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1. List of abbreviations

1C One-carbon

APAF1 Apoptotic peptidase activating factor 1
ASP5 Aspartyl protease 5

ATP Adenosine triphosphate

Bax Bcl-2-associated X

BCL2 B cell lymphoma 2

Cls Cristae junctions

CMT2A | Charcot Marie Tooth 2A

CoA Coenzyme A

CoQ Hydrophobic ubiquinone

CPT1 Carnitine palmitoyltransferases 1

CTP Citrate transporters

Cytc Cytochrome ¢

DENV Dengue virus

DHO Dihydro-orotate

DHODH | Dihydroorotate dehydrogenase

DOA Dominant optic atrophy

EMRE Essential MCU regulator

ETC Electron transport chain

ETF Electron-transferring flavoprotein
FAD Flavin adenine dinucleotide

FAF2 Fas-associated factor family member 2
FAO Fatty acid B-oxidation

FAs Fatty acids

FASN Fatty acid synthase

Fe-S Iron-sulphur

fMet Factor 2 exclusively uses the N-formylated methionine
FPR Formyl peptide receptor

GPIs Glycosylphosphatidylinositol proteins
GPX4 Glutathione peroxidase 4

GS Glutamine synthetase

HMA Host mitochondrial association

HR Heptad repeat

HSV Herpes simplex virus

IBM Inner boundary membrane

IFNs Interferons

IMM Inner mitochondrial membrane

IMP Inner membrane protease

iIMTS Internal mitochondrial targeting signals




LC3 Microtubule-associated protein 1A/1B-light chain 3
LCV Legionella-containing vacuole

LLO Listeriolysin O

MAF1b | Mitochondria association factor 1B

MAPL Mitochondrial-anchored protein ligase
MAVS Mitochondrial antiviral signaling

MCU Mitochondrial calcium uniporter

mDAMPs | Mitochondria-derived components

MDHI1 Malate dehydrogenase

MDVs Mitochondrial-derived vesicles

MERCS | Mitochondria-ER contact sites

Metaxin | MTX

MFN Mitofusin

MHC I Class I major histocompatibility complex
MIB Mitochondrial intermembrane space bridging
MICOS | Mitochondrial contact site and cristae organizing system
MIM Mitochondrial import machinery

MIP Mitochondrial intermediate peptidase

MLKL Mixedlineage kinase domainlike pseudokinase
MOMP Mitochondrial outer membrane permeabilization
MPP Mitochondrial processing peptidase

mtFAS Mitochondrial fatty acid synthesis

MTHFD?2 | Methylenetetrahydrofolate dehydrogenase
mtHsp70 | Mitochondrial heat-shock protein 70

MTS Mitochondrial targeting sequence

MVBs Multivesicular bodies

MYRI1 Myc regulation 1

NS4B Nnstructural protein 4B

OAA Oxaloacetate

OAT Ornithine amino transferase

OMM Outer mitochondrial membrane

OXPHOS | Oxidative phosphorylation

P5C Pyrroline-5-carboxylate

P5CS Pyrroline-5-carboxylate synthase

PAM Presequence translocase-associated motor
PARL Presenilin-associated rhomboid-like protease
PC Pyruvate carboxylase

PCK Phosphoenolpyruvate carboxykinase

PEP Phosphoenol pyruvate

Pi Inorganic phosphate

PINK1 PTEN-induced kinase 1




PMF Proton-motive force
PV Parasitophorous vacuole
PVM PV membrane
PYCR Pyrroline-5-carboxylate reductase
RIG-I Retinoic acid-inducible gene I
RIPK1/3 | Receptor interacting protein kinase 1/3
RLRs RIG-I-like receptors
ROS Reactive oxygen species
SAM Sorting assembly machinery
SHMT?2 | Serine hydroxymethyltransferase
SNX9 Sorting nexin 9
T2D Type 2 diabetes
T4SS Type IV secretion system
TANK (TRAF family member-associated NF-kB activator)-binding
TBK1 kinase 1
TgMAF1 | Toxoplasma mitochondrial association factor 1
THF Tetrahydrofolate
TIM Translocase of the inner membrane
TNF Tumour necrosis factor
TOM70 | Translocase of the outer membrane 70
TPRs Tetratricopeptides repeat motifs
UPS Ubiquitin-Proteasome System
VacA Vacuolating cytotoxin A
VDAC Voltage-dependent anion-selective channel protein
VDACs | Voltage-dependent anion channels
a-KG a-ketoglutarate

Ay

Electric charge




2. Abstract

Mitochondria are essential organelles with multiple functions, including energy
production, metabolic homeostasis, programmed cell death, and immune signaling[1],
[2]. Because of their diverse functions, mitochondria have complex quality control
systems and intricate coordination cellular processes with other organelles. The outer
mitochondrial membrane (OMM) is considered the gateway between mitochondria and
the rest of the cell and ensures its homeostasis[3]. Although the OMM responses to
artificial drugs have been described, whether the OMM responds to natural stress
remains unknown.

Infection is an ideal model to study the occurrence of natural OMM stress due to
effector proteins secreted by pathogens that affect the OMM. Toxoplasma gondii
(Toxoplasma) is of particular interest due to the physical contact between the parasite
vacuole and the OMM of the host mitochondria. To address how Toxoplasma affected
the OMM, we infected OMM-targeted GFP expressing mammalian cells with
Toxoplasma and observed the OMM response by live-cell imaging.

We found that mitochondria in contact with the Toxoplasma vacuole released large
structures which we termed “SPOTs” (structures positive for OMM). SPOTs were
positive for OMM but lacked markers of the inner mitochondrial membrane (IMM) and
matrix and have an average size of 2.6 um. TgMAF1 (Toxoplasma mitochondrial
association factor 1), which is required for the contact between host mitochondria and
parasite vacuole, was required for SPOT formation and led to the decrease of the OMM
dynamic-related proteins Mitofusin (MFN) 1 and 2 - which mediate a nutritional
defense against Toxoplasma by promoting mitochondrial uptake of fatty acids.

SPOT formation induced by TgMAF1 also depends on its binding to the host OMM
protein TOM70 (translocase of the outer membrane 70), whose role as a receptor of
mitochondrial precursor proteins is impaired by the interaction. TOM70 was beneficial
for parasite growth and enabled the interaction between TgMAF1 and the OMM
translocase SAMS50 (sorting assembly machinery 50 kDa subunit). SAMS50 is the only
known component of host mitochondrial import machinery with a defined role in
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bridging the OMM and IMM. In the absence of infection, the genetic ablation of
SAMS0 or the overexpression of an OMM-targeted protein induced the formation of
SPOT structures.

Collectively, these results support a model in which OMM stress is triggered by
TgMAF1 which sequesters the mitochondrial precursor receptor TOM70 and interacts
with SAMS50 during infection. This enables Toxoplasma to hijack a cellular response to
OMM stress—the formation of SPOTs—and drive the constitutive shedding of the
OMM. The finding of OMM remodeling during infection and infection-independent

scenarios sheds light on potential cellular mechanisms that safeguard OMM function.



3. Introduction

Mitochondria were first described by Richard Altmann in 1890, termed “Bioblasts”.
In 1898, Carl Benda gave the current name “mitochondrion” from Greek, “mitos”
meaning thread and “chondros” meaning grains [4]. In the early 20th century,
pioneering biochemical analysis revealed a function for mitochondria as the
“powerhouse of the cell”. In 1967, Lynn Margulis postulated that mitochondria were
once a free-living prokaryote that were engulfed by a larger prokaryote. During
evolution, and in a process now termed endosymbiosis, these ancestors of mitochondria

became functional parts of those cells but retained their DNA [5]. Indeed, recent

phylogenetic analyses support that mitochondria are derived from an endosymbiotic o

-proteobacterium that integrated into a host cell related to Asgard Archaea [6].

Mitochondrial structure is different among the other organelles in the cell because
they have a unique double-membrane structure and several compartments including the
OMM (outer mitochondrial membrane), IMS (inner mitochondria space), IMM (inner
mitochondria membrane), and matrix. These allow mitochondria to import and target
their 1000+ proteins to independent niches through the complex import systems[7].
Moreover, mitochondrial quality control systems are essential to ensure a healthy
mitochondrial network through the clearance of damaged mitochondria, and turnover
of dysfunctional proteins [8]. These multi-sides together sustain the mitochondrial
integrity and shape itself as the key player in various cellular processes.

Previously considered to be the ‘powerhouse’ of the cell, mitochondria are now
recognized as multifaceted players in metabolite synthesis, cell death, neuron
degeneration, and immune signaling. These diverse functions rely on the sustained
mitochondria network, which undergoes the cycles of fusion and fission to regulate the
equilibrium in shape, size, and distribution[9]. This dynamic network enables the
biogenesis, maintenance and remove of mitochondria in the cellular homeostasis [10].
Recent work suggests that mitochondria—beyond their roles in cellular homeostasis—
also play a role in defense against microbes. For example, the intracellular protozoan

human parasite Toxoplasma gondii (Toxoplasma) uses host nutrients to grow and
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proliferate. Host mitochondria counter parasitic siphoning of nutrients by elongating
and increasing their uptake of fatty acids [11]. Interestingly, host mitochondria also
exhibit physical contact with the Toxoplasma PV (parasitophorous vacuole). We used
Toxoplasma-infection to investigate more broadly how mitochondria respond to
intracellular infection.

This chapter introduces the fundamental characteristics and diverse functions of

mitochondria, and discusses the crosstalk between host mitochondria and Toxoplasma.



3.1 Mitochondrial function

Mitochondria are now recognized as organelles that are essential for life and that
perform diverse metabolic functions including ATP production, metabolite synthesis as
well as having a role in signaling pathways. The first essential role of mitochondria for
the metabolic health of the cell was established in 1940, when Hans Krebs discovered
the TCA (tricarboxylic acid) cycle. The TCA cycle is also known as the Krebs or citric
acid cycle and enables “the oxidation of a triose equivalent involves one complete citric
acid cycle and three repetitions of the Szent Gyorgyi cycle”[12]. In 1949, Kennedy and
Lehninger reported that the complex enzyme systems responsible for TCA
intermediates are localized in the isolated fraction which consists of morphologically
intact mitochondria, “almost completely free of other formed elements” [13]. Next,
Mitchell in 1961 demonstrated the transformation of chemo-osmotic energy into ATP

in the mitochondrial matrix and the intermembrane space [14].

3.1.1 Mitochondrial ATP production

Mitochondrial adenosine triphosphate (ATP) is the primary energy source for the cell,
accounting for 70%-90% of the ATP generated in different cells lines under normoxic
conditions[ 15]. Mitochondrial ATP generation requires the oxidative phosphorylation
(OXPHOS) system. The OXPHOS system is composed of five complexes (CI-CV) that
are all embedded in the IMM and exposed to the IMM and mitochondrial matrix except
CII which faces the matrix[16]. Complexes I-IV and the mobile electron carrier
hydrophobic ubiquinone (CoQ) and cytochrome ¢ (Cyt c) together form the Electron
Transport Chain (ETC). This transport process of electrons is fueled by NADH and
FADH: derived from the TCA cycle in the mitochondrial matrix and glycolysis that
occurs in the cytosol (Figure 1). Complex V is the FoF1-ATP synthase that generates
the bulk of ATP driven by the proton-motive force (PMF) generated upstream by
complexes [-IV [17]. Complexes I-V are derived from a combination of nuclear DNA
(nDNA) and mitochondria DNA (mDNA) encoded subunits at different ratios.

CI (also known as NADH-ubiquinone oxidoreductase) is regarded as the largest

OXPHOS complex in mammalian cells, which consists of 45 subunits (7 mDNA-
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encoded, 38 nDNA-encoded). CI receives electrons from NADH that is oxidized to
NAD-+, donates the electrons to CoQ, and pumps protons[18]. Despite its size, a set of
14 evolutionary conserved subunits are sufficient to carry out its enzymatic reactions,
including the 7 mtDNA-encoded peptides and 7 nDNA-encoded subunits [19]. CI has
an L-shaped assembly that consists of a matrix protruding hydrophilic arm and IMM
embedded lipophilic arm [20]. CI contributes ~40% of the PMF required for
mitochondrial ATP synthesis and plays an essential role in redox control during
proliferation, regulation of longevity, and resistance to cell death [21], [22].

CII (also known as succinate dehydrogenase (SDH)) consists of four nDNA-encoded
subunits (SDHA, SDHB, SDHC, and SDHD) that form a heterotetrameric complex.
Structurally, the complex begins with the assembly position of SDHC. The SDHC
subunits are embedded in the IMM and protrude into the matrix[23]. Functionally, CII
participates in both the OXPHOS system and the TCA cycle. In the OXPHOS system,
Cll receives electrons from FADH: that is oxidized to flavin adenine dinucleotide (FAD)
and donates the electrons to CoQ [24]. CoQ may also receive electrons from other
potential enzymes donors including s,n-glycerophosphate dehydrogenase and the
IMM-associated electron-transferring flavoprotein (ETF)-ubiquinone oxidoreductase
[25]. In the TCA cycle, SDH oxidizes succinate to fumarate. To sustain OXPHOS, SDH
also transfers electrons from succinate to ubiquinone (UbQ) [23]. CII deficiency gives
rise to many diseases, such as the mutation of SDHD and SDHC in hereditary
paraganglioma[26] and post-translational modifications of SDHA and SDHB in
metabolic heart disease [27].

CIII (also known as cytochrome bcl oxidoreductase) is a homodimer consisting of 1
mtDNA encoding subunit and 10 nDNA encoding subunits. CIII receives electrons in
the form of quinol from CoQ, transports the electrons to CIV by Cyt ¢, and pumps
protons[28]. CIII also accepts electrons from several dehydrogenases, such as
sulfide:quinone oxidoreductase, dihydroorotate dehydrogenase, glycerol 3-phosphate
dehydrogenase, choline dehydrogenase, proline dehydrogenase, and electron transfer

flavoprotein:ubiquinone oxidoreductase [25]. CIII deficiency results in a loss of T cell-



suppression capacity in regulatory T cells, diminished endothelial cells proliferation,
and impairment in tumor angiogenesis [29], [30].

CIV (also referred to cytochrome ¢ oxidase) contains 3 mtDNA encoding subunits
and 11 nDNA encoding subunits. CIV receives the electrons from Cyt ¢ and donates
them to molecular oxygen (O>) to produce water and pump protons. The pumping efflux
of protons (H+) that consumes the energy released by the electron transport from the
matrix to IMS results in mitochondrial membrane potential (Ay) and pH difference
(ApH) across the IMM[31]. CIV is the central regulator that is the rate limiting step of
the respiratory chain. The regulation of CIV is achieved through the binding of various
effectors, reversible phosphorylation, and the expression of subunit isoforms.
Additionally, the feedback inhibition by ATP enables CIV to maintain a low and
healthy Ay and prevents the formation of reactive oxygen species (ROS). Under
stressful conditions, the impaired feedback inhibition leads to monomerization and
movement of NDUFA4 from CI to CIV, higher CIV activity and ATP synthesis, but
increased ROS formation. [31].

CV or FoF1-ATP synthase consists of 2 mtDNA encoding subunits and 17 nDNA
encoding subunits. CV has two mechanical rotary motors— Fo and F1—that generate
ATP from ADP and inorganic phosphate (Pi) by dissipating the PMF, or that promote
trans-IMM proton efflux by consuming ATP [32]. CV averages a backflow of 2.7
protons from the IMS to the matrix for each new synthesized ATP in eukaryotes. The
maintenance of Ay and/or ApH gradient is not only necessary for ATP production, but
is also required for other mitochondrial pathways, including mitochondrial precursor
import, mitochondrial dynamics, and metabolite/ion exchange between mitochondria
and the cytosol. For example, the negative Ay promotes mitochondrial Ca 2+ uptake

and malate—aspartate shuttle [33], [34].
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Figure 1. The schematic of mitochondrial OXPHOS system fed by TCA cycle. All figures in the

introduction chapter were made with Biorender.com.

3.1.2 Mitochondrial metabolite synthesis

Another key function of mitochondria is metabolite synthesis. The TCA cycle is one
of the most important pathways for the synthesis of many metabolites. It starts from the
two-carbon acetyl-CoA, which can be generated from fatty acids, amino acids, or
pyruvate oxidation. Acetyl-CoA reacts with a four-carbon oxaloacetate (OAA) to
generate the six-carbon citrate, which is converted into its isomer isocitrate in the next
step. Following up, isocitrate is converted into the five-carbon a-ketoglutarate (a-KG)
and subsequently into the four-carbon succinyl-CoA through two step reactions with
two oxidative decarboxylation. The two reactions release two molecules of CO2 and

generate 2x NADH. Next, succinyl-CoA converts into succinate with the generation of
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GTP. Succinate is oxidized by SDH (or CII in ETC) generating the four-carbon
molecule fumarate and transferring two hydrogen atoms to FAD, producing 2x FADH.
Then, fumarate is converted into malate and further into OAA. OAA combines with
another acetyl-CoA molecule to continue the TCA cycle[35]. The intermediates and
products of the TCA cycle are used in the mitochondria or cytosol, where they fuel the
synthesis of many metabolites. This section highlights the contribution of mitochondria
to the biosynthesis of building blocks including fatty acids (FAs), amino acids and
nucleotides [36].

Fatty Acids. Fatty acids (FAs) play essential roles in cells as structural elements of
membranes, energy storage, and signaling molecules. A variety of FAs is synthesized
in cells by the ligation of multiple acetyl CoA units that are derived from mitochondrial
citrate. The six-carbon citrate is generated by the reaction between acetyl-CoA and
four-carbon oxaloacetate (OAA) in the TCA cycle. Once it is synthesized, citrate is
transported into cytosol by mitochondrial citrate transporters (CTP) and subsequently
acetylated to be acetyl-CoA used for FAs synthesis and elongation. The key carbon
donors for acetycl-CoA used for FAs synthesis is glucose and glutamine, which feed
the TCA cycle via their derivatives pyruvate and alpha-ketoglutarate [37].

Amino acids. The synthesis of several amino acids occurs in the mitochondria. Most
reactions involve a simple transamination derived from the amino donor glutamate
which is converted into alpha-kegoglutarate (a-KG). For example, before its conversion
into acetyl-CoA, pyruvate can transaminated into alanine. Glutamine can be converted
into proline with 2x NADH. The malate—aspartate shuttle is a series of reactions that
move the amino acids glutamate and aspartate between mitochondria and cytosol, and
that is functionally connected to the TCA cycle. One aspartate molecule is effluxed
from mitochondria and one glutamate molecule influx into mitochondria [34]. The
cytosolic aspartate can be converted into malate which is transported into mitochondria
in exchange for one a-KG transported into the cytosol. Malate can be converted into
OAA via the TCA cycle and subsequently into aspartate with the aspartate-

aminotransferase which can be used for the synthesis of asparagine and arginine [38].
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Nucleotides. Stable de novo nucleotide synthesis sufficiently fuels a wide range of
biological processes in all cells. One-carbon (1C) metabolism is a fundamental
metabolic process for the biosynthesis of purines and thymidine through activation and
transfer of 1C units mediated by the folate cofactor tetrahydrofolate that can occur both
in the mitochondria and in the cytosol (THF)[39][36]. Mitochondrial THF imported
from the cytosol is converted by serine hydroxymethyltransferase (SHMT?2) into 5,10
methylene-THF and glycine. The cytosolic SHMT1 enables THF to be restored via the
reversed flux in the absence of SHMT2 in mitochondria [40]. 5,10 methylene-THF is
converted to 10-formyl-THF by mitochondrial methylenetetrahydrofolate
dehydrogenase (MTHFD2), which is critical for growth and proliferation[41]. Then,
the formate is generated in mitochondria by using the 10-formyl-THF and exported into
the cytosol where it is converted into 10-formyl-THF. The IMM enzyme dihydroorotate
dehydrogenase (DHODH) is a rate-limiting enzyme in the de novo biosynthesis
pathway of pyrimidines and is in the IMM to catalyze the oxidation of dihydro-orotate
(DHO) to orotate [42]. DHODH activity is elevated in DNA damage to increase

nucleotide synthesis for DNA repair [43].

3.1.3 Mitochondrial regulation of cell death

Mitochondria not only fuel life but also function as a checkpoint for several forms of
programmed cell death, such as apoptosis, necroptosis, ferroptosis, and pyroptosis.
Apoptosis is a major form of regulated cell death that ensures a homeostatic balance
that is crucial to embryonic development and autoimmune regulation. Under the stress
of DNA damage or growth factor deprivation, mitochondria initiate apoptosis by
releasing the soluble protein Cyt ¢ which is a consequence of mitochondrial outer
membrane permeabilization (MOMP) and disrupted cristae structure. This
permeabilization is driven by effector pro-apoptotic proteins of the B cell lymphoma 2
(BCL-2) family (prominently BAX and BAK). Cyt c binds apoptotic peptidase
activating factor 1 (APAF1) to form the “apoptosome” complex that activates the

initiator caspase 9 and leads to a signaling cascade through Caspase 3/7 [44]. In contrast
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to the intrinsic pathway, the extrinsic apoptotic pathway is caspase §8-dependent and
occurs through Caspase 3/7 directly or is activated by tBID-mediated MOMP at
mitochondria[45].

Following stimulation with tumor necrosis factor (TNF), viral infection, or the
activation of toll receptor signaling, necroptosis is activated through the formation of
the necrosome that consists of the activated receptor interacting protein kinase
1/3(RIPK1/3). The necrosome phosphorylates mixed lineage kinase domain-like
pseudokinase (MLKL), leading to its oligomerization and permeabilization of the
plasma membrane [46]. Mitochondria promote the activation of RIPK1 and the
formation of the necrosome through releasing reactive oxygen species (ROS) [47].

Pyroptosis is a gasdermin-mediated programmed necrotic cell death associated with
innate immunity and diseases. Under oxidative stress, Cyt c is released into the
cytoplasm through the MOMP via the recruitment of Bax to mitochondria and then
activates inflammatory caspases that eventually causes pyroptosis [48].

