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A N N O T A T I O N 

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 F i F o - A T P Synthase, that has 
remained conserved throughout eukaryotic diversification for over 2 bil l ion 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 A T P 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 
( L E C A ) (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 L E C A 
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 t h 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 (Munoz-Gomez et al., 
2017). These modern phylogenomic analyses have confirmed that the ancestorial 
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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 L E C A . Prior 
to that, numerous events may have taken place after the initial acquisition of the pre-
mitochondrial alphaproteobacterium from F E C A (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. 
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Back to the basics: General structure and function of mitochondria 

A t 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 ( M O M ) and the mitochondrial inner membrane (MIM) , while the space between 
the M O M and M I M is referred to as the intermembrane space (IMS) (Fig. 2.) (Bornstein et al., 
2020). 

Fig . 2. Schematic illustration of mitochondria. Mitochondrial outer membrane ( M O M ) , 
Mitochondria inner membrane (MIM) , Intermembrane space (IMS), Crista junction (CJ), 
cardiolipin (CL) , Mitochondrial D N A (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 
( S A M ) . 

The M O M 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 M O M 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 ( S A M ) are found 
throughout the M O M . Nuclear encoded mitochondrial proteins enter the mitochondria via 
T O M , 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 
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(3-barrel proteins destined to be directly inserted into the M O M are folded and translocated by 
S A M (Paschen et al., 2003)(Wiedemann et al., 2003)(H6hr 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., A T P , fumarate, citrate, carnitine, etc.) 
between the cytoplasm and M I M (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 b2, cytochrome c heam lysate, and uncoupling protein import 
pathways (Edwards et al., 2021). 

In order to maintain the transmembrane gradient required for respiratory metabolism 
the M I M 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 M O M , 
the M I M harbors a complex morphology and invaginates into the matrix giving rise to 
specialized sub-compartments called cristae, which are attached to the M I M by crista junctions 
(CJs) (Perkins et al., 1997)(Fig. 2.). 

The M I M also has a distinct l ipid 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 A T P synthesis, collectively known as the electron transport chain 
(ETC), are enriched throughout the cristae 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 (Munoz-Gomez et al., 
2015a)(Friedman et al., 2015)(Panek 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 
( O X P H O S ) 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 
( T C A ) cycle, oxidation of pyruvate, and beta oxidation of fatty acids. The matrix also houses 
mitochondrial ribosomes and mitochondrial D N A (mtDNA), with both being associated in 
proximity to the M I M (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 
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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 A T P via O X P H O S 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,/or details see page 75)(Michels 
et al., 2006). Meanwhile, the T C A cycle and O X P H O S occur in the mitochondria to produce 
A T P , the primary energy currency for enzymatic reactions (Hroudova and Fisar, 2013). 
Embedded within the M T M , the E T C is comprised of four multiprotein complexes, which 
couple the transfer of electrons to pump protons across the M I M (Fig. 3.). This generates an 
electrochemical gradient, ultimately allowing protons to drive back into the matrix through 
F i F o - A T P Synthase. 

In brief, electron transport begins as Complex I ( N A D H dehydrogenase) oxidizes the 
cofactor N A D H (generated by the T C A cycle) to N A D + . Electrons also enter the E T C at 
Complex II (succinate dehydrogenase) through oxidation of succinate to fumarate, a 
complimentary step in the T C A cycle. The electron generated by both Complex I and Complex 
II is transferred to the coenzyme factor ubiquinone, allowing for the passage of the electron to 
cytochrome c v ia Complex III (cytochrome c reductase). Intriguingly, Complex II is typically 
found on the I B M 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 I V (cytochrome c 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 A T P production through F i F o - A T P 
Synthase, which functions as a molecular rotor to generate A T P from A D P and inorganic 
phosphate. 
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Fig . 3. Diagram of the transfer of electrons via the E T C and movement of protons. 
Adapted from (Wu et al., 2021). 

While O X P H O S 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 D N A 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., D N A 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 M O M permeabilization by proapoptotic 
proteins known as Be l family proteins. These proteins subsequently activate signal-transducing 
molecules that associate to the M O M and induce permeabilization. Upon disruption of the 
M O M via Opal cleavage, cytochrome c (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-l/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, D N A 
replication and repair, and regulation of gene expression (L i l l 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 O X P H O S and other mitochondrial bioenergetic pathways (Shiflett and 
Johnson, 2010). 
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Cristae: Variations on a common theme 

Cristae, the structural hallmarks of the M I M , constitute respiratory sub-compartments 
within the mitochondria (Pánek 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 c 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 M I M into the inner boundary membrane (1MB) and 
the crista membrane (Barbot et al., 2015)(Colina-Tenorio et al., 2020)(Pánek et al., 2020). 

Although cristae are present in all aerobic mitochondria, they exhibit variations among 
a wide variety of eukaryotes (Pánek 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., M I C O S , F i F o - A T P synthase dimers, Opal ) does not correlate with 
specific cristae morphologies (Muňoz-Gómez et al., 2015a). Two major C J morphologies have 
been observed (Pánek et al., 2020). The tubular like structures is the most predominant C J 
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 (Pánek 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 (Pánek 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 (Pánek 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, M I C O S 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). M I C O S 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 M I M . This defective ultrastructure ultimately leads to impaired aerobic respiration 
and other secondary consequences such as altered m t D N A inheritance (Paumard et al., 
2002)(Colina-Tenorio et al., 2020). Indeed, this drastic disturbance in M I M morphology 
demonstrates the rigid control that mitochondrial structure exerts on function (Rabl et al., 
2009)(Harner et al., 2011). 

MICOS: A multitasking giant 

M I C O S has been most well characterized in S. cerevisiae, and consists of six subunits 
assembled hierarchically into the subcomplexes M i c 6 0 - M i c l 9 and M i c l 2 - M i c l 0 - M i c 2 6 -
Mic27 (Friedman et al., 2015)(Munoz-Gómez et al., 2015b)(Zerbes et al., 2012). Mic60 and 
M i c l O are the two most functionally important M I C O S subunits, as their disruption leads to 
the most severe mutant phenotypes (Bohnert et al., 2015). Moreover, homologs for both Mic60 
and M i c l O are found commonly distributed throughout the eukaryote tree of life in comparison 
to other S. cerevisiae M I C O S subunits (Muňoz-Gómez et al., 2015a). Hence, subcomplex 
organization is based around these two subunits. Overall, M I C O S has been shown to perform 
two major roles: the formation of CJs and contact sites (CS) (Anand et al., 2021). 

Mic60 , previously annotated as mitofi l in/Fcjl , was the first M I C O S 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 M I C O S complex. It has 
been shown to directly contribute to C J formation by actively bending the membrane of the 
M I M (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 
( T M D ) (Tarasenko et al., 2017)(Hessenberger et al., 2017). It has also been recently shown 
that the Mic60 subcomplex by itself is sufficient in inducing C J formation when re-expressed 
in M I C O S knockout cell lines in human cells, demonstrating its critical role in establishing de 
novo CJs (Stephan et al., 2020). M i e l 9 (including paralog Mic25 in humans/metazoans), part 
of the Mic60 subcomplex, appears to regulate the mitofilin domain by binding to it directly via 
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its C H C H (coiled-coil helix coiled-coil helix) domain, thus modulating the membrane shaping 
activity of Mic60 (Hessenberger et al., 2017). Additionally, M i c l 9 is the only known M I C O S 
subunit to lack a T M D and thus is not directly attached to the membrane (Sakowska et al., 
2015)(Tangetal., 2020). 

Cytoso l 

O u t e r M e m b r a n e 

I n t e r m e m b r a n e S 

Inner B o u n d a r y 

Matr ix 

Fig . 5. Determinants of mitochondrial cristae architecture and dynamics (Colina-
Tenorio et al., 2020). 

M i c l O 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 I B M into cristae (Barbot et al., 2015)(Bohnert et al., 
2015). M i c l O is as a small protein with two T M D s spanning across the M I M , hypothesized to 
form a wedge-like topology (Rampelt et al., 2017b). Similar to Mic60 , M i c l O has been shown 
to bend membranes both in vivo and in vitro (Barbot et al., 2015). It has been speculated that 
the combination of M i c l O ' s wedge-like topology and ability to homo-oligomerize through the 
glycine rich motifs present in the T M D s are the main factors contributing to membrane 
bending, as oligomerization mutants fail to induce curvature (Barbot et al., 2015). 

M i e l 2 (putative metazoan homolog annotated as Q i l l ) has been reported to act as the 
intermediary bridge between the Mic60 and M i c l O subcomplexes (Zerbes et al., 2016)(Guarani 
et al., 2015). The yeast paralogs Mic26/27 are theorized to directly bind to cardiolipin and thus 
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may play a scaffolding role in the stability of M I C O S 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 M i c l O 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 M i c l 2 
have been shown to influence M i c l O stability differently, indicating independent, non-
redundant roles (Zerbes et al., 2016). 

The secondary major role of M I C O S is the formation of contact sites (CS). Here, CSs 
are defined as steric interactions between M I C O S 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 M i c l 9 to establish contact to the M O M , 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 
T O M and the major metabolite channel p o r i n / V D A C (voltage dependent anion channel), but 
not thoroughly investigated (von der Malsburg et al., 201 l)(Harner et al., 2011). Depletion of 
M i c l 9 has been shown to lead M I B disassembly, as the Mic60-Mic l9-Sam50 axis is disrupted. 
Even in the presence of Mic60 and Sam50, abnormal mitochondrial morphology, reduced CJs, 
and reduced A T P 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 
M I C O S and M O M 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 M I B enabling Psd l 
to decarboxylate phosphatidylserine to phosphatidylethanolamine in the M O M , as precursor 
lipids need to be imported from the E R into mitochondria before further synthesized in the 
M I M (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 ß-barrel proteins into the M O M (Klein et al., 2012), it is safe to assume that that 
this decrease in CJs is the result of the lack of CSs and not a secondary effect caused by 
decreased mitochondrial import. 

Therefore, M I C O S has been shown to form the core of a large network of interacting 
proteins with diverse functions including membrane architecture, l ipid biogenesis and 
metabolism. Aside from steric interactions, M I C O S 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 
M I C O S network has thus been proposed to play an orchestrating role for the spatial and 
functional coordination of various mitochondrial activities. 
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FiFo-ATP Synthase: An overview 

The F i F o - A T P Synthase consists of a hydrophilic, matrix-facing ATP-generating F i 
head and the membrane-embedded Fo subcomplex (Fig. 6.) (Noji et al., 1997)(Yoshida et al., 
2001). The primary function of F-type A T P synthase is the synthesis of A T P from A D P and 
inorganic phosphate coupled with the proton gradient generated by the E T C . Indeed, these F -
type A T P synthases are one of the most ancient enzymatic complexes as they are found 
ubiquitously throughout all l iving 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 A T P 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). 

FiFo-ATP Synthase: A marvelous enzyme 

F-type A T P synthases, when operating in the forward mode, employ proton motive 
force generated by the E T C to produce A T P , 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 H i l l , 2003). In contrast, 
mitochondrial A T P synthases in the majority of aerobes produce cellular A T P 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 
F i F o - A T P Synthase has been of key interest to biochemists, molecular biologists, and 
structural biologists (Kiihlbrandt, 2019). 

