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Popular scientific summary

Plants are of key importance as their photosynthesis produces a massive amount of
oxygen in the atmosphere, which is mandatory for respiration of many other
organisms as well as plants themselves. Similar to in other eukaryotes, plant cellular
respiration is carried out by mitochondria — organelles producing cellular energy
needed for plant growth, development and maintenance. Nowadays, most scientists
agree with the evolutionary hypothesis suggesting that mitochondria originated
from endosymbiotic bacteria approximately 1.5 billion years ago. Nevertheless, in
a cell, mitochondrial operation is not independent, but closely interacts with the
nucleus — the central regulator of eukaryotic cells that contains most genes encoding
the genetic information of an organism. The nucleus can send signals and materials
to mitochondria to regulate mitochondrial activity. Vice versa, mitochondria are
also able to send signals to the nucleus and affect nuclear gene expression. Gene
expression is the process by which information of a gene is passed onto a messenger
RNA (mRNA) during transcription, which is then used as a template to synthesize
a corresponding protein during translation. This ultimately may affect the phenotype
— the final effect on an individual living organism.

Due to their bacterial origin, mitochondria have their own sets of genes and have
partially retained their own machinery for gene expression, including essential
components required for transcription and translation. Mitochondrial gene
expression is important to maintain mitochondrial operation. Thus, one could expect
that the cellular energy would be affected if mitochondrial gene expression is
perturbed. To date, many aspects of mitochondrial translation in plants are still
enigmatic. In this work, we use the plant “mouse-ear cress” (scientific name:
Arabidopsis thaliana) to study the land plant-specific proteins of unknown functions
that we named as mitochondrial TRANslation factors (mTRAN). For many years,
mTRAN proteins have been poorly characterized. During the course of our study,
two recent studies suggested that mMTRAN proteins are mitochondria-targeted and
are components of the plant mitochondrial ribosome (hereafter referred to as
mitoribosome) — the protein-RNA complex that translates the genetic information
encoded in a mRNA into a corresponding protein. To study the functions of mMTRAN
proteins, Arabidopsis mutants lacking functional mMTRAN proteins were generated,
and they displayed a severe growth phenotype, indicating that mTRAN proteins are
essential for plant growth and development. Using a combination of molecular,
biochemical and bioinformatic approaches, we showed that the importance of
mTRAN proteins for plant performance is due to their critical role in efficient
mitochondrial translation in plants. In particular, nTRAN proteins are required for
the mitoribosome — RNA binding in the initiation step of translation. Of note, this
unique mTRAN-RNA interaction mechanism to initiate plant mitochondrial
translation is fundamentally different from bacterial translation and mitochondrial
translation in other eukaryotes. In conclusion, our study not only gains a deeper
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insight into mitochondrial translation in plants, but also contributes to the
knowledge of mitochondrial translation in eukaryotes.
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Introduction

An overview of cellular respiration in plants

Plants are autotrophs that uptake nutrients in inorganic form and produce organic
molecules themselves. Plant photosynthesis is carried out by chloroplasts to
synthesize carbohydrates (sucrose and/or starch) from carbon dioxide (CO;) and
water by using photon energy from sunlight. On the other hand, plant respiration
consumes oxygen (O;) as the electron acceptor and releases CO; as a by-product.
Similar to in other eukaryotes, plants have mitochondria, where aerobic respiration
partially occurs to generate adenosine triphosphate (ATP) — the cellular energy
currency to fuel metabolism required for their growth, development, and
maintenance. Plant respiration is composed of glycolysis, the tricarboxylic acid
(TCA) cycle (also known as the Krebs cycle or the citric acid cycle) and the
oxidative phosphorylation (OXPHOS) of adenosine diphosphate (ADP) to ATP by
the mitochondrial electron transport chain (mtETC) and ATP synthase complex.
Plant cellular respiration strongly resembles their animal counterparts, but it has
several unique features. As plants are sessile, they are unable to move away from
extreme environmental conditions. Therefore, plant metabolism in general and plant
respiratory metabolism in particular have evolved to adapt with environmental
stress (O'Leary and Plaxton, 2016). The overall regulation of plant respiration is
complicated and can occur “locally” in different processes of the respiratory
pathway. The widespread use of plant mutant lines, which have important enzymes
of respiration knocked out, gives us a broader insight not only into the function of
key respiratory components, but also into the flexibility of plant respiratory
pathway. Plant respiration is of great importance for the global carbon cycle as the
amount of CO;, used by photosynthesis of terrestrial plants is returned to the
atmosphere by plant respiration, representing approximately 50% of the total annual
CO; released from terrestrial ecosystems (Gifford, 2003; O'Leary and Plaxton,
2016).

Mitochondrial origin

In 1967, Lynn Margulis proposed that eukaryotic organelles, including the
chloroplast and the mitochondrion, originated from endosymbiotic bacteria in her
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famous paper “On the origin of mitosing cells” (Sagan, 1967). Later, advanced
phylogenomic analysis has shown that the mitochondrial endosymbiont is related to
an o-proteobacterium either within, or as a sister group to, the Rickettsiales. The
host organism was likely an archaeon of the Asgard clade (Spang et al., 2015; Wang
and Wu, 2014, 2015; Zaremba-Niedzwiedzka et al., 2017). The mitochondrion-
containing ancestor, also known as the “last eukaryote common ancestor”,
resembling the modern eukaryotes genetically and cellularly, evolved to all known
eukaryotes nowadays. On one hand, the “mitochondria-early” evolutionary
hypothesis proposes that the mitochondrial endosymbiotic event occurred very early
in eukaryogenesis and/or even initiated the process (Martin et al., 2015). On the
other hand, the “mitochondria-late” evolutionary hypothesis suggests that the
mitochondrial endosymbiotic event took place when many other eukaryotic
characteristics had already been established (Roger et al., 2017). Whether the former
or the latter hypothesis is closer to what happened in the earliest stage of life, it is
undeniable that the endosymbiotic origin of mitochondria is of key importance for
the evolution of all modern eukaryotes.