Ferroptosis is an iron-dependent type of cell death reported in recent years[49], which
has an essential role in the occurrence and development of many diseases, such as
tumors, neurological diseases, acute kidney injury. Ferroptosis is triggered by
membrane lipid peroxidation that is promoted by the Fenton reaction. The reaction can
occur with mitochondria released ROS and free Fe?* from iron-binding proteins ferritin

and heme-containing proteins [50].

3.1.4 Innate immune signaling
Mitochondria are an essential player in the innate immune system. These organelles
serve as an innate immune signaling platform and contain a reservoir of molecules that
elicit immune responses, known as Damage Associated Molecular Patterns (mDAMPs),
including N-formyl peptide, cardiolipin, mtDNA, and ROS [51].
The OMM houses the adaptor protein mitochondrial antiviral signaling (MAVS).
MAVS is activated following the activation of the retinoic acid-inducible gene I (RIG-
I) and RIG-I-like receptors (RLRs) MDAS by viral RNA. The binding of RIG-I and
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MDAS to MAVS induces the prion-like aggregation of the MAVS CARD-domain, and
the subsequent activation of TANK (TRAF family member-associated NF-kB
activator)-binding kinase 1 (TBK1) complexes and IRF3 and/or IRF7. IRF3/7 bind to
IFN-stimulated response elements and induce the transcription of target genes such as
type I interferons (IFNs) which promote antiviral signaling [52].

mDAMPs are important signaling molecules during infection and mitochondrial
damage. N-formyl peptides are common molecular signatures of bacteria that also exist
in mitochondria. During mitochondrial protein translation, the initiation factor 2
exclusively uses the N-formylated methionine (fMet), while the unformylated
methionine is involved in the process of protein elongation. Usually, N-formyl peptides
are retained in the matrix of healthy mitochondria, but are released into the cytoplasm
from damaged mitochondria and subsequently activate the formyl peptide receptor
(FPR) leading to chemotaxis, oxidative burst, and inflammation [53]. Cardiolipin is a
tetra-acylated diphosphatidylglycerol lipid. It is found in prokaryotic membranes. In
eukaryotic cells, it is only found in the mitochondrial IMM but is absent in the OMM.
When mitochondria are damaged, cardiolipin is exposed to the cytoplasm leading to
the activation of NLRP3 inflammasomes and proinflammatory cytokines [54]. mtDNA
are circular double stranded DNA containing methylation patterns that differ from
nuclear DNA. Under stimulations and cell death, mtDNA is released into the cytoplasm
and the methylation patterns of mtDNA are sensed by several innate immune receptors,
such as TLR9, NLRP3, and cGAS-STING. cGAS signals through cGAMP and STING
to activate inflammatory gene transcription [55][56]. ROS are the byproducts of normal
OXPHOS activity. In response to different conditions, ROS can function as positive
intermediates of cellular signaling pathways under hypoxia, or as toxic agents that

induce cellular damage and pathologies through the inflammation[57].
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3.2 Mitochondrial dynamics

Although mitochondrial vary in mass, shape, and distribution in diverse tissues and
cell lines, they maintain a dynamic network through the conserved processes of fusion
and fission (Figure 2). In this section, we discuss mitochondrial dynamic mechanism
by which maintains the integrated mitochondrial network and related mitochondrial

functions.

3.2.1 Mitochondrial fission

Mitochondrial fission is required for the generation of daughter mitochondrion and
the removal of damaged mitochondria. Impairment of fission causes OXPHOS
deficiencies, significant increases in ROS production, and has been linked to
neurodegeneration, endothelial inflammation, and other related diseases [58].

In mammals, mitochondrial fission proceeds by a series of regulated steps (Figure 2).
First, in a step mediated by actin, ERs mark sites of fission. The cytosolic Drpl is
recruited to ER-marked sites on the OMM and assembles into dimers and oligomers
that form a spiral-shaped superstructure [59][60][61]. The recruitment of Drpl is an
essential step that is mediated by several receptors including mitochondrial fission
factor (MFF), mitochondrial dynamics proteins of 49 kDa and 51 kDa (MiD49 and
MiD510, and fission 1 (FIST) [62]. Reversible phosphorylation of Drpl plays a critical
role in the process of fission via the control of Drp1 GTPase activity, and regulates GTP
hydrolysis and the constriction of Drpl helix required to complete the mitochondrial
fission process[63]. Various cytosolic factors affect Drpl fission activity via post-
translational modification, for example, activation of protein kinase A and cytosolic Ca
2* levels which leads to DRP1 phosphorylation. Compromising these factors is
associated with serious human diseases. Recent work has shown that contact sites
between lysosome and mitochondria may also induce fission through RAB7 GTP
hydrolysis [64]. A cellular stress that often triggers to mitochondrial fission is infection,

which is discussed in the session 3.6.1.
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3.2.2 Mitochondrial fusion

Mitochondria fusion is required to sustain a healthy and functional network which is
indispensable for cellular homeostasis. Inhibition of mitochondrial dynamics alters
ATP supply, apoptosis, immune signaling, embryonic development, and many cellular
and organismal processes.

Mitochondrial fusion is mediated by machinery that resides on both the outer and
inner membranes (Figure 2). Mitofusin 1 and 2 (MFN1 and MFN2) are OMM proteins
that contain an N-terminal GTPase domain, a coiled-coiled heptad repeat (HR 1) domain,
a short transmembrane domain responsible for their OMM insertion, and a second
coiled-coiled heptad repeat (HR2) domain at the C-terminus [65]. MFN1 and MFN2
molecules on different mitochondria form homo- or hetero- dimers to promote tethering
and the fusion of the OMM. The main regulator of IMM fusion is OPA1. The activity
of OPAL is regulated by the IMM proteases OMA1 or YMEIL, which proteolyze the
OPALI to yield I-OPA1 and s-OPA1 [66]. It remains unclear how I-OPA1 and s-OPA1
mediate IMM fusion.

The dysfunction of MFN1/2 and OPA1 causes the impaired mitochondrial fusion
that imply the OXPHOS deficiencies, mtDNA loss, and mitochondrial motility defects
[58]. Interestingly, although the depletion of dynamins MFN1/2 and OPA1 all abolish
fusion, their loss impacts mitochondrial morphology and cellular function differently.
Depletion of MFNI leads to small and fragmented mitochondria while of MFN2 cause
fragmented but swollen mitochondria. This suggests MFN1 may have a higher capacity
for OMM tethering than MFN2 [67]. Importantly, studies show that these proteins each
have different functions in addition to their role in fusion. For example, MFN2, but not
MEFNI1, lead to Charcot-Marie-Tooth disease type 2A [68]. MFN2 is required for
mitochondria-ER interaction which is essential for essential for the mitochondrial
calcium homeostasis and energy metabolism [69]. MFN2 but not MFNI1 is a
prerequisite for the response of mitochondrial respiration to the infection of Listeria,
Mycobacterium tuberculosis or LPS endotoxemia, as well as for the production of

reactive oxygen species (ROS) in macrophages [68]. During infection of Toxoplasma,
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mitochondrial fusion mediated by MFN1/2 is required for mitochondrial FAs uptake to
restrict the growth of Toxoplasma [11]. Moreover, mitochondrial elongation requires
OPA1 and MFN1 but not MFN2 under stressful conditions, such as nutrient and oxygen
deprivation or ER impairment [70]. In early stages of spermatogenesis, the expression
of MFN2 corrects the defects of germ cell development, but not MFNI1. The
mitochondrial fusion machinery also plays different roles during infection which is

discussed in section 3.6.1.
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Figure 2. The schematic of mitochondrial structure and dynamics (fusion and fission).
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3.3 Mitochondrial structure

Mitochondrial structure is essential for the health of these organelles and their
functional flexibility. In this section, we present defining features of mitochondrial

architecture (Figure 2).

3.3.1 Mitochondrial structure

Mitochondria are the only organelles in mammalian cells that possess two
membranes, the OMM and IMM. Each membrane has different properties that confer
functional flexibility to these organelles.

The OMM plays a key role as the gatekeeper that maintains an independent niche
within mitochondria. For example, calcium is imported through the OMM from the
cytoplasm, which requires the OMM located Voltage-dependent anion-selective
channel protein (VDAC), which also forms the ER-mitochondria contact site[71]. The
OMM is also in contact with several other cellular compartments, including ribosomes,
peroxisomes, lipid droplets, and the nucleus [72] and even intracellular microbes [73].
Under certain stress stimuli, the OMM integrity is disrupted by the formation of
BAX/BAK pores leading to the release of mDAMPs, such as mtDNA and cytochrome
c, and [74].

The IMM has two substructures: the mitochondrial cristae and the inner boundary
membrane (IBM). The IBM is parallel to and tightly bound to the OMM. Mitochondrial
cristac are formed by invaginations of the IMM. The cristae structure hosts the
respiratory chain complexes and are the site for iron-sulfur cluster biogenesis and
mtDNA maintenance [75]. The transition and connection between IBM and cristae are
the pore-like structures known as cristae junctions (CJs) which are narrow gaps that
prevent the contents of cristae from being released into IMS.

Cristae structure is regulated by two essential players, OPA1 and ATP synthase. The
two isoforms 1-OPA1 and s-OPA1 form the oligomers to maintain the CJs and cristae
structure. Destabilization of OPA1 oligomers impairs CJ number and tightness, the
widening of cristae structure, and also enables the release of cytochrome ¢ during tBid-

induced apoptosis[76][76]. The interaction between OPA1 and MIC60 controls the
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number and stability of CJs, while OPA1 achieves the control independent of MIC60
suggesting it is epistatic to MIC60[77][78]. The FIFO-ATP synthase dimers assemble
into rows or other oligomeric configurations that bend the IMM into positive curvature
at cristae rims[79]. A key determinant of cristae structure is the main lipid constituent
cardiolipin. Cardiolipin has a conical structure and is enriched on the concave surfaces
of the IMM facing the intermembrane space, which enables it to stabilize membrane

curvature and permit the formation of mitochondrial cristae [80].

3.3.2 MIB—the bridge between the OMM and IMM

The mitochondrial intermembrane space bridging complex (MIB) connects the
OMM and IMM, which promotes the formation of CJs and maintains the cristae
(Figure 3). The MIB contains two complexes: the sorting and assembly machinery
(SAM) on the OMM and the mitochondrial cristae organizing system (MICOS) on the
IMM. Complexome profiling analysis indicates that MIB assembly starts from a core
SAM complex (containing SAMS50-MTX2-MTX3) and the core unit of the MICOS
complex (including MIC60, MIC19, and MIC25), which is subsequently bound to other
subunits to form the full-size MICOS complex. SAM50, MIC60, and MIC19 are the
most important subunits for the assembly and stability of the MIB in human
mitochondria [81]. The additional protein DNAJC11 binds the SAM complex with the
MTX1 [82][83].

The MICOS complex is the key organizer of CJs [9], and contains at least 8 subunits
in mammals, including Mic60, Micl9, Micl0, Mic25, Mic29, Mic27, Micl3, and
Mic14. Mic60 is a conserved core subunit that plays a central role in the positioning of
MICOS complex at the cristae junction and bending the membrane to form the cristae-
like invagination [84]. The ablation of Mic60 leads to a loss of cristae junctions and the
intensive membrane stacks of IMM [85]. Micl9 and Mic60 interact with the OMM
protein SAMS50 (the core subunit of the SAM complex) which forms MIB to bridge
IMM and OMM [86]. Interestingly, in yeast, the IMM protein Mic60 is required for the

biogenesis of B-barrel proteins, such as TOM40, through the interaction with SAMS50
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[87]. Recent studies show SAMS0-MIC19-MIC60 axis links the SAM and MICOS
complexes; strikingly, SAMS50 is enriched at the OMM at sites of mitochondrial cristae
junctions. The cleavage of MIC19 at the N-terminal by mitochondrial protease OMA
with physiological stresses causes the disrupted binding between SAMS50 and MIC60.

The integrity of the MIB is essential to maintain mitochondrial cristae and its
functions, which are critical for organismal health. The cleaved MIC19 leads to the loss
of the MIB complex, swollen mitochondria, loss of CJs, aberrant cristae, and impaired
OXPHOS system. Only SAMS50 deficiency rather than other SAM subunits MTX1/2/3
causes the cleavage of MIC19 and abnormal cristae [88], suggesting that SAMS50 is
probably the anchor that guides the formation of cristae junctions. Knockdown of
MIC60 leads to the disorganization of cristae and the fragmentation, and further the
release of cyto ¢ from mitochondria during apoptosis [89]. The ablation of MIC60 also
induces the formation of swollen mitochondria, where the mtDNA nucleoids are
clustered and mtDNA transcription is attenuated [90]. Besides the core MIB subunits,
the peripheral interactors of MIB are indicated in many biological processes, such as
ORP5/8 link MIB/MICOS that contact sites and the transport of phosphatidylserine
between ER and mitochondria [95]. Structural and functional changes in the MIB are
pathological hallmarks in many human diseases, such as in Alzheimer’s and
Parkinson’s disease, cancer, diabetes, and cardiovascular and muscle degenerative

diseases [91].
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3.4 Mitochondrial biogenesis: insights into protein import

Mitochondria dynamics preserves mitochondrial homeostasis through two opposing
processes: the biogenesis of new mitochondria and the restoration or removal of
damaged mitochondria. Biogenesis requires additional building-blocks and proteins to
sustain mitochondrial structure and functions. However, only 13 proteins are encoded
by mtDNA. The majority of mitochondrial proteins (above 1000 proteins) are encoded
by nDNA, synthesized in the cytoplasm, and thus need to be imported into the

mitochondria (Figure 3).

3.4.1 Presequence carrying mitochondrial precursors

The import pathway of presequence-carrying precursors is a relatively well-known
mechanism that responds to the translocation of around 60% of mitochondrial proteins.
The features of the N-terminal presequence vary in length, from 15 to 100 amino acid
residues. The typical structure of the presequence is an amphipathic a-helix with a
positively charged face and a hydrophobic face. The hydrophobic surface of the
amphipathic helix is initially recognized by the mitochondrial import receptor TOM20.

Next, the positively charged surface binds to the intermembrane space domain of the

core receptor TOM22[92][93]. The [-barrel transmembrane channel TOM40 contains

both hydrophilic and hydrophobic domains which specifically interact with precursor
proteins. Presequence-carrying precursors are recognized by TIMS50 with the help of
TIM21 at the IMS-facing side of TOM40 and are subsequently handed over to the
TIM23 complex on the IMM[94]. TIM23 is the core subunit that consists of two
functional domains: the N-terminal domain that interacts with TIM50, and the C-
terminal membrane-embedded domain that forms a channel through the IMM [95]. The
TIM23 directs presequence-carrying precursors into the IMM and matrix. The IMM-
sorted precursors are inserted into the IMM via the binding of its hydrophobic sorting
signal to Mgr2, which is a small membrane translocase that functions as the lateral
gatekeeper[96]. Matrix-targeted precursors are translocated into the matrix where they

are driven by the presequence translocase-associated motor (PAM) that collaborates
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with the ATP-dependent mitochondrial heat-shock protein 70 (mtHsp70). Subsequently,
the presequences are removed by the dimeric mitochondrial processing peptidase
(MPP)[3].

3.4.2 Non-presequence containing mitochondrial precursors

Certain mitochondrial precursors do not have cleavable presequences.
Mitochondrial metabolite carriers are one such class that contain six a-helical
transmembrane segments that become integrated into the IMM. In the cytosol, the
newly synthesized carrier precursor is bound by chaperones Hsp70 and Hsp90, which
can recognize the OMM import receptor TOM70 and promote the binding of carrier
precursors to TOM70. Human TOM?70 has 608 amino acids and anchors into the OMM
by one transmembrane domain (39-59), which is flanked by N-terminal and C-terminal
sequence facing the IMS and cytoplasm respectively. The N-terminal clamp-type TPR
domain harbors the pocket-like structure which can recognize heat shock protein family
molecular chaperones such as Hsp70/90, whereas the C-terminal TPR domain harbors
the pocket-like structure which can recognize the internal mitochondrial targeting
signals (iMTS) of precursors[97].

TOM22 receives the precursors from TOM70 and enables their insertion into the
TOM40 channel[98][99]. Small TIM chaperones are recruited by the N-terminus of
TOM40 in the IMS and translocate the carrier precursors from the TOM40 channel exit
to the TIM22 complex. Notably, the small TIM chaperones TIM9-TIM10 are soluble
in the IMS, and along with TIM12 interact with TIM54 and the TIM22 complex [100].
The TIM22 complex also mediates the import of other proteins with multiple
transmembrane segments, but the structural TIM22 complex and insertion mechanism

of substrates into the IMM are unknown.

3.4.3 Cysteine motif-containing precursors
The cysteine motif-containing precursors are translocated and folded by the TOM
complex and oxidoreductase Mia40. The cysteine motifs contained precursors are

translocated across the OMM through the TOM40 channel, but the import receptor is
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still unknown[101]. Interestingly, when the precursor is exposed to the IMS through
TOM40, Mia40 acts as a receptor and binds precursor hydrophobic residues and
cysteine residues [102]. The formation of a transient disulfide bond between cysteine
residues of precursors and Mia40 is mediated by the sulfhydryl oxidase Ervl and

promotes their conformational stabilization and assembly in IMS.

3.4.4 OMM protein biogenesis

The integrity and function of the outer mitochondrial membrane relies on the import

and assembly of the OMM proteins. 2 types of proteins exist at the OMM, B-barrel

proteins and o-helical proteins. [ -barrel proteins generally possess multiple
transmembrane B-strands that promote their insertion into the OMM by the TOM

complex and SAM complex. TOM20 binds the targeting signal of the hydrophobic (-

hairpin motif which is formed by two adjacent [-strands [103]. Then, the precursor

enters the IMS through the import channel TOM40 and binds to the small TIM
chaperones. The precursors are protected from aggregation by the small TIM
chaperones and access the SAM complex which engages the precursor from the IMS
side and releases it into OMM lipid phase.

a-helical membrane proteins contain one or more a-helical transmembrane segments
that anchor into the OMM and exist in three main flavors: N-terminal signal-anchored
proteins, C-terminal tail-anchored proteins, and polytopic (multi-spanning) outer-
membrane proteins. In yeast, the mitochondrial import complex (MIM) promotes the
import and insertion of N-terminal signal-anchored proteins and polytopic proteins. The
MIM complex contains two subunits, MIM1 and MIM2, which are single-spanning
OMM proteins. The MIM complex has three populations: free MIM complex, TOM-
MIM complex, and the MIM-SAM complex [104]. The free MIM complex directly
binds cytosolic single spanning precursors and directs them into the OMM. The TOM-
MIM complex channels the single spanning precursors and polytopic precursors via the

TOM?70 receptor and MIM complex. The MIM-SAM complex participates in the early
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steps of TOM complex assembly. Besides the MIM pathway and other individual
examples[105][106][107][108], the lipid composition also appears sufficient to
promote the insertion of C-terminal tail-anchored proteins. For example, the low-

ergosterol content in the OMM promotes C-tail protein insertion [93], [111].
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Figure 3. The schematic of the key import regulators TOM and SAM complex on the OMM, and

of the MIB as the bridge of OMM-IMM.
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3.5 Mitochondrial quality control

Considering the myriad of chemical reactions, metabolic processes and stresses that
occur in the mitochondria, efficient quality control is consistently required to maintain
mitochondrial health. The main quality control systems include: mitochondrial
proteostasis, Ubiquitin-Proteasome System (UPS), mitophagy, mitochondrial-derived

vesicles (MDVs), and mitochondrial dynamic.

3.5.1 Mitochondrial proteostasis

Due to the import of over 1000 mitochondria proteins and estimated 1000+
biochemical reactions occurring in mitochondria, the precise and rapid surveillance and
degradation of the misfolding or dysfunctional proteins is required. Mitochondrial
proteases are regarded as the first line of defense in mitochondrial quality control [109]
and regulate the proteolysis of its substrates. Eighteen mitoproteases are catalytically
proficient and 5 pseudomitoproteases are catalytically deficient for a total of 23
enzymes that exclusively localize to mitochondria [110]. Of the eighteen enzymes,
MPP, MIP, METAP1D, XNPEP3, IMP, and ATP23 mature mitochondrial precursor
proteins [111]. In the IMM/IMS, the inner membrane protease (IMP) mediates the

maturation of presequence-containing translocases by removing the carboxy-terminal
targeting sequence [112]. In the matrix, the mitochondrial processing peptidase (MPP)

mediates the cleavage of MTSs from precursors [113]. Of the eighteen enzymes,
another four well-studied ATP-dependent proteases, including LONP, CLPXP, the m-
AAA protease, and the i-AAA protease, possess ring-like structures containing the
internal ATP-dependent proteolytic chamber. The m-AAA for example is required for
the CI activity and increased sensitivity to oxidant stress by its proteolytic activity [114].
The m-AAA protease, an IMM-embedded ATP-dependent protease facing the matrix,
has proteolytic activity on the IMM and matrix proteins. Besides the quality control of
OXPHOS, the main functions of the m-AAA protease are observed in calcium
homeostasis and mtDNA expression. The m-AAA protease controls mitochondrial

calcium by regulating the amount of the mitochondrial calcium uniporter (MCU) that
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is regulated by the Essential MCU regulator (EMRE), the proteolytic substrate of m-
AAA. In the matrix, mitochondrial Lon protease (LONP1) displays various functions
including proteolysis, chaperone activity, and binding of mtDNA. LONP1 promotes the
maturation of several proteins, such as the regulators of mtDNA replication SSBP[115],
mitochondrial gene expression SLIRP and another ATP-dependent protease CLPXP
[116]. LONPI presents chaperone-like activity with mtHSP70, p53, and COX4-1
subunits in humans. Its AAA+ ATPase activity is required for the interaction with
mtHSP70 that prevents it from co-aggregation with substrates[117]. LONP1 displays a
unique and conserved function and binds mtDNA in a sequence specific manner, which
enables it to interact with other nucleoid-related proteins to regulate mtDNA
replication[118] such as the mitochondrial transcription factor A (TFAM)[119]. The
caseinolytic mitochondrial matrix peptidase (CLPXP), composed of seven CLPP
subunits and six CLPX subunits, participates in the maintenance of the OXPHOS
system health, such as selectively degradation of the subunits of CI and CII to prevent
the accumulation of dysfunctional complexes from stress condition[120]. The
mitoribosome assembly is positively regulated by CLPXP via the degradation of
ERALI (a putative 12S rRNA chaperone) from the small ribosomal subunit to promote

mitochondrial translation [121].