Fig . 6. (a) Schematic overview of F-type A T P synthases. F-type A T P synthases consist of a 
catalytic F i head, and the Fo motor complex embedded in the membrane, (b) Mitochondrial 
A T P synthase exists as a dimer (Kiihlbrandt, 2019). 
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In mitochondrial A T P synthase, the F i motor consists of a heterohexamer assembly of 
three a- and three ß- subunits, organized symmetrically around the y- subunit central shaft 
(Abrahams et al., 1994). Within the F i motor, theß- subunits constitute the catalytic nucleotide 
binding sites, where empty pockets become occupied by M g - A D P and inorganic phosphate, 
which condense to form M g - A T P . Although both the a andß- subunits show similar structure 
and polypeptide sequences, the catalytic site lays embedded within theß- subunits (Kühlbrandt, 
2019). 

While the F i head performs the catalytic function, the Fo motor either generates the 
torque required for A D P 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 i 
head is connected to the Fo motor by the central stock (y-, s- and 6- subunits) and the peripheral 
stalk (OSCP subunit in mitochondria). The y- subunit functions as a crankshaft by pressing the 
F i a- andß- head into different conformations, allowing for different binding affinities for A T P 
or A D P and inorganic phosphate (Wilkens and Capaldi, 1998). 

The mitochondrial A T P synthase differs from that of bacterial and chloroplast A T P 
synthase (Junge and Nelson, 2015). Among these differences include structure, membrane 
arrangement and several additional Fo associated subunits (von Ballmoos et al., 
2009) (Kühlbrandt, 2019). Perhaps the most noticeable feature of mitochondrial A T P synthase 
is that they occur as dimers (Fig. 6.) (Arnold et al., 1998)(Dudkina et al., 2005)(Davies et al., 
2012). These A T P 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 A T P 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 A T P 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- org- was 
shown to result in disassociation of A T P 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 A T P synthase dimers in vivo is a prerequisite for proper cristae architecture to take 
place. Therefore, apart from enzymatic function, A T P synthase affect mitochondrial 
physiology by shaping submitochondrial ultrastructure. 
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Trypanosoma: An enticing model to study mitochondria 

A s 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., 201 l ) (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 {Trypanosoma brucei) and Chagas disease {Trypanosoma cruzi) (Matthews, 
2015). Species encompassing Discoba are believed to diverged early from opisthokonts ~2 Ga 
ago (Erne 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 D N A ( k D N A ) 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). T 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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Fig . 7. The latest Tree of Eukaryotes adapted from (Burki et al., 2020). Highlighted are 
the most frequently studied lineages belonging to the Opisthokonta and the position of T. brucei 
in relation. 

A n additionally property of the amenability of T. brucei is the ability to recapitulate 
parts of their lifecycle under culrurable conditions. The life cycle of T. 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 T. 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.). 
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Fig . 8. The complex life cycle of T. brucei. Nucleus (N), Mitochondrion (MI), 
Kinetoplast (KI). Taken from (Mehlhorn, 2001). 

The mitochondrion of Trypanosoma brucei 

The overall gross morphology of T. 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)(Doleželová et al., 
2020). Due to the abundance of free glucose found in mammalian blood (Wasserman, 2009), 
during the bloodstream stage, production of A T P relies exclusively on glycolysis (Doleželová 
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, O X P H O S does not take place and several 
components of the E T C (Complex III and Complex VI) are absent (Ziková et al., 2017). During 
this stage, F i F o - A T P Synthase is still present and performs A T P to A D P hydrolysis in order to 
maintain the mitochondrial membrane potential for protein import and Fe/S cluster assembly 
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(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 M I M 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 E T C 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 T C A cycle and O X P H O S (Verner et al., 2015). Large, discoidal 
cristae 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, T. brucei relies on the catabolism of the former as the 
main source of carbon for the T C A cycle to produce A T P (L'Hostis et al., 1993)(Lamour et al., 
2005)(Mantilla et al., 2017). Strikingly however, the T C A 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 T C A 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 cristae 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 

B y 2014, little was known about the evolutionary history of M I C O S , 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 M i c l O and 
Mic60 appeared to be well conserved throughout aerobic mitochondria containing eukaryotes 
based on B L A S T and Hidden Markov Model ( H M M ) predictions against S. cerevisiae M I C O S 
(Munoz-Gomez 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 M i c l O , T. brucei contains no obvious yeast M I C O S homologs 
(Munoz-Gomez et al., 2015b)(Kaurov et al., 2018). O f noteworthy mention, T. brucei M i c l O 
is present as two paralogs, M i c l 0 - 1 and M i c l O - 2 , the former bearing higher similarity to 
conventional yeast M i c l O in terms of glycine residue amounts within the predicted 
transmembrane domain (Kaurov et al., 2018). Similar to yeast however, the trypanosomal 
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M I C O S is divided into two subcomplex; the membrane integral subcomplex containing 
paralogs M i c l 0 - l / 2 - M i c l 6 - M i c 6 0 and the peripheral IMS soluble complex Mic32-Mic34-
M i c l 7 - M i c 4 0 - M i c 2 0 (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)(Munoz-G6mez 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 M I C O S subunits (i.e., M i c l O 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 M I C O S . In both 
systems, M I C O S is categorized into two subcomplexes. Taken from (Hashimi, 2019). 

Functional analysis of the trypanosomal M I C O S has shown that several conserved 
features remain that have been previously reported in human/yeast M I C O S . Depletion of 
individual subunits results in the detachment of cristae from the M I M and altered mitochondrial 
ultrastructure, with the exception of M i c l 6 which was not shown to have a phenotype (Kaurov 
et al., 2018). This apparent loss of C J formation is consistent with M I C O S mutants witnessed 
in human and yeast cell cultures. In addition, it has been reported that Mic60 
immunoprecipitation pulldowns show enriched amounts of S A M , demonstrating the ability to 
form contact sites with M O M proteins and possibly establishing a trypanosomal M I B (Kaurov 
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et al., 2018)(Tang et al., 2020). The ability for trypanosomal M I C O S 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,s>C motifs. Taking 
the above information into consideration, the trypanosomal M I C O S has been proposed to act 
as a hub for both cristae shaping and IMS protein import. These multi-features found in T. 
brucei M I C O S are thus comparable to the diverse functions of M I C O S 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 l ipid desorption from membranes and bind to 
directly T O M , suggesting the ability to form contact sites with the M O M (Michaud et al., 
2016). The authors hypothesize that contact sites could mediate l ipid trafficking between the 
M O M and M I M (Michaud et al., 2016). Noteworthy, no interaction with Sam50 was witnessed. 

FiFo-ATP Synthase: Different models for different species 

Comparable to the assortment between conserved and diverged features in M I C O S 
mentioned above, mitochondrial F i F o - A T P Synthases display similar diversity between 
species. A T P 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 A T P synthase 
dimer structures, a four class system (Type I-IV) has been established based on dimer angle as 
determined using cryo-electron imaging (Fig. 10.) (Kiihlbrandt, 2019)(Panek et al., 2020). 

V - d i m e r U - d i m e r 

O f f s e t P l a n a r O f f s e t 

E u g l e n e G r e e n a l g a e P l a n t O p i s t h o k o n t C i l i a t e 
t y p e I V t y p e II t y p e I ? t y p e I t y p e III 

Fig . 10. Different classes of F i F o - A T P Synthases dimer angles, depicted as Types I-IV, 
found in different eukaryotes (Pánek et al., 2020). 
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These structural studies have revealed major difference between A T P 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 F i 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 ( S A R family). However, it should not be misinterpreted that Type III 
dimers are rare in nature given the fact that the S A R family is highly diverse and found in all 
biomes. Additionally, A T P 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 o f - 8 6 ° (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)(Pánek 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 
L i s 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 (Vázquez-Acevedo et al., 2006)(Vázquez-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° (Pánek et al., 2020). 

A s previously mentioned, Type III are unique as they form an atypical U-shape, with 
each F i 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° (Pánek et al., 2020). This set of 
unorthodox dimers are found in the tubular cristae of Paramecium multimicronucleatum (SAR) 
(Mühleip 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 I V dimers are found in euglenozoans and trypanosomes (Discoba) and share 
certain features with Type III dimers, as their peripheral stalks appear offset between dimers 
(Pánek et al., 2020). The angle between monomers has been determined to be - 5 0 ° 
(Kühlbrandt, 2019). Additionally, Type I V dimers have a pyramid shaped F i as opposed to the 
globular shape seen in Type I/II, due to the occurrence of euglenozoan-specific subunit p i 8 
(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 (Mühleip et al., 2017). Due 
to this difference between V-shaped dimer row formation between Type I and Type I V A T P 
synthases, it is tempting to speculate the role they contribute regarding lamellar and discoidal 
cristae formation, respectively (Pánek et al., 2020). 
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MICOS and F1F0 -ATP Synthase crosstalk: A conserved interaction? Or a fungal 
novelty? 

Crosstalk between crista-shaping factors M I C O S and dimeric F1F0-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 M i c l O physically interacts 
with A T P synthase dimers, presumably via subunit e-, and the overexpression of M i c l O leads 
to stabilization of A T P synthase hyper-oligomers (Rampelt et al., 2017a). A n even more 
pronounced accumulation of A T P synthase hyper-oligomers was witnessed upon deletion of 
the Mic60 gene, but concrete evidence of a physical interaction between Mic60 and any A T P 
synthase subunits has yet to be reported (Rabl et al., 2009)(Schweppe et al., 2017). This 
interplay between M I C O S and A T P synthase is a remarkable yet still unexplained 
phenomenon, as both complexes play critical and antithetical roles in shaping the M O M . 

In T. brucei, a similar phenomenon was recently reported regarding crosstalk between 
trypanosomal M I C O S and dimeric F i F o - A T P Synthase (Cadena et al., 2021). Indeed, upon 
depletion of trypanosomal Mic60 , acclimation of A T P synthase hyper-oligomers was 
witnessed. Additionally, one of the two M i c l O paralogs present in T. brucei, M i c l 0 - 1 , was 
shown to have physically interact with A T P synthase in vivo. Moreover, the identification of 
trypanosomal A T P synthase subunit e- was also reported in the same study. The appearance 
of this crosstalk in both T. 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 M I C O S - A T P 
synthase crosstalk have been hypothesized (Fig. 11.). The first postulates that a fraction of 
unbound M i c l O interacts directly to A T P synthase dimers on cristae edges (Rampelt et al., 
2017a). The second involves A T P synthase dimes in the proximity of crista junctions, using 
M i c l O as a bridge between both complexes (Eydt et al., 2017). The third hypothesis proposes 
that the M i c l O - A T P synthase interaction is dynamic and transient, and occurs at the future 
site of crista junctions in nascent cristae during the process of A T P synthase dimer-induced 
invagination of the MEVI (Cadena et al., 2021). 
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Fig . 11. Three possible scenarios of M I C O S - A T P synthase crosstalk in cristae (Cadena 
etal., 2021). 
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2. AIMS AND TASKS 

The main aims of the research were to: 

(i) Identify whether crosstalk between M I C O S and F1F0-ATP Synthase is a conserved 
eukaryote feature by utilizing model system T. brucei; 

(ii) Identify the existence of a kinetoplast specific F1F0-ATP Synthase subunit capable 
of stabilizing dimer formation; 

(iii) Propose an alternative mode of action contributing to the maturation of 
mitochondrial cristae via M I C O S and F1F0-ATP Synthase interplay. 