A brief history of plant mitochondrial isolation

To study the structure and function of mitochondria, researchers attempted to isolate
mitochondria from cells. The first attempt of mitochondrial isolation was carried out
in guinea pig liver by Bensley and Hoerr in 1934 (Bensley and Hoerr, 1934)
according to a recent review by Mgller et al. (2021). Although mitochondria might
be first described in plant cells in 1904 (Logan, 2012; Meller et al., 2021), the first
plant mitochondria purification was done by Adele Millerd and her co-workers in
1951 (Millerd et al., 1951; Meller et al., 2021). At that stage, the crude mitochondria
were isolated by differential centrifugations, thus they were however impure due to
heavy contamination of thylakoid membranes from chloroplasts. Only in 1985, Day
and his co-workers used differential centrifugations and Percoll-
Polyvinylpyrrolidone (PVP) density gradients to successfully purify chlorophyll-
free mitochondria from pea (Pisum sativum) leaves (Day et al., 1985). Also using
the same approach, pure, intact and functional mitochondria of Arabidopsis
thaliana, which became of great importance as the model dicot plant in the 1990s,
were successfully purified from leaf tissues (Keech et al., 2005) and seedlings
(Escobar et al., 2006). Nevertheless, this protocol of mitochondrial isolation
requires a large amount of starting plant material and usually takes a few hours to
accomplish. Recently, Boussardon et al. (2020) has developed a novel method of
tissue-specific isolation of Arabidopsis mitochondria, named IMTACT (Isolation of
Mitochondria TAgged in specific Cell Types). IMTACT, in which cell-specific
biotinylated mitochondria are purified using streptavidin magnetic beads, yields
pure and intact mitochondria in less than 30 min from sample preparation till final
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extraction (Boussardon and Keech, 2022). This novel approach is much faster than
traditional mitochondrial isolation methods using continuous or discontinuous
gradients. To study plant mitochondrial compartments in depth, the protocols of
isolating mitochondrial subfractions followed by biochemical approaches to study
them have been developed and described in detail in the book “Plant Mitochondria:
Methods and Protocols™ edited by Whelan and Murcha (2015) and Van Aken and
Rasmusson (2022).

Structure and basis composition of plant mitochondria

Plant mitochondria are often spherical or rod-shaped organelles that are 1-3 pm long
and about 0.5 um in diameter (Meller et al., 2021). With the availability of electron
microscopes after World War II, the structure of an individual plant mitochondrion
was revealed by electron micrographs (Palade, 1952). Similar to in other eukaryotes,
plant mitochondria are double membranous organelles comprised of an outer
mitochondrial membrane (OMM) separated from an inner mitochondrial membrane
(IMM) by the intermembrane space (IMS), and the mitochondrial matrix, which is
an aqueous electron-dense phase enclosed by the IMM and cristae formed by
invaginations of the IMM (Figure 1). The OMM was shown to contain the voltage-
dependent anion channel (VDAC), also referred as porin (Homble et al., 2012;
Parsons et al., 1965; Zalman et al., 1980). Using electron tomography (available in
the 1990s) to obtain 3D pictures of mitochondria, it turned out that the cristae look
like narrow tubes running through the matrix (Frey and Mannella, 2000). A typical
Arabidopsis mesophyll cell is comprised of many hundreds of mitochondria (Logan,
2006). Unlike mammalian and most yeast mitochondria, but resembling
mitochondria in Saccharomyces cerevisiae, plant mitochondria move around mainly
within the cytoplasm on the actin cytoskeleton (Logan, 2006; Olyslaegers and
Verbelen, 1998; Van Gestel et al., 2002). Interestingly, mitochondrial fusion can
occur, forming large, reticulated mitochondria. Mitochondrial fusion and fission can
take place frequently to maintain the mitochondrial population in a cell homogenous
(Logan, 2006; Moller et al., 2021). A recent review by Magller et al. (2021) has
summarized the composition of mitochondrial compartments. In brief, the
mitochondrial membranes are composed of lipids and proteins. The lipid in the
mitochondrial membranes are usually phospholipids. The lipid composition of the
OMM, including phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol and phosphatidylinositol, resembles that of the endoplasmic
reticulum (ER) membrane. The IMM has a similar lipid composition as the OMM,
but also contains a unique phospholipid, diphosphatidylglycerol (cardiolipin). The
mitochondrial matrix does not contain phospholipids and has a very high
concentration of proteins.
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Figure 1. A simple diagram of plant mitochondrial structure.

Plant aerobic respiration partially occurs in mitochondria

As in other aerobic eukaryotes, the aerobic respiration in plants includes three
processes occurring in different subcellular compartments: glycolysis, the TCA
cycle and the OXPHOS system. Together, these processes produce ATP — the
cellular energy currency. Mitochondria are thus considered as the cellular power
houses. The following description of these three stages of plant aerobic respiration
is written to a large extent based on chapter 12 “Respiration and Photorespiration”
by Millar et al. (2015) in the textbook “Biochemistry and Molecular Biology of
Plants” edited by Buchanan et al. (2015).
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Glycolysis

Glycolysis takes place either in the cytosol or in the plastids, generating substrates
that are subsequently used by the TCA cycle and the OXPHOS system, which occur
within the mitochondria. Cytosolic glycolysis breaks down sucrose into glucose and
fructose, which are converted into phosphoenolpyruvate (PEP). PEP can be turned
either into pyruvate by pyruvate kinase and/or PEP phosphatase or into oxaloacetate
(OAA) by PEP carboxylase. This glycolytic pathway generates reduced cofactor
nicotinamide adenine dinucleotide (NADH) and ATP. Pyruvate is transferred
directly into mitochondria whereas OAA is usually reduced to malate, which is then
transported into mitochondria.