3.5.2 The ubiquitin-proteasome system (UPS) and mitophagy

Ubiquitylation is one of the broadest and most conserved post-translational
modifications that enable mechanistically diverse, quantitative, and reversible
regulation. Ubiquitin is a 76 amino acids peptide that can conjugate to lysine (K)
residues of target proteins in a progressive process mediated by Ub activating enzymes
(E1), Ub-conjugating enzymes (E2), and Ub ligases (E3). This process is well-
described: El uses the energy provided by ATP to actively transfer ubiquitin to E2,
which subsequently cooperates with E3 to label a ubiquitylated substrate. The type of
ubiquitin conjugation determines the protein outcome. Usually, monoubiquitylation

changes protein-protein interactions, while protein degradation employs the polyUb

27



Lys48-linked and branched Lys48-Lys11 chains which signal to the proteasome[122].
The ubiquitin-proteasome system (UPS) and mitophagy are two main degradative
pathways that are initially regulated by ubiquitylation and enable the cell to rapidly
respond to mitochondrial insults.

In mitochondria, the OMM-localized proteins are monitored by the UPS. The
mitochondrial ubiquitin ligase (MARCH 5) is a E3 with RING finger domain that
enables the transfer of ubiquitin directly from E2 to the substrate to form the Lys48-
linked chain to initiate proteasomal degradation[123]. Substrates of MARCHS-
mediated UPS degradation include MFN1/2, Fisl, which are key factors in
mitochondrial dynamics. FUNDCI, an important mitophagy receptor, is also regulated
by MARCH 5, which senses hypoxic stress and fine-tuning of the mitophagy response
[124]. Interestingly, the TOM40 channel can retro-translocate conformationally
destabilized IMS proteins into the cytosol to enable their degradation by the proteasome,
[125].

Mitophagy is another important mechanism of mitochondrial quality control. OMM
proteins of depolarized mitochondria are ubiquitylated and recruit autophagosomes to
recycle the whole or part of the mitochondria in a mainly PINK1/Parkin-dependent
manner. PINK1 is imported through TOM complex into the matrix, cleaved into short
fragments by PARL, and then is retro-translocated into the cytosol and degraded by
proteasome under basal conditions. Under stressful conditions, PINK1 accumulates on
the OMM of depolarized mitochondria, leading to the formation of a TOM-PINKI1
complex. PINK1 initiates the phosphorylation of the primary ubiquitin of the OMM
substrates and activates Parkin, a Ub E3 ligase, which unselectively ubiquitinates the

substrates to form the Ub chains that PINK1 phosphorylates.

3.5.3 Mitochondrial-derived vesicles (MDVs)
Recent work has revealed that MDVs cooperate with the endosomal system to
regulate mitochondrial quality control. MDVs were firstly reported to traffic to

peroxisomes, or to fuse with the late-endosome/lysosome or multivesicular body
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(Figure 4). MDVs have a 70-150 nm diameter under electron microscopy, in contrast
to the size of normal mitochondria around 0.5-3 pm in mammalian cells. In terms of
structure, MDVs contain two different sets, only OMM or OMM+IMM, and
continuously bud off mitochondria under stressful conditions, such as mild
mitochondrial oxidative stress due to CCCP or antimycin A treatment.

The biogenesis of MDVs is initiated by PINK1/Parkin [126] and driven by MIROs
and DRP1 [127], which bud off mitochondria and carry the specific cargo proteins to
late-endosome/lysosome or multivesicular body. This process is independent of
autophagic regulators, such as ATGS or LC3 [128]. A subset of PINKI/Parkin-
dependent MDVs recruits Syntaxin-17 and subsequently SNAP29 and VAMP7, to
assemble the soluble NSF attachment protein receptor (SNARE) machinery for fusion
with late-endosome/lysosome [129]. Later, Toll-interacting protein (Tollip), an
essential endosomal coordinator, is a MDVs residence and interacts with ESCRT-0
protein Tom1 to promote cargo trafficking to the late-endosome/lysosome [130].

In response to LPS stimulation or heat stress, the recruitment of the Rab9 and Sorting
nexin 9 (SNXO9) is required for the formation of MDVs, which contain the marker
OGDH, a mitochondrial matrix protein 2-oxoglutarate dehydrogenase. Interestingly,
PINK/Parkin actively impair the formation of MDVs during LPS exposure or heat
stress. MDVs transport DAMP-laden cargo to lysosomes to degrade the pro-
inflammatory and oxidized mitochondrial proteins in a SNX9-dependent manner,
instead of the trafficking to extracellular vesicles (EVs) which cause strong immune
responses [131].

Another set of MDVs buds off mitochondria in HeLa cells that are labeled by the
OMM-anchored protein ligase (MAPL). MDVs with MAPL (but TOM20-) fuse with
peroxisome, whereas TOM20+ / MAPL- MDVs do not [132]. Additionally, MDVs
carrying Pex3/Pex14 (they called it pre-peroxisomal structures), can fuse with ER-
derived vesicles enriched in Pex16 to form a hybrid vesicle with peroxisomal import
competence in human patient fibroblasts lacking peroxisomes [133].

MDVs have selective cargoes. Recently, a study indicated the loading of 107 high-
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confidence cargoes and the change of MDVss lipidome compared to mitochondria [127].
The TOM20+ OMM MDVs contain OMM proteins TOM40, TOM70, SAMS0,
MIRO1/2 and MFNI1 (but not MFN2). TOM20+ OMM-IMM MDVs consist of the
proteins from OXPHOS complexes III and V and the Fe-S clusters. as well as matrix
proteins such as PDH, several proteins of the TCA cycle and fatty acids B-oxidation
SOD2. Besides protein cargo, mtDNA is transferred into MDVs which is associated

with proinflammation in Parkinson's disease [134].
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Figure 4. The schematic of the formation and fate of MDVs.

30



3.6 Modulation of mitochondria during microbial infection

Mitochondria are not only part of the innate immune signaling system, but can also
respond to the infection through its dynamics and functions. In this section, we will
discuss how mitochondria respond to and defend against different pathogens, including

viruses, bacteria, and parasites.

3.6.1 Mitochondrial dynamics during infection

The most straightforward readout of mitochondria upon infection is morphological
changes. From the view of pathogens, the impairment of the mitochondrial network can
be beneficial to recreating a suitable microenvironment for survival and proliferation.
Listeria monocytogenes induces mitochondrial network fragmentation by secreting
pore-forming toxin listeriolysin O (LLO), which causes a rapid decrease in Mff and
atypical mitochondrial fission in a DRP1-independent manner at an early infection
stage. Legionella pneumophila establishes the Legionella-containing vacuole (LCV)
that tethers with host mitochondria and induces the mitochondria fragmented network
in a DNMIL (also known as DRP1) dependent manner[135]. Host mitochondrial
fission is found during infection with Helicobacter pylori through its vacuolating
cytotoxin A (VacA) and of Shigella flexneri in a DRP1 dependent manner [136], [137].
Interestingly, Chlamydia trachomatis preserves the mitochondrial elongation network
by the phosphorylation of fission-inactive serine residue 637 (S637) of DRPI.
Midichloria mitochondrii invades the host mitochondrial IMS and hijacks
mitochondrial fusion[138].

By inhibiting the activity of DRP1, Dengue virus (DENV) nonstructural protein 4B
(NS4B) promotes mitochondrial elongation and impairs the RIG-I-dependent interferon
responses which are beneficial for viral proliferation[139]. Other viruses such as
Influenza A, Influenza M2, SARS-CoV, and SARS-CoV-2 also promote the fusion of
host mitochondria, increase ATP production, and inhibit innate immune signaling, to
promote their replication [140-143]. Hepatitis C virus promotes the ubiquitylation of
MFN?2 leading to a fragmented mitochondria network. Hepatitis B virus facilities the

ubiquitination and degradation of MFN2 and promotes the recruitment of DRP1 by
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stimulating its phosphorylation at Ser616 that results in mitochondrial fission[144],
[145].

In mammalian hosts, Trypanosoma cruzi amastigotes exhibit a close interaction with
host mitochondria via the parasite flagellum [146]. The Plasmodium parasite is an
intracellular pathogen that causes a significant health burden in humans. Studies show
that majority of the liver stage (LS)-infected hepatocytes have fragmented mitochondria.
However, infected cells are also more resistant to to external triggers of apoptosis. This
inhibition of mitochondrial pro-apoptosis factors boosters the Plasmodium burden in
LS-infected hepatocytes [147]. Encephalitozoon hellem develops in a parasitophorous
vacuole (PV). The sporoplasm surface protein 1 (EhSSP1) localizes to the PVM and
interacts with host mitochondrial voltage-dependent anion channels (VDACs). This
contact causes the host mitochondria cluster around PVs which is a benefit for parasite

proliferation[148].

3.6.2 Modulation of mitochondrial functions upon infection

Mitochondria can sense the pathogenic signals in the cytoplasm, resulting in the
mitochondrial functions being mobilized to fight against pathogens. Pathogens also
evolutionarily develop efficient strategies to survive and sustain their species within the
long-term competition.

The virus extremely relies on the access to the nutrients form the host cell. The host
mitochondrial OXPHOS system generates excessive mROS during SARS-CoV-2
infection. The high mROS activates some host cellular pathways, such as translation,
to favor virus replication but also leads to an excessive innate immune response against
viral infection, which leads to greater lung injury and worse clinical evolution [149].
Recently, the SARS-CoV-2 orf9b is revealed that interacts with the cytosolic segment
of human TOM70 through its C-terminal pocket-like structure, leading to the
inactivation of the IFN-I immune response[150].

Extracellular bacteria Helicobacter pylori VacA is not only essential to induce

mitochondrial network fragmentation by DRP1, but also sufficient to inhibit apoptosis
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by the inactivation of the proapoptotic Bcl-2-associated X (Bax) protein [137]. The
intracellular Chlamydia trachomatis activates the mitochondria translocation of
NLRXI1 to enhance the levels of ROS, which can activate caspase-1 to promote its
growth [151]. Legionella pneumophila infection triggers the rewiring of cellular
bioenergetics from depressed mitochondrial respiration to elevated glycolysis, to create
a permissive niche for bacteria replication by the type IV secretion system (T4SS)
effector MitF (a Ran GTPase activator) [135].

Due to the specific-tissues and complex life cycle, the parasite offers a distinct view
to understand the exploration of host nutrients and manipulation of the signaling
pathway. Leishmania infantum infection switches the bioenergetic pathway of
macrophages from glycolytic metabolism to OXPHOS by activating the AMPK and
SIRT1, both are required for the regulation of nutrient availability from mitochondria
[152]. Plasmodium falciparum perforin-like proteins, also known as the family of pore-
forming proteins, promote the depolarization of mitochondria, leading to high mROS
levels and increased intracellular calcium [153]. Cardiomyocytes infected with
Trypanosoma cruzi also increase ROS levels following inefficient electron transport
chain (ETC) activity and enhanced electron leakage at early infection stage[154].
Moreover, Toxoplasma gondii is one of most interesting examples that shows the fatty
acid competition with host mitochondria during infection, which will be discussed in

the next section.
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3.7 Toxoplasma gondii: a competitor to host mitochondria?

Toxoplasma gondii is an obligate intracellular protozoan parasite which is the
causative pathogen of toxoplasmosis in humans, other mammals, and birds. The first
observation of it was in the tissues from a hamster-like rodent Ctenodactylus gundi in
1908. The next year, the new organism was named Toxoplasma gondii in term of
morphology (“Toxo” refers to arc or bow, “plasma” refers to life) and the host by
Nicolle and Manceaux. Toxoplasma has been studied over one hundred years and has
a well-characterized life cycle, making it a suitable model for cell biology and crosstalk
between host cells and pathogens.

In this session, we will briefly discuss Toxoplasma, including its biological cycle and
prevalence, morphology and ultrastructure, immunology, and toxoplasmosis.
Specifically, the intracellular PV niche of Toxoplasma where it proliferates, and which
forms contact sits with host mitochondria, also known as host mitochondrial association

(HMA).

3.7.1 Toxoplasma gondii: a very successful human parasite

Toxoplasma is approximately 4-8 um long and 2-3 pm wide. It is a unicellular
parasite which has a wide range of hosts including terrestrial and aquatic warm-blooded
animals. Only cats or other species from the family Felidae host the sexual stages of
Toxoplasma and are known as their definitive hosts. Other hosts, including humans, are
considered intermediate hosts due to the presence of only asexual stage [155]. Although
the definitive host was found since 1970, recently linoleic acid has been discovered to
be the key factor regulating sexual proliferation [156]. Three predominant Toxoplasma
lineages have been described based on genotypes referred to as type I, type 11, and type
I [157].

In the Toxoplasma life cycle, there are 3 infective stages. The Toxoplasma tachyzoite
replicates rapidly and asexually in acute infections stage. The bradyzoite stage is found
in chronic infections and is characterized by a slow asexual replication within wrapped
a thick cyst wall and can be transmitted between intermediate hosts. The sporozoite is

exclusively produced in the definitive host and transmits Toxoplasma to intermediate
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hosts. Strikingly, Toxoplasma infects one-third of the world’s population. Toxoplasma
transmission pathways in human infection mainly include the contamination of water
and food with oocysts, or undercooked contaminant meat with Toxoplasma cyst.

Toxoplasma 1is a eukaryotic cell and thus also has a nucleus, ER, Golgi complex,
mitochondria and apicoplast. There is only one mitochondrion, which has a dynamic
shape but lacks fusion and fission (its biogenesis following with cell cycle) and
possesses the mtDNA encoding only 3 proteins. The apicoplast of Toxoplasma has lost
the photosynthetic functionality, and now carries out the synthesis of 3 essential
metabolites: haem, type II fatty acids, and isoprenoid precursors [158]. The apical
complex at the anterior region is composed of the conoid and the secretory organelles
(micronemes, rhoptries and dense granules). The conoid, micronemes and rhoptries
coordinate to initiate the invasion process through the host plasma membrane. The
dense granules which are ~0.2 um diameter structures, contain a large set of proteins
(150-200) that are translocated into the PV and/or PV membrane (PVM).

Toxoplasma can pass the intestinal epithelial barrier, and transmigrate into the
muscle, liver, eyes and even brain by across the blood-brain barrier. Although the
majority of the infection is asymptomatic under normal conditions, it has diverse
symptoms under the condition of immunocompromise, such as retinochoroiditis and
HIV infection. Recently, the major T-cell antigen for class I major histocompatibility
complex (MHC I) is characterized as Toxoplasma dense granule 6 (GRAG6) [159]. The
macrophages are stimulated through the activation of TLR2, TLR4, IL-18R or IL-1R
mediated by Toxoplasma glycosylphosphatidylinositol proteins (GPIs), to respond

against Toxoplasma infection [160].

3.7.2 The parasitophorous vacuole (PV) of Toxoplasma

In the lytic cycle, The PV is formed during invasion by the invagination of the host
cell plasma membrane within 25-40s. Subsequently, the cytoplasmic membrane
proteins are eliminated from PVM. This is thought to render the PV nonfusogenic and
invisible to the host endolysosomal system. Although the PV protects Toxoplasma from

recognition by the innate immune system, it also is a barrier for the parasite to
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effectively communicate with the host and acquire nutrients. Therefore, Toxoplasma
explores a unique approach to redecorate the PV (Figure 5).

The formation of the PV is thought to occur via two-steps [161]. During the first step,
at the moving junction where the invasion site is, the contents of the Toxoplasma
rhoptries are secreted into the host cytosol resulting in the formation of discrete vesicles.
Next, the ROP vesicles fuse with the requisite plasma membrane and modify its protein
composition, resulting in the formation of PV. Then, the PVM is modified by rhoptry
(ROP) or dense granule (GRA) proteins secreted from Toxoplasma, which enable the
PVM to interface between Toxoplasma and the host. The PVM promotes
communication with signaling effectors and transports the nutrients from the host, since

Toxoplasma is auxotrophic for many nutrients [162].
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Figure 5. The schematic of Toxoplasma lytic cycle and the HMA during Toxoplasma infection.

Recently, increasing GRA effector proteins have been identified in the host
cytoplasm and nucleus, such as GRA16, MYR1, GRA28, TEEGR, GRA24, IST [163].
For example, Toxoplasma Myc regulator 1 (MYR1) can be cleaved into 2 fragments

aspartyl protease 5 (ASP5) and is subsequently transported into the host cytosol. They
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are transported by the PVM resident transporters and related regulators, including
MYRI1, MYR2, MYR3, MYR4, ROP17, GRA44 and GRA4S5. Interestingly, MYRI,
GRA44, and GRA45 are proteolytically cleaved in an ASP5-dependent manner, but
their function as transporters is not disabled [163]. Additionally, the pore structure
formed by GRA17 and GRA23 in the PVM allows the diffusion of small molecules
(<1300 Da), but not larger proteins [164][165].

Toxoplasma requires many nutrients from its host cell. For example, lipoic acid is
found to be synthesized in the Toxoplasma apicoplast but fails to reach Toxoplasma
mitochondrion where it is required in nature. Therefore, Toxoplasma has to obtain it
from host mitochondria where it is synthesized [166]. Other metabolites, such as
purines, cholesterol, inositol, polyamines, and choline, are transferred from host to
Toxoplasma through the PVM [167]. Although many nutrients are transported through
the pore structure formed by GRA17 and GRA23, the precise mechanism and additional

import machineries is little known.

3.7.3 The Host Mitochondria Association (HMA) with PVM

The PVM associates with the ER and host mitochondria, the latter which is known
as [168] host mitochondria association (HMA) (Figure 5). It was first shown in
macrophages infected with type I Toxoplasma strain in 1972 [169]. However, the
question of which parasite factor mediates the HMA remained a mystery for four
decades.

Recently, HMA was found to specifically occur during infection of Toxoplasma type
I and III but not type II strains, which demonstrated that HMA has a genetic basis.
Pernas et al revealed that the Toxoplasma locus mitochondria association factor 1b
(MAF1b) (annotated as TGGT1 053770 in ToxoDB v7.2) is required for HMA [170].
The expression of MAF1b in Type II parasites is sufficient for HMA and the ablation
of MAF1b in Type I strain leads to the loss of HMA. The exposed C-terminus of MAF1
is required to recruit host mitochondria and induces the elongation of the associated

mitochondria [170]. An analysis of the multiple paralogs encoded by MAF1 revealed
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that three C-terminal residues (Ser438, Thr439, and Leu441) are conserved in the
HMA-competent MAF1b [171]. The expression of MAF1b with the STL residues
mutated to RKK (uncharged counterparts Arg427, Lys428 and Lys430 in MAF1a) is
not sufficient for HMA. Strikingly, the MAF1b with RKK mutants impairs the growth
advantage in vivo, which provides insight into the link between pathogen proliferation
and manipulation of host mitochondria. The expression of MAF1b confers a growth
advantage for Type II parasites relative to wild type counterparts in vivo [172].

An IP-mass spectrometry analysis of host proteins bound to MAF1b revealed MIC60
and MIC19 (the subunits of MICOS in the IMM). They also hypothesized and verified
that the OMM component SAMS50 interacts with MAF1b, because SAMS50 is another
core subunit of MIB with MICOS complex. Interestingly, the interaction of MAF1b
with MIC60 and SAMS0 is deficient by its C-terminal HA epitope tag, but MAF1a and
C-terminal mutated MAF1b keep the interaction with SAMS50 [171], [173]. Another
study from Blank et al performed a similar [P-mass spectrometry analysis of MAF1b-
interacting proteins and identified TOM70 and the mitochondria-specific chaperone
HSPA9, which both are essential for the formation of HMA. TOM?70 is enriched around
PVM during Toxoplasma infection [174]. Additionally, the loss of the PVM-localized
protein ROP39 leads to a 10% reduction of HMA [175].

A consequence of HMA is the enlargement of PVM-associated mitochondria and
changes to the host cell immune responses, such as the expression of chemokines and
IFN-gamma-induced genes [170]. MAF1-mediated HMA preserves the growth and
proliferation of parasites deficient for ACBP2, regulates cardiolipin metabolism in type
II parasites through acyl-CoA-binding [176].

HMA appears to be a consequence of infection with pathogens such as SARS-CoV-
2, Listeria monocytogenes, Microsporidian sp, and so on [73]. Why does the parasite
tether host mitochondria? Recently, Pernas et al found that although Toxoplasma
triggers lipophagy to gain access to host fatty acids, host mitochondria restrict the
growth of Toxoplasma by limiting its access to fatty acids. In cells deficient for MFN1

and MFN2 and thus mitochondrial elongation, Toxoplasma grew faster and took up
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more FAs [11]. How FAs are transferred between OMM and PVM remains unclear.
More puzzling is the fact that Toxoplasma has an effector protein that binds host

mitochondria — their nutrient competitors.

39



4. Publication

We thank Nouf N. Laqtom and Monther Abu-Remaileh (Stanford University) for
teaching us the mitoIP protocol; Thomas Langer (MPI-AGE) for the generous sharing
of reagents; the MPI-AGE Proteomics Core, in particular Xinping Li for advice on
sample preparation; the MPI-AGE FACS and Imaging Core for excellent flow
cytometry, and microscopy support, and in particular Marcel Kirchner; and the CECAD
imaging facility and in particular Katrin Seidel for electron microscopy support. We
also thank Silvia Reato for excellent laboratory support, Patrick Krueger for manuscript
feedback, and all members of the Pernas laboratory for helpful discussions.