3. SUMMARY 

A s 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 F i F o - A T P Synthase and M I C O S 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 F i F o - A T P Synthase 
and M I C O S 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 F i F o - A T P Synthase 
and M I C O S 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 T. brucei as my system, given that it diverged from 
humans/yeast some 2 bil l ion years ago and bares an almost alien-like mitochondria in 
comparison. I was able to conclude that this crosstalk was indeed witnessed in T. 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 
F i F o - A T P Synthase and M I C O S , a scenario that may have been applied to ancient 
mitochondria. 
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A B S T R A C T 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 0-ATP synthase are vital for sculpting cristae by 
opposing membrane-bending forces. While MICOS promotes negative curvature at crista 
junctions, dimeric F,F 0-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 bil l ion years ago. Specifically, one of the paralogs of the core MICOS 
subunit Mic10 interacts with dimeric F,F 0-ATP synthase, whereas the other core Mic60 
subunit has a counteractive effect on F,F 0-ATP synthase ol igomerizat ion. This is evoca­
tive o f the nature of MIC0S-F,F o -ATP synthase crosstalk in yeast, wh ich is remarkable 
given the diversification that these two complexes have undergone dur ing almost 2 
eons of independent evolut ion. Furthermore, we identif ied a highly diverged, putative 
homo log of subunit e, which is essential for the stability o f F,F 0-ATP synthase dimers in 
yeast. Just like subunit e, it is preferentially associated wi th dimers and interacts with 
M i c10 , a n d its s i l enc ing results in severe defects to cr istae and the d i s in tegra t ion 
of F,F 0-ATP synthase dimers. Our f indings indicate that crosstalk between MICOS and 
dimeric F,F 0-ATP synthase is a fundamenta l property impact ing crista shape throughout 
eukaryotes. 

I M P O R T A N C E M i t o chond r i a have unde rgone p ro found divers i f icat ion in separate l ine­
ages that have radiated since the last c o m m o n ancestor o f eukaryotes some eons 
ago. Mos t eukaryotes are unicel lu lar protists, i nc lud ing et io logica l agents o f infec­
t ious diseases, like Trypanosoma brucei. Thus, the study of a broad range of protists 
can reveal f undamenta l features shared by all eukaryotes and l ineage-specif ic i nno ­
vat ions. Here, we report that two dif ferent prote in complexes , MICOS and F,F D-ATP 
synthase, k n o w n to affect mi tochondr ia l architecture, unde rgo crosstalk in T. brucei, 
just as in baker's yeast. This is remarkable cons ide r ing that these comp lexes have 
otherwise unde rgone many changes du r i ng their a lmost 2 b i l l ion years o f i n d e p e n d ­
ent evo lu t ion . Thus, this crosstalk is a fundamenta l property needed to mainta in 
proper mi tochondr ia l structure even if the const i tuent players cons iderab ly d i ve rged . 

K E Y W O R D S ATP synthase, MICOS, Trypanosoma, evo lu t ion , m i tochondr i a 

M i tochondr ia are ub iqu i tous organel les that play a central role in cel lular respira­
t ion in aerob ic eukaryotes a longs ide other essential processes, some of wh i ch are 

retained in anaerobes (1). These organel les have a c o m p l e x internal o rgan iza t ion . 
Whi le the mi tochondr ia l outer m e m b r a n e is smoo th , the inner m e m b r a n e is markedly 
fo lded into invaginat ions cal led cristae, the morpho log i ca l ha l lmark of the organel le 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 c o m ­
plexes lack these ultrastructures (1, 6). 

M i tochondr i a l m o r p h o l o g y differs a m o n g species, tissues, and metabo l i c states. 
Nevertheless, these variat ions are der ived f rom c o m m o n structural features, some of 
wh i ch were likely inher i ted f rom an endosymb io t i c a lphapro teobac te r ium that gave 
rise to the organe l le (1, 7, 8). Cristae cont r ibu te to this variety as they can assume dif­
ferent shapes, such as platel ike lamellar cristae, wh i ch decorate yeast and an imal m i to ­
chondr ia , and the paddle l ike d isco ida l cristae seen in d i scoban protists (9). These 
shapes are at least in part de t e rm ined by prote in comp lexes e m b e d d e d w i th in the 
crista membranes . 

The mi tochondr ia l contac t site and cristae o rgan iza t ion system (MICOS) is a hetero-
o l igomer i c prote in c o m p l e x that is respons ib le for the fo rmat ion and maintenance of 
crista junc t ions , narrow points o f a t tachment o f cristae to the rest o f the inner m e m ­
brane (10, 11). Crista junc t ions serve as d i f fus ion barriers into and out o f cristae, as 
these structures cease to act as a u t o n o m o u s b ioenerget i c units u p o n MICOS ablat ion 
(12). The two core MICOS subuni ts M i c10 and Mic60 , bo th o f wh i ch are wel l conserved 
t h roughou t eukaryotes (13, 14), have demons t ra ted m e m b r a n e m o d e l i n g activity that 
contr ibutes to const r ic t ion at crista junc t ions (15-18). 

The F,F 0-ATP synthase (here "ATP synthase") d imers also inf luence the shape o f cris­
tae (19). Th roughou t eukaryotes, d imer i c ATP synthase assembles into rows or other 
o l igomer i c conf igurat ions that p romote posit ive curvature at crista rims (20-22). In 
yeast and animals, bo th be long ing to the eukaryot ic supe rg roup Op i s thokon ta (23), 
ATP synthase d imer iza t ion depends o n membrane-embedded F D moie ty subuni ts e 
and g (24-26). A l t h o u g h these subuni ts d o not direct ly cont r ibu te to i n t e rmonomer 
contacts, de le t ion o f ei ther o f t h e m hinders d imer fo rmat ion (20) and subsequent ly 
results in the emergence o f defect ive cristae (26, 27). 

Crosstalk be tween the crista-shaping factors MICOS and ATP synthase has been 
demons t ra ted in yeast. A f ract ion o f M i c10 physical ly interacts w i th ATP synthase 
dimers, p resumably via subun i t e, and the overexpress ion of M ic10 leads to the stabi l i ­
zat ion o f ATP synthase o l igomers (28, 29). A n even more p ronounced accumu la t ion o f d 

ATP synthase o l igomers was observed upon the de le t ion of the M ic60 gene, but no on 
in 

physical interact ion be tween M i c60 and any ATP synthase subuni ts has been reported " 
(30). This interplay be tween MICOS and ATP synthase is a remarkable and still unex- 8 

r-
pla ined p h e n o m e n o n , as both comp lexes play crit ical yet apparent ly ant i thet ical roles 2 
in shap ing the inner membrane . j= 

Here, we ask whether crosstalk be tween MICOS and ATP synthase d imers is a funda- o 
menta l property o f cristae. We e m p l o y e d the protist Trypanosoma brucei, a mode l or- S 
gan ism that is part o f the c lade D iscoba, wh i ch d i ve rged f rom the Op i s thokon ta ~ 1 . 8 8 
bi l l ion years ago (23, 31). Because o f their ex tended i ndependen t evo lu t ion , d i s coban |> 
MICOS (31-33) and ATP synthase (22, 34-36) differ radically f rom their op i s thokon t g 
counterparts . D i scoban MICOS has two M ic10 paralogs and an unconvent iona l M i c60 § 
that lacks the C-terminal mitof i l in d o m a i n characterist ic o f other M i c60 o r tho logs (13, S 
14). Furthermore, unl ike op i s thokon t MICOS, w h i c h is o rgan ized into t w o integral §" 
m e m b r a n e subcomplexes , each assembled a round a single core subuni t , t r ypanosome -3 
MICOS is c o m p o s e d o f one integral and one per ipheral subcomp lex . D iscoban ATP syn- | 
thase exhibi ts type IV d imer architecture, different f rom the canonica l type I d imers "§ 
found in op i s thokonts (20-32), and has a diss imi lar F D moiety , wh i ch lacks obv ious | 
h o m o l o g s o f subun i t e or g (37). ^ 

•a 

s 
RESULTS 

Depletion of trypanosome Mic60 affects oligomerization of F,F 0-ATP synthase "5 
independent of other MICOS proteins. In T. brucei, the ab la t ion o f conserved MICOS % 
componen t s , M i c60 or bo th M ic10 paralogs s imul taneously , resulted in impa i red sub- | 
mi tochondr ia l m o r p h o l o g y character ized by e longa ted cristae a d o p t i n g arc-like struc- t5 
tures (32). Because in b u d d i n g yeast, the knockout o f M i c60 affects the o l igomer iza t ion « 

~E 
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of ATP synthase (27), a major cont r ibutor to crista o rgan iza t ion , we asked whether ATP 
synthase plays a role in the changes in mi tochondr ia l ultrastructure observed after 
M i d O and M ic60 dep le t i on . After induc ib le RNA interference (RNAi) s i lenc ing of M i c60 
(Mic60J,), we observed increased levels o f ATP synthase subuni ts f3, a c o m p o n e n t of 
the catalyt ic F, sector; o l i gomyc in sensit ivity conferral prote in (OSCP), a subun i t o f the 
peripheral stalk; and ATPTb2, a distant homo log of opis thokont subunit d . Simultaneously, 
levels o f M i d 0-1 were mildly reduced (Fig. 1 A). Notably, RNAi induct ion of M i d 0 - 2 in the 
Mic10-1 knockout cell line (AMic10-1 Mic10-2J,) resulted in the same crista defects as those 
in Mic60J, cells (31) but d id not result in detectable changes in steady-state levels of ATP 
synthase subunits (see Fig. S1A in the supplemental material). Thus, the accumulat ion of 
ATP synthase subunits documented upon Mic60 knockdown cannot be explained as a 
general consequence of morphological ly e longated and detached cristae. 

The increased abundance of ATP synthase subunits prompted us to investigate if the 
deplet ion of Mic60 affects the ol igomeric state of ATP synthase by immunodetect ion of 
ATP synthase complexes in 1.5% n-dodecyl-/3-D-maltoside (DDM)-solubilized mitochondria 
resolved by blue native polyacrylamide gel electrophoresis (BN-PAGE) (Fig. 1B). RNAi induc­
t ion in Mic60J. but not in A.MiclO-1 Mic10-2J. cells led to the stabilization of ATP synthase 
oligomers, wh ich are labile to nonionic detergents in wild-type (WT) cells (38, 39). ATP hy­
drolysis in-gel activity staining demonstrated that the ol igomers are enzymatically active. 
To conf irm that the accumulat ion of detergent-resistant ATP synthase ol igomers was exclu­
sive to Mic60J,, we screened the effect of the deplet ion of two kinetoplastid-specific subu ­
nits of MICOS known to disrupt cristae, Mic32 and Mic20. Upon their deplet ion, no changes 
in ATP synthase ol igomerizat ion were observed on native gels (Fig. S1B). In conclusion, we 
present evidence that Mic60 deplet ion in T. brucei alters the ol igomeric state of ATP syn­
thase independent ly o f the defects to cristae. 