The tricarboxylic acid cycle

Once pyruvate and malate are imported into the mitochondrial matrix via carriers
located in the IMM, pyruvate is oxidized and decarboxylated to generate COs,
acetyl-Coenzyme A (acetyl-CoA) and NADH, while malate can be oxidized to
either generate OAA and NADH by malate dehydrogenase or yield pyruvate, CO,
and NADH by NAD"-linked malic enzyme. Once the TCA cycle starts occurring
within the mitochondrial matrix, acetyl-CoA and OAA combine to form citrate,
which is isomerized to isocitrate that is oxidized and decarboxylated to form CO,,
2-oxoglutarate, and NADH. 2-Oxoglutarate is further oxidized to produce CO,,
succinyl-Coenzyme A (succinyl-CoA) and NADH. Succinyl-CoA synthetase
converts succinyl-CoA into succinate. Associating with this reaction, ADP is
phosphorylated to ATP. Succinate is oxidized to fumarate by succinate
dehydrogenase - the only IMM-localized enzyme involved in both the TCA cycle
and mtETC. In the final step of the TCA cycle, fumarate is hydrated to form NADH
and malate, which is oxidized to OAA that subsequently combines with another
acetyl-CoA to continue the cycle (Figure 2).

The oxidative phosphorylation system

The OXPHOS system resides within the IMM and is based on the core of mtETC,
which is composed of the four IMM-associated complexes: the NADH
dehydrogenase (complex I), the succinate dehydrogenase (complex II), the
cytochrome bc,/cytochrome ¢ reductase complex (complex III) and the cytochrome
¢ oxidase (complex IV) (Figure 2). Complex I is the largest respiratory complex of
the mtETC (Wirth et al., 2016). The high-resolution structure of plant complex I has
recently been described by Maldonado et al. (2020) and Klusch et al. (2021). Plant
complex | has an L-like shape and is comprised of the membrane arm embedded
into the IMM, the peripheral arm extending into the mitochondrial matrix and
another matrix-exposed domain linking to the membrane arm at the central position.
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Complex I oxidizes NADH (formed by glycolysis and the TCA cycle) to regenerate
NAD" at the peripheral arm site. Complex II, the smallest complex of four
respiratory complexes (Millar et al., 2004), oxidizes succinate (generated as an
intermediate in the TCA cycle) to fumarate with the concomitant oxidation of flavin
adenine dinucleotide (FADH,) to FAD" at the membrane-spanning domain site.
Both complex I and complex II contain iron-sulfur (Fe—S) clusters involved in the
transfer of electrons onto ubiquinone — a mobile electron transporter located within
the mitochondrial IMM. The electron transport from NADH to ubiquinone causes
conformational change in the membrane arm of complex I, resulting in pumping
four protons from the mitochondrial matrix to the IMS. Unlike complex I, complex
Il cannot translocate protons across the IMM. By accepting two electrons,
ubiquinone is reduced to ubiquinol, which is released from complex I and complex
II and transfers electrons onto complex III — the central segment of the mtETC.

The atomic structure of plant complex III has recently been described by Maldonado
etal. (2021). Plant complex I1I consists of 2 x 10 subunits, which can be functionally
categorized as follows (Braun, 2020): subunits involved in the mtETC including the
Rieske Fe-S protein, the heme-containing cytochrome ¢; and cytochrome b subunits
(bses and bsgp); the large mitochondrial matrix-exposed domain of complex III
containing the two subunits of mitochondrial processing peptidase (a-MPP and -
MPP), which cleaves the targeting peptides of nuclear-encoded mitochondrial
proteins; and five small subunits QCR6-QCR10, which participate in electron
transport. At complex IlI, electrons are transferred from ubiquinol to cytochrome ¢
and protons are translocated from the matrix to the IMS by the Q cycle. During the
Q cycle, ubiquinol binds to the center P of complex III, where it is oxidized and
releases two electrons, one of which is transferred to cytochrome ¢ via the Rieske
Fe-S center and cytochrome c; and two protons are pumped into the IMS. The other
electron is transferred by cytochrome b-type proteins within complex III to reduce
ubiquinone (bound to the matrix side of complex III) to semiquinone at the center
N. At this point, another ubiquinol attaches to the center P and passes through the
same process, reduces semiquinone to ubiquinol, completes the Q cycle and pumps
two more protons into the IMS. Once the Q cycle is completed, cytochrome c, a
small heme-containing protein located on the outer surface of the IMM exposing it
to the IMS, is reduced and released from complex III, carries one electron and
transports it to complex IV - the terminal enzyme of the mtETC.

The molecular structure of plant complex IV has recently been described by
Maldonado et al. (2021). At subunit II of complex IV, electrons from cytochrome ¢
are transferred via Cua and cytochrome a then to the cytochrome a3-Cug center of
the subunit [, where one oxygen molecule (the final electron acceptor) is reduced by
one electron to form two water molecules. This redox reaction is coupled to the
translocation of two protons across the IMM. The K, D, H pathways (named after
crucial amino acid residues in each pathway) were suggested to contribute to the
pumping of protons by plant complex IV but it has recently been suggested that the