Funding: This work was supported by the European Research Council ERC-StG-
2019 852457 (to L.F.P.); Deutsche Forschungsgemeinschaft SFB 1218 Project ID:
269925409 (to L.F.P. and T.B.); Project ID: 411422114-GRK 2550 (to L.F.P.); BE
4679/2-2 Project ID 269424439 (to T.B.); BONFOR program of the University
Hospital Bonn (to F.d.B.); Chinese Research Council (to X.L.); and IMPRS (to C.M.).

Author contributions: Conceptualization: Xianhe Li, Julian Straub, and Lena F.
Pernas. Methodology: Xianhe Li, Julian Straub, Tania Catarina Medeiros, Chahat
Mehra, Fabian den Brave, Esra Peker, Katharina Stillger, Jan Riemer, Thomas Becker,
Lena F. Pernas. Investigation: All authors. Resources: Emma Burbridge, Colin Adrain,
Jonas Benjamin Michaelis, and Christian Miinch. Proteomics analysis: Xianhe Li, Lena
F. Pernas and Ilian Atanassov. Funding acquisition: Xianhe Li and Lena F. Pernas.
Project administration: Lena F. Pernas. Writing, original draft: Xianhe Li and Lena F.
Pernas. Writing, review and editing: All authors. Supervision: Lena F. Pernas.

Competing interests: The authors declare that they have no competing interests.

40



RESEARCH

RESEARCH ARTICLE SUMMARY

CELL BIOLOGY

Mitochondria shed their outer membrane in response

to infection-induced stress

Xianhe Li, Julian Straub, Tania Catarina Medeiros, Chahat Mehra, Fabian den Brave, Esra Peker,
llian Atanassov, Katharina Stillger, Jonas Benjamin Michaelis, Emma Burbridge, Colin Adrain,
Christian Miinch, Jan Riemer, Thomas Becker, Lena F. Pernas®

INTRODUCTION: Mitochondria are dynamic orga-
nelles that coordinate many cellular functions
that are essential for life, including diverse
metabolic processes, cell division and differ-
entiation, and immune signaling.

To carry out these diverse functions, mito-
chondria must communicate with the cytosol,
a task mediated by the outer mitochondrial
membrane (OMM), the gateway between mito-
chondria and the rest of the cell. Thus, preserv-
ing the integrity of the OMM is essential for
cellular homeostasis. Although responses to stress
that is artificially induced by small molecules
have been described, little is known of the mech-
anisms by which mammalian cells respond to
naturally occurring stresses of the OMM.

RATIONALE: Several intracellular microbes come
in contact with the host OMM or release pro-
teins that target the OMM. We reasoned that
microbial infection would serve as a model with
which to study cellular responses to natural
OMM stress. To this end, we chose the human
parasite Toxoplasma gondii because it tethers
host mitochondria to its parasite vacuole; in an
infected cell, areas of close membrane apposition
form between the host OMM and the parasite
vacuole membrane. To address how Toxoplasma
affected the OMM, we performed live-cell imag-

ing of infected mammalian cells stably expressing
OMM-targeted green fluorescent protein (GFP).
We found that mitochondria in contact with the
Toxoplasma vacuole released large structures
that were positive for OMM, which we termed
“SPOTSs.” Analysis of SPOTSs in fixed and live cells
revealed that SPOTs did not contain proteins
of the mitochondrial matrix and inner mito-
chondrial membrane (IMM).

RESULTS: Having identified Toxoplasma infec-
tion as a natural stress that induced OMM re-
modeling and the shedding of SPOTs, we next
dissected how these structures are formed. We
found that the secreted effector protein TgMAF1
(Toxoplasma gondii mitochondrial association
factor 1), which tethers the host OMM to the
parasite vacuole membrane, was required for
SPOT formation. TSMAF]I led to a decrease in the
amount of mitochondrial proteins during infec-
tion. In particular, the OMM proteins mitofusin 1
and mitofusin 2 were degraded during infection.
These proteins, which mediate a nutritional de-
fense against Toxoplasma by promoting mito-
chondrial uptake of fatty acids, localized to
SPOTs. The ability of TgMAF1 to induce SPOTs
depended on its binding to the host OMM
import receptor TOM70 (translocase of the
outer membrane 70), whose import function

TgMAF1 impaired. TOM70 was required for
optimal parasite growth and enabled an inter-
action between TgMAF1 and the OMM trans-
locase SAM50 (sorting assembly machinery
50 kDa subunit), which is a key component of
the OMM-IMM mitochondrial intermembrane
space bridging (MIB) complex. The genetic ab-
lation of SAM50 and the overexpression of an
OMM-targeted protein induced the formation of
SPOT-like structures independently of infection.

CONCLUSION: Because SAM50 is the only com-
ponent of mitochondrial import machinery that
bridges the OMM and IMM, it is in a position to
translate OMM stress into the removal of com-
promised OMM. TgMAF1 behaves as a mito-
chondrial preprotein that uses the host receptor
TOM?70 to interact with SAM50. This enables
Toxoplasma to hijack a cellular response to
OMM stress—the formation of SPOTs—and
drive the constitutive shedding of the OMM.
Consequently, levels of mitochondrial proteins
that restrict parasite growth are depleted, and
import machinery that is required for mito-
chondrial biogenesis is sequestered on SPOTs.
In an infection-independent context, however,
we propose that SPOT-like structures could
mitigate OMM stress by enabling the excision of
dysfunctional OMM machinery, such as import
receptors or translocases during defective import.
Our finding that OMM remodeling occurs during
infection and infection-independent scenarios
sheds light on potential cellular mechanisms
that safeguard OMM function.
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Mitochondria shed SPOTs during Toxoplasma infection. (Left) Mitochondria surrounding the parasite Toxoplasma (red) shed SPOTs, large structures positive
for OMM (yellow) that lack mitochondrial matrix (cyan). (Right) Cartoon depiction of image at left as infection progresses (clock). OMM proteins—including the import
translocase SAM50, and MFN1 and MFN2, which are required for mitochondrial fusion—are sequestered on SPOTs.

Li et al., Science 375, 159 (2022) 14 January 2022

1of1l

2202 ‘21 1sn3ny uo KJ91008 Jour[d XA 18 S10°90ud0s mmm,//:sdiy woiy papeofumo(y



RESEARCH

RESEARCH ARTICLE

CELL BIOLOGY

Mitochondria shed their outer membrane in response

to infection-induced stress

Xianhe Li, Julian Straub’, Tania Catarina Medeiros!,

Chahat Mehra', Fabian den Brave?, Esra Peker®,

llian Atanassov’, Katharina Stillger®, Jonas Benjamin Michaelis*, Emma Burbridge®®, Colin Adrain®®,

Christian Miinch?, Jan Riemer®”, Thomas Becker?, Lena F. Pernas

1,7x

The outer mitochondrial membrane (OMM) is essential for cellular homeostasis. Yet little is known of
the mechanisms that remodel it during natural stresses. We found that large “SPOTs” (structures
positive for OMM) emerge during Toxoplasma gondii infection in mammalian cells. SPOTs mediated the
depletion of the OMM proteins mitofusin 1 and 2, which restrict parasite growth. The formation of
SPOTs depended on the parasite effector TgMAF1 and the host mitochondrial import receptor TOM70,
which is required for optimal parasite proliferation. TOM70 enabled TgMAF1 to interact with the

host OMM translocase SAM50. The ablation of SAM50 or the overexpression of an OMM-targeted protein
promoted OMM remodeling independently of infection. Thus, Toxoplasma hijacks the formation of
SPOTs, a cellular response to OMM stress, to promote its growth.

itochondria are dynamic organelles

that coordinate cellular functions
essential for life, including diverse
metabolic processes, cell division and
differentiation, and immune signaling

(2). At the interface between mitochondria and
the rest of the cell, the outer mitochondrial
membrane (OMM) plays a central role in all
mitochondrial functions. Arguably, the most
vital of these functions is to enable mitochon-
drial biogenesis by providing a platform for
the machinery that imports almost all ~1200
nuclear-encoded mitochondrial proteins in mam-
mals (2). Dysfunction of the mitochondrial im-
port machinery results in systemic pathology
of the organelle and organismal death (3). Be-
cause all mitochondrial functions rely on the
import of proteins into the organelle, quality
control pathways must regulate import pro-
cesses and prevent the toxic accumulation of
nonimported or mislocalized precursor proteins,
several of which have been identified and
studied in yeast (4). By contrast, how the OMM
is protected and remodeled during import
stress in mammals is largely uncharacterized.
Intracellular microbes pose a naturally occur-
ring threat to mitochondria, which is perhaps
the evolutionary consequence of the role that
these organelles play in antimicrobial immune
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signaling and nutritional defense (5-8). Seve-
ral bacteria, for example, release effector pro-
teins that localize to the OMM and perturb
mitochondrial function (9). We used the para-
site Toxoplasma gondii, which infects up to
one-third of the human population and has an
unparalleled host range, to investigate the cel-
lular responses that remodel the OMM (10).
With respect to the OMM, Toxoplasma is of
particular interest because it is one of several
pathogens to reside in vacuoles found in close
physical proximity to mitochondria (11, 12).

Mitochondria shed SPOTs during
Toxoplasma infection

To monitor the impact of Toxoplasma infec-
tion on the OMM, we infected mouse cells
stably expressing enhanced green fluorescent
protein (eGFP) fused to the OMM-targeting
transmembrane (TM) domain of OMP25 (OMM-
GFP) with mCherry-expressing Toxoplasma
(13). As early as 6 hours after infection, we ob-
served large spherical and elliptical structures
enriched for OMM-GFP that were absent in
uninfected cells, which we termed “SPOTs”
(structures positive for outer mitochondrial
membrane) (Fig. 1A). The percentage of SPOT-
positive cells increased over the course of in-
fection (Fig. 1B). At 24 hours after infection,
>50% of infected cells contained between 1 and
20 SPOTs that were on average ~2.6 um in
diameter (Fig. 1, A to D). To exclude the pos-
sibility that the formation of SPOTs depended
on OMM-GFP expression, we also examined
infected cells using a fluorescent phosphatidyl-
choline conjugate (FL-HPC) that in part inte-
grates into mitochondrial membranes. In both
wild-type (WT) and OMM-BFP (blue fluores-
cent protein)-expressing U20S (human) cells,
FL-HPC distributed to SPOT-like structures

that were only present in infected cells (fig. S1).
Thus, SPOT formation is a general consequence
of Toxoplasma infection in mammalian cells.

Despite their large size, we suspect that
SPOTs have been overlooked because although
they retain OMM proteins such as TOM20
(translocase of the outer membrane 20), they
are not labeled by mitotracker, a commonly
used vital dye that accumulates in mitochondria
in a membrane potential-dependent manner
(Fig. 1, E to F, and figs. S1 and S2A). Further-
more, in live-cell imaging experiments, SPOTs
also lack fluorescent markers of other mito-
chondrial compartments, including the matrix
and inner mitochondrial membrane (IMM)
(Fig. 1, Gto J). We confirmed that SPOTs also
lacked endogenous levels of proteins of the
intermembrane space (IMS) (AIFM1), IMM
(ATPFI1B), and matrix (CS and mtHSP70) (fig.
S2, B to E). Thus, the OMM is remodeled to
release SPOTs during Toxoplasma infection.
Hereafter, we refer to SPOTS as structures that
are positive for an OMM marker but that lack
markers of other mitochondrial compartments.

The large diameter and lack of mitochon-
drial matrix proteins in SPOTs suggested that
they differed from fragmented mitochondria
as well as mitochondria-derived compartments
(MDCs) and mitochondria-derived vesicles
(MDVs), which form in response to amino acid
toxicity and oxidative stress, respectively (14-19).
MDCs average 1 um in diameter and depend
on the OMM guanosine triphosphatase (GTPase)
MIRO1 (mitochondrial rho GTPase 1), which
mediates mitochondrial trafficking (16, 17).
The smaller MDVs that transport cargo between
mitochondria and peroxisomes or lysosomes—
the latter of which depend on the E3 ligase
parkin and the mitochondrial kinase PINK1
(PTEN-induced putative kinase protein 1)—
range between 75 and 150 nm in diameter
(14, 18, 20). Neither the loss of the key mito-
chondrial fission factor DRP1 (dynamin-related
protein 1) nor of MIRO1 and its paralog MIRO2
significantly affected SPOT formation during
infection (fig. S3). Moreover, SPOTs also formed
during infection in HeLa cells that were de-
ficient for PINK1 in a manner similar to that of
WT Hela cells that lacked detectable parkin
expression (fig. S4) (21).

The dynamin-binding partner SNX9 (sort-
ing nexin 9) that remodels endocytic mem-
branes mediates the emergence of a subset of
MDVs that contain the matrix proteins OGDH
(oxoglutarate dehydrogenase) and mtHSP70
(22-24). We thus asked whether SNX9 also
participated in SPOT formation. In infected
cells, the depletion of SNX9 prevented the
formation of SPOTs (fig. S5, A to E). However,
Toxoplasma-induced SPOTs lacked both mtHSP70
and OGDH, matrix proteins that are markers
of SNX9-dependent MDVs (figs. S2E and S5F).
Thus, SPOTs represent an independent class
of structures that bud from the OMM.
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Fig. 1. The outer membrane is remodeled during Toxoplasma infection through
the release of SPOTs. (A) Representative live-cell images of the OMM (GFP) in
uninfected (uninf) and Toxoplasma (mCh)-infected (Toxo) MEFs at 6, 16, and

24 hours after infection. (B) Percentage of SPOT-positive cells in experiments as in
(A); data are mean + SEM of more than 100 cells counted from four biological
replicates; ****P < 0.0001 for uninfected versus infected; ####P < 0.0001 for

6 hours after infection versus 16 and 24 hours after infection by means of two-way

The parasite effector TgMAF1 is required for
SPOT formation and the depletion of host
mitochondrial proteins

How does Toxoplasma induce the formation
of SPOTs? In live-cell imaging analyses of in-
fected cells, SPOTs were readily visualized emer-
ging from mitochondria in proximity to the
parasite vacuole (PV) (Figs. 1, A, E, G, and 2A
and movies S1 and S2). At the mitochondria-
Toxoplasma interface, the OMM is tethered to
the PV membrane (PVM) at a distance of 12
to 17 nm, regions that can be referred to as
“contact sites,” a term that describes areas of
close membrane apposition between organ-
elles (25, 26). Mitochondria-Toxoplasma PV
contact sites, previously termed host mito-
chondrial association (HMA), are completely
dependent on the parasite effector protein
TgMAF1 (Toxoplasma gondii mitochondrial
association factor 1) (27). TgMAF1 is anchored
in the PVM and posited to interact with host
mitochondria through its cytosolically exposed
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C terminus (27-29). TgMAF1 affects the host
inflammatory responses during infection,
but its function at mitochondria-Toxoplasma
contact sites remains elusive (27). To test the
hypothesis that TgMAF1 tethering of host
mitochondria contributes to SPOT forma-
tion, we assessed the frequency of SPOTs in
cells infected with WT or AmafI parasites.
The ablation of TgMAFI completely prevented
the formation of SPOTs (Fig. 2, B to E). Thus,
TgMAF1 is required for the formation of SPOTs
during infection.

The physical remodeling of the OMM during
Toxoplasma infection prompted us to ask
whether the formation of SPOTs also led to
changes in its composition. To address this, we
used proteomics to compare the protein abun-
dances between whole cell extracts and mito-
chondria immunopurified (mitoIP) from
uninfected cells and cells infected with WT
or Amafl parasites (13). Infection with WT
parasites caused a global decrease in the whole
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ANOVA. (C and D) Scatterplot with mean (C) number and (D) diameter of SPOTs
in experiments as in (A) from more than 30 infected cells from three biological
replicates. (E, G, and I) Representative live-cell images of the OMM (GFP) in
Toxoplasma (mCherry)-infected MEFs (E) labeled with MitoTracker Deep Red
(mitoT); (G) expressing matrix-targeted BFP (matrix); or (I) expressing RFP-tagged
TIM50 (IMM). (F, H, and J) Corresponding pixel intensity plots for white line in
(E), (G), and (1) insets, respectively. Scale bars, 5 um and (insets) 1 um.

cell and mitoIP abundance of mitochondrial
proteins that was partially prevented during
infection with AmayfI parasites (Fig. 3, A to D;
fig. S6, A to D; and data files S1 and S2). Thus,
TgMAF1, beyond its tethering function, is also
required for the decrease in mitochondrial
proteins during infection.

A targeted analysis of changes in the OMM
compartment from which SPOTs are derived
revealed TgMAFI1-dependent decreases in sev-
eral proteins that mediate antimicrobial de-
fense, including MIRO1, MIRO2, mitofusin
1 (MFN1), and MFN2, results we confirmed
with immunoblotting (Fig. 3, E to F) (5, 30).
The depletion of MFN1 and MFN2 during
infection was particularly intriguing given
that these OMM GTPases are essential for
mitochondria to restrict parasite proliferation
and raised the question of how TgMAF1 drove
their decrease (5). Infection did not reduce
MEFENI and MFN2 mRNA amounts (fig. S7A).
Furthermore, neither the loss of PINKI1, a key
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Fig. 2. TgMAF1 is required for SPOT formation. (A) Representative live-cell images of the OMM (GFP) in

Toxoplasma (mCh)-infected HFFs. Shown is the formation of a SPOT (indicated with white arrowhead) over a
1-hour time-lapse movie starting at 23 hours after infection with frames captured every 15 min (movie S2).
Scale bar, 5 um. (B) Representative live-cell images of the OMM (GFP) and matrix (BFP) in uninf, WT

Toxo (mCh)-infected, or Amafl Toxo (mCh)-infected U20S cells. Scale bars, 5 um and (inset) 1 um.

(C) Percentage of SPOT-positive cells in experiments as in (B). Data are mean + SEM of more than 100 cells
counted from three biological replicates. ns, not significant; ****P < 0.0001 for uninfected versus infected
by means of one-way ANOVA analysis. (D and E) Scatterplots with mean (D) number and (E) diameter

of SPOTs in experiments as in (B) from more than 30 infected cells from three biological replicates.

infection (fig. S7H). To test a potential role
for the UPS in mediating the degradation
of MFN1 and MFN2, we turned to TAK-243,
a small molecular inhibitor of the ubiquitin
activation step that precedes degradation by
the UPS because inhibitors of proteasomal
machinery restrict parasite proliferation (fig.
S7,1to J) (34). Treatment with TAK-243 did
not affect parasite burden as assessed by
Toxoplasma TgGAP45 but prevented the de-
pletion of MFN1 and MFN2 and to a lesser
extent that of MIRO1 and MIRO2, which also
localized to SPOTs during infection (figs. S7,
Ito J, and S8). Thus, FAF2 mediates the pro-
teolytic degradation of MFN1 and MFN2 on
SPOTs, and certain OMM proteins that lo-
calize to SPOTs are targeted by the UPS for
degradation.

mediator of mitophagy, nor the loss of the
essential autophagy gene Atg7 prevented the
Toxoplasma-induced reduction in MFN1 and
MFN?2 (fig. S7, B and C). The decrease in MFN1
and MFN2 correlated with their redistribu-
tion from mitochondria to SPOTs that were
also positive for FAF2 (Fas-associated factor
family member 2), a protein that recruits the
proteasomal machinery required for endo-
plasmic reticulum (ER)-associated degrada-
tion (Fig. 3, G to J, and fig. S7, D to F) (31).
Because MFN1and MFN2 are regulated by
the ubiquitin/proteasome system (UPS) and
FAF2 mediates the turnover of MFN1/2 (Fzol)
in yeast, we asked whether FAF2 played such
arole in our system (32, 33). In mouse em-
bryonic fibroblasts (MEFs) in which FAF2
was ablated (FAF2 KO MEFs), the depletion
of MFN1 and MFN2 in mitochondrial and
whole-cell fractions that would normally be
caused by infection was prevented (fig. S7G).
Conversely, the expression of Faf2 cDNA in
FAF2 KO MEFs rescued their depletion during

TgMAF1 inhibits host TOM70 import function

How does TgMAF1 induce the remodeling of
the OMM into SPOTs? We reasoned that iden-
tifying TgMAFT-interacting factor(s) might pro-

Li et al., Science 375, eabi4343 (2022) 14 January 2022

vide clues to host proteins involved in SPOT
formation. To find these host factors, we im-
munopurified TgMAFI from cells infected with
Amayfl parasites complemented with a hemag-
glutinin (HA)-tagged TgMAF1 (Amayfi:HA-MAFI)
at a multiplicity of infection (MOI) of 1, 2.4,
and 6 and identified the major interaction part-
ners using mass spectrometry. The OMM im-
port receptor TOM70 was the most abundant
host protein found at >256-fold enrichment in
TgMAF1-IPs of cells infected at all MOIs rela-
tive to control IPs (Fig. 4A and data file S3).
TOMY70 is required for Toxoplasma associa-
tion with host mitochondria and is enriched
on mitochondria tethered to the PV (35). To
confirm that parasite TgMAF1 and host TOM70
interact during infection, we also performed an
immunoblot analysis of TgMAFI-IPs. TgMAF1
coimmunoprecipitated TOM70 but not other
OMM proteins, including VDAC1 (voltage-
dependent anion channel 1) or VDAC2, nor its
putative interacting partner HSPA9 (heat shock
protein family A member 9) (Fig. 4B) (35). Fur-
thermore, stably expressed GFP-tagged TOM70
coimmunoprecipitated TgMAFI from lysates of
infected MEFs and was enriched on the OMM
of a mitochondrion tethered to the PV at 20-
fold higher concentrations than those of OMM
regions of the same mitochondrion not in con-
tact with the PV (Fig. 4, C to E). This conse-
quence of infection was completely dependent
on TgMAF1 because the distribution of TOM70
did not differ between cells infected with
Amaf1:HA parasites and uninfected cells (Fig.
4, D to E). To address whether TgMAF1 and
TOM70 directly interact, we incubated TgMAF1
produced in a cell-free system with the puri-
fied cytosolic domain of yeast TOM70. Only
full-length TgMAF1—but not a mutant lacking
a predicted internal mitochondrial targeting
sequence (iMTS), which mediates precursor
binding to TOM70—bound to affinity-purified
TOMT70 (Fig. 4, F to G) (35, 36). Thus, parasite
TgMAF1 and host TOM70 directly interact
during infection.