Trypanosoma MiclO-1 interacts with F ^ - A T P synthase. To analyze whether any 
of the M i d O paralogs interact with ATP synthase, the F D 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 g 

electrophoresis and blotted, and the co-IP eluate was probed for the presence of M i d 0-1 (the rj 
molecular weights of this and other proteins investigated here are given in Table S1). M i d 0-1 

was shown to coimmunoprecipitate with ATPTb2, yielding two discernible bands at approxi- ^ 
o 

mately 35 kDa and 70 kDa (Fig. 2A). While un-cross-linked M i d 0-1 is prominent in the input, it 0 1 

S 

is completely absent in the eluate, suggesting that the protein can coimmunoprecipitate with -| 
ATPTb2 only w h e n permanent ly l inked to an unknown partner. We speculate that the o 
~35-kDa band corresponds to an adduct be tween Mic10-1 and the unknown partner, ° 
and the ~70-kDa band may represent the same adduct cross-linked to ATPTb2. e 

In order to verify the interaction between Mid0-1 and ATPTb2, we performed a recipro- 8 
cal pu l ldown of C-terminally V5-epitope-tagged Mic10-1. Indeed, we were able to capture o. 
ATPTb2 with the M id0-1-V5 bait in the eluted protein fraction with bands present at ^ 
40 kDa and 70 kDa. These bands were not detected in the eluate from M i d 0-1-V5 immuno- | 
precipitation (IP) after ATPTb2 was targeted by RNAi (Fig. 2B). The former band corresponds =g 
to un-cross-linked ATPTb2, and the latter most likely corresponds to the above-mentioned | 
putative tripartite ATPTb2/Mic10-1/unknown partner adduct. Unlike M i d 0 - 1 , C-terminally a 
V5-epitope-tagged M i d 0-2 did not coimmunoprecipitate ATPTb2 (Fig. S2A), el iminating this § 
paralog as an interaction partner with ATP synthase. § 

To investigate if Mid0-1 associates with the entire ATP synthase, rather than with its 12 
subcomplex or unassembled ATPTb2, proteins in the eluate f rom co-IP w i th Mic10-1-V5 % 
were trypsinized and ident i f ied by l iquid chromatography-tandem mass spectroscopy | 

a 
(LC-MS/MS). Mock IPs on cell lines lacking the V5 tag were per formed in parallel as a neg- -o 
ative contro l . Protein enr i chment in compar ison to mock IP controls was quant i f ied using « 
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WB of Mic60| Days post-induction ATPase in-gel activity WB: a-ATP (3 
FIG 1 F 0 F , - A T P s y n t h a s e o l i g o m e r s a r e s t a b i l i z e d u p o n M i c 6 0 d e p l e t i o n . (A) R e p r e s e n t a t i v e i m m u n o b l o t s o f w h o l e - c e l l l y s a t e s f r o m M i c 6 0 | c e l l s o v e r a 6-
d a y c o u r s e o f R N A i i n d u c t i o n w i t h a n t i b o d i e s i n d i c a t e d o n t h e l e f t a n d d e n s i o m e t r i c q u a n t i f i c a t i o n o f i m m u n o b l o t s d o n e i n t r i p l i c a t e , w i t h t h e s i g n a l 
n o r m a l i z e d t o u n a f f e c t e d H S P 7 0 ( e r r o r b a r s i n d i c a t e s t a n d a r d d e v i a t i o n s [SD]) . D a y s p o s t i n d u c t i o n a r e s h o w n a b o v e t h e i m m u n o b l o t s . L i n e c o l o r s t o t h e 
r i g h t o f e a c h i m m u n o b l o t l a b e l t h e a n t i b o d y s i g n a l i n t e n s i t i e s s h o w n i n t h e g r a p h . T h e s i g n a l i n t e n s i t y is p l o t t e d i n a r b i t r a r y u n i t s . T h e s t a t i s t i c a l 
s i g n i f i c a n c e o f d i f f e r e n c e s i n s i g n a l i n t e n s i t i e s b e t w e e n 0 a n d 6 d a y s a f t e r R N A i i n d u c t i o n (i.e., t h e o v e r a l l c h a n g e i n p r o t e i n l e v e l s o v e r t h e t i m e c o u r s e ) is 
s h o w n b y a s t e r i s k s o n t h e r i g h t (**, P ^ O . 0 1 ; ***, P s 0 . 0 0 1 ) . (B) B l u e n a t i v e P A G E u s i n g 1 . 5 % D D M - s o l u b i l i z e d m i t o c h o n d r i a f r o m AMicW-1 M i c 1 0 - 2 J . a n d 
M i c 6 0 | R N A i c e l l s a t 5 d a y s p o s t i n d u c t i o n c o m p a r e d t o t h e w i l d t y p e (WT) . A T P h y d r o l y s i s i n - g e l a c t i v i t y s t a i n i n g is s h o w n o n t h e le f t , a n d a n i m m u n o b l o t 
(WB) p r o b e d w i t h a n t i - A T P s y n t h a s e / 3 - s u b u n i t a n t i b o d y is s h o w n o n t h e r i g h t . V 0 , o l i g o m e r ; V 2 , d i m e r ; V , m o n o m e r ; F „ f r e e F, m o i e t y . 

label-free quantification (LFQ) by a previously described pipeline (40). The identified proteins 
were filtered to meet the fol lowing criteria: (i) presence in all three triplicates, (ii) a mean of 
each triplicate's log 2-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 c 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 M i d 0-1 interacts with ATP synthase given that the complex's subunits are 
enriched in M id0-1-V5 IPs. 

Trypanosome ATPTb8 may be a functional analog of opisthokont F,F 0-ATPase 
synthase dimer-enriched subunit e. Previous studies in b u d d i n g yeast demons t ra ted 
that M i d O direct ly interacts w i th ATP synthase d imers via subun i t e (28, 29), w h i c h is 
essential for the stabil ity o f d imers (20, 44, 45) but does not cont r ibute direct ly to the 
m o n o m e r - m o n o m e r interface (46). In op is thokonts , subun i t e conta ins a conserved 
GxxxG mot i f located w i th in its s ingle t r ansmembrane d o m a i n (TMD) (45). Ana l yz ing all 
the ATP synthase subuni ts ident i f ied in the M i d 0-1 p u l l d o w n (Fig. 2C), we ident i f ied a 
low-molecular-weight prote in , t e rmed ATPTb8 (47), that conta ins this mot i f (Fig. 3A) 
and is h ighly conserved a m o n g all k inetoplast ids (Fig. S3). A search w i th HHpred (48) 
revealed a similarity o f the region o f ATPTb8 encompass ing the T M D to subuni t e f rom 
yeast and human (also known as ATP5ME) (Fig. 3A). Addit ionally, a Kyte-Doolittle hydropa­
thy plot compar ison of ATPTb8 and human subunit e shows highly similar hydrophobicity 
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FIG 2 M i d 0 - 1 i n t e r a c t s w i t h F 0 F , - A T P s y n t h a s e . (A) I m m u n o p r e c i p i t a t i o n (IP) w i t h a n t i - V 5 a n t i b o d y o f t h e w i l d t y p e (WT) a n d A T P T b 2 - V 5 f r o m 
m i t o c h o n d r i a c r o s s - l i n k e d w i t h 8 0 y u M D S P . T h e i n p u t ( 1 0 % o f t h e e l u a t e ) a n d e l u a t e s w e r e r e s o l v e d b y S D S - P A G E a n d i m m u n o b l o t t e d (WB) w i t h 

( C o n t i n u e d o n n e x t p a g e ) 
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profiles (Fig. 3B). SWISS-MODEL (49) identified mammal ian subunit e among the best t em­
plates for structure homology model ing. The mode led part o f ATPTb8 corresponds to the 
t ransmembrane region of mammal ian subunit e, including the GxxxG motif, wh ich homo-
typically interacts with its counterpart o n subunit g (Fig. 3C). Just like subunit e, subunit g 
was impl ied in d imer stabilization in yeast (50), but recently, the protein was also proposed 
to make interdimer contacts in the rows of mammal ian ATP synthases (51, 52). 

Because the b io in format ic pred ic t ions ind ica ted that ATPTb8 might be a distant 
h o m o l o g of op i s thokon t subun i t e, we exam ined whether this subun i t is required for 
the fo rmat ion or stabil ity o f ATP synthase d imers in T. brucei. Ut i l iz ing two-dimens iona l 
(2D) prote in gel e lectrophores is , w i th dena tur ing SDS-PAGE fo l l ow ing the first-dimen­
sional BN-PAGE gel after t reatment w i th 1.5% D D M , we show that C-terminally V5-
tagged ATPTb8 is i ndeed predominant l y de tec ted in the d imer fract ion (Fig. 4A), wh i ch 
is cons is tent w i th the hypothes is that ATPTb8 is invo lved in d imer iza t ion like yeast sub-
unit e (24). Inducible RNAi s i lenc ing of ATPTb8 (ATPTb8J.) resulted in cel lular g rowth 
arrest after 72 h (Fig. 4B and C). The g row th defect in ATPTb8J, is likely a consequence 
of c o m p r o m i s e d ATP p roduc t i on by oxidat ive phosphory la t ion , and it is cons istent 
w i th g r o w t h phenotypes previously observed after s i lenc ing of o ther t r ypanosomal 
ATP synthase subuni ts (38, 39). No alterat ions in steady-state levels o f M i c60 and 
M i d 0 - 1 were de tec ted in ATPTb8J, induc t ions (Fig. S4). Notewor thy , the dep le t i on of 
ATPTb8 preferential ly affected the stabil ity and/or assembly o f ATP synthase d imers , as 
shown by Western b lo t t ing (WB) o f BN-PAGE-resolved mi tochondr ia l lysates p robed 
w i th an t ibod ies against subuni ts /3 and p i 8 (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 de let ion in budd ing yeast (20, 26). Collectively, these data suggest that 
ATPTb8 is a dimer-incorporated subuni t much in the same vein as subunit e in budd ing 
yeast. 

Trypanosome MiclO-1 interacts with dimeric F,F 0-ATP synthase enriched with 
ATPTb8. To conf i rm that M i d 0 - 1 interacts w i th ful ly assembled ATP synthase d imers 
in T. brucei, ATPTb8 was in situ C-terminally V5 ep i tope t agged to perform a cross-link 
IP. Because ATPTb2 co immunoprec i p i t a t ed w i th 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 M id0-1 , which was observed mostly as un-cross-linked 
(Fig. 5B), suggesting that M i d 0-1 does not need to be tethered to any interaction partner to 
coimmunoprecipitate with ATPTb8, unlike with ATPTb2 (Fig. 2A). This further alludes to the 
possibility that Mid0-1 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 M i d 0-1 immunoband pattern seen in the ATPTb2 IP (Fig. 2A). 