22



H pathway is not involved in this process (Maldonado et al., 2021). During one
“cycle” of the mtETC, a total of 10 protons (4 from complex I, 4 from complex 11
and 2 from complex [V) are translocated from the mitochondrial matrix to the IMS,
creating an electrochemical proton gradient, also known as the mitochondrial
membrane potential. The protons in the IMS re-enter the mitochondrial matrix via
the ATP synthase complex (also known as complex V) to dissipate the proton
gradient. Complex V is composed of two major subcomplexes: F, - the
transmembrane subcomplex (“o” stands for oligomycin, which inhibits proton
transfer through the subcomplex) and F; - the matrix-exposed subcomplex, are
connected by a central stalk. The F, subcomplex allows protons to pass through,
causing conformational changes within the F, subcomplex, driving the
phosphorylation of ADP to ATP. Generation of ATP — the final product of the
OXPHOS system and more importantly, the cellular energy currency, is one of the
prime functions of mitochondria.
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Figure 2. A diagram of the tricarboxylic acid (TCA) cycle and the oxidative phosphorylation
(OXPHOS) system in plant mitochondria. Imported pyruvate is converted into acetyl-
Coenzyme A (acetyl-CoA) whereas imported malate can be used to generate either pyruvate
or oxaloacetate (OAA). As the TCA cycle starts in the mitochondrial matrix, acetyl-CoA
and OAA combine to generate citrate, which is subsequently isomerized to isocitrate.
Isocitrate is then converted into 2-oxoglutarate, which is in turn converted into succinyl-
Coenzyme A (succinyl-CoA). Succinyl-CoA is turned into succinate, which is oxidized to
fumarate by the inner mitochondrial membrane (IMM)-anchored succinate dehydrogenase
(complex II (CII)). Concomitantly, flavin adenine dinucleotide (FADH,) is oxidized to
FAD". Fumarate is converted into and malate, which is oxidized to OAA that subsequently
combines with another acetyl-CoA to continue the cycle. The OXPHOS system occurs
within the IMM. Complex I (CI) oxidizes nicotinamide adenine dinucleotide (NADH) to
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generate NAD" at the peripheral arm site and the electrons are transferred via flavin
mononucleotide (FMN) and iron-sulfur (Fe-S) clusters onto ubiquinone (UQ). CII oxidizes
FADH: to FAD" at the membrane-spanning domain site and the electrons are transported
via Fe-S clusters to UQ. During the electron transport, CI pumps protons (H") from the
mitochondrial matrix into the mitochondrial intermembrane space (IMS) whereas CII is a
non-proton pumping complex. By receiving two electrons, UQ is reduced to ubiquinol
(UQH,), which transfers electrons to complex III (CIII). At CIII, electrons are transferred
from UQH, to cytochrome ¢ (cyt ¢) and protons are translocated from the matrix into the
IMS by the Q cycle. Because one cyt ¢ can accept only one electron from UQH; at a time,
the second electron is transferred to UQ bound to CIII, which is reduced to form semi-UQ.
During the second half of the Q cycle, another UQH, enters the first half of the Q cycle,
donating one electron to another cyt ¢ and the second electron is transported to semi-UQ,
which is fully reduced to UQH, and this UQH, will travel to the IMM and re-enter the Q
cycle. Reduced cyt ¢ (cyt ¢ (Fe?")) transfers electrons from CIII to complex IV (CIV), where
electrons are transferred via Cua and cytochrome a (cyt a) then to the cytochrome a3 (cyt
a3)-Cusg center to reduce oxygen (O>) to water (H>O). This redox reaction is coupled to the
translocation of protons from the matrix to the IMS. During mitochondrial electron transport
chain (mtETC), protons are pumped from the matrix to the IMS by CI, CIII and CIV,
generating an electrochemical proton gradient. The protons in the IMS re-enter the
mitochondrial matrix via the subcomplex F, of the adenosine triphosphate (ATP) synthase
(complex V (CV)). As a result, the subcomplex F; connected to the subcomplex F, by the
central stalk changes its conformation and drives the phosphorylation of adenosine
diphosphate (ADP) to ATP. In addition to CI, plant mitochondria contain the alternative
nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) dehydrogenases located either
on the outer surface of the IMM (exposed to the IMS) or on the inner surface of the IMM
(exposed to the mitochondrial matrix). The alternative NAD(P)H dehydrogenases transport
electrons from NAD(P)H to UQ, but do not pump protons across the IMM. Plants have an
alternative respiratory pathway that bypasses cytochrome ¢ oxidase and transfers electrons
from UQH; to the nuclear-encoded alternative oxidase (AOX) localized in the IMM to
reduce O to H,O. AOX does not pump protons, thus energy produced during the alternative
respiratory pathway is lost as heat. OMM = outer mitochondrial membrane, e = electron.
The figure is adapted from Millar et al. (2015) edited by Buchanan et al. (2015).

The respiratory complexes can associate into the respiratory
supercomplexes in plants

Analyses by Blue Native Polyacrylamide Gel-Electrophoresis (BN-PAGE) have
revealed that the plant respiratory complexes can associate into the respiratory
supercomplexes (Figure 3) (Dudkina et al., 2006; Eubel et al., 2004; Eubel et al.,
2003; Krause et al., 2004). Of note, all respiratory supercomplexes contain dimeric
complex III (IIl;). In supercomplexes, complex IIl, can interact either with the
membrane arm of complex | or with one or two copies of monomeric complex IV
or can even interact with both complex I and IV. Respiratory supercomplexes
formed by complex I, IIl; and IV are referred as respirasomes because they can
perform respiratory electron transport from NADH to reduce oxygen (Braun, 2020).
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It is proposed that respirasomes can associate to form even larger structures, called
respiratory megacomplexes, which are thought to be involved in defining the
structure of the cristal membrane (Braun, 2020). Recently, the atomic structure of
plant supercomplex III,-IV has been revealed at high resolution by cryogenic
electron microscopy (cryo-EM) (Maldonado et al., 2021).
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Figure 3. The respiratory complexes can associate into the respiratory supercomplexes in
plants. Shapes and colors of the oxidative phosphorylation (OXPHOS) complexes and of
cytochrome c¢ are indicated in the legend at the top right. A. OXPHOS complexes in
monomeric forms (except for complex III, which always occurs as a dimer). B. Respiratory
supercomplexes in plant mitochondria. C. In vivo, monomeric OXPHOS complexes and
supercomplexes are supposed to coexist within the inner mitochondrial membrane. M =
matrix, IM = inner mitochondrial membrane, IMS = mitochondrial intermembrane space.
The figure is taken from Braun (2020) with permission. Braun (2020) (DOI:
10.1016/j.mit0.2020.04.007) is published under the terms of the Creative Commons
Attribution-NonCommercial-No Derivatives License (CC BY NC ND).

Plants have an alternative electron transport pathway

The respiratory pathway described above (see “the oxidative phosphorylation
system”) is referred as the cytochrome ¢ oxidase respiratory pathway, as it utilizes
cytochrome ¢ to carry electrons from complex III to complex IV. Plants have an
alternative respiratory pathway that bypasses the cytochrome c oxidase and transfers
electrons from ubiquinol to the nuclear-encoded alternative oxidase (AOX)
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localized in the IMM to reduce oxygen to water. AOX is non-proton pumping, thus
energy released during the alternative respiratory pathway is lost as heat. AOX is
not only found in plants, but also found in many algae and fungi, animals and some
protozoa (McDonald et al.,, 2009). The AOX pathway is resistant to classic
inhibitors of complex III, such as antimycin A (AA; which inhibits the reduction of
ubiquinone at the center N) and myxothiazol (which inhibits the oxidation of
ubiquinol at the center P), and of complex IV, such as chemicals competing with
oxygen for accepting electrons, including cyanide (CN"), azide (N3'), carbon
monoxide (CO) and nitric oxide (NO) (Millar et al., 2015). Nevertheless, AOX
activity is inhibited by salicylhydroxamic acid (SHAM) and n-propylgallate (nPG)
(Millar et al., 2015).