TOM?70 has two critical functions at the
OMM. First, TOM70 recruits cytosolic chape-
rones such as HSP90 that mediate precursor
import and thus protects against proteotox-
icity owing to accumulated precursors through
its N-terminal CLAMP domain (37, 38). Second,
TOM?70 is a major import receptor, most not-
ably for SLC25 mitochondrial carriers that
it binds through its CORE and C-tail domains
(38). Thus, TgMAF1 could perturb TOM?70
chaperone-binding activity or import activity
to exploit a host response to import stress,
leading to SPOT formation. To address these
possibilities, we asked whether the abun-
dances of HSP90 or SLC25 proteins were
altered in our proteomics datasets of
uninfected cells and cells infected with WT
or AmafI parasites (Fig. 3, A to D). The levels
of HSP90 were increased in mitoIPs in a
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Fig. 3. TgMAF1 drives changes in the mitochondrial proteome and the
depletion of certain OMM proteins that localize to SPOTs. (A and

C) Mitochondria were immunopurified (mitolP) from HelLa cells that were
uninfected (uninf) (n = 4), WT Toxo-infected (n = 4), or Amafl Toxo-infected
(n = 3) at 24 hours after infection and analyzed by means of mass spectromtery.
Shown are boxplots depicting the log,-fold change (FC) of detected MitoCarta3.0
proteins between indicated treatments according to submitochondrial localiza-
tion. Median values for each subcompartment are indicated in red. (B and

D) Volcano plot of proteins in (A) and (C). Dark gray, OMM proteins as classified
by MitoCarta3.0; white, all other MitoCarta3.0 proteins. (E) Cells were uninf,
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WT Toxo-, or Amafl-infected for 24 hours and analyzed by means of immunoblotting
for MFNL, ~80 kda; MFN2, ~80 kDa; MIROL, ~75 kDa; MIROZ, ~75 kDa; ACTB,

~45 kDa; TgGRA7, ~32 kDa; and TgMAFL, ~60 kDa. (F) Fold change in density of
protein bands imaged as in (E) normalized to actin and relative to mean of uninfected
samples. Data are mean + SEM from three biological replicates; *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001 for WT Toxo versus uninfected or Amafl-infected
samples. Representative live-cell images of (G) Mfnl™~:GFP-Mfnl MEFs and

(1) Mfn2™"~ MEFs expressing mCh-MFN2 at 24 hours after infection with Toxoplasma
(BFP). (H and J) Corresponding pixel intensity plots for white line in (G) and (1)
insets, respectively. Scale bars, 5 um and (inset) 1 um.
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TgMAF1-dependent manner (fig. S9, A and
B). Opposite to HSP90 however, concen-
trations of 11 of the 22 detected SLC25 pro-
teins were decreased in a MAF1-dependent
manner, hinting at an impact of MAF1 on
TOM?70-dependent import (fig. S9, A to B). To
more carefully dissect how TgMAF1 affects
TOM?70 import function, we turned to bud-
ding yeast, a workhorse for mitochondrial
import studies and a system in which TOM70
function is well characterized (36, 37). After
confirming that stably expressed TgMAF1 co-
immunoprecipitated yeast TOM?70, we assessed
its effect on TOM70 import (fig. S9C). Mito-
chondria isolated from TgMAF1" yeast imported
the TOM70-dependent precursor AAC (ADP/
ATP carrier) more slowly than did mitochon-
dria from WT yeast, whereas the Su9-DHFR
(dihydrofolate reductase) fusion protein, which
does not require TOM70, was imported at
similar rates (fig. S9, D to G) (37, 39). Further-
more, TgMAF]1 stably expressed in mamma-
lian cells coimmunoprecipitated TOM70 and
impaired the import of AAC2 in a TOM?70-
dependent manner (Fig. 4, H to K). Thus,
TgMAF1 negatively affects TOM70-dependent
import.

Host TOM70 and SAM50 are required for
infection-induced SPOT formation

To further explore a potential link between
TOM?70 inhibition and SPOT formation, we
asked whether the expression of TgMAF1
alone—which was sufficient to impair TOM70-
dependent import—also induced the forma-
tion of SPOTs. However, neither TgMAFI1, which
localizes to host mitochondria when expressed
in mammalian cells, nor an ER-anchored
TgMAF1 remodeled the OMM in a manner
reminiscent of Toxoplasma-induced SPOTs,
indicating a requirement for other parasite
factors in their formation (fig. S10) (27). To test
the impact of a more complete loss of TOM70
function, we generated cells lacking TOM70
(Fig. 5A). Contrary to our expectation, the
loss of TOM70 did not induce SPOT forma-
tion but instead prevented their formation
during infection (Fig. 5, B to E), whereas
HSP90 inhibition with the specific inhibitor
17-DMAG (17-dimethylaminoethylamino-17-
demethoxygeldanamycin) did not affect the
rate of their formation (fig. S11). We also
noticed that the loss of TOM70 impaired the
growth of TeMAF1" but not AmayfI parasites
(Fig. 5F). Thus, we considered an alternate
scenario in which Toxoplasma exploits host
TOM?70 to mediate the import of TgMAF1 into
host mitochondria through an OMM trans-
locase. Because TgMAF1 is anchored into the
PVM, its stable interaction with OMM import
machinery would be sensed as a chronic stress,
activating a host response that remodels the
OMM through the budding of SPOTs. The
constant formation of SPOTSs, however, would

Li et al., Science 375, eabi4343 (2022)
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lead to the shedding of OMM proteins, includ-
ing import machinery and MFN1 and MFN2,
which restrict parasite growth (Fig. 5G) (5). To
test whether a TgMAF1-TOM?70 interaction
was critical for SPOT formation, we generated
Amafl parasites expressing a TsMAF1 mutant
that exhibits a diminished interaction with
TOM?70 because of a trio of basic residues at its
C terminus (TgMAFIR¥X) (fig. S12, A to B) (35).
Cells infected with Amafl:MAFI®®X mutant
parasites were SPOT-less, despite retaining a
significant capacity to tether mitochondria to
the PVM (figs. S12, C to F, and S13, A and B).
Thus, a stable TgMAF1-TOM70 interaction is
essential for the formation of SPOTs.

Because the loss of TOM70 did not form
SPOTs, we posited that the stress required
for their formation was derived from a TOM70-
dependent interaction between MAF1 and
another OMM host import factor (Fig. 5G). In
line with this possibility, a study of TgMAF1
interactors has identified SAM50 (sorting as-
sembly machinery 50 kDa subunit), a translocase
that is essential for the OMM integration of a
subset of mitochondrial proteins, and MIC19 and
MIC60, proteins with which SAM50 forms the
OMM-IMM mitochondrial intermembrane
space bridging (MIB) complex (29, 40). We
therefore asked whether TOM70 was required
for a TgMAF1-SAM50 interaction. SAM50
was present in TgMAFI-IPs from infected WT
cells but not cells in which TOM70 was deleted
(Fig. 6A). We obtained similar results for
MIC19 and MIC60 (Fig. 6A). Thus, TOM70 is
required for TgMAF1 to interact with the
OMM translocase SAM50 and its interacting
partners MIC60 and MIC19.

SAMS50 is the only component of host mito-
chondrial import machinery with a defined
role in bridging the OMM and IMM. We thus
reasoned that TgMAF1 could induce the for-
mation of SPOTs that are OMM-positive but
lack IMM by exerting an effect on SAM50.
SAM50, but not its MIB-complex partner MIC60
that is tethered to the IMM, was enriched on
SPOTs in infected cells (Fig. 6B and fig. S14:).
To directly test the possibility that SPOTs re-
sulted from a separation of the OMM and
IMM, we used cell lines in which the MIB
components SAM50 and MIC60 as well as
TOM70 were silenced with doxycycline-
inducible short hairpin RNA (shRNA). We
confirmed that TOM70 is required for SPOT
formation (Fig. 6, C to F). The depletion of
SAMS50 was sufficient to induce smaller SPOT-
like structures in >25% of uninfected cells
relative to <1% of cells expressing a control
shRNA (Fig. 6, C to F). Infection-induced
SPOT formation in SAM50-deficient cells
was blunted (Fig. 6, C to F). Furthermore, we
observed minimal differences in the size and
number of SPOT-like structures between
uninfected and infected SAM50-depleted
cells. Mitochondria-Toxoplasma contact sites

were unaffected by the loss of SAM50 (Fig. 6,
Cto F, and fig. S13). Similar results were ob-
tained in cells depleted of MIC60 (Fig. 6, C
to F, and fig. S13). To further test the pos-
sibility that SPOTs result from the separa-
tion of the OMM and IMM, we generated cells
that stably express BFP fused to a tether that
bridges the OMM and IMM (O-I,) (41). Ex-
pression of the O-I, significantly decreased
the rate of formation of SPOTs. In addition,
the average number of SPOTSs per cell and
their diameter were decreased relative to cells
that express matrix-targeted BFP during infec-
tion (Fig. 6, I to J). Thus, Toxoplasma induces
SPOTs in a SAM50-dependent manner, and
the loss of SAM50 is sufficient to induce the
formation of SPOT-like structures in the ab-
sence of infection.

Import-linked OMM stress induces OMM
shedding independently of infection

If the remodeling of the OMM that occurs
during infection represents a general response
to import stress, we expected to see the for-
mation of SPOT-like structures upon pertur-
bation of import independently of infection,
such as by the overexpression of an OMM pro-
tein. To this end, we isolated cells that express
the GFP-tagged OMM-targeting o-helical TM
of OMP25 at >20-fold times; greater (OMM"™)
than that in cells used in prior experiments
(OMM™) and that slowed cell proliferation
(fig. S15, A and B). We observed a substantial
remodeling of the OMM in >20% of OMM™
cells but not in OMM'™® cells, despite the over-
expression of matrix-BFP in both cell lines
(fig. S15, C to F). This indicated a link between
stress related to the import of OMM proteins
and the formation of SPOT-like structures.
No remodeling of the OMM was observed
after treatment with the protonophore CCCP
(carbonyl cyanide m-chlorophenyl hydrazone),
which dissipates mitochondrial membrane po-
tential (MMP) and prevents the import of
presequence-containing proteins, or MitobloCK6,
which inhibits the IMS import pathway (fig.
S16) (42). We next generated cells in which we
expressed GFP fused to an artificial clogger of
the TOM40 channel that forms the entry gate
for almost all mitochondrial proteins other
than a-helical OMM proteins (fig. S17A). The
clogger contains DHFR between a cytochrome
b, presequence that directs it to the IMM by
way of the TOM complex and a heme binding
domain that slows its import (fig. S17A) (43).
The addition of methotrexate (MTX) that sta-
bilizes the folding state of DHFR leads to its
arrest at the TOM complex and further accu-
mulation in the cytosol, as we observed (fig.
S17) (43, 44). However, the expression of the
clogger with vehicle or MTX did not lead to
SPOT formation (fig. S17, C to F). Thus, the
OMM is remodeled after stress linked to the
overexpression of an o-helical OMM protein
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Fig. 4. TgMAF1 binds the host receptor TOM70 and inhibits its import
function. (A) Anti-HA immunoprecipitates (IPs) from cells that were mock-
infected (uninf) or infected with Amafl:HA-MAF1 parasites at an MOI of 1, 2.4,
and 6 and analyzed by means of mass spectrometry; data for MOl 2.4/uninf are
shown for 101 human protein hits that had a positive log,FC for the comparisons:
all MOls/uninf, MOI:6/MQI:2.4, MOI:6/MOI:1, MOI:2.4/MOI:1. LFQ, label-free
quantification. (B) Anti-HA IPs from U20S cells infected with AmafI:HA or Amafl:
HA-MAF1 parasites and analyzed by means of immunoblotting (IB) for TgMAFI,
~60 kDa; HSPA9, ~90 kDa; VDACL, ~34 kda; VDAC2, ~34 kda; TOM70, ~72 kDa.

(C) Anti-GFP IPs from TOM70-GFP-expressing MEFs 24 hours after infection with
Amafl:HA or Amafl:HA-MAF1 and analyzed by means of IB for indicated proteins:
TOM70-GFP, ~105 kDa; TgMAF1, ~60 kDa; SAM50, ~55 kda; VDACL, ~34 kda.

(D) Representative live-cell images of mitoT-labeled TOM70-GFP MEFs at 24 hours
after mock infection (uninf) or infection with Amafl:HA-MAF1 or Amafl:HA parasites.

time (min)

Scale bars, 5 um and (inset) 1 um. (E) Corresponding pixel intensity plots for
white line in (D) inset. (F) HA-MAF1 and (G) HA-MAFAIMTS were incubated with
his-tagged TOM70 (cytosolic domain) and subjected to affinity purification

with Ni-NTA agarose. Input and elution were analyzed by means of IB. (H) HA-IPs
from MEFs expressing HA-MAF1 and analyzed by means of IB for TOM70,

~72 kDa, and HA-MAF1, ~60 kDa. (I) IB analyses of lysates from WT and TOM70-
suppressed 293Ts + HA-MAF1 cDNA: TOM70, ~72 kDa; HA-MAF1, ~60 kDa.

(J) [3°S]AAC2 import into mitochondria isolated from cells in (1) at indicated
times was analyzed by means of SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography. Nonimported proteins were removed through
proteinase K treatment; asterisk indicates CCCP treatment. (K) Signals in (J)
were quantified, and the amount of imported protein relative to input (5%) was
plotted. Data are mean + SEM from three biological replicates, *P < 0.05 for
WT versus WT:HA-MAF1 by means of two-way ANOVA analysis.

but not depolarization of the MMP, inhibition
of the IMS pathway, or clogging of the TOM40
channel.

Whether mitochondria are physically re-
modeled during physiologically occurring
stress at the OMM has been unclear. Here, we

Li et al., Science 375, eabi4343 (2022) 14 January 2022

describe the discovery of SPOTSs, a mechanism
of OMM remodeling during Toxoplasma in-
fection. We propose that Toxoplasma coopts
the host TOM70 receptor and SAM50 trans-
locase to promote its insertion into the OMM
(Fig. 6K). This enables Toxoplasma to hijack a

host response to OMM stress (Fig. 6K). During
import stress independent of infection, the
formation of SPOT-like structures could safe-
guard OMM function by sequestering defective
import machinery, preventing the accumula-
tion of precursors and misfolded proteins at

6 of 10

2202 ‘21 1sn3ny uo KJ91008 Jour[d XA 18 S10°90ud0s mmm,//:sdiy woiy papeofumo(y



RESEARCH | RESEARCH ARTICLE

WT

TOM70 KO

WT TOM70 KO

S S TOM40
S .CT5

GMM
.
D

Og/l
E

- * g o, 5 N
N __» [ I 3
mitoT, Jmerge JOMM, "] niitoT * rgg
. 4 s
l~ o| & o ¢ N
F_

c
EmWT . TOM70 KO EEWT = TOM70 KO EEWT EETOM70KO = T I Amaf1:HA-MAF1
80 15 10 L ) 0x10% [EEEAMart:HA
[ [ [ «
_ B B i
o 6ol kk = B : o
8 n g 10f o 2 1.5x10% o .
C g T E
o a § 9 -
2 2 5 = 1.0x10*
S 20t 2 € oo
X 20 % - 8 N ﬁ
@ 3
0— — _ 0] 2
uninf Toxo  uninf Toxo uninf Toxo uninf Toxo uninf Toxo uninf Toxo fEu 5.0x10%
1%
©
G /TgMAF1 ?Ol
3
o
PV R 0.0 SO
D 0 N
’\OQ /\0\\\
? —
. % Cytoso TOM20
? OMM FAF2
: L MFN1, MFN2

Fig. 5. TOM70 is required for SPOT formation and MAF1-dependent growth.
(A) WT and TOM70-deleted (TOM70 KO) Helas were analyzed by means of
immunoblotting for TOM70, ~72 kDa; TOM40, ~40 kDa, and ACTB, ~45 kDa.
(B) Representative live-cell images of the OMM (GFP) in uninfected (uninf) and
Toxoplasma (mCh)-infected (Toxo)WT and TOM70 KO Helas labeled with mitoT.
Scale bars, 5 um and (inset) 1 um. (C) Percentage of SPOT-positive cells in
experiments as in (B). Data are mean + SEM of more than 100 cells counted
from three biological replicates; ****P < 0.0001 for uninfected versus infected
by means of two-way ANOVA analysis. (D and E) Scatterplots with mean (D)
number and (E) diameter of SPOTs in experiments as in (B) from more than
30 infected cells from three biological replicates. (F) WT and TOM70 KO Helas

were infected with Amafl:HA-MAF1 or Amafl:HA parasites, rinsed at 2 hours
after infection, and analyzed 24 hours after infection by means of flow cytometry
for Toxoplasma burden [red fluorescent protein (RFP) median FI]. Data are
mean + SEM of three biological experiments, ****P < 0.0001 for WT versus
TOM70 KO, ####P < 0.0001 for Amafl:HA_MAFI versus Amafl:HA by means of
two-way ANOVA analysis. (G) Cartoon model of SPOT formation. Host TOM70
mediates insertion of TgMAF1 into host mitochondria through a hypothetical
OMM translocase-insertase inducing a stress that leads to SPOT formation and
sequestration of import machinery (TOM20) as well as proteins such as FAF2,
MFN1, and MFN2 on SPOTs. PV, parasite vacuole; PVM, PV membrane; IMS,
intermembrane space.

the OMM that can have toxic consequences for
the cell (fig. S18) (4, 37). In the context of in-
fection, however, the constant formation of
SPOTs mediates the removal of OMM pro-
teins, including SAM50 and TOM20, which are
key components of import machinery, and
MFN1 and MFN2, which mediate mitochon-
drial nutrient competition (Fig. 6K) (5).

Discussion

Our data showing that stress linked to the im-
port of OMM proteins leads to the shedding of
the OMM during and independently of infec-
tion opens several questions, including wheth-
er differences in the underlying mechanism of
OMM remodeling in these scenarios exist.
OMM-GFP expression induced the formation
of structures in a manner consistent with our

Li et al., Science 375, eabi4343 (2022)

description of infection-induced SPOTs. How-
ever, the OMM was remodeled in a different
manner during SAM50 silencing/depletion.
Whether the smaller SAM50 silencing/depletion—
induced structures are a consequence of defec-
tive import of OMM proteins that mediate the
emergence of SPOTSs or represent other classes
of structures that emerge from the OMM, such
as MDCs and MDVs, is unclear. Furthermore,
what is the nature of the TgMAF1- or OMM-
GFP-derived stress that leads to OMM remod-
eling? Although most known for its role in the
biogenesis of B-barrel proteins, SAM50 in yeast
can cooperate with the mitochondrial import
(MIM) complex that inserts C-tail o-helical
proteins into the OMM (45). Thus, similar mach-
inery in mammals—so far unknown—may fa-
cilitate an interaction between the C-terminal

14 January 2022

o-helix of TgMAF1 or the OMM-targeting
o-helical TM domain of OMM-GFP with SAM50
(28). Because SAM50 is the only component
of the OMM import machinery with a defined
role in bridging the OMM and IMM, perhaps
SAM50 can thus function as a sensor that trans-
lates stress linked to the import of OMM pro-
teins into a removal of compromised import
machinery of the OMM through the disruption
of the MIB complex. Additionally, ER whorls
that are morphologically similar to SPOTs and
contain the ER import translocon have been
observed after induction of ER stress (46).
What regulates the extent to which the OMM
is shed? SNXO is required for the emergence of
a subclass of MDVs that are uniformly shaped
and range between 80 and 120 nm in diameter
(22-24). We found that infection induced much
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Fig. 6. SAM50 loss of function A
mediates SPOT formation during

input

MAF1 IP (aHA)

Wt

TOM70 KO Wt TOM70 KO

infection. (A) Anti-HA IPs were
prepared from WT and TOM70 KO
Helas infected with Amafl:HA

or Amafl:HA-MAF1 parasites and
analyzed for TgMAF1, ~60 kDa;
TOM70, ~72 kDa; SAM50,

~55 kDa; MIC60, ~88 kDa; MIC19,
~25 kDa; TOM40, ~40 kDa.