FIG 2 Legend (Continued) 
a n t i b o d y a g a i n s t M i c 1 0 - 1 a n d V 5 p e p t i d e . A r r o w s i n d i c a t e d i s c e r n i b l e b a n d s c o r r e s p o n d i n g t o — 3 5 k D a a n d — 7 0 k D a . (B) I m m u n o p r e c i p i t a t i o n (IP) 
o f W T , M i c 1 0 - 1 - V 5 : A T P T b 2 j , a n d M i d 0 - 1 - V 5 m i t o c h o n d r i a c r o s s - l i n k e d w i t h 80/J,M D S P . T h e i n p u t ( 1 0 % o f t h e e l u a t e ) a n d e l u a t e s w e r e r e s o l v e d 
b y S D S - P A G E a n d i m m u n o b l o t t e d (WB ) a g a i n s t a n t i - A T P T b 2 a n d a n t i - V 5 p e p t i d e . A r r o w s i n d i c a t e d i s c e r n i b l e b a n d s c o r r e s p o n d i n g t o — 4 0 k D a a n d 
— 7 0 k D a . (C) S u m m a r y o f o x i d a t i v e p h o s p h o r y l a t i o n a n d M I C O S c o m p l e x s u b u n i t s t h a t c o i m m u n o p r e c i p i t a t e w i t h M i c 1 0 - 1 - V 5 i d e n t i f i e d b y m a s s 
s p e c t r o s c o p y . P r o t e i n s i n d a r k b l u e b e l o n g t o t h e A T P s y n t h a s e c o m p l e x , t h o s e i n o r a n g e b e l o n g t o t h e M I C O S c o m p l e x , a n d t h o s e i n y e l l o w 
b e l o n g t o t h e e l e c t r o n t r a n s p o r t c h a i n (ETC) . T h e n a m i n g f o r t h e A T P s y n t h a s e s u b u n i t s w a s t a k e n f r o m G a h u r a e t a l . a n d P e r e z e t a l . (37 , 4 7 ) . T h e 
s t a r i n d i c a t e s b a i t p r o t e i n M i c 1 0 - 1 - V 5 . T h e i n t e n s i t y s c o r e is o n t h e x a x i s (n = 3 ; e r r o r b a r s i n d i c a t e S D ) . P i e c h a r t s o n t h e r i g h t d e p i c t t h e p o r t i o n o f 
p r o t e i n s i d e n t i f i e d v e r s u s t h e t o t a l n u m b e r o f s u b u n i t s i n e a c h r e s p e c t i v e c o m p l e x . O t h e r p r o t e i n s f i t t i n g t h e c r i t e r i a a r e g i v e n i n F i g . S 2 B i n t h e 
s u p p l e m e n t a l m a t e r i a l . (D) S u n b u r s t c h a r t o f a l l p r o t e i n s t h a t c o i m m u n o p r e c i p i t a t e w i t h M i c 1 0 - 1 - V 5 i d e n t i f i e d a b o v e t h e e s t a b l i s h e d t h r e s h o l d a n d 
c r i t e r i a d e s c r i b e d i n t h e t e x t . S u b u n i t s o f t h e A T P s y n t h a s e c o m p l e x a r e s h o w n i n d a r k b l u e a n d a r e f u r t h e r d i s t i n g u i s h e d i n t o t h e F, a n d F 0 

m o i e t i e s . P r o t e i n s b e l o n g i n g t o t h e M I C O S c o m p l e x a r e s h o w n i n o r a n g e a n d a r e f u r t h e r s e p a r a t e d i n t o i n t e g r a l o r p e r i p h e r a l m e m b r a n e p r o t e i n s . 
A l l o t h e r p r o t e i n s t h a t m e t t h e m a s s s p e c t r o s c o p y t h r e s h o l d a r e l a b e l e d b y l e t t e r s i n b o x e s i n t h e o u t s i d e c i r c l e , w h i c h a r e d e f i n e d i n F i g . S 2 B . E T C 
c o m p l e x c y t o c h r o m e c o x i d a s e ( c o m p l e x IV) is s h o w n i n y e l l o w , a n d m i t o c h o n d r i a l c a r r i e r s a r e s h o w n i n g r e e n . C o m p o n e n t s o f t h e t r i c a r b o x y l i c 
a c i d ( T C A ) c y c l e a r e i n d i f f e r e n t s h a d e s o f g r a y a n d a r e d i s t i n g u i s h e d i n t o S D H ( s u c c i n a t e d e h y d r o g e n a s e ) , P D C ( p y r u v a t e d e h y d r o g e n a s e c o m p l e x ) , 
a n d O G D C ( o x o g l u t a r a t e d e h y d r o g e n a s e c o m p l e x ) , w h i l e t h o s e n o t b e l o n g i n g t o a n y c o m p l e x l a c k l a b e l s i n t h e i n n e r m o s t c i r c l e . O t h e r p r o t e i n s 
t h a t c o u l d n o t b e c a t e g o r i z e d i n t o a s i n g l e g r o u p a r e s h o w n i n l i g h t b l u e . 
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FIG 3 T r y p a n o s o m e A T P T b 8 m a y b e a d i s t an t h o m o l o g o r a n a l o g o f o p i s t h o k o n t A T P s y n t h a s e s u b u n i t e. (A) S c h e m a t i c 
r ep r e sen t a t i on o f cr i t ical f ea tu res o f t h e A T P T b 8 p r i m a r y s t ruc ture . T h e p r e d i c t e d he l i ca l r e g i o n s a n d t h e t r a n s m e m b r a n e 
d o m a i n a re s h o w n in p a l e a n d d a r k b l u e , respec t i ve l y . T h e charac ter i s t i c e m b e d d e d G x x x G m o t i f is l abe l ed . A s e q u e n c e 
a l i g n m e n t w i t h h u m a n s u b u n i t e is s h o w n f o r t h e r e g i o n w i t h s imi lar i ty r e v e a l e d b y a n H H p r e d search . T h e r e g i o n s o f 
A T P T b 8 a n d m a m m a l i a n s u b u n i t e d e p i c t e d in p a n e l C a re m a r k e d w i t h b l u e a n d g r e e n bars, respec t i ve l y . (B) Kyte-
Doo l i t t l e h y d r o p a t h y p ro f i l e c o m p a r i s o n o f A T P T b 8 a n d t h e h u m a n h o m o l o g o f s u b u n i t e. T h e r a n g e o f h o m o l o g y 
b e t w e e n b o t h s e q u e n c e s is s h o w n as a b a r a t t h e t o p b a s e d o n H H p r e d analys is . (C) M o d e l o f A T P T b 8 p r e d i c t e d b y 
SW ISS-MODEL u s i n g t h e s t ruc tu re o f b o v i n e s u b u n i t e (su-e) as a t e m p l a t e ( PDB a c c e s s i o n n u m b e r 6 Z P O ) (44). T h e 
m o d e l is s u p e r p o s e d w i t h t h e b o v i n e s u b u n i t e a n d s u b u n i t g (su-g) d i m e r . G l y c i n e s o f all G x x x G mot i f s a re i n r ed . T h e 
c o n s e r v e d res idues , w h i c h a re i n v o l v e d in h y d r o p h o b i c i n te rac t i ons b e t w e e n s u b u n i t s e a n d g , a re s h o w n as st icks (44). 

DISCUSSION 
Crosstalk be tween MICOS and ATP synthase was first demons t ra ted in the b u d d i n g 

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 
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FIG 4 A T P T b 8 is e n r i c h e d i n F 0 F , - A T P s y n t h a s e d i m e r s a n d c r u c i a l f o r c r i s t a f o r m a t i o n . (A) T w o - d i m e n s i o n a l (2D ) p r o t e i n g e l e l e c t r o p h o r e s i s 
o f A T P T b 8 - V 5 , w i t h d e n a t u r i n g S D S - P A G E f o l l o w i n g f i r s t - d i m e n s i o n a l B N - P A G E . ( Top ) F i r s t - d i m e n s i o n i m m u n o b l o t (WB ) a g a i n s t a n t i - A T P )3 

s h o w i n g t h e p o s i t i o n s o f A T P s y n t h a s e d i m e r s (V 2 ) , m o n o m e r s (V), a n d t h e f r e e F, m o i e t y . ( M i d d l e a n d b o t t o m ) S e c o n d - d i m e n s i o n 
i m m u n o b l o t s a g a i n s t a n t i - A T P f) a n d a n t i - V 5 a t b o t h s h o r t ( m i d d l e ) a n d l o n g ( b o t t o m ) e x p o s u r e s . (B) M e a s u r e m e n t o f A T P T b 8 | a n d 
n e g a t i v e - c o n t r o l c e l l g r o w t h i n g l u c o s e - r i c h m e d i u m i n w h i c h c e l l s w e r e d i l u t e d t o 2 x 1 0 s c e l l s / m l e v e r y d a y (n = 3 ; e r r o r b a r s i n d i c a t e S D ) . 
T h e c e l l d e n s i t y is o n t h e y a x i s ; d a y s p o s t i n d u c t i o n a r e o n t h e x a x i s . (C) Q u a n t i t a t i v e P C R v e r i f i c a t i o n o f A T P T b 8 | . T h e r e l a t i v e a b u n d a n c e s 
o f ATPTb8 m R N A i n R N A i - i n d u c e d c e l l l i n e s i n c o m p a r i s o n t o u n i n d u c e d c o n t r o l c e l l s w e r e n o r m a l i z e d t o t h e u n a f f e c t e d 1 8 S r R N A a t 2 a n d 
3 d a y s p o s t i n d u c t i o n . (D) B N - P A G E o f 1 . 5 % n - d o d e c y l - / 3 - D - m a l t o s i d e - s o l u b i l i z e d m i t o c h o n d r i a f r o m A T P T b 8 | c e l l s a t 3 a n d 5 d a y s 
p o s t i n d u c t i o n (P.I.) c o m p a r e d t o t h e w i l d t y p e (WT) . I m m u n o b l o t s (WB) a g a i n s t F, s u b u n i t a n t i - A T P f) a n d a n t i - A T P p i 8 a r e s h o w n . (E) 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s o f W T T. brucei a n d A T P T b 8 | a t 3 d a y s p o s t i n d u c t i o n . A r r o w s p o i n t t o c r i s t a e o f m i t o c h o n d r i a (m) . B a r s , 
5 0 0 n m . 

a 

s. 

antagonism between Mic60 and ATP synthase dimerization subunits e and g in yeast (30). At 
least a fraction of M i d O interacts with subunit e, which appears to promote ATP synthase 
dinner 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 
MidO 's stabilizing activity on ATP synthase dimer oligomers resulting in the observed hypero-
ligomerization phenotype (3, 28). 