In addition to the NADH dehydrogenase/complex I, plant mitochondria contain the
alternative (type II) nicotinamide adenine dinucleotide (phosphate) (NAD(P)H)
dehydrogenases located either on the outer surface of the IMM (exposed to the IMS)
or on the inner surface of the IMM (exposed to the mitochondrial matrix)
(Rasmusson et al., 2004). As the name implies, the alternative NAD(P)H
dehydrogenases transport electrons from NAD(P)H to ubiquinone, but do not pump
protons across the IMM (Rasmusson et al., 2004). As a result, if plants are totally
dependent on the alternative NAD(P)H dehydrogenases, the theoretical number of
ATP generated by complex V will be reduced. The alternative NAD(P)H
dehydrogenases are insensitive to rotenone, which inhibits electron transfer from
the Fe-S center of complex I to ubiquinone. Due to the presence of the alternative
NAD(P)H dehydrogenases, plants can survive without complex I (Braun, 2020),
although mutants defective in complex I showed severe growth and development
deficiencies (Fromm et al., 2016; Kuhn et al., 2015). Interestingly, the hemi-
parasitic plant, mistletoe Viscum album, is the first reported multicellular eukaryote
that completely lacks complex I due to the absence of mitochondrially-encoded
NAD genes and other nuclear-encoded genes that encode subunits of complex I
(Maclean et al., 2018; Senkler et al., 2018). Consequently, the abundance of
complex IV and V are decreased whereas the abundance of alternative
dehydrogenases and oxidases are increased in Viscum album as compared to in the
model (non-parasitic) plant Arabidopsis thaliana (Maclean et al., 2018).

The genome of plant mitochondria

Similar to in other eukaryotes, the plant mitochondrion has its own genome
(hereafter referred as to the mitochondrial DNA (mtDNA) or the mitogenome) that
originated from the endosymbiotic ancestor, an a-proteobacterium (Sagan, 1967).
Through evolution, the mitochondrial genome was decreased steadily through gene
loss and/or transfer to the nuclear genome (Chevigny et al., 2020). Mitochondria
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have partially retained their own genomes during evolution. On one hand, it is
suggested that mitochondria need local regulation of gene expression to rapidly
respond to the local redox state (Allen, 2015). On the other hand, it is proposed that
mitochondrially-encoded membranous ETC proteins are highly hydrophobic, which
causes a problem for importing the proteins into mitochondria (von Heijne, 1986).
Indeed, Bjorkholm et al. (2015) proposed that hydrophobic membrane proteins
could be targeted to the ER rather than to mitochondria. Nowadays, the plant
mitogenomes can be diverse in size and structure depending on plant species, but
the number of mitochondrially-encoded genes, including OXPHOS and
mitochondrial ribosomal genes, transfer RNA (tRNA) and ribosomal RNA (rRNA),
is relatively similar (Chevigny et al., 2020). In the model plant Arabidopsis thaliana,
the mitogenome contains 57 genes, including OXPHOS proteins, ribosomal
proteins, tRNAs and rRNAs (Table 1) (Unseld et al., 1997). To date, it is reported
that the size of land plant mtDNA is the largest (Gualberto and Newton, 2017). The
size of mammalian mtDNA is 15-17 kilobase pairs (kb), whereas the plant
mitogenome is substantially larger: 13-96 kb in algae, usually 200-700 kb in
angiosperms, but can be as enormous as 11 megabase pairs (mb) (in Silene conica)
(Gualberto and Newton, 2017; Sloan et al., 2012). This is because the plant
mitogenome mostly contains non-coding sequences that are not conserved across
species rather than because the plant mtDNA encodes a few more genes and several
genes possess introns (Gualberto and Newton, 2017). Although the plant
mitogenome has non-coding sequences originating from chloroplastic, nuclear, or
viral DNA by horizontal transfer, the origin of the vast majority of non-coding
sequences are unknown (Bergthorsson et al., 2003; Chevigny et al., 2020; Gualberto
and Newton, 2017). In addition to the high number of non-coding sequences, the
plant mtDNA also contains a high abundance of repeated sequences, which can be
categorized into large repeats (> 500 bp), intermediate-sized repeats (50-500 bp)
and small repeats (< 50 bp) (Arriecta-Montiel et al., 2009; Davila et al., 2011;
Gualberto et al., 2014). It is generally accepted to illustrate the plant mitogenome as
a single circular chromosome. For example, the mitogenomes of Marchantia
polymorpha and Vicia faba were observed as single circular DNA molecules
(Negruk et al., 1986; Oda et al., 1992). However, using pulse field gel
electrophoresis or electron microscopy failed to detect such a single circular
chromosome (Backert et al., 1997; Oldenburg and Bendich, 1996). Rather, the plant
mitogenome mainly contains a collection of circular subgenomes and linear and
branched DNA molecules (Sloan, 2013). Due to the structural variability, the plant
mitogenomes have distinct replication mechanisms. Replication of circular DNA
molecules is likely to undergo rolling circle mechanisms whereas replication of
linear DNA molecules is mediated by specific proteins that covalently interact with
terminal inverted repeats (Gualberto and Newton, 2017; Handa, 2008). The plant
mitogenome does not exist as naked DNA in the mitochondrial matrix but as part of
nucleoids, which are regarded as the heritable units of mtDNA (Dai et al., 2005;
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Gilkerson et al., 2013). In spite of the massive size of mitogenomes, the number of
mitochondrially-encoded genes in plants is not much higher than that of animals and
yeast (about 20 additional genes) (Chevigny et al., 2020). Interestingly, the plant
mitogenomes are highly stable and conserved in most higher plant species as
compared to in animals because of such lower mutation rates occurring in the plant
mtDNA (Wolfe et al., 1987). This could be because plant mitochondria have
efficient repair mechanisms, particularly homologous recombination, which is
likely to be the main mtDNA repair mechanism in plants (Chevigny et al., 2020;
Gualberto and Newton, 2017). Homologous recombination fixes the damaged copy
by recruiting an undamaged DNA molecule, which can be brought by the
continuous mitochondrial fusion and fission (Gualberto and Newton, 2017; Mgller
et al., 2021). Other DNA repair pathways existing in plant mitochondria, including
direct repair, mismatch repair, nucleotide excision repair and base excision repair,
are described in detail by Chevigny et al. (2020).