(B) Representative IF images

of uninf and Toxo HFFs at 24 hours €
after infection. (Inset) SPOT in
Toxo-infected cell contains SAM50
but not MIC60 or ATP51B (IMM).
Scale bars, 5 um and (inset) 1 um.
(C) Representative live-cell images
of the OMM (BFP) in uninf and
Toxo-infected CTRL, TOM70-,
SAM50-, and MIC60-suppressed
(KD) Helas labeled with mitoT.
(Insets) SPOTs are indicated with
arrowheads. Scale bars, 5 um and
(inset) 1 um. (D) Percentage (%)
of SPOT-positive cells in
experiments as in (C); data are
mean + SEM of more than 100 cells
counted from n = 3 replicates; *P <
0.05, **P < 0.01, ****P < 0.0001
for uninf versus inf, ####P <
0.0001 for CTRL KD versus SAM50
KD, MIC60 KD by means of two-
way ANOVA analysis. (E and F)
Scatterplots with mean (E) number
and (F) diameter of SPOTs in
experiments as in (C) from more
than 30 infected cells from

three replicates. (G) Representa-
tive live-cell images of the

OMM (GFP) in uninf and
Toxoplasma (mCh)-infected U20S
cells expressing matrix-BFP
(matrix) or BFP fused to an
OMM-IMM tether (O-l;). (H) Per-
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cent of SPOT-positive cells in
experiments as in (G). Data are
mean + SEM of more than 100 cells
counted from n = 3 biological
replicates; ***P < 0.001,

**¥*P < 0.0001 for uninf versus inf,
####P < 0.0001 for matrix
versus O-l; by two-way ANOVA
analysis. (I and J) Scatterplots with
mean (I) number and (J) diameter

&

SPOT formation

of SPOTSs in experiments as in (G) from more than 30 infected cells from three replicates. (K) Model of SPOT formation: TOM70 (70) mediates the interaction between MAF1 and
SAM50 and/or a hypothetical translocase (?), which induces a disassembly of the MIB complex (SAM50, MICE0, and MIC19) and SPOT formation. The constitutive shedding
of SPOTs depletes OMM proteins that restrict parasite growth (MFN1 and MFN2) and sequesters import machinery required for mitochondrial biogenesis on SPOTs.

larger SPOTs that range up to 10 um in dia-
meter, are also SNX9-dependent, and vary in
substructure and shape. What factors dictate
their morphology and the fate of their pro-
teins? Although MFN1 and MFN2 are targeted

Li et al., Science 375, eabi4343 (2022) 14 January 2022

for degradation, it remains possible that other
SPOT-localized proteins such as SAM50, TOM70,
and TOM20 are recycled into the mitochon-
drial network. SPOTSs being oftentimes multi-
vesicular and containing proteins required for

fusion (MFNs) and trafficking (MIROs) raises
the possibility that these structures might be
able to fuse with one another, or with mito-
chondria to reintegrate into the mitochondrial
network.
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Whether other pathogen effector proteins
coopt host import receptors for their func-
tion, analogous to how TgMAF1 exploits host
TOMT0, is little explored. Pathogens such as
Toxoplasma might target SAM50 and TOM70,
key regulators of mitochondrial import, to im-
pede the biogenesis of organelles that function
as nutrient competitors or immune signaling
hubs during infection (5-7). Severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2)
encodes for a protein of unknown function
(Orf9b) that binds TOM70 to suppress anti-
viral interferon responses (47). Host TOM com-
plex components also mediate contact sites
between mitochondria and the vacuole in
which Chlamydia resides, but whether this
bacterium inhibits TOM receptors or induces
SPOT formation is not known (48).

Our study of the interaction between the
human parasite Toxoplasma and host mito-
chondria led to the discovery of a mechanism
by which the OMM is remodeled: the forma-
tion of SPOTs. These findings shed light on a
potentially broader mechanism of organellar
response to import-related stress and reveal
a strategy by which diverse pathogens may
disrupt mitochondrial function.

Materials and methods
Cell culture and cell lines

All cell lines were cultured in complete DMEM
(cDMEM: DMEM and 10% heat-inactivated
FBS). Cells were tested every 2 weeks for
Muycoplasma infection by means of poly-
merase chain reaction (PCR). Details of cell
lines generated (including single-guide RNA
sequences), used, and origin are in the sup-
plementary materials.

Parasite culture and strains

Toxoplasma gondii parasites were maintained
by serial passage in human foreskin fibroblast
(HFF) monolayers in cDMEM. Details of para-
site lines generated, used, and origin are in the
supplementary materials.

Plasmid descriptions, transfections,
and siRNA treatment

For transient expression, cells were trans-
fected ~12 hours prior to infection using
X-tremeGene reagent (Sigma) per manufac-
turer’s instructions, lipofectamine RNAiMax
(Invitrogen) was used per manufacturer’s in-
structions for siRNA treatment. Details of
plasmids generated, used, and origin are in
the supplementary materials.

Lentiviral production generation of cells stably
expressing cDNAs

For production of 293T human embryonic kid-
ney (HEK) cells were transfected using the
X-tremeGENE 9 DNA Transfection Reagent
(Roche) with 1 ug psPAX2 packaging vector
(Addgene #12260), 0.3 ug pCMV-VSVG envel-

Li et al., Science 375, eabi4343 (2022)
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ope vector (Addgene #8454) and 1 ug of the
relevant plasmid of interest. The next day, the
medium was exchanged, and two days post
transfection, the virus-containing supernatant
was filtered with a 0.45 pM filter and supple-
mented with polybrene to a final concentra-
tion of 5 ug/ml. The virus-containing filtrate was
added to 50,000 target cells and exchanged for
cDMEM the next day. MEFs, HeLas, U20S cells
were subsequently selected with 8 to 10 pug/ml
blasticidin, or 1-2 ug/ml puromycin for 3-5 days.
To isolate cells positive for expression of fluo-
rescent protein, transduced cells were sorted
for low and high GFP positivity as indicated.

Live cell imaging

Cells were plated on 35mm, 6-well, or 24-well
CELLview glass bottom cell culture dishes
(Greiner Bio-One), treated as indicated in text
(i.e., infection, transfection, 25 mM CCCP treat-
ment for 30 min, or fixation and permeabili-
zation while imaging), and imaged using an
Olympus IXplore SpinSR 50 mm spinning disk
confocal microscope. Live cell imaging was
performed in cDMEM with incubation at 37°C
and 5% CO,. All images were taken with a
100X/1.35 silicon oil objective and excitation
with either 405, 488, 561, or 640 laser lines,
using ORCA-Flash4.0 cameras (Hamatsu), and
cellSens Software. Details of mitotracker and
FL-HPC labeling, immunofluorescence analy-
sis, and antibodies used are in the supplemen-
tary materials.

Yeast strains, growth conditions, and
expression plasmids

The yeast strains used in this study are based on
Saccharomyces cerevisiae BY4741 (EUROSCARF).
Yeast cells were cultured using standard pro-
tocols on SC-Leucin (0.67% [w/v] yeast nitro-
gen base with ammonium sulfate; 0.07% [w/v]
amino acid mixture) with 2% [w/v] galactose.
Cultures were grown at 30°C until early loga-
rithmic growth phase, which was determined
based on the optical density at a wavelength of
600 nm. Full details of strains used and gen-
erated, isolation of yeast and mammalian mito-
chondria, affinity purification of HA-MAF1
from yeast, in vitro binding to TOM70, and
in vitro protein import into yeast and mamma-
lian mitochondria in supplementary material.

Line scan analyses

Line-scan analysis of relative fluorescence in-
tensity was performed by measuring pixel
intensity across an indicated line using Fiji
software.

Immunoprecipitation of mitochondria

Seven million to 8 million MEFs or 293Ts cells
were plated in a 15 cm dish and the following
day, cells were either mock-infected or infec-
ted with Towoplasma (RHAku80:mCherry™) at
a multiplicity of infection (MOI) of 5. 24 hpi,

cells were scraped rinsed 2X in chilled 1X PBS,
scraped in 1X chilled PBS supplemented with
a protease and inhibitor cocktail (Thermo
Scientific a32961) and Phosstop phosphatase
inhibitors (Sigma 4906837001)(1XPBS+Inh).
Harvested cells were centrifuged at 1000xg
for 2 min at 4C and resuspended in 1 ml 1X
PBS with inhibitors. 50 ul were collected for
the whole cell fraction and the rest was tri-
turated 10X on ice using a 1 ml syringe and
27%* gauge needle. Lysed cells were centri-
fuged at 1000xg for 2 min at 4C. Cleared lysate
was added to 150ul anti-HA bead slurry that
had previously been rinsed 3X in 1X PBS and
resuspended in 100 pl 1X PBS. Subsequently,
mitochondria were immunopurified as previ-
ously described and processed for immuno-
blot analysis or mass spectrometry analysis
(13). More details on immunoblot analysis and
proteomics sample preparation are provided
in the supplementary materials.

Flow cytometry analysis

Monolayers of U20S cells expressing OMM-
GFP were rinsed with PBS, trypsinized and
fixed in 2% paraformaldehyde in FACS buffer
(3% FBS in PBS) for 10 min. After a brief spin,
cells were resuspended in FACS buffer and
sorted on a FACSAria Fusion Cell Sorter (BD
Biosciences) GFP mean fluorescence intensity
(mFT) using BD FACSDiva software. ~250,000
cells were sorted into low and high (20x greater
than low) GFP bins and transferred to a cell
culture dish for continued passaging.

Immunoprecipitation of HA-MAF1 or TOM70

Seven million to 8 million TOM70-expressing
MEFs or U20S cells were infected with
Toxoplasma at an MOI of 7. 24 hpi cells were
rinsed 2X in chilled 1X PBS, scraped down
in chilled 1IXPBS+Inh, centrifuged at 1000xg
for 2 min, and resuspended in lysis buffer for
15 min at 4°C. Cleared lysates were incubated
with either 80 ul magnetic anti-HA-beads
(Thermo Scientific) or 25 ul magnetic anti-
GFP-nanobodies (Chromotek) overnight. The
beads were washed 3x times with 1XPBS
+Inh. Afterwards, the samples were eluted
from the magnetic beads with 2X SDS buffer
by incubating them at 40°C for 10 min. Sam-
ples were processed for gel electrophoresis
and probed with indicated antibodies. For
more details on proteomics sample prepara-
tion, please see supplementary materials.

Statistical analyses

All statistical analyses were performed using
one-way analysis of variance (ANOVA), two-way
ANOVA, or an unpaired ¢ test in GraphPad
Prism 9 software and are indicated accord-
ingly. Volcano plot rendering of proteomics of
whole-cell and immunopurified mitochondria
fractions are provided in the main and sup-
plementary figures.
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Mitochondria shed their SPOTs

Outer mitochondrial membrane (OMM) function is essential for cellular health. How mitochondria respond to naturally
occurring OMM stress is unknown. Li et al. show that, upon infection with the human parasite Toxoplasma gondii,
mitochondria shed large structures positive for OMM (SPOTs). SPOT formation required the parasite effector TgMAF1
and its interaction with the host mitochondrial receptor TOM70 and translocase SAM50. TOM70-dependent SPOT
formation mediated a depletion of mitochondrial proteins and optimal parasite growth. SPOT-like structures also
formed after OMM perturbations independently of infection. Thus, membrane remodeling is a feature of cellular
responses to OMM stress that Toxoplasma hijacks during infection. —SMH
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Materials and Methods

Cell culture and cell lines

HeLa adenocarcinoma cells, ES-2 ovary clear cell carcinoma, U20S human osteosarcoma, and
their derivatives and Wild-type (WT) as well as Mfinl”", and Mfn2”- mouse embryonic fibroblasts
(MEFs) were obtained from ATCC (CCL-2, CRL-1978, HTB-96, CRL-2991, CRL-2992, and
CRL-2993, respectively); Atg7- MEFs were provided by Dr. M Sandri (University of Padua);
Mirol”", Miro2”~ MEFs were provided by Dr. J Kittler (U of College London)(49); Drpl”~ MEFs
were provided by Dr. K Mihara (Kyushu U)(50); TOM70-GFP MEFs were provided by Dr. J
Shaw and Dr. Adam Hughes (U of Utah)(/9). CTRL KD, TOM70 KD, SAM50 KD, MIC60 KD
HeLa lines were provided by Dr. V Kozjak-Pavlovic (U of Wiirzburg)(40). Cell lines stably
expressing pMXs-eGFP-OMP25 (referred to as OMM-GFP; Addgene #83356)(plasmid
described in (/3), OMM-BFP, matrix-BFP, FAF2-3XHA, FAF2-GFP, GFP-SAMS50, GFP-
MEFN1, GFP-MIRO1, GFP-MIRO2, MSCV2.2 IRES-GFP/MAF1-HA, and IRES-GFP (provided
by Dr. G Barton, UC Berkeley) were generated through lentiviral transduction. All cell lines
were cultured in complete DMEM (cDMEM: DMEM and 10% heat-inactivated FBS). Cells
were tested every 2 weeks for Mycoplasma infection by PCR.

Parasite culture and strains

Toxoplasma gondii parasites of the Type I (RHAAxgprt) strain (deleted for the hypoxanthine-
xanthine-guanine phosphoribosyl transferase (HXGPRT) gene), RHAku80:mCherry+, and
RHAku8ATgMAF I :mCherry+ (previously described (27)). were maintained by serial passage in
human foreskin fibroblast (HFF) monolayers in cDMEM. Stable RHAAxgprt parasites expressing
BFP and RHAku80:mCherry+ parasites expressing HA, HA-MAF1, and HA-MAF IREK were
generated via transfection.

Plasmid descriptions, transfections, and siRNA treatment

For transient expression, cells were transfected ~12 hours prior to infection using X-tremeGene
reagent (Sigma) per manufacturer’s instructions with mito-BFP (Addgene #49151); mCherry-
Mitn2 (Plasmid #141156, Addgene); tdTomato-TOMM20-N-10 (Addgene #58137); TIM50-RFP
(a gift from Dr. A. Hughes and Dr. J. Shaw, U of Utah), which is indicated as IMM in the text;
pCytERM_mScarlet N1 (Addgene #85066). For transient expression of ER-targeted MAF1,
HA-MAFT lacking the signal peptide from amino acid 1 to 23 was cloned into Addgene #85066
C-terminally to Scarlet (pCytERM_mScarlet MAF1). For Toxoplasma transfection, pGra,
pTgMAF]1 (previously described (27)) pTgMAF1R¥K (generated via site-directed mutagenesis of
pTgMAF1), and pCTR2T (gift from Dr. G v Dooren (Australian National U) where tandem
tomato cassette was replaced with a BFP were used. Lipofectamine RNAiMax (Invitrogen) was
used for transfection siluc: CGUACGCGGAAUACUUCGA, siSNX9:
GGCUCGGGUUAUGUAUGAUUU)TT according to manufacturer’s instructions. For stable
expression of OMM-targeted GFP, the triple hemagglutinin (3XHA-) and enhanced green
fluorescent protein (eGFP) vector pMXs-3XHA-eGFP was used (Addgene #83356). For stable
expression of OMM-targeted BFP, the 3XHA-eGFP in Addgene #83356 was replaced with BFP.
To enable stable expression of epitope-tagged FAF2, FAF2 cDNA was cloned into the pM6P
backbone fused to the relevant epitope sequences (Dr. C Adrain, Queens U Belfast; Dr. F
Randow, LMB). For stable expression of matrix-targeted BFP (pMXs-cox4-BFP), the GFP
cassette of pMXspuro-GFP (Addgene #74203) was replaced with the cox4-BFP cassette from
Addgene # 49151. To enable stable expression of BFP-fused to an OMM-IMM tether
(pMXsBFP-O-I;), the OMM-IMM tether cDNA (a gift from Dr. O Khalimonchuk, U of



Nebraska-Lincoln) was inserted in lieu of the cox4 matrix-targeting signal in pMXs-matrix-BFP.
For stable expression of IRES-GFP/ HA-MAF]1 (lacking the signal peptide from amino acid 1 to
23), MSCV2.2 (provided by Dr. G Barton, UC Berkeley) and MSCV2.2-HA-MAF1 were used

(23).

Generation of cells lacking PINK1, FAF2, and TOM70

To generate PINK1 CRISPR KO HeLa, TOM70 CRISPR KO HeLas, and TOM70 CRISPR KD
293T, the following sgRNAs were cloned into the pLenti CRISPRv2 (Addgene #5296),
packaged into lentiviral particles, and used to transduce subconfluent cells HeLas or 293Ts.
Pink1 Sense: CACCGCCTCATCGAGGAAAAACAGG

Pink1 Antisense: AAACCCTGTTTTTCCTCGATGAGGC

TOM?70 gl Sense: CACCGAGCGAACGGAAGACCCCGGA

Tom?70 gl: Antisense: AAACTCCGGGGTCTTCCGTTCGCTC

Tom70 g2: Sense: CACCGAGGTCAACATTCTTCTCTGT

Tom70 g2: aaacACAGAGAAGAATGTTGACCTC

Following selection in 1-2 ug/ml puromycin, clones were isolated by limiting dilution, and
validated by immunoblotting for TOM70 or PINK 1. Wt and PINK1 KO Helas stably expressing
mt-mKEIMA and Parkin were generated via the Flp-In T-REX system for assessing PINK 1
accumulation following treatment with small molecule inhibitors indicated in the text. To
generate FAF2 CRISPR KO MEFs, the following sgRNAs were cloned into the px330 CRISPR
v2 vector. Cells were transfected with a mixture of the three px330 plasmids, and following
selection in puromycin, clones were isolated by limiting dilution and validated by
immunoblotting for FAF2.

FAF2 gl: Sense: CACC GGAGCAGCATAACTGGAACA
FAF2 g2: Antisense: AAACTGTTCCAGTTATGCTGCTCC
FAF2 g2: Sense: CACC GTCTCAAGACCACAACCAAG
FAF2 g2: Antisense: AAACCTTGGTTGTGGTCTTGAGAC
FAF2 g3: Sense: CACC GATGAAACAATGTCCCCAACA
FAF2 g3: Antisense AAACTGTTGGGGACATTGTTTCATC

Yeast strains, growth conditions, and expression plasmids.

For expression in yeast, a HA-tagged MAF1 lacking the signal peptide from amino acid 1 to 23
was inserted into a p415 vector encoding for HA-MAF I under control of the GALI promoter
(51). Yeast strains used: WT BY4741 + p415 pGALI1 and WT BY4741 + p415 pGAL1 HA-
MAF1. Plasmids used: p415 pGALL, p415 pGAL1 HA-MAF1, pGEM4z-Neurospora crassa
AAC, pGEM4z-Su9-(1-69 N. crassa)-DHFR (mouse), plasmid for AAC2 expression was
provided by Dr. J Herrmann (U of Kaiserslautern).

Isolation of yeast mitochondria

Yeast mitochondria were isolated by differential centrifugation (52). Cells were harvested (5,500
g; 8 min; 24°C) at early logarithmic growth phase, washed with distilled H2O and incubated in
DTT buffer (100 mM Tris/HCI pH 9.4; 10 mM dithiothreitol (DTT)) for 45 min at 30°C. To
digest the cell wall, cells were washed in zymolyase buffer (1.2 M sorbitol; 20 mM KP; pH 7,4)
and incubated with 4 mg/g wet weight of zymolyase for 45 min at 30°C in zymolyase buffer.
Subsequently, spheroblasts were resuspended in homogenization buffer (0.6 M Sorbitol; 10 mM
Tris/HCI pH 7.4; 1 mM ethylenediaminetetraacetic acid (EDTA); 1 mM



phenylmethysulfonyfluoride (PMSF); 0.2 % [w/v] bovine serum albumin) and homogenized by
15 strokes up and down in a glass potter at 4°C. Cellular debris and nuclei were removed by
centrifugation (2,500 g; 5 min; 4°C) and mitochondria were isolated from the supernatant by a
second centrifugation step (17,000 g; 15 min; 4°C). To clear mitochondria, the pellet containing
mitochondria was resuspended and washed with SEM buffer (250 mM sucrose; 10 mM
MOPS/KOH pH7.2; 1 mM EDTA). The mitochondrial pellet was resuspended in SEM buffer in
a protein concentration of 10 mg/ml, frozen in liquid nitrogen and stored until use at -80°C.

Affinity purification of HA-MAF'I from yeast

For affinity purification of HA-MAF1 expressed in yeast, isolated mitochondria were solubilized
in lysis buffer (20 mM Tris pH 7.4; 0.1 mM EDTA; 50 mM NaCl; 10% [v/v] glycerol; 2 mM
PMSF; 1 x protease inhibitor cocktail without EDTA) containing 1% [w/v] digitonin for 15 min
at 4°C. Samples were then cleared by centrifugation (16,000 g; 10 min; 4°C) and the supernatant
was subjected to affinity purification using anti-HA affinity matrix (Roche) pre-equilibrated with
0.5 M acetate. Unbound proteins were removed by washing with lysis buffer containing 0.1 %
[w/v] digitonin. Bound proteins were eluted under denaturing condition by incubation with
Laemmli sample buffer (2% [w/v] SDS; 10% [v/v] glycerol; 0.01% [w/v] bromphenol blue;
0.2% [v/v] b-mercaptoethanol; 60 mM Tris/HCI, pH 6.8) at 95°C for 10 min.

In vitro protein import into mitochondria

For analyzing import into yeast mitochondria, precursor proteins of AAC from Neurospora
crassa and Su9-DHFR in pGEM4z plasmids were used for cell-free translation based on rabbit
reticulocyte lysate in the presence of [*>S]methionine (TNT kit, Promega). The labelled precursor
proteins were incubated at 16°C with isolated mitochondria for the indicated time points in
import buffer (3% [w/v] BSA, 250 mM sucrose, 5 mM methionine, 80 mM KCl, 5 mM MgCl,,
10 mM MOPS/KOH, pH 7.2, and 2 mM KH,PO4) containing 4 mM ATP, 4 mM NADH, 5 mM
creatin phosphate and 0.1 mg/ml creatin kinase. As control, the membrane potential across the
inner membrane was dissipated by adding a mixture of 8 uM (final concentration) antimycin A,
1 uM valinomycin and 20 pM oligomycin. For proteinase K treatment, samples were incubated
with 50 pg/ml proteinase K for 15 min at 4°C. Reactions were stopped by addition of PMSF to a
final concentration of 2 mM followed by incubation for 10 min at 4°C. Imported proteins were
analyzed by blue native electrophoresis (AAC) or SDS-PAGE (Su9-DHFR). For analyzing
import into mammalian mitochondria, experiments were performed as recently described (53).

In vitro binding to Tom?70

The His-tagged cytosolic domain of Tom70 was recombinantly expressed and purified following
published procedures (54). HA-MAF1 was translated in vitro using wheat germ lysate
(biotechrabbit)(54). For binding studies, Tom70 was coupled to Ni-NTA agarose (Qiagen) and
incubated with HA-MAFT1 in binding buffer (20 mM Tris/HCl, pH 7.4, 0.1% [w/v] digitonin,

100 mM NacCl, 10% [v/v] glycerol) for 45 min at 4°C. Unbound HA-Maf1 was removed by
excessive washing with excess binding buffer containing 40 mM imidazole. Bound proteins were
eluted with binding buffer containing 500 mM imidazole.

