase prevailed in both
opisthokonts and discobans, and what role does it play? Two different hypotheses have been
previously established and, in this thesis, a third is proposed (Fig. 11. Page 20). These
hypotheses may not necessarily be mutually exclusive and perhaps not apply to every lineage.
The first hypothesis postulates that unbound Mic10 interacts with ATP synthase dimers. The
local negative curvature induced by Micl0 may relieve membrane tension caused by the
positive bending mediated by dimer rows, stabilizing ATP synthase oligomers. The second
hypothesis speculates Mic10 acts to bridge MICOS and ATP synthase dimers directly at crista
junctions. Under these conditions, ATP synthase dimers would induce positive curvature at the
tubular necks of cristaec. However, crista junctions in S. cerevisiae have slot-like morphology
and mainly comprised of flat membranes and presents a biophysical problem. This occurrence
of flatten membranes at CJs is inconsistent with the co-localization of ATP synthase dimers.
Assuming that both MICOS and ATP synthase are evenly distributed along the CJ, the induced
curvature would exert forces that would be equal relative to the center of origin, ergo producing
a circle, as in the case of tubular CJ morphology. However, under slot-like CJ morphologies,
this force is assumed to be an elliptical shaped, thus the forces exerted are eccentric (Fig. 12.).
Given the aforementioned reasoning, one would conclude that MICOS and ATP synthase, in
conjunction or alone, cannot explain the segregation of tubular and slot-like CJ morphology,
therefore, nullifying the basis that MICOS-ATP synthase dimer interaction takes place at CJs
and mediates proper CJ morphology.
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FI=F,=F; F,<F,<F; . ATP Synthase dimer

Fig. 12. ATP synthase dimers, with or without MICOS interaction, cannot account for
the differentiation of tubular (A) or slot-like (B) crista junctions, unless another factor
influences protein complex distribution at crista junction sites. Circle (A) and eclipse (B) show
ClJ cross sections of tubular and slot-like morphologies, respectively.

The third hypothesis, in which this thesis wishes to propose, is that a transient
interaction between Mic10-1 and ATP synthase occurs at nascent cristae during the process of
ATP synthase dimer-induced invagination of the MIM at the future site of crista junctions. This
interaction may involve Micl10 alone or as a part of a putative MICOS subassembly complex
present near emerging crista. As to why this interaction between MICOS and dimeric ATP
synthase has been preserved throughout the diversification of eukaryotes has yet to be
answered.

6. ADDITIONAL EXPERIMENTS AND FURTHER PERSPECTIVES

An enigmatic aspect that has been left unanswered in the three papers investigating
MICOS-ATP synthase crosstalk is the discrepancy between Mic60’s ability to hyper-
oligomerize ATP synthase upon depletion and lack of an obvious interaction between ATP
synthase oligomerization and Mic60. Hence, I propose that Mic60 functions either as a cryptic
negative regulator in cardiolipin synthesis, or as a negative regulator of cardiolipin
incorporation in cristae membranes, as decreased levels of cardiolipin leads of loss of ATP
synthase dimers, and artificially increased levels promote hyper-oligomerization (Rampelt et
al., 2017a). Given this phenomenon, I assume that under Mic60 deleted/depleted conditions,
increased levels of cardiolipin are present in cristae, leading to ATP synthase hyper-
oligomerization. A simplistic approach would be to measure levels of cardiolipin in Mic60
depleted/deleted mutants in both 7. brucei and S. cerevisiae via mass spectroscopy compared
to both wild type samples (Oemer et al., 2018). Additionally, one should compare the levels of
cardiolipin between Mic60 and Micl0 mutants, as both manifest the same ultrastructural
phenotype (detached, elongated cristac), but only one exhibits ATP synthase hyper-
oligomerization.
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Similarly, it has been reported in yeast that overexpression of Micl0 leads to ATP
synthase hyper-oligomerization in the same fashion as Mic60 deleted mutants (Rampelt et al.,
2017a). Unfortunately, the T. brucei system is incapable of overexpressing protein levels to the
same extent as in S. cerevisiae systems (e.g., pPRS426 vector; copy number ~20 per haploid
cell)(Johnson et al., 2008) (Fig. 13.). Due to this constraint, I was unable to verify if increased
levels of Mic10-1 would lead to ATP synthase hyper-oligomerization (Rampelt et al., 2017a).
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Fig. 13. Verification of Micl10-1 overexpression in 7. brucei using a modified pPLEWI111
vector. The steady-state abundance of Mic10-1 in non-induced cells and in cells induced with
doxycycline for 5 days was determined by western blot analysis using a specific Mic10-1
antibody. HSP70 serves as a loading control. Percentages on bottom show Micl0-1 signal
densiometric quantification relative to non-induced (Unpublished data).

I would be curious whether the MICOS-ATP synthase interaction is present in other
eukaryotes outside of Opisthokonta and Discoba. If one were to identify this interaction in
organisms from Archaeplastida or SAR, I would assume that this crosstalk is indeed a
fundamental feature of cristae development and would go so far as to state that it was perhaps
present in the later stages of eukaryogensis in LECA. However, one would first have to find
evidence of possible dimeric ATP synthase present in the mitochondria of LECA, as our
hypothesis depends on the ability of ATP synthase to dimerize to facilitate the initial
invaginations of cristae at future crista junction sites. Given that ATP synthase dimerization is
to date ubiquitous throughout eukaryotes establishes the fact that it is indeed a mitochondrial
innovation. The issue that arises from this proposal is the fact that ATP synthase, although
present in alphaproteobacteria, does not have the capacity to dimerize. And as such one would
assume that ATP synthase dimerization occurred sometime between FECA and LECA.
Moreover, recent data suggests that Mic60 homologs are currently present in intracytoplasmic
membranes of certain alphaproteobacteria (Munoz-Gomez et al., 2017), alluding to the fact
that the proto-mitochondria held the ability to facilitate inner membrane invaginations. These
intracytoplasmic membranes function similar to mitochondrial cristae, as they amplify the
cellular membrane for specific energy transduction processes (Fig 14). Moreover, the Light
Harvesting Complex II exist as dimers and are found in rows throughout the intracytoplasmic
membrane (Liu et al., 2008)(Woronowicz et al., 2013). Indeed, this eerily similarity to ATP
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synthase dimer rows and cristae should not go unnoted. Whether the Light Harvesting Complex
II is needed for proper intracytoplasmic membrane invagination is still relatively unanswered
and suggests an interesting field of research.

anaerobic anoxygenic ’ _
photosynthetic ICMs  respiratory cristae

Fig. 14. Similarities between intracytoplasmic membranes (ICMs) in alphaproteobacteria (left
purple) and cristae in aerobic mitochondria (right: orange). Adapted from (Mufioz-Gémez et
al., 2017)

Perhaps I shall go as far as to place forth the idea that modern-day cristae in aerobic
mitochondria occurred due to the ability of F1Fo-ATP Synthase to dimerize sometime between
the FECA and LECA events with the help of alphaproteobacteria-Mic60.
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