Table 1. The mitogenome of Arabidopsis thaliana contains 57 genes, encoding 25 proteins
involved in the OXPHOS system (subunits of complex I, III, IV and V, and cytochrome ¢
biogenesis), 7 ribosomal proteins, 22 transfer RNAs, and 3 ribosomal RNAs (58S, 18S, and
26S). The table is modified from Unseld et al. (1997). mtSSU = mitoribosome small subunit.
mtLSU = mitoribosome large subunit.

Gene Description
nad1
nad2
nad3
nad4
nad4L Subunit of complex |
nad5
nad6
nad7
nad9
cob Subunit of complex Il
cox1
cox2 Subunit of complex IV
cox3

atp1

atp4

atp6-1
atp6-2
atp8

atp9

ccmB
ccmFe
ccmFN4 Cytochrome c biogenesis
ccmC

ccmFN:2

Subunit of complex V
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pL2
rpL5 mtLSU protein
rpL16
pS3
mnS4
npS7
pS12
rrn18 mtSSU ribosomal RNA
rrn26

rnb

22 transfer RNAs

mtSSU protein

mtLSU ribosomal RNA

The proteome of plant mitochondria

Proteomic studies have shown that the number of mitochondrial proteins is diverse
across eukaryotic organisms, e.g. ~1800 proteins in mammals (Palmfeldt and Bross,
2017), ~1000 proteins in yeast (Schmidt et al., 2010) and 2000-3000 proteins in
plants, of which 98-99% are nuclear-encoded, translated by cytosolic ribosomes and
imported into mitochondria (Rao et al., 2017). Of note, plants possess 200-300
mitochondrial pentatricopeptide repeat (PPR) proteins (Mgller et al., 2021), which
are substantially more than in other eukaryotes: yeast and human have only 12 and
7 mitochondrial PPR proteins, respectively (Lightowlers and Chrzanowska-
Lightowlers, 2013). Plants contain 20-40 mitochondrially-encoded proteins (Meoller
et al., 2021; Mower, 2020). About 70% of nuclear-encoded mitochondrial proteins
have N-terminal mitochondrial targeting sequences (MTS). MTS are removed and
degraded once nuclear-encoded mitochondrial proteins are imported into different
sub-mitochondrial compartments via the translocase of the outer membrane (TOM)
and the translocase of the inner membrane (TIM) channels (Chacinska et al., 2009;
Kmiec et al., 2014; Prokisch et al., 2004; Schleiff and Becker, 2011). The remaining
30%, e.g. mitochondrial proteins associating with the IMM and subunits of
OXPHOS, do not contain canonical MTS (Huang et al., 2009; Kmiec et al., 2014;
Schleiff and Becker, 2011; Senkler et al., 2017a). Of note, mitochondrial fusion and
fission could mix individual mitochondrial proteomes (Fuchs et al., 2020; Mgller,
2016; Moller et al., 2021). In order to find out if a protein is potentially targeted to
mitochondria, information on its subcellular localization can be found in the
Subcellular Localization Database for Arabidopsis Proteins — SUBAS (suba.live),
which is the central resource for Arabidopsis protein subcellular location data
(Hooper et al., 2017). SUBAS suggested that 2562 proteins are targeted to
mitochondria by either large scale proteomics or fluorescent localization (accessed
4™ January 2023).
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From genes to proteins in plant mitochondria

Mitochondrial transcription

As the mitochondrion originated from an a-proteobacterial ancestor, mitochondria
have partially retained machinery for expression of their own genomes. Similar to
nuclear-encoded genes, mitochondrially-encoded genes undergo transcription and
translation, which however occur within mitochondria. In Arabidopsis thaliana, the
367 kb mtDNA encodes 25 OXPHOS proteins, 7 ribosomal proteins, 3 rRNAs (58S,
188S, and 26S) and 22 tRNAs (Table 1) (Unseld et al., 1997). Mitochondria have
nuclear-encoded phage-type RNA polymerases, which are thought to have taken
over from the original bacterial-type RNA polymerase (Cermakian et al., 1996;
Gaspari et al., 2004; Gray and Lang, 1998; Greenleaf et al., 1986; Masters et al.,
1987; Tiranti et al., 1997; Weihe, 2004; Weihe et al., 1997). Organellar phage-type
RNA polymerases are highly similar to the bacterial T7 RNA polymerases (Liere
and Borner, 2011). Plant phage-type RNA polymerases are encoded by RpoT gene
family (RNA polymerase of the T-phage type) (Liere and Borner, 2011). The RpoT
gene family of Arabidopsis contains mitochondria-targeted RpoTm, plastid-targeted
RpoTp and dual-targeted RpoTmp (Hedtke et al., 1997, 2000; Hedtke et al., 2002;
Hedtke et al., 1999; Kobayashi et al., 2002; Kobayashi et al., 2001). Kuhn et al.
(2009) showed that RpoTm acts as the fundamental RNA polymerase in
Arabidopsis mitochondria and is mandatory for the transcription of most, if not all,
mitochondrially-encoded genes. Identified mitochondrial promoters in Arabidopsis
contain the CRTA-type consensus motifs, loosely-unusual sequences for the tetra-
nucleotide core-motif (e.g. ATTA and RGTA) and promoters without consensuses
(Kuhn et al., 2005). Of note, the study by Kuhn et al. (2009) also showed that
RpoTmp activity is gene specific and promoter independent, suggesting that there
is an RpoTmp-dependent transcriptional mechanism allowing mitochondria to
regulate the expression of specific mitochondrially-encoded genes.