Immunofluorescence Assays and Antibodies

For testing single clones of Amaf1:HA, A maf11:HA-MAF1 and A maf1:HA-MAF I*¥ parasites,
HFFs were grown to confluency on coverslips in 24-well plates. The following day, HFFs were
infected with Amaf1:HA, A mafl:HA-MAF 1, and Amafl:HA-MAF1**X parasites. At 6 hpi, wells
were once washed with ice-cold PBS and fixed for 15 min at RT in 4% paraformaldehyde, and



permeabilized for 20 min at RT with 0.2% Triton-X-100 in 3% BSA in PBS (.2% T). After 30
min blocking in 3% BSA in 1XPBS (3% B) at RT, cells were incubated in 1:500 anti-HA for 1 at
RT. After 3X 5 min washes with 1XPBS, cells were incubated in 1:2000 anti-rabbit Alexa Fluor
Plus 488 Plus (Invitrogen) for 40 min to 1 h at RT. For IF analysis of SPOTs, cells were plated
and infected in a 24 well glass-bottom sensoplate, fixed at 24 hpi with Toxoplasma in 4%
paraformaldehyde (fresh) in prewarmed cDMEM for 20 min at 37C, permeabilized for 20 min at
RT with .2% T, blocked in 3%B for 30 min, incubated in 1:250 of primary Ab indicated in text
O/N, rinsed 3X in 1X PBS, and maintained in 1X PBS until imaging. Images were taken using
an Olympus [Xplore SpinSR spinning disk confocal microscope. Primary Abs: OGDH (Sigma
HPA020347); mtHSP70 (abcam ab2799); SAMS50 (Sigma HPA034537); MIC60 (Proteintech
10179-1-AP); ATP51B (ThermoFisher A21351); TOM20 (Sigma HPAO011562,
WHO0009804M1); AIFM1 (abcam ab1998); CS (CST #14309); MFN1 (CST #14739); MFN2
(CST #9482S); HA (CST #3724, Roche 3F10) were used at 1:250 or 1:500 O/N. Secondary Abs:
Alexa Fluor Plus 405, Alexa Fluor Plus 488, Alexa Fluor Plus 594, Alexa Fluo Plus 647
(Thermo Fisher) were used at 1:1000. All images were taken with a 100X objective and
excitation with 405, 488, 561 and 640 laser lines, and processed via cellSens software.

Immunoblotting and antibodies

Whole cells were harvested in chilled lysis buffer (50mM Hepes-KOH pH 7.4, 40mM NacCl,
2mM EDTA, 1.5mM NaVO4 , 50mM NaF, 10mM NaPyrophosphate, 10mM,
NaBetaGlycerophosphate (disodium salt pentahydrate), 1% Triton X-100) and lysed for 30 min
on ice. Lysates were subsequently centrifuged at 10 min at 14,000 x g at 4°C and the supernatant
was transferred into a fresh tube with 5X SDS added to a final of 1X SDS. Following SDS-
PAGE and gel transfer, membranes were blocked with PBS-0.05% Tween 20 (PBS-T) and 5%
bovine serum albumin (BSA) for overnight in primary antibodies. Following incubation, blots
were washed three times in PBS-T and then incubated with horseradish peroxidase (HRP)-
conjugated anti-mouse IgG (CST #7076) or anti-rabbit IgG (CST #7074) at a 1:4000 dilution for
45 minutes and developed using a chemiluminescence system (Pierce ECL substrate or Pierce
ECL Plus Substrate; ThermoFisher Scientific). For WT and PINK1 KO lysate, protein samples
were separated by SDS-PAGE with Bolt Bis-Tris Plus Gels, transferred to 0.45 uM
nitrocellulose membranes, blocked for 1 h with Intercept® (PBS) Blocking Buffer (LI-COR
Biosciences). Blots were incubated with primary antibodies overnight and detected via near-
infrared secondary antibodies (LI-COR Biosciences). The following antibodies were used:
MFN1/2 (abcam ab57602), MFN2 (Abnova, 157H00009927-M03J), MFN1 (CST #14739),
MFN2 (CST #9482S), MIRO1 (Sigma #HPA010687), MIRO2 (CST #14061), VDACI1 (CST
#4661), VDAC?2 (Proteintech 11663-1-A), SAMS50 (abcam 167430), CS (CST #14309), FAF2
(UBXDS)(CST #34945), CALR (CST #12238), ACTB (CST #4970), Golgin-97 (CST
#13192S), TOMM40 (Sigma HPA036231), TOMM20 (HPA011562), TOMM70 (HPA048020),
PISD (Proteintech 16401-1-AP), GAPDH (CST #2118), HA-HRP (Roche 12013819001).
Antisera used: TgGra7 (23), TeTGMAF1 (23), TgGAP45 (Dr. D Soldati (U. of Geneva),
TgHsp70 (Dr. P Bradley, UCLA). PINK1 (CST D8G3), TOMM40 (Santa Cruz sc365467),
MIC60 (Proteintech 10179-1-AP); SNX9 (Sigma HPA031410); PINK1 (CST D8G3).

Generation of transgenic parasites

Transgenic parasite strains were made by electroporation of the parental Type I (RHA4hxgprt)
strain (for BFP-expressing parasites), or RHAkuSATgMAF I :mCherry+ strain for Amaf1
mCherry" parasites expressing HA (AT maf1:HA); HA-tagged MAF1 (Amafl1:-HA-MAF1); or



HA-tagged MAF1R%K (Amaf1:HA-MAF1R¥K), For generating RH A maf1:mCherry parasites
expressing HA or HA-TgMAF1, pGral and pMAF1 HA encoding HA and HA-tagged TgMAF1
were used (27). To express HA-tagged TgMAF1REK the S431R, T439K, and L441K previously
described mutations (28) were introduced into pMAF1 by site-directed mutagenesis using the
forward and reverse primers TATAAGGCTAGCATGCTGGACTGA and
CTTCCTTTCAGCCTCCTGTAAGCCGT. All plasmids contained a chloramphenicol (CAT)
resistance for drug selection. 100 pg of the corresponding plasmid was linearized using Notl and
introduced into Type I RH ATgMAF I :mCherry parasites by electroporation. To isolate single
parasites positive for CAT expression, parasites were treated with 20 uM chloramphenicol up to
2 weeks followed by a serial dilution. RH ATgMAF I :mCherry parasites expressing HA, HA-
MAF1 and HA-MAF1R¥K are referred to in text as Amafi:HA, Amafl:HA-MAFI, and
Amafl:HA-MAF1 ®K,

Proteomics sample preparation

For preparing mitoIP samples were lysed using 20 to 25 pl of 6M Guanidinium chloride or
eluted from the beads and desalted as described (55) and analyzed using LC-MS/MS. For
preparing samples from immunoprecipitation, on-beads digestion was performed to elute the
proteins off the beads. Before adding the elution buffer, the beads were washed with detergent-
free buffer (50mM Tris-HCI1 pH7.5) four times to remove any detergents used previously. Then
100 pl of the elution buffer (5Sng/ul trypsin, S0mM Tris-HCI pH7.5, 1mM Tris(2-
carboxyethyl)phosphine), SmM chloroacetamide) was added to the beads and incubated at room
temperature by vortexing from time to time, or rotating on a rotator. After 30 min, the
supernatant was transferred to a 0.5 ml tube and incubated at 37°C overnight to ensure a
complete tryptic digest. The digestion was stopped in the next morning by adding formic acid to
the final concentration of 1%. The resulted peptides were cleaned with home-made StageTips.
Alternatively, four micrograms of the eluted peptides were dried out and reconstituted in 9 uL of
0.1M TEAB and labeled with tandem mass tags (TMTpro, Thermo Fisher Scientific cat. No
A44522). Labeling was carried out according to manufacturer’s instruction with the following
changes: 0.5 mg of TMTPro reagent was re-suspended with 33 pL of anhydrous ACN. Seven
microliters of TMTPro reagent in ACN was added to 9 pL of clean peptide in 0.1M TEAB. The
final ACN concentration was 43.75% and the ratio of peptides to TMTPro reagent was 1:20.
After 60 min of incubation the reaction was quenched with 2 pL of 5% hydroxylamine. Labelled
peptides were pooled, dried, re-suspended in 200 pnL of 0.1% formic acid (FA), split into two
equal parts, and desalted using home-made STAGE tips. One of the two parts was fractionated
ona 1 mm x 150 mm ACQUITY column, packed with 130 A, 1.7 um C18 particles (Waters cat.
no SKU: 186006935), using an Ultimate 3000 UHPLC (Thermo Fisher Scientific). Peptides were
separated at a flow of 30 pL./min with a 88 min segmented gradient from 1% to 50% buffer B
for 85 min and from 50% to 95% buffer B for 3 min; buffer A was 5% ACN, 10mM ammonium
bicarbonate (ABC), buffer B was 80% ACN, 10mM ABC. Fractions were collected every three
minutes, pooled in two passes (1 + 17,2 + 18 ... etc.), and dried in a vacuum centrifuge
(Eppendorf).

LC-MS/MS analysis

For label-free quantification, peptides were separated on a 75 cm, 75 um internal diameter
Acclaim™ PepMap™ analytical column (Thermo Fisher Scientific, catalogue number 164939)
using an EASY-nLC 1200 (Thermo Fisher Scientific). The column was maintained at 50°C.
Buffer A and B were 0.1% formic acid in water and 0.1% formic acid in 80% acetonitrile.



Peptides derived from whole cells were separated on a segmented gradient from 6% to 31%
buffer B for 230 min and from 31% to 50% buffer B for 10 min at 250 nl / min. Peptides derived
from enriched mitochondria were separated on a segmented gradient from 6% to 31% buffer B
for 110 min and from 31% to 50% buffer B for 10 min at 250 nl / min. Eluting peptides were
analyzed on a QExactive HF mass spectrometer (Thermo Fisher Scientific). Peptide precursor
m/z measurements were carried out at 60000 resolution in the 300 to 1800 m/z range. The top ten
most intense precursors with charge state from 2 to 7 only were selected for HCD fragmentation
using 25% normalized collision energy. The m/z values of the peptide fragments were measured
at 30000 resolution using a minimum AGC target of 1e4 and 55 ms maximum injection time for
the whole cell samples or 15000 resolution, minimum AGS target of 1e4, and 120 ms maximum
injection time for the enriched mitochondria samples. Upon fragmentation, precursors were put
on a dynamic exclusion list for 45 sec. TMT labeled peptides were and separated on a 50 cm, 75
um Acclaim PepMap column (Thermo Fisher Scientific, Product No. 164942) and analysed on a
Orbitrap Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a FAIMS
device (Thermo Fisher Scientific). The FAIMS device was operated in two compensation
voltages, -50 V and -70 V. Synchronous precursor selection based MS3 was used for the
acquisition of the TMTPro reporter ion signals. Peptide separations were performed on an
EASY-nLC1200 using a 90 min linear gradient from 6% to 31% buffer; buffer A was 0.1% FA,
buffer B was 0.1% FA, 80% ACN. The analytical column was operated at 50°C. Raw files were
split based on the FAIMS compensation voltage using FreeStyle (Thermo Fisher Scientific).

Protein identification and quantification

Label-free quantification raw data were analyzed with MaxQuant version 1.6.0.13 (56) using the
integrated Andromeda search engine (57). Peptide fragmentation spectra were searched against
the canonical sequences of the human reference proteome, proteome ID UP000000589, and
toxoplasma reference proteome, proteome ID UP000005641, downloaded from UniProt.
Methionine oxidation and protein N-terminal acetylation were set as variable modifications;
cysteine carbamidomethylation was set as fixed modification. The digestion parameters were set
to “specific” and “Trypsin/P,” The minimum number of peptides and razor peptides for protein
identification was 1; the minimum number of unique peptides was 0. Protein identification was
performed at a peptide spectrum matches and protein false discovery rate of 0.01. The “second
peptide” option was on. Successful identifications were transferred between the different raw
files using the “Match between runs” option. Exploratory data analysis and visualization was
done using tidyverse in R (58, 59). TMT data was analyzed using MaxQuant, version 1.6.17.0.
The isotope purity correction factors, provided by the manufacturer, were included in the
analysis. Differential expression analysis was performed using limma, in R (60). Volcano plots
of WC and mitolP proteins generated using Flaski (61).

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (62) partner repository with the dataset identifier PXD024491;
Username: reviewer pxd024491@ebi.ac.uk, Password: OdwcqFKY.

Isolation of crude mitochondria

U20S cells were seeded in a 4 million cells in a 10 cm dishes and infected with RH
Ahxgprt:mCherry Toxoplasma at an MOI:8. At 20 hpi, uninfected plates were treated with either
30 uM CCCEP for or 0.1% DMSO (untreated control). At 24 hpi, all plates were washed 2X with
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chilled 1XPBS. Cells were scraped in chilled Mannitol-Sucrose (MS) buffer (225 mM mannitol,
75 mM sucrose, 30 mM Tris-HCI pH 7.4, 12 uM EGTA, and EDTA-free Pierce Protease
inhibitor, and triturated 16 X with a Iml syringe and 27Gx3/4 needle. Samples were centrifuged
at 600 x g for 5 min and the cleared supernatant was transferred into a fresh tube. After
centrifuging at 10,000 x g for 15 min, an aliquot was taken for the cytosolic fraction. The
supernatant was removed and the mitochondrial pellet was twice carefully overlayed with MS
buffer. The pellet was resuspended in MS buffer (mitochondrial fraction). Both fractions were
then supplemented with cold lysis buffer and lysed for 30 min on ice. Lysates were centrifuged
for 10 min at 14,000 x g at 4°C and the supernatant was transferred into a fresh tube.

Electron microscopy

Inducible Hela KD knockdown cell lines were grown on aclar discs, infected with different
Toxoplasma strains in the presence of 1 ug/ml of doxycycline, and fixed at 6 hpi in prewarmed
fixative (2.0% glutaraldehyde, 2.5% sucrose, 3mM CaCl,, 100mM HEPES, pH 7.4). Following
30 min at RT and 30 min at 4C, cells were washed 3X with 0.1M sodium cacodylate buffer and
incubated with 1% osmium tetroxide and 1% potassium hexacyanoferrate for 1 h at 4C. After 3X
5 min washes with 0.1M cacodylate buffer, samples were dehydrated at 4C using ascending
ethanol series for 7 min each (50%, 70% 90%, 3x100%). Infiltration was performed with a
mixture of 50% epon/ethanol for 1h, 70% epon/ethanol for 2h, and with pure epon overnight at
4C. Samples were embedded into TAAB capsules and incubated at 48h at 60C. Ultrathin
sections of 70nm were cut using an ultramicrotome (Leica Microsystems UC6) and a diamond
knife (Diatome, Biel, Switzerland) and stained with 1.5% uranyl acetate for 15 min at 37C and
Reynolds lead citrate solution for 4 min. Images were acquired using a JEM-2100 Plus
Transmission Electron Microscope (JEOL) operating at 80kV equipped with a OneView 4K
camera (Gatan). ImageJ was used to measure the length of the mitochondria closely associated
with the parasite vacuole (<30nm) in electron micrographs in >/= 20 images per treatment.

Mitotracker and FL-HPC labeling

For staining with MitoTracker (Invitrogen), cells (24 hpi mock- or Toxoplasma infection) were
incubated with prewarmed DMEM containing MitoTracker Deep Red at a concentration of 25
nM After 20 min of incubation at 37°C, cells were rinsed with prewarmed 1X PBS and then
incubated in prewarmed cDMEM. For visualization of phosphatidylcholine (PC), cells were
incubated with 2uM (FL-HPC) in complete media O/N, rinsed 2X in 1X PBS, and then mock- or
Toxoplasma infected and visualized at 24 hpi.
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Fig. S1. SPOTs form in the absence of OMM-GFP overexpression.

Representative live-cell images of uninfected and Toxoplasma (mCh)-infected (A) WT U20S
cells or (B) U20S cells expressing OMM-BFP labeled with MitoTracker Deep Red (mitoT) and
the phosphatidylcholine conjugate (FL-HPC), and imaged at 24 hpi. Scale bar, 5 um; inset 1 pum.
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Fig. S2. Markers of the IMM, IMS, and matrix proteins do not localize to SPOTs. (A)
Representative live-cell images of the OMM (GFP), matrix (BFP), and TOM20 (RFP) in
uninfected and infected MEFs at 24 hpi (parasite vacuole indicated with asterisk and dotted
oval). Arrowhead in inset of infected cells indicates a SPOT. Scale bar, 5 um; inset, 1 um. (B to
E) Representative images of Toxoplasma (mCh)-infected HFFs that were fixed at 24 hpi and
processed for immunofluorescence (IF) analysis. SPOTs (indicated by arrowheads in the inset
panels of infected cells) are positive for the OMM protein TOM20 but do not contain (B) the
IMS protein AIFM1, (C) the IMM protein ATPF1B, (D) or the matrix proteins CS and (E)
mtHSP70. Scale bar, 5 um; inset, 1 um.
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Fig. S3. SPOTs form independently of DRP1, and MIRO1 and MIRO2. (A) Representative
live-cell images of the OMM (GFP) in uninfected (uninf) and Toxoplasma (mCh)-infected
(Toxo) Drpl™* and Drpl”~ MEFs labeled with mitoT; scale bar, 5 pm; inset 1 um. (B)
Percentage of SPOT-positive cells in experiments as in (A); data are mean +/- SEM of >100 cells
counted from 4 biological replicates; #p<0.0001 for uninfected versus infected by two-way
ANOVA analysis. Scatterplot with mean (C) number and (D) diameter of SPOTs in experiments
as in (A) from >30 infected cells from 3 biological replicates. (E) Representative live-cell images
of the OMM (GFP) in uninf and Toxoplasma (mCh)-infected Mirol™*2** and Mirol”2"

MEFs labeled with mitoT; scale bar, 5 um; inset 1 um. (F) Percentage of SPOT-positive cells in
experiments as in (E); data are mean +/- SEM of >100 cells counted from 3 biological replicates;
#p<0.0001 for uninfected versus infected by two-way ANOVA analysis. Scatterplot with mean
(G) number and (H) diameter of SPOTs in experiments as in (E) from >30 infected cells from 3
biological replicates.
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Fig. S4. SPOTs form independently of PINK1 (A) WT or PINK1 KO HeLa FlpIn TRex cells
stably expressing mt-mKEIMA and Parkin were treated with 10 uM antimycin A1 and
oligomycin (AO) or 10 uM MG-132 for 6h to accumulate PINK1 and analyzed by
immunoblotting for: PINK1 ~55kda; TOM40 ~40kDa, ACTB ~45kDa. FL: full-length;

A: processed; * indicates non-specific bands. (B) Fold-change in density of protein bands imaged
as in (A) normalized to ACTB and relative to WT DMSO. Data are mean +/- SEM from 3
biological replicates and analyzed by unpaired two-tailed t-test. (C) Representative live-cell
images of the OMM (GFP) in uninf and Toxoplasma (mCh)-infected WT and PINK1 KO HeLas
labeled with mitoT; scale bar, 5 um; inset 1 um. (D) Percentage of SPOT-positive cells in
experiments as in (C); data are mean +/- SEM of >100 cells counted from 3 biological replicates;
#p<0.0001 for uninfected versus infected by two-way ANOVA analysis. Scatterplot with mean
(E) number and (F) diameter of SPOTs in experiments as in (C) from >30 infected cells from 3
biological replicates.
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Fig. S5. Sorting nexin 9 is required for the formation of SPOTs that do not contain OGDH
during Toxoplasma infection (A) Representative live-cell images of the OMM (GFP) in
uninfected (uninf) and Toxoplasma (mCh)-infected (Toxo) siRNA luc- and siRNA SNX9-treated
U20S cells labeled with mitoT; scale bar, 5 um; inset 1 um. (B) Percentage of SPOT-positive
cells in experiments as in (A); data are mean +/- SEM of >100 cells counted from 3 biological
replicates; ****p<(0.0001 for uninfected versus infected by two-way ANOV A analysis.
Scatterplot with mean (C) number and (D) diameter of SPOTs in experiments as in (A) from >30
infected cells from 3 biological replicates. siRNA [uc and siRNA SNX9-treated U20S cells.
Cells treated as in (A) were analyzed by immunoblotting for: SNX9 ~70kda; ACTB ~45kDa. (F)
Representative images of Toxoplasma (mCh)-infected HFFs that were fixed at 24 hpi and
processed for immunofluorescence microscopy. Arrowhead in inset panel of infected cell depicts
a SPOT that is positive for the OMM protein TOM20 but does not contain the matrix protein
OGDH. Scale bar, 5 um; inset, 1 pm.
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Fig. S6. Proteomic analysis of changes in mitochondria during Toxoplasma infection (A, C)
Whole cell (WC) fractions from HeLa cells that were uninfected (n=4), WT Toxo-infected (n=4),
Amafl Toxo-infected (n=3) at 24 hpi and analyzed by mass spectrometry. Boxplot depicting the
log>-fold change (FC) of detected MitoCarta3.0 proteins between indicated treatments according
to submitochondrial localization. Median values for each subcompartment are indicated in red.
(B, D) Volcano plot of proteins in (A, C); dark gray, OMM proteins as classified by
MitoCarta3.0; white, all other MitoCarta3.0 proteins. (E to H) Mean FC with 95% confidence
interval for indicated proteins and comparisons.
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Fig. S7. FAF2 localizes to SPOTs and mediates the degradation of MFN1 and MFN2 (A)
Mfnl and Mfn2 mRNA levels in uninfected (uninf) and Toxoplasma-infected (Toxo) MEFs at
24hpi. mRNA expression was measured by the standard curve method and normalized to Actb;
y-axis depicts fold-change relative to uninfected cells. Whole cell lysates from 24 h uninf and
Toxo-infected (B) WT and PINK1 KO HeLas and (C) Atg7"" and Atg7” MEFs were analyzed
by immunoblotting for: MFN1 ~80kda; MFN2 ~80kDa; ACTB ~45kDA; TgGRA7 ~32kDa;
TgGAP45 ~45kDa. (D) Representative live-cell images of OMM (BFP), FAF2 (GFP) in uninf
and Toxo (mCh)-infected HFFs that were labeled with mitoT. FAF2 localizes to SPOTs
(depicted in inset panels of infected cell); scale bar, 5 um; inset, 1 um. (E to F) Representative
images of uninf and 7Toxo (mCh)-infected HFFs that were fixed at 24 hpi and processed for IF
analysis. FAF2-HA, MFN1, and MFN2, but not the IMM protein ATP51B localize to SPOTs
(depicted in inset panels of infected cells); scale bar, 5 um; inset, 1 um. (G) Whole cell (WC)
fractions or mitochondria immunopurified (mitoIP) from uninf and Toxo-infected WT and Faf2
KO MEFs harvested at 24 hpi were analyzed by immunoblotting for MFN1 ~80kda; MFN2
~80kDa; VDACI1 ~34kDA; CS ~45kDA, FAF2 ~52kDa, CALR ~55kDa, ACTB ~45kDa,
TgGRA7 ~32kDa; (H) WT, Faf2KO, or Faf2 KO MEFs stably expressing HA-tagged FAF2
were analyzed as in (G). (I) WT HeLas were uninf or Toxo-infected and at 12 hpi treated with
DMSO, 1uM MG-132, 1uM CB-5083, 1uM Bortezomib, 1uM TAK-243 and analyzed by
immunblotting for: MFN1 ~80kda; MFN2 ~80kDa; MIRO1 ~75kDa; MIRO2 ~75kDa; CS ~45
kDa, ACTB ~45kDA; TgGAP45 ~45kDa; Ubiquitin (Ub). (J) Fold-change in density of protein
bands imaged as in (I) normalized to ACTB and relative to WT uninf mean; data are mean +/-
SEM from 3 biological replicates. *p<0.05, **p<0.01 for TX vs. uninf; TX vs. TX TAK by two-
way ANOVA .
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Fig. S8. MIRO1 and MIRO?2 localize to SPOT-like structures during infection.
Representative live-cell imaging of (A) Mirol”":GFP-Mirol MEFs and (C) Miro2” :GFP-Miro2
MEFs at 24hpi with Toxoplasma (mCh). (B) and (D) Corresponding pixel intensity plots for
white line in inset panels in (A) and (C) respectively. Scale bars are 5 um and 1 pm in the inset.