The phys io log ica l role o f MICOS-ATP synthase crosstalk in yeast m i tochondr i a 
remains en igmat i c (3), p rec lud ing any rational means to hypothes ize whe the r this can 
be a general eukaryot ic p h e n o m e n o n and not just a funga l novelty. In this work, we 
have d o c u m e n t e d the interplay be tween MICOS and ATP synthase d imers in T. brucei, 

M a y / J u n e 2021 V o l u m e 6 Issue 3 e00327-21 m s p h e r e . a s m . o r g 8 

S 

•3 
O 
c 
o 

Q 

http://msphere.asm.org


M I C O S a n d A T P S y n t h a s e C r o s s t a l k in Trypanosoma brucei mSphere* 
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FIG 5 M i d 0 - 1 i n t e r a c t s w i t h F 0 F , - A T P s y n t h a s e d i m e r s . I m m u n o p r e c i p i t a t i o n (IP) o f W T a n d A T P T b 8 - V 5 
m i t o c h o n d r i a c r o s s - l i n k e d a s d e s c r i b e d i n t h e l e g e n d o f F i g . 2 w a s p e r f o r m e d . (A) T h e i n p u t ( 1 0 % o f t h e e l u a t e ) 
a n d e l u a t e s w e r e r e s o l v e d b y S D S - P A G E a n d i m m u n o b l o t t e d (WB ) u s i n g a n t i - A T P T b 2 a n t i b o d y . T h e a r r o w 
i n d i c a t e s a d i s c e r n i b l e b a n d c o r r e s p o n d i n g t o — 4 5 k D a ( A T P T b 2 ) . (B) S a m e as p a n e l A e x c e p t u s i n g a n t i b o d y 
a g a i n s t M i c 1 0 - 1 a n d V 5 p e p t i d e . A r r o w s i n d i c a t e d i s c e r n i b l e b a n d s c o r r e s p o n d i n g t o — 1 0 k D a ( M i c l O - 1 ) , 
- 4 0 k D a , a n d - 7 0 k D a . 

an exper imenta l mode l be long ing to the c lade D iscoba, wh i ch separated f rom the 
Op i s thokonta —1.8 b i l l ion years ago (23, 31). Even t h o u g h particular aspects o f these 
complexes are conserved be tween yeast and t r ypanosomes , such as MICOS ma in ta in ­
ing crista junc t ions (32) and rows of ATP synthase d imers occur r ing at the rims of dis-
coidal cristae (22), bo th comp lexes exhib i t numerous d ivergent features (30, 37). Based 
on the early b ranch ing of the t w o l ineages and the marked d ive rgence of their MICOS 
and ATP synthase, we reason that the crosstalk be tween MICOS and ATP synthase is a 
fundamenta l and ancestral property o f cristae. 

Specif ical ly, w e have demons t ra ted that M i c60 dep le t i on in T. brucei phenocop i es ^ 
the stabi l izat ion of ATP synthase o l igomer iza t ion observed in S. cerevisiae M i c60 dele- £ 
t ion mutants . In add i t ion to be ing our first ind ica t ion that there is MICOS-ATP synthase g 

crosstalk in T. brucei, this result also supports the putat ive des igna t ion of this subun i t t j 
as M i c60 desp i te its lack of a mitof i l in d o m a i n (32). >, 

We show that crosstalk be tween MICOS and ATP synthase is med ia ted by one of ^ 
o 

the t w o t r ypanosome M ic10 paralogs, M i d 0 - 1 . We demonst ra te that M i d 0-1 cross- 0 1 

l inks to ATPTb2 and ATPTb8, t w o membrane-assoc iated subuni ts o f the F D moie ty (34, -| 
37). This observa t ion is cons istent w i th M i d 0 - 1 be ing an integral m e m b r a n e prote in o 
most ly compr i sed of t w o T M D s (32). Furthermore, M i d 0-1 co immunoprec ip i t a t es most ° 
of the ATP synthase subuni ts after cross-l inking. However , ATP synthase subuni ts were e 
scarcely de tec ted w h e n MICOS subuni ts were immunoprec ip i t a t ed in the absence of jS 
any cross-linker (32), sugges t ing this in te rcomplex interact ion is d ynamic and perhaps o-
transient (53). : | 

Our results demonst ra te that there are funct iona l di f ferences be tween M i d 0 - 1 and | 
M i d 0 - 2 , as the latter does not interact w i th ATP synthase. Because M i d 0 - 1 mediates ^ 
this crosstalk as M i d O does in yeast, it may represent the convent iona l M i d O para log, 9 
wh i le M i d 0-2 may be the divers i f ied variant w h o s e precise role in d isco ida l crista shap- « 
ing remains unde f ined . Indeed, t r ypanosome M i d 0-1 has the typical G x G x G x G gly- § 
cine-rich mot i f in the C-terminal T M D , a property shared w i th other M i d O homo logs , § 
whereas Mic10-2's co r respond ing T M D has a reduced G x G x G mot i f (32). It is t e m p t i n g 12 
to speculate that this d i f ference may be responsib le for M i d 0 - 1 interact ing w i th ATP % 
synthase and may exp la in w h y M i d 0-2 does not. However , o ther factors instead of or § 

a 
in synergy w i th the GxGxGxG mot i f cou ld possibly media te M i d O ' s interact ion w i th -o 
ATP synthase. | 

~E 
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FIG 6 P o s s i b l e m o d e s f o r t h e f u n c t i o n a l i n t e r p l a y b e t w e e n M I C O S a n d F 0 F , - A T P s y n t h a s e d i m e r s in 
e u k a r y o t e s . S h o w n is a s c h e m a t i c r e p r e s e n t a t i o n o f 3 p o s s i b l e m e c h a n i s m s o f t h e f u n c t i o n a l i n t e r p l a y 
b e t w e e n M I C O S ( g r e e n ) a n d F 0 F , - A T P s y n t h a s e ( red) i n t h e m i t o c h o n d r i a l i n n e r m e m b r a n e . (1) A n 
e x t r a - M I C O S f r a c t i o n o f M i c I O ( b l u e ) i n t e r a c t s w i t h A T P s y n t h a s e d i m e r s a t c r i s t a r i m s . A r r o w s 
r e p r e s e n t c r o s s t a l k b e t w e e n M I C O S a n d A T P s y n t h a s e d i m e r s v i a M i c I O . (2) M i c I O b r i d g e s t h e M I C O S 
c o m p l e x t o A T P s y n t h a s e d i m e r s d i r e c t l y a t c r i s t a j u n c t i o n s , e n a b l i n g d i m e r s t o i n d u c e p o s i t i v e 
c u r v a t u r e a t t h e t u b u l a r n e c k s o f c r i s t a e . (3) T r a n s i e n t M i c 1 0 - 1 i n t e r a c t s w i t h A T P s y n t h a s e a t n a s c e n t 
c r i s t a e d u r i n g A T P s y n t h a s e d i m e r - i n d u c e d i n v a g i n a t i o n s . T h e a s t e r i s k r e p r e s e n t s a p u t a t i v e M I C O S 
c o m p l e x s u b a s s e m b l y . S e e D i s c u s s i o n f o r a m o r e i n - d e p t h d e s c r i p t i o n o f e a c h s c e n a r i o . 

Because yeast M ic IO interacts w i th ATP synthase d imers , we set out to ident i fy any 
subuni ts that may potent ia l ly affect d imer iza t ion and thus serve as a marker for this 
higher-order conf igura t ion . The F D moiety subuni ts o f T. brucei ATP synthase ident i f ied 
by mass spect roscopy have not been ful ly character ized to date (37). Thus, we 
screened these subuni ts for the presence o f a single-pass T M D w i th a GxxxG motif, a 
s ignature o f yeast subuni t e (24, 45). The prote in ATPTb8 e m e r g e d f rom this screen, 
and ou tpu ts o f structural mode l i ng and h idden Markov searches suppor t potent ia l 
h o m o l o g y w i th h u m a n subuni t e. ATPTb8 was enr i ched in d imer fract ions, and its ab la ­
t ion pheno t ype is h ighly evocat ive o f that o f yeast subun i t e, in wh i ch ATP synthase 
d imers b e c o m e sensit ive to non ion ic detergent t reatment a long w i th the correlat ive 
emergence o f defect ive cristae (25). Thus, we predict that ATPTb8 may represent a 
h o m o l o g o f subun i t e. Whether d i scoban ATPTb8 and op i s thokon t subun i t e arose 
t h rough d ivergent or conve rgen t evo lu t ion remains an o p e n ques t ion . Phy logenet ic 
analysis may be prec luded by the short lengths o f these po l ypept ides and a h igh o 
degree o f d ivergence , as observed in h u m a n and yeast h o m o l o g s o f subun i t e, desp i te m 
be long ing to the same eukaryot ic supergroup . 2 

Why is this crosstalk between MICOS and F,FD-ATP synthase present in both opistho-
konts and discobans, and what role does it play? Two different hypotheses have been previ- 3 

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 o 
that an extra-MICOS fraction of M i d O interacts with ATP synthase dimers. The local negative S 
curvature induced by M i d O (15, 16) may relieve membrane tension caused by the positive I 

bending mediated by dimer rows (54), stabilizing the ATP synthase oligomers. In addition, q 

M i d O binding might enable coordination between MICOS and ATP synthase to temporarily o 
and spatially regulate the shape of cristae (3, 28). In the second hypothesis, M i d O acts to ° 
bridge the MICOS complex with ATP synthase dimers directly at crista junctions (29). In this jB 
scenario, the ATP synthase dimers wou ld 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 g 

predominantly slot-like morphology mainly comprised of flat membranes (9). Our third hy- § 
pothesis is that we are capturing a transient M i d 0-1 interaction with ATP synthase occurring £? 
at nascent cristae during the process of ATP synthase dimer-induced invagination of the S 
inner membrane at the future site of crista junctions. This interaction may involve M i d O « 
alone or as part of a putative MICOS subassembly present on emerging cristae. Why the 1 

occurrence of this crosstalk has been preserved throughout the diversification of eukaryotes =S 

is still waiting to be answered. o . 

MATERIALS AND METHODS I 
G e n e r a t i o n o f t r a n s g e n i c ce l l l ines . A l l t r y p a n o s o m e c e l l l i n e s u s e d i n t h i s s t u d y w e r e d e r i v e d f r o m "2 

T. brucei S m 0 x P 9 2 7 p r o c y c l i c - f o r m ce l l s , i.e., T R E U 9 2 7 / 4 e x p r e s s i n g T 7 R N A p o l y m e r a s e a n d a t e t r a c y c l i n e "S 
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r e p r e s s o r t o a l l o w i n d u c i b l e e x p r e s s i o n (55), a n d a r e l i s t e d i n T a b l e S 2 i n t h e s u p p l e m e n t a l m a t e r i a l . T h e C-
t e r m i n a l l y t a g g e d A T P T b 8 - 3 x V 5 a n d A T P T b 2 - 3 x V 5 c e l l l i n e s w e r e g e n e r a t e d u s i n g t h e p P O T v 4 v e c t o r 
c o n t a i n i n g a h y g r o m y c i n r e s i s t a n c e c a s s e t t e b y P C R a m p l i f i c a t i o n w i t h t h e o l i g o n u c l e o t i d e s b a s e d o n a 
p r e v i o u s l y e s t a b l i s h e d p r o t o c o l (56) ( T a b l e S2) . T h e u n d e r l i n e d s e q u e n c e a n n e a l s t o t h e p P O T v e c t o r . 

A T P T b 8 R N A i c o n s t r u c t s w e r e m a d e b y P C R a m p l i f y i n g a f r a g m e n t o f t h e A T P T b 8 g e n e f r o m T. brucei 
s t r a i n 9 2 7 g e n o m i c D N A w i t h t h e o l i g o n u c l e o t i d e s l i s t e d i n T a b l e S 2 . U t i l i z i n g t h e u n d e r l i n e d X h o l a n d 
B a m H I r e s t r i c t i o n s i t e s w i t h i n t h e p r i m e r , t h e s e f r a g m e n t s w e r e c l o n e d i n t o t h e p A Z 0 5 5 s t e m - l o o p R N A i 
v e c t o r ( T a b l e S2 ) . 