Post-transcriptional processing of primary mitochondrially-transcribed
RNA

Following transcription, mitochondrially-transcribed messenger RNA (mRNA),
tRNA and rRNA are processed. According to Binder et al. (2011), processing of
most 5 and 3’ ends of mRNAs are accomplished via post-transcriptional
modification, in which the mature 5’ ends and 3’ ends are achieved by
endonucleolytic and/or exonucleolytic processing. Maturation of 5° and 3’ ends of
tRNAs recruits two nucleases RNAse P and RNAse Z, and tRNA processing is
accomplished by the addition of 5’-CCA-3’, by RNA editing (cysteine (C)-to-
uridine (U)) and by normal base modification. Processing of the 5’ ends of 18S and
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5S rRNAs is likely to be done by endonucleolytic cleavage, however, very little is
known about processing the 5’ and 3’ ends of rRNAs. The steady-state levels of
functional mitochondrial RNAs are controlled by the rates of transcribing and
degrading RNA. Plant mitochondrial RNAs can be polyadenylated for degradation
and the Polynucleotide phosphorylase (PNPase) is a major player for RNA
degradation (Holec et al., 2006).

Similar to primary nuclear-transcribed RNAs, mitochondrially-transcribed RNA
precursors contain introns, which undergo splicing processes. Organellar introns in
plants are categorized into group I and group II (Bonen, 2008; Bonen and Vogel,
2001; Lambowitz and Zimmerly, 2004; Michel et al., 1989; Zimmerly et al., 2001).
In angiosperms (particularly vascular plants), most mitochondrial introns are group
II introns, which are likely to be spliced by trans-acting cofactors (Brown et al.,
2014). Identified proteins facilitating splicing of mitochondrial group II introns
include a mitochondrially-encoded maturase MatR, nuclear-encoded maturases
(nMATs), CRM-domain proteins (mCSF1 and mCSF2), a DEAD-box RNA-
helicase (PMH2), PPR proteins (OTP43, BIR6 and ABOS5), a PORR-domain protein
(WTF9) and a RCC-domain protein RUG3 (Brown et al., 2014).

Another mitochondrial post-transcriptional modification is RNA editing — a process
altering bases in transcript sequences relative to their corresponding genes (Knoop,
2011). About 80% of the plant mitochondrial transcripts have editing sites that are
edited in high efficiencies (Bentolila et al., 2013). The most frequent RNA editing
activity in plant organelles (both mitochondria and plastids) is C-to-U substitution
in mRNAs (Chateigner-Boutin and Small, 2010; Small et al., 2020). Reverse U-to-
C editing is however less frequent and has been observed in a few plant lineages,
e.g. hornworts, lycophytes and ferns (Chateigner-Boutin and Small, 2010; Small et
al., 2020). C-to-U editing also takes place in tRNAs and rRNAs (Binder et al., 1994;
Fey et al., 2002; Grewe et al., 2011; Hecht et al., 2011; Marechal-Drouard et al.,
1996; Marechal-Drouard et al., 1993; Schuster et al., 1991), in introns and in 5’- and
3’-untranslated regions of many mitochondrial mRNAs (Borner et al., 1995;
Carrillo and Bonen, 1997; Farre et al., 2012; Lippok et al., 1994; Shi et al., 2017
Sutton et al., 1991; Wissinger et al., 1991; Zanlungo et al., 1995). RNA editing not
only changes the amino acid sequence of a protein, but also influences the RNA
structure, consequently affecting RNA splicing and stability and RNA-protein
interaction (Bonen, 2008; Chateigner-Boutin and Small, 2010; Oldenkott et al.,
2014; Small et al., 2020). Specific editing sites of plant organelles are recognized
by site-specific binding of RNA-binding cofactors - PPR proteins containing repeats
of a tandem domain of 35 amino acid motifs (a helix-turn-helix structure), the PPR
domains (Small and Peeters, 2000).

Several studies on the structures of PPR protein—RNA complexes showed that PPR
proteins bind to single-stranded RNAs in a sequence-specific manner (Coquille et
al., 2014; Gully et al., 2015; Ke et al., 2013; Shen et al., 2016; Yin et al., 2013).
Within one certain repeat, the amino acids at the 5™ and 35™ positions, which
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correspond to residues 6 and 1’ in Barkan et al. (2012) and residues 4 and ii in Yagi
et al. (2013), specifically recognize RNA bases (Yan et al., 2019). These di-residues
are termed as the PPR code. Several PPR codes have been identified: threonine and
asparagine (TN), threonine and aspartic acid (TD), asparagine and serine (NS), and
asparagine and aspartic acid (ND) at the 5™ and 35™ positions recognize the
corresponding nucleotides adenine (A), guanine (G), cytosine (C) and uracil (U),
respectively (Barkan and Small, 2014). Notably, the 5™ position mainly determines
the RNA base specificity. The presence of asparagine at this position prefers
pyrimidine-binding whereas serine or threonine prefers purine-binding (Barkan and
Small, 2014). The 35™ position is the second main determinant. The presence of
asparagine at this position prefers to bind to base A or C while aspartate results in
preference of binding to base G or U (Barkan and Small, 2014). Recently, Yan et
al. (2019) has further explored the correlation between PPR codes and RNA bases,
which enriched the pool of PPR codes. Based on the results, Yan and co-workers
developed the online PPRCODE web server (http://yinlab.hzau.edu.cn/pprcode/) to
facilitate the prediction of PPR protein-RNA binding sites.