A s : B s :
O MitoCarta 3.0 OMitoCarta 3.0
]l o i
! ° © SLC25A family 7 © SLC25A family
[e]
6 6
g g
EN g °]
& a )
- 4 - 41
o T 8
& o 8 o0
g)o_ 3- § 3- o o N
< 2 - 2] o % 8
1 14 HsPeoABY L °
HSP90AA1 O}
o4 o4  HsPooaB2P

2

10 1 2

2

1

0 1 2

HA

Tom70 s s

log,FC (mitolP Amaf1 Toxo/mitolP WT Toxo)

Ic;ngC (rr_1itoIP Wt Toxo/mitolP uninf)
[®*S]AAC
D mito.” wr HA-Maf1
A’Ll) + + - + + -
time(min) 5 10 10 5 10 10 kDa
qq o . - 669
j | b -440
gz o B - 232
AACES 4 - 140
£ ,;}
i
[**S] Su9-DHFR
Mito. WT HA-Maf1
Ay + + + - + + + -
time (min) 5 10 20 20 5 10 20 20 kDa

P - —— A Sy w— W ——

m -

p

- -—

— e S

N ——

Py T —

. — —

-25

25

-PK

+PK

E

Supp. Fig. 9

Mito

Load Elution

vector

’ HA-Maf1
vector

®
%
<
T
-—
—

o 17 . W
< 8o — Wt MAF1
2]
& 60
3
£ 40t
Q.
£ 20t
<

0 5 10

time (min)

X100 Wt
I — Wt MAF1
o
@
2 50
T
o
Q.
£
= 05 5 10 15 20

Fig. S9. MAF1 impairs TOM70-dependent import (A-B) Volcano plots as in Fig. 3B, 3D;
orange, detected SLC25A family proteins, white, all other MitoCarta3.0 proteins. (C) IPs were
prepared from mitochondria isolated from WT or HA-MAF 1+ yeast and analyzed by
immunoblotting for: TeMAF1~60kDa; TOM70~72kDa. (D) [*°S] AAC was imported into WT
and MAF1+ mitochondria and analyzed by blue native electrophoresis and autoradiography. (E)
Signals in (D) were quantified and the amount of imported protein relative to WT 10 min was
plotted. Data are mean +/- SEM from 4 biological replicates. (F) [>°S] Su9-DHFR was imported
into WT and MAF 1+ mitochondria and analyzed by blue native electrophoresis and
autoradiography; PK: proteinase K; p: precursor; m: mature. (G) Signals in (F) were quantified
and the amount of imported protein relative to input WT 20 min was plotted. Data are mean +/-
SEM from 3 biological replicates.
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Fig. S10. MAF1 is not sufficient to induce SPOT formation independently of infection. (A)
WT and HA-MAF1+ MEFs were processed for IF analysis of the OMM (BFP), TOM20, a
marker of the IMM (ATP51B), and HA-MAF1 (HA); scale bar, 5 um; inset, 1 pm. (B) Cartoon
schematic of ER-targeted scarlet fusion constructs. TMgr: amino acids 1-29 of Oryctolagus
cuniculus Cyp2C1 (C) Representative live-cell imaging of the OMM (GFP) in mitoT-labeled
U20S cells expressing constructs in (B). (D) Corresponding pixel intensity plots for white line in
inset panels in (C).



Supp. Fig. 11

100; 20, 10,
ns =
L 80 ser wwn 3 : 5 !
] = . 5 .
- 60f g . 5 |
o #10 M €5 i
& 4ot 5 :t g {
2] o s °
R o s 2
20} » - 2 O 2
2B i
0‘(\ o & 0 0_‘\_0 & o 0 b.—‘—\‘ ) .i\-‘ 0
S RS & " &
DMSO 17-DMAG DMSO 17-DMAG DMSO 17-DMAG

L
=
o
[e2]
o
[72]
T
o
<
=

OMM [miteT QMM [mitoT |merge
o o
v

Fig. S11. An inhibitor of HSP90 does not prevent SPOT-formation during infection.

(A) Representative live-cell images of the OMM (GFP) in uninfected (uninf) and Toxoplasma
(mCh)-infected (7oxo) mitoT-labeled U20S cells at 24 h following treatment with DMSO or the
HSP90-inhibitor 17-DMAG (10uM) at 12 hpi; scale bar, 5 um; inset 1 um. (B) Percentage of
SPOT-positive cells in experiments as in (A); data are mean +/- SEM of >100 cells counted from
3 biological replicates; ns for DMSO vs. 17-DMAG, and ****p<0.0001 for uninfected vs.
infected by two-way ANOVA analysis. Scatterplot with mean (C) number and (D) diameter of
SPOTs in experiments as in (A) from >30 infected cells from 3 biological replicates.
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Fig. S12. A robust MAF1-TOM?70 interaction is required for SPOT formation. (A) HFFs at
6 hpi with Amafl (mCh) parasites expressing HA (dmafl:HA); HA-tagged MAF1 (Amafl:-HA-
MAF1); or HA-tagged MAF1*K (Amaf1:HA-MAF1R*¥X) were processed for IF analysis using
anti-HA antibodies; scale bar, 5 um. (B) Anti-HA IPs were prepared from U20S cells infected
with indicated parasite strains and probed for indicated proteins. (C) Representative live-cell
images of the OMM (GFP) and matrix (BFP) in U20S cells infected with indicated strains; scale
bar, 5 um; inset 1 um. (D) Percentage of SPOT-positive cells in experiments as in (C); data are
mean +/- SEM of >100 cells counted from 3 biological replicates; ****p<0.0001 for Amaf1:HA-
MAF-infected versus Amaf1:HA infected by one-way ANOVA analysis. Scatterplot with mean
(E) number and (F) diameter of SPOTs in experiments as in (C) from >30 infected cells from 3
biological replicates.
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Fig. S13. SAMS0 and MIC60 are not required for mitochondria-Toxoplasma contact sites.
(A) Representative electron microscopy images of indicated HeLa doxycycline (doxy)-inducible
KD lines 7 dp doxy (1ug/ml) treatment and 6 hpi with indicated parasite strains. Scale bar, 1 um.
(B) Percentage of PVM associated with mitochondria in images as in (A) from >20 vacuoles.
Data are mean +/- SD; *p<0.05, ****p<0.0001 for Amaf1:HA vs Amafl:HA-MAFI or
Amafl:HA-MAF1REK; 4 p<0.0001 or not significant (ns) for cell line comparisons. (C)
Lysates HeLa inducible KD lines 7 dp doxy treatment and at 24 hpi Toxoplasma were analyzed
by immunoblotting for: TOM70 ~72kDa, MIC60 ~88kDa, SAMS50 ~55kDa, ACTB ~45kDa.
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Fig. S14. SAMSO is enriched on SPOTs during infection.
Representative live-cell images of the OMM (BFP) and SAMS50 (GFP) in uninfected (uninf) and
Toxoplasma (mCh+)-infected (Toxo) U20S cells labeled with mitoT at 24 hpi; scale bar, 5 um;

inset 1 um. Arrowhead in inset panel of infected cell depicts a SPOT that is positive for the
OMM and SAMS50 but not mitoT.
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Fig. S15. The OMM is remodeled during infection-independent import stress. (A)
Histograms of GFP fluorescence intensity (MFI) determined by flow cytometry analysis of
U208 cells expressing OMM-GFP and previously sorted for high (OMM™) or low (OMM")
GFP. (B) 5,000 cells of indicated line were plated and monitored for phase confluency every 12
h using the Incucyte S3 live-cell imaging system. (C) Representative live-cell images of the
OMM (GFP), matrix (BFP), and indicated mitoT-labelled U20S cell lines; scale bar, 5 pm; inset
1 pm. A SPOT is depicted in the OMM" inset panel. (D) Percentage of SPOT-positive cells in
experiments as in (C); data are mean +/- SEM of >100 cells counted from 3 biological replicates;
*#%%p<0.0001 by unpaired t-test analysis. Scatterplot with mean (E) number and (F) diameter of
SPOTs in experiments as in (C) from >30 infected cells from 3 biological replicates.
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Fig. S16. MitoBloCK6 and CCCP do not induce SPOT formation.

(A) Representative live-cell images of the OMM (GFP) and matrix (BFP) in U20S cells treated
with DMSO, MitoBloCK6 (100uM) and CCCP (25uM) for 30 min; scale bar, 5 um; inset 1 um.
(B) Percentage of SPOT-positive cells in experiments as in (A); data are mean +/- SEM of >100
cells counted from 3 biological replicates. Scatterplot with mean (C) number and (D) diameter of
SPOTs in experiments as in (A) from >30 infected cells from 3 biological replicates.



Supp. Fig. 17

A cyto fraction mito fraction
C/ogger_‘ vehicle ~ MTX CCCP vehicle MTX CCCP

) |

U20S:0MM-BFP U20S:OMM-BFP + clogger

+methotrexate , /* »

D 80, E 20, F ’é\10-
© 3 S
3 60 S 15 B
+ 3 0]
K a0 3 10 E 5
) 8
a '5 ©
0 oot T 5 = J—
X 7] Q o
PR L& L& R &
£ S ORI
+clogger +clogger +clogger

Fig. S17. Expression of an artificial clogger does not induce SPOT formation.

(A) Schematic of clogger construct: cytbz(i-s4), mitochondrial targeting domain, DHFR; carrier
protein stabilized by methotrexate; cytbss.165)) HB; heme-binding domain. (B) Cytosolic and
crude mitochondrial fractions of U20S cells expressing the ‘clogger’ and treated for 1h as
indicated (methotrexate (MTX) 20uM, CCCP 25uM), were analyzed by immunoblotting for:
SAMS0 ~55kDa, clogger: ~70-80 kDa (aHA) (C) Representative live-cell images of the OMM
(BFP) in mitoT-treated U20S cells +/- clogger (GFP), treated with vehicle or 20uM MTX (D)
Percentage of SPOT-positive cells in experiments as in (C); data are mean +/- SEM of >100 cells
counted from 3 biological replicates. Scatterplot with mean (E) number and (F) diameter of
SPOTs in experiments as in (C) from >30 infected cells from 3 biological replicates.
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Fig. S18. Hypothetical model of SPOT formation in quality control of import machinery.
Following the clogging of an OMM import machinery, misfolded precursor proteins accumulate
and jeopardize the function of nearby import machinery (left panel). The formation of a SPOT,
which also captures proteins in the OMM, enables the physical separation of a clogged
translocase and functional import machinery (middle panel), and the subsequent targeting of
SPOT localized-proteins for proteasomal degradation (or maintained on a SPOT and recycled
back into the mitochondrial network at a later stage)(right panel).
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5. Discussion

In our study, we found that infection stress linked to the OMM leads to the formation
of SPOTs in a manner dependent on the interaction between the parasite effector
TgMAF1 and the host mitochondrial receptor TOM70. The stable expression of
TOM70 is required for SPOTs formation and confers a growth advantage of
Toxoplasma, whereas the host mitochondria perform the defense against Toxoplasma
by limiting its uptake of fatty acid at an early stage [11]. These different effects of host
mitochondria on Toxoplasma growth and proliferation suggest that host mitochondria
defend against intracellular microbes, but that their defenses can be counteracted by
Toxoplasma.

Several outstanding questions remain, the first of which is how is the function of the
host receptor TOM70 affected? TOM?70 is significantly enrichment at the interface of
PVM-OMM and decreased in mitochondria that are not associated with the PV during
infection. Our proteomic analysis of mitochondria from infected cells revealed that
TgMAF1 drives a loss of TOM70-dependent substrates, but does not affect chaperone
association with mitochondria during infection. How does TOM?70 structurally
recognize TgMAF1? Does the sequestration of TOM70 only at PV-associated
mitochondria impair TOM70-dependent import independent of the TgMAF1-TOM70
interaction? To address this question, a proteomic comparison of PVM-associated and
unassociated mitochondria is required. Molecularly, the association of PVM and host
mitochondria through TOM70 requires the three C-terminus residences of TgMAF1.

The second question regards the heterogeneity of SPOT formation — why do only
some cells form SPOTs? SPOTs form in around 60-70% of infected cells. Although in
SPOT-negative cells TOM70 is sequestered by TgMAF1 at the interface of OMM and
PVM, why they lack SPOTs, and whether they ever form a SPOT during infection is
unclear. A simple explanation could be that our analyses were limited to one z-plane,
and if we had performed z-stacks for all cells analyzed, SPOTs may have been visible.
Alternatively, SPOT formation could additionally depend on host factors that are
differentially expressed in cells during infection. In MEFs cells expressing of TgMAF]1,
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the SPOTs formation is insufficiently induced, though it localizes on and trigger the
mitochondria to be fragmented. A possible explanation is that the natural TgMAF1 is
PVM-integral protein, while artificially expressed TgMAF1 is cytosolic and OMM-
peripheral protein [173]. Moreover, infection of N. caninum with the expression of
TgMAF1 sufficiently initiates the occurrence of host mitochondrial association with
PVM [172], whether SPOTs formation is unknown. These different scenarios imply the
functional OMM-targeting TgMAF1 and subsequently OMM stress are both essential
for SPOTs formation.

Next, SPOTs formation is also triggered by the overexpression of an OMM-targeted
protein (OMM-GFP). This poses the question of whether differences exist in the
underlying mechanism of OMM remodeling during and independently of Toxoplasma
infection? TOM70-deficient cells do not exhibit SPOTs in uninfected cells and during
infection, which suggests that SPOTs formation is not caused by a loss of TOM70
function Both TgMAF1 and OMM-GFP co-immunoprecipitate SAMS50. SAMS50 is a
key regulator of the integrity of the MIB complex that retains OMM-IMM contact sites
and cristae structure. ~ SPOTs or SPOT-like structures form when the binding of
SAMS0 to the MIB components MIC60 and MIC19 is impaired by TgMAF1 during
infection, or by the knockdown of SAMS50 or MIC60 during infection and independent
infection. These results suggest that the stability of the MIB complex are plays a key
role in the SPOTs formation. However, it remains yet unclear if the molecular
mechanisms triggered in the scenarios are the same.

How does the sorting nexin 9 (SNX9) promote SPOT-shedding? SNXO is a
multifunctional endocytic accessory protein involved in clathrin-mediated endocytosis,
membrane trafficking, and remodeling of the cooperation with the actin-network.
Recently, SNX9 was found to be required for the formation of MDVs regulated by
Parkin in the oxidative stress[177]. This was consistent with our finding that SNX9
knockdown inhibited SPOT formation. However, SPOTs are different from MDVs in
shape, size and motility, and SPOTs do not contain OGDH which is the marker of

SNX9-mediated MDVs. Moreover, we did not observe recruitment of SNX9 on
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mitochondria by immunofluorescence assay during Toxoplasma infection (data not
shown), compared with the oxidative stress induced SNXO9-enriched dots on
mitochondria during the MDV's formation (reference?). Further investigation of the role
of SNXO9 in the SPOT-shedding will be helpful to understand the effect of SPOTs on
mitochondrial health and parasite viability during infection.

SPOTs are highly dynamic in shape, size, and motility. Most SPOTs appear spherical
and motile and have a diameter of around 1 pum at early stages. At late stages, SPOTs
are dynamic (shape from spherical to tubular, size from 1-10 pm), have more
complicated structures (from single SPOT to multi-SPOTs body), are motile, and
sequester OMM-GFP and other endogenous OMM proteins. Given that MFN1/2 are
highly enriched on the SPOTs, it is probable that SPOTs are able to fuse. MIRO1/2,
which mediate the interaction of mitochondria with microtubules, are also on SPOTs
and thus may promote SPOT motility. A question that arises is how SPOTs choose their
cargo. OMM-GFP, an artificial fusion protein composed of OMM-targeting a-helical
TM domain and cytosolic exposed GFP, is enriched on the SPOTs, and essentially all
other OMM proteins we have detected localize to SPOTs. This suggest that SPOTs

cargo is not selective. If so, an expectation is that all a-helical OMM proteins, partial

or all B-barrel proteins, are translocated to SPOTs. If so, the following question is why

the OMM-GFP intensity on SPOTs is dramatically higher than it on the cytosolic
mitochondria? Also, it the composition of SPOT cargo the same during infection and
independently of infection. An unbiased and high-resolution proteomic analysis of

isolated SPOTs induced by different stresses will help address these questions.

Recently, a study indicates that high-confidence cargoes of MDVs in the COS-7 cells
are delivered as fully assembled complexes to multivesicular bodies (MVBs) for

mitochondrial quality control, such as the TOM complex, SAMS50 (with MTX1 and

DNAJCI11), and all other B-barrel proteins [127]. This raises the question of whether

cargo that ends up on SPOTs is also functional? For example, do SPOTs-localized

MFN1/2 and MIRO1/2 mediate SPOTs dynamics and motility respectively? Can
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SPOTs-localized TOM70 or TOM20 still bind to chaperones and import mitochondrial
precursors? What is the fate of SPOTs cargo during infection? Considering their big
size and formation dependent and independent of infection, the cell likely has a way to
deal with or use SPOTs. One possibility is their extracellular export, or fusion with
other organelles, such as peroxisomes or MVBs, as is known to occur with
MDVs[132][178].

Another question that arises is whether the shedding of membrane is unique to
mitochondria. Interestingly, membrane structures that are highly similar to SPOTs in
morphology have been shown to emerge from the ER during import stress and infection
and are termed ER whorls. ER whorls are highly dynamic: dynamic (shape from
spherical to tubular, size up to 10 pm), complicated (from single whorls to multi-whorls
body), motile (contact with other ER whorls and reticular ER), exhibit a high intensity
of GFP-tagged ER-resident proteins such as Sec61B, a component of ER import
translocon. The ER whorls are induced by Herpes simplex virus (HSV) infection, and
the overexpression of GFP-tagged ER-resident proteins [179], [180]. What are the
differences and commonalities between SPOTs and ER whorls? Do they share the same
fate as both are organelle-derived structure?

Do other pathogens that induce host mitochondrial stress lead to SPOTs formation?
Toxoplasma MAF1 coopts the host import receptor TOM70 to exploit SAMS50, which
leads to the import-related stress and SPOTs formation. Many pathogens have
purported factors that enable pathogen binding to host mitochondrial import machinery.
The SARS-CoV-2 protein Orf9b interacts with cytosolic segment of human TOM70
through its C-terminal deep “pocket” structure, leading to mitochondrial fusion and
inactivation of type-I IFN immune response [150]. Host mitochondrial association with
the Chlamydia spp. vacuole is mediated by TOM complex components and depletion
of either Tom40 or Tom22 leads to the reduced Chlamydia caviae infection [181].
Other pathogens have unidentified factors on their vacuole membrane binding to the
host mitochondria, such as Legionella pneumophila, Simkania negevensis, Plasmodium

falciparum, and so on. Additionally, infection is known to induce import stress. For
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example, Anaplasma phagocytophilum Ats-1 can be imported into mitochondria where
it stabilizes membrane potential to prevent Bax docking on the mitochondria and
apoptosis [182]. Neisseria gonorrhoeae PorB porin, an ATP-binding B-barrel protein,
can be imported into mitochondria through the TOM complex and integrated into IMM,
leading to the breakdown of the mitochondrial membrane potential and the loss of
cristae structures [183]. These pathogens manipulate mitochondrial functions and
trigger mitochondrial stresses, but whether SPOT formation occurs during these
infections is not known.

Overall, our study of the interaction between the human parasite Toxoplasma and
host mitochondria led to the discovery of a mechanism by which the OMM is
remodeled: the formation of SPOTs. Despite many open questions about the SPOTs,
these findings shed light on a potentially broader mechanism of organellar response to
import-related stress and reveal a strategy by which diverse pathogens may disrupt

mitochondrial function.
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