T r y p a n o s o m e ce l l c u l t u r e . C e l l s w e r e g r o w n a t 2 7 ° C i n S D M - 7 9 m e d i u m s u p p l e m e n t e d w i t h 1 0 % 
( vo l / vo l ) f e t a l b o v i n e s e r u m a n d 7.5 m g / l i t e r h e m i n . C e l l s w e r e g r o w n i n t h e p r e s e n c e a n d a b s e n c e o f 
1 ( t tg/ml d o x y c y c l i n e f o r R N A i i n d u c t i o n . C e l l d e n s i t y w a s m e a s u r e d u s i n g t h e B e c k m a n C o u l t e r Z 2 c e l l 
a n d p a r t i c l e c o u n t e r a n d m a i n t a i n e d a t t h e e x p o n e n t i a l m i d - l o g g r o w t h p h a s e t h r o u g h o u t t h e a n a l y s e s . 

S D S - P A G E a n d W e s t e r n b l o t t i n g . P r o t e i n s a m p l e s w e r e s e p a r a t e d o n a B o l t 4 t o 1 2 % B is-Tr is P l u s 
g e l ( I n v i t r o g e n ) , b l o t t e d o n t o a p o l y v i n y l i d e n e d i f l u o r i d e ( P V D F ) m e m b r a n e ( A m e r s h a m ) , b l o c k e d i n 5 % 
m i l k , a n d p r o b e d w i t h t h e a p p r o p r i a t e p r i m a r y a n t i b o d y l i s t e d i n T a b l e S 2 d i l u t e d i n 5 % m i l k i n p h o s ­
p h a t e - b u f f e r e d s a l i n e p l u s T w e e n (PBS-T). T h i s w a s f o l l o w e d b y i n c u b a t i o n w i t h a s e c o n d a r y h o r s e r a d i s h 
p e r o x i d a s e ( H R P ) - c o n j u g a t e d a n t i - r a b b i t o r a n t i - m o u s e a n t i b o d y ( 1 : 2 , 0 0 0 ; B i o-Rad ) , d e p e n d i n g o n t h e o r ­
i g i n o f t h e p r i m a r y a n t i b o d y . P r o t e i n s w e r e v i s u a l i z e d u s i n g t h e P i e r c e E C L s y s t e m ( G e n e t i c a / B i o - R a d ) o n 
a C h e m i D o c i n s t r u m e n t ( B io-Rad ) . 

B lue na t i v e P A G E , in-gel h i s t o c h e m i c a l s t a i n i n g o f F ,-ATPase ac t i v i t y , a n d 2 D e l e c t r o p h o r e s i s . 
B l u e n a t i v e P A G E ( B N - P A G E ) o f m i t o c h o n d r i a l l y s a t e s w a s a d a p t e d f r o m p r e v i o u s l y r e p o r t e d p r o t o c o l s 
(34) . B r i e f l y , m i t o c h o n d r i a l v e s i c l e s f r o m ~ 5 x 1 0 s c e l l s w e r e r e s u s p e n d e d i n lOO j t t l N a t i v e P A G E s a m p l e 
b u f f e r ( I n v i t r o g e n ) , l y s e d w i t h 1 . 5 % ( vo l / vo l ) d o d e c y l m a l t o s i d e ( D D M ) f o r 2 0 m i n o n i c e , a n d t h e n c l e a r e d 
b y c e n t r i f u g a t i o n ( 1 8 , 6 0 0 x g f o r 15 m i n a t 4 ° C ) . T h e p r o t e i n c o n c e n t r a t i o n o f e a c h l y s a t e w a s d e t e r ­
m i n e d b y a B r a d f o r d a s s a y (57) s o t h a t 5 0 jttg o f t o t a l p r o t e i n c o u l d b e m i x e d w i t h 5 % C o o m a s s i e b r i l l i a n t 
b l u e G - 2 5 0 b e f o r e l o a d i n g o n a 3 t o 1 2 % B is-Tr is B N E g e l ( I n v i t r o g e n ) . A f t e r e l e c t r o p h o r e s i s (2.5 h a t 1 5 0 
V a t 4 °C ) , t h e g e l w a s e i t h e r b l o t t e d o n t o a P V D F m e m b r a n e ( A m e r s h a m ) o r i n c u b a t e d o v e r n i g h t i n a n 
A T P a s e r e a c t i o n b u f f e r [35 m M T r i s ( p H 8.0), 2 7 0 m M g l y c i n e , 1 9 m M M g S 0 4 , 0 . 5 % P b ( N 0 3 ) 2 , 15 m M A T P ] . 
F o r 2 D e l e c t r o p h o r e s i s , i n d i v i d u a l B N E l a n e s w e r e c u t a n d p l a c e d h o r i z o n t a l l y o n a 1 2 % p o l y a c r y l a m i d e 
g e l p r i o r t o e l e c t r o p h o r e s i s a n d W e s t e r n b l o t a n a l y s i s . 

H y p o t o n i c m i t o c h o n d r i a l i s o l a t i o n . M i t o c h o n d r i a l v e s i c l e s w e r e o b t a i n e d b y h y p o t o n i c l y s i s a s 
d e s c r i b e d p r e v i o u s l y (32). B r i e f l y , c e l l p e l l e t s f r o m 5 x 1 0 s c e l l s w e r e w a s h e d i n S B G ( 1 5 0 m M N a C I , 
2 0 m M g l u c o s e , 1.6 m M N a H P O J , r e s u s p e n d e d i n D T E (1 m M T r i s , 1 m M E D T A [ p H 8.0]), a n d d i s r u p t e d 
t h r o u g h a 2 5 - g a u g e n e e d l e . T o r e i n t r o d u c e a p h y s i o l o g i c a l l y i s o t o n i c e n v i r o n m e n t , d i s r u p t e d c e l l s w e r e 
i m m e d i a t e l y a d d e d t o 6 0 % s u c r o s e . S a m p l e s w e r e c e n t r i f u g e d ( 1 2 , 3 0 0 x g f o r 15 m i n a t 4 °C ) t o c l e a r t h e 
s o l u b l e c y t o p l a s m i c m a t e r i a l f r o m p e l l e t e d m i t o c h o n d r i a l v e s i c l e s . T h e r e s u l t i n g p e l l e t s w e r e r e s u s ­
p e n d e d i n S T M ( 2 5 0 m M s u c r o s e , 2 0 m M T r i s [ p H 8.0] , 2 m M M g C I 2 ) a n d i n c u b a t e d w i t h 5 / x g / m l D N a s e I 
f o r 1 h o n i c e . A n e q u a l v o l u m e o f S T E b u f f e r ( 2 5 0 m M s u c r o s e , 2 0 m M Tr i s [ p H 8.0] , 2 m M E D T A [ p H 8.0]) 
w a s s u b s e q u e n t l y a d d e d , a n d t h e m i x t u r e w a s t h e n c e n t r i f u g e d ( 1 8 , 6 0 0 x g f o r 15 m i n a t 4 °C ) . P e l l e t s 
e n r i c h e d w i t h m i t o c h o n d r i a l v e s i c l e s w e r e t h e n s n a p - f r o z e n i n l i q u i d n i t r o g e n f o r f u r t h e r a n a l y s i s o r s u b ­
s e q u e n t l y t r e a t e d w i t h a c h e m i c a l c r o s s - l i n k e r , as d e s c r i b e d b e l o w . 

C h e m i c a l c r o s s- l i nk i ng . H y p o t o n i c a l l y i s o l a t e d m i t o c h o n d r i a l l y s a t e s w e r e r e s u s p e n d e d i n 1 m l P B S 
( p H 7.5) a n d i n c u b a t e d w i t h 8 0 j t t M D S P f o r 2 h o n i c e . T h e r e a c t i o n w a s s t o p p e d b y t h e a d d i t i o n o f 
2 0 m M Tr i s-HCI ( p H 7.7) f o r 15 m i n a t r o o m t e m p e r a t u r e (RT), a n d t h e l y s a t e s w e r e t h e n c l e a r e d b y c e n ­
t r i f u g a t i o n ( 1 8 , 6 0 0 x g f o r 15 m i n a t 4 ° C ) . T h e c r o s s - l i n k e d m i t o c h o n d r i a l v e s i c l e s w e r e t h e n s n a p - f r o z e n 
f o r s u b s e q u e n t i m m u n o p r e c i p i t a t i o n (IP). 

I m m u n o p r e c i p i t a t i o n s . IP o f t a g g e d p r o t e i n s w a s a d a p t e d f r o m p r e v i o u s l y r e p o r t e d p r o t o c o l s (32) . 
In b r i e f , D S P - c r o s s - l i n k e d m i t o c h o n d r i a l v e s i c l e s f r o m ~ 5 x 1 0 s c e l l s w e r e s o l u b i l i z e d i n I P P 5 0 (50 m M 
KCI , 2 0 m M Tr i s-HCI [ p H 7.7], 3 m M M g C I 2 , 1 0 % g l y c e r o l , 1 m M p h e n y l m e t h a n e s u l f o n y l f l u o r i d e [ P M S F ] , 
c o m p l e t e E D T A - f r e e p r o t e a s e i n h i b i t o r c o c k t a i l [ Roche ] ) s u p p l e m e n t e d w i t h 1 % ( vo l / vo l ) I g e p a l f o r 
2 0 m i n o n i c e . A f t e r c e n t r i f u g a t i o n ( 1 8 , 6 0 0 x g f o r 15 m i n a t 4 °C ) , t h e s u p e r n a t a n t w a s a d d e d t o 1.5 m g 
o f a n t i - V 5 - c o n j u g a t e d m a g n e t i c b e a d s , p r e v i o u s l y w a s h e d t h r e e t i m e s i n 2 0 0 fi\ o f I P P 5 0 p l u s 1 % I g e p a l 
f o r 5 m i n a t RT. T h e s o l u b i l i z e d m i t o c h o n d r i a w e r e r o t a t e d w i t h b e a d s f o r 9 0 m i n a t 4 ° C . A f t e r t h e r e ­
m o v a l o f t h e f l o w t h r o u g h , t h e b e a d s w e r e w a s h e d t h r e e t i m e s i n I P P 5 0 p l u s 1 % I g e p a l . P r i o r t o e l u t i o n , 
t h e b e a d s w e r e t r a n s f e r r e d i n t o a n e w t u b e . E l u t i o n w a s d o n e i n 0.1 M g l y c i n e ( p H 2.0) f o r 1 0 m i n a t 70 ° 
C w i t h s h a k i n g a t I . O O O r p m . T h e e l u a t e w a s n e u t r a l i z e d w i t h 1 M T r i s ( p H 8.0). T h e e l u t i o n s t e p w a s 
r e p e a t e d t o a c h i e v e h i g h e r r e c o v e r y . T h e e l u a t e s w e r e f u r t h e r p r o c e s s e d f o r L C - M S / M S a n a l y s i s o r 
r e s o l v e d b y S D S - P A G E . IPs w e r e p e r f o r m e d i n t r i p l i c a t e . 

P r o t e i n p r e p a r a t i o n a n d m a s s s p e c t r o s c o p y . T r i p l i c a t e e l u a t e s o f c o i m m u n o p r e c i p i t a t e d p r o t e i n s 
w e r e p r o c e s s e d f o r m a s s s p e c t r o s c o p y a n a l y s i s a s d e s c r i b e d p r e v i o u s l y (58 , 59 ) . In b r i e f , s a m p l e s w e r e 
r e s u s p e n d e d i n l O O m M t e t r a e t h y l a m m o n i u m b r o m i d e (TEAB ) c o n t a i n i n g 2 % s o d i u m d e o x y c h o l a t e 
( SDC ) . C y s t e i n e s w e r e r e d u c e d w i t h a final c o n c e n t r a t i o n o f 1 0 m M T r i s ( 2 - c a r b o x y e t h y l ) p h o s p h i n e h y d r o ­
c h l o r i d e (TCEP ) a n d s u b s e q u e n t l y c l e a v e d w i t h 1 fig t r y p s i n o v e r n i g h t a t 3 7 ° C A f t e r d i g e s t i o n , 1 % t r i -
f l u o r o a c e t i c a c i d (TFA) w a s a d d e d t o w a s h t w i c e , a n d e l u a t e s w e r e r e s u s p e n d e d i n 2 0 / x l o f T F A p e r 
l O O j t t g o f p r o t e i n . A n a n o - r e v e r s e d - p h a s e d c o l u m n ( E a s y - S p r a y c o l u m n , 5 0 - c m b y 75-jt tm i n n e r d i a m e ­
t e r , P e p M a p C 1 8 , 2-fim p a r t i c l e s , 1 0 0 - A p o r e s i ze ) w a s u s e d f o r L C - M S a n a l y s i s . M o b i l e p h a s e b u f f e r A 

c o n s i s t e d o f w a t e r a n d 0 . 1 % f o r m i c a c i d . M o b i l e p h a s e B c o n s i s t e d o f a c e t o n i t r i l e a n d 0 . 1 % f o r m i c a c i d . £ 
S a m p l e s w e r e l o a d e d o n t o t h e t r a p c o l u m n (Acc l a im P e p M a p 3 0 0 C 1 8 , 5 fim, 300-A-w ide p o r e , 3 0 0 fim b y 5 m m ) 
at a f l o w rate o f 15 j t t l/min. T h e l o a d i n g bu f f e r c o n s i s t e d o f wa te r , 2 % ace ton i t r i l e , a n d 0.1 % T F A . P e p t i d e s w e r e "2 
e l u t e d u s i n g a m o b i l e p h a s e B g r a d i e n t f r o m 2 % t o 4 0 % o v e r 6 0 m i n at a f l o w rate o f 3 0 0 n l / m i n . T h e p e p t i d e "§ 
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M a y / J u n e 2021 V o l u m e 6 Issue 3 e00327-21 m s p h e r e . a s m . o r g 11 o 

p 

http://msphere.asm.org


C a d e n a et a l . mSphere* 

ca t i ons e l u t e d w e r e c o n v e r t e d t o gas-phase i ons v ia e l e c t r o s p r a y i o n i z a t i o n a n d a n a l y z e d o n a T h e r m o O r b i t r a p 
F u s i o n i n s t r u m e n t ( Q - O T - q l T ; T h e r m o F i s h e r ) . F u l l M S s p e c t r a w e r e a c q u i r e d i n t h e O r b i t r a p i n s t r u ­
m e n t w i t h a m a s s r a n g e o f 3 5 0 t o 1 , 4 0 0 m / z , a t a r e s o l u t i o n o f 1 2 0 , 0 0 0 a t 2 0 0 m / z , a n d w i t h a m a x i ­
m u m i n j e c t i o n t i m e o f 5 0 m s . T a n d e m M S w a s p e r f o r m e d b y i s o l a t i o n a t 1.5 T h w i t h t h e q u a d r u -
p o l e , h i g h - e n e r g y c o l l i s i o n a l d i s s o c i a t i o n ( H C D ) f r a g m e n t a t i o n w i t h a n o r m a l i z e d c o l l i s i o n e n e r g y 
o f 3 0 , a n d r a p i d - s c a n M S a n a l y s i s i n t h e i o n t r a p . T h e M S / M S i o n c o u n t t a r g e t w a s s e t t o 1 0 4 , a n d 
t h e m a x i m u m i n f e c t i o n t i m e w a s s e t a t 3 5 m s . O n l y t h o s e p r e c u r s o r s w i t h a c h a r g e s t a t e o f 2 t o 6 
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v a n d e r L a a n M . 2 0 1 7 . M i c l O , a c o r e s u b u n i t o f t h e m i t o c h o n d r i a l c o n t a c t 
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A , Lukeš J , H a s h i m i H . 2 0 1 8 . T h e d i v e r g e d t r y p a n o s o m e M I C O S c o m p l e x 
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m a i n a n d c o n v e n t i o n a l c a t a l y t i c s i t e s . P r o c N a t l A c a d Se i U S A 
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h t t p s : / / d o i . O r g / 1 0 . 1 0 1 6 / j . m i t o . 2 0 1 4 . 0 2 . 0 0 1 . 
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5. CONCLUSION 

Crosstalk between F1F0-ATP Synthase and M I C O S 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 A T P 
synthase oligomers, likely the results of functional antagonism between Mic60 and A T P 
synthase dimer subunits e- andg- in yeast (Rampelt et al., 2017a)(Rabl et al., 2009). It has been 
reported that a fraction of M i c 10 interacts with subunit e- and appears to promote A T P 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 M I C O S and A T P synthase dimer in 
present in T. brucei, a model system within the clade Discoba, which separated from 
Opisthokonta -1.8 bil l ion years ago (Cadena et al., 2021). Although some aspects of these 
complexes are conserved in both S. cerevisiae and T. brucei (i.e., M I C O S ability to maintain 
crista junctions, facilitate protein import and the occurrence of A T P 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 M I C O S and A T P 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 M I C O S - A T P synthase crosstalk in T. 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 M I C O S and A T P synthase appears to be mediate by one of the two trypanosome 
M i c l O paralogs, M i c l 0 - 1 , as it crosslinks to A T P T b 2 and ATPTb8 , two membrane-associated 
subunits of the Fo moiety (Cadena et al., 2021). This interaction is consistent with M i c l 0 - 1 
being an integral membrane protein comprised of two transmembrane domains (Kaurov et al., 
2018). Additionally, M i c l 0 - 1 co-immunoprecipitates with the majority of A T P synthase 
subunits after cross-linking. However, these A T P synthase subunits are scarcely detected when 
M I C O S 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 M i c l O 
paralogs, as M i c l O - 2 appears to not interact with A T P synthase (Cadena et al., 2021). Because 
M i c l 0 - 1 mediates this crosstalk as canonical M i c l O in yeast, it may represent the conventional 
M i c l O paralog. Whereas M i c l O - 2 could have arisen as the result of a diversified variant whose 
precise role in discoidal crista shaping remains unknown. Indeed, M i c l 0 - 1 contains the typical 
G x G x G x G motif in the C-terminal transmembrane domain, a property shared with other M i c 10 
homologs, whereas M i c l O - 2 presents a reduced G x G x G motif (Kaurov et al., 2018). One can 
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speculate that this difference could be the reason why Mic lO-1 interacts with A T P synthase as 
opposed to Mic lO-2 . 

Due to yeast M i c l O interacting with A T P 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 T. brucei A T P synthase identified by mass spectroscopy has 
yet to be fully characterized. Thus, proteins containing a single-pass transmembrane domain 
with a G x x x G 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). ATPTb8 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 M I C O S and F1F0-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 M i c l O interacts with A T P synthase dimers. The 
local negative curvature induced by M i c l O may relieve membrane tension caused by the 
positive bending mediated by dimer rows, stabilizing A T P synthase oligomers. The second 
hypothesis speculates M i c l O acts to bridge M I C O S and A T P synthase dimers directly at crista 
junctions. Under these conditions, A T P synthase dimers would induce positive curvature at the 
tubular necks of cristae. 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 A T P synthase dimers. 
Assuming that both M I C O S and A T P 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 C J morphology. However, under slot-like C J 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 M I C O S and A T P synthase, in 
conjunction or alone, cannot explain the segregation of tubular and slot-like C J morphology, 
therefore, nullifying the basis that M I C O S - A T P synthase dimer interaction takes place at CJs 
and mediates proper C J morphology. 
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F, = F 2 = F 3 F, < F 2 < F 3 £0 ATP Synthase dimer 

Fig . 12. A T P synthase dimers, with or without M I C O S 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 
C J 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 Mic lO-1 and A T P synthase occurs at nascent cristae during the process of 
A T P synthase dimer-induced invagination of the MEVI at the future site of crista junctions. This 
interaction may involve M i c l O alone or as a part of a putative M I C O S subassembly complex 
present near emerging crista. A s to why this interaction between M I C O S and dimeric A T P 
synthase has been preserved throughout the diversification of eukaryotes has yet to be 
answered. 

6. ADDITIONAL EXPERIMENTS AND FURTHER PERSPECTIVES 

A n enigmatic aspect that has been left unanswered in the three papers investigating 
M I C O S - A T P synthase crosstalk is the discrepancy between Mic60 ' s ability to hyper-
oligomerize A T P synthase upon depletion and lack of an obvious interaction between A T P 
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 A T P 
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 A T P synthase hyper-
oligomerization. A simplistic approach would be to measure levels of cardiolipin in Mic60 
depleted/deleted mutants in both T. brucei and S. cerevisiae v ia mass spectroscopy compared 
to both wi ld type samples (Oemer et al., 2018). Additionally, one should compare the levels of 
cardiolipin between Mic60 and M i c l O mutants, as both manifest the same ultrastructural 
phenotype (detached, elongated cristae), but only one exhibits A T P synthase hyper-
oligomerization. 
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Similarly, it has been reported in yeast that overexpression of M i c l O leads to A T P 
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., pRS426 vector; copy number -20 per haploid 
cell)(Johnson et al., 2008) (Fig. 13.). Due to this constraint, I was unable to verify i f increased 
levels of M i c l 0 - 1 would lead to A T P synthase hyper-oligomerization (Rampelt et al., 2017a). 

# \^ # 

Micl0-1 

HSP70 

1 0 0 % 1 8 9 % 1 6 2 % 2 0 6 % 

Fig . 13. Verification of Mic lO-1 overexpression in T. brucei using a modified p L E W l l l 
vector. The steady-state abundance of Mic lO-1 in non-induced cells and in cells induced with 
doxycycline for 5 days was determined by western blot analysis using a specific M i c l 0 - 1 
antibody. HSP70 serves as a loading control. Percentages on bottom show M i c l 0 - 1 signal 
densiometric quantification relative to non-induced (Unpublished data). 

I would be curious whether the M I C O S - A T P synthase interaction is present in other 
eukaryotes outside of Opisthokonta and Discoba. If one were to identify this interaction in 
organisms from Archaeplastida or S A R , 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 L E C A . However, one would first have to find 
evidence of possible dimeric A T P synthase present in the mitochondria of L E C A , as our 
hypothesis depends on the ability of A T P synthase to dimerize to facilitate the initial 
invaginations of cristae at future crista junction sites. Given that A T P 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 A T P synthase, although 
present in alphaproteobacteria, does not have the capacity to dimerize. A n d as such one would 
assume that A T P synthase dimerization occurred sometime between F E C A and L E C A . 
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 A T P 
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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. 

» 4 § t 
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 (Munoz-Gomez 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 F1F0-ATP Synthase to dimerize sometime between 
the F E C A and L E C A events with the help of alphaproteobacteria-Mic60. 
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