PPR proteins are categorized into two subclasses: the PPR-P subclass present in
many eukaryotes, and the PPR-PLS subclass, which are land plant-specific and have
long 35 or 36 amino acids and short 31 or 32 amino acids variants of the canonical
35 amino acid PPR motif (P) (Cheng et al., 2016; Lurin et al., 2004). The PPR-P
subclass has been proposed to be involved in RNA transcription, splicing, editing,
cleavage, stability and in mitochondrial translation (Barkan and Small, 2014; Haili
etal., 2016; Rugen et al., 2019; Schmitz-Linneweber and Small, 2008; Uyttewaal et
al., 2008; Waltz and Giege, 2020; Waltz et al., 2019; Waltz et al., 2020b). The PPR-
PLS subclass is specific to C-to-U RNA editing (Barkan and Small, 2014; Small et
al., 2020). The PPR-PLS proteins contain highly conserved domains E1, E2 and
DYW (named after amino acid residues of the domain). E1 and E2 domains
resemble PPR or tetratricopeptide repeat (TPR) motifs (Cheng et al., 2016) but their
exact functions remain elusive. The DYW domain is likely to possess a cytidine
deaminase activity that performs the nucleotide exchange process (Small et al.,
2020). However, it remains unclear how many RNA-editing PPR proteins that do
not contain the DYW domain can still perform editing (Small et al., 2020). In
addition to the PPR-PLS subclass, non-PPR proteins, including Multiple Organellar
RNA editing Factors (MORFs) (also known as RNA-editing factor Interacting
Proteins (RIPs)), Other RNA Recognition Motif (ORRM) (e.g. ORRM4 and
ORRMS5) and NUWA-related proteins (a P-class PPR protein), are also found to be
involved in plant mitochondrial RNA-editing (Andres-Colas et al., 2017; Bentolila
et al., 2012; Guillaumot et al., 2017; Shi et al., 2017; Shi et al., 2016; Takenaka et
al., 2012).
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Mitochondrial translation

Similar to nuclear gene expression, the last step of mitochondrial gene expression
is translation, a process in which the mRNA sequence is used as a template to
synthesize a corresponding protein chain by the mitochondrial ribosome (hereafter
referred as to the mitoribosome). Translation is composed of four phases: initiation,
elongation, termination and ribosome recycling. Like the cytosolic ribosome, a
mitoribosome is also composed of rRNAs and two main subunits: the small subunit,
which binds to mRNA and reads the genetic information, and the large subunit,
which has tRNA aminoacyl (A), peptidyl (P) and exit (E) sites to synthesize the
protein chain. In contrast to plastid translation, very little is known about plant
mitochondrial translation. However, recent studies on mitoribosome structures of
eukaryotes, including plants, help us to predict some aspects of plant mitochondrial
translation.

Using cryo-EM, the structure of bacterial ribosome and mitoribosome structures of
mammals, yeast, trypanosomes and plants were described at very high resolution
(Figure 4) (Amunts et al., 2015; Desai et al., 2017; Greber et al., 2015; Noeske et
al., 2015; Ramrath et al., 2018; Waltz et al., 2020b; Watson et al., 2020). As
compared to bacterial ribosomes, mitoribosomes from eukaryotic kingdoms are
protein-rich and 1.2-1.5 time larger (Waltz et al., 2020a; Waltz and Giege, 2020).
This is because the mitoribosome small subunit (mtSSU) is substantially larger, and
even surpasses the size of the mitoribosome large subunit (mtLSU) in trypanosomes
and plants (Ramrath et al., 2018; Rugen et al., 2019; Waltz et al., 2019). In addition
to the size difference, the structure and composition of eukaryotic mitoribosomes
are also very different from the bacterial counterparts (Waltz and Giege, 2020). The
diversity of mitoribosomes across eukaryotes suggests that eukaryotic
mitoribosomes have evolved to adapt to particular niches during evolution (Waltz
et al., 2020a). The composition of plant mitoribosome was revealed by Waltz et al.
(2019) and Rugen et al. (2019), identifying 19 plant-specific mitoribosome proteins,
of which half are PPR proteins. The study by Waltz et al. (2020b) described the
atomic structure of the plant mitoribosome. Briefly, the plant mitoribosome is
extended in rRNAs and protein contents. Most of plant-specific PPR proteins bind
to the plant-specific rRNA expansion segments, which leads to reshaping the overall
structure of plant mitoribosome. The central protuberance of plant mitoribosomes,
where the mtLSU inter-connects with the mtSSU, consists of a 5S rRNA (like the
bacterial counterpart) and mitochondrial plant-specific proteins. This specific
structure thus contributes to increasing and reshaping the overall volume of the plant
ribosome central protuberance. Similar to mammalian and yeast mitoribosomes, the
plant mitoribosome is likely to be attached to the IMM and to interact with the
insertase OXAT1 through linker(s) (possibly protein(s)) (Waltz et al., 2020a; Waltz
et al., 2020D).
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Fungi Mammals Plants Kinetoplastids Ciliates
Saccharomyces cerevisiae,  Homo sapiens, Brassica oleracea Trypanosoma spp., Tetrahymena

Neurospora crassa Sus scrofa Leishmania tarantolae thermophila
Sedimentation 70-74S 55S 77-78S 50S 80S
coefficient:
Molecular weight: ~3-3.3 MDa 2.7 MDa = ~4.5 MDa ~4.0 MDa
Number of rRNAs: 2(15/16S, 21/23S)  3(12S, 16S, mtRNAP"/ =) 3(18S, 55, 265) 2(9S,129) 2(14S, 219)
Number of ~73-78 82 ~86 ~127 92

mitoribosomal proteins:

M Proteins conserved with bacteria Fungi-specific rRNA and mitoribosomal proteins
M Mitochondria-conserved proteins Bl Mammal-specific mitoribosomal proteins

[ rRNA conserved with bacteria M Plant specific rRNA and mitoribosomal proteins
M Ciliate-specific rRNA and mitoribosomal proteins Kinetoplastid-specific mioribosomal proteins

Figure 4. Advanced cryo-electron microscopy studies have recently revealed the structure
of mitoribosomes and their diversification in fungi, mammals, plants and protozoans
(kinetoplastids and ciliates). The figure is taken from Kummer and Ban (2021) (DOI:
10.1038/s41580-021-00332-2) with permission from Springer Nature.

In eukaryotes, including yeast, mammals and plants, mitochondrial mRNAs do not
have Shine-Dalgarno (SD) sequences — the ribosomal binding site in bacterial
mRNAs (Ayyub and Varshney, 2020; Derbikova et al., 2018; Hazle and Bonen,
2007). Of note, yeast mitochondrial mRNAs have very long 5’ untranslated regions
(5’UTRs) while mammalian mitochondrial mRNAs have very short 5’UTRs
(maximum three-nucleotide length) or even do not have 5’UTRs (Ayyub and
Varshney, 2020; Derbikova et al., 2018). Therefore, mitochondrial translation
initiation in yeast and mammals strongly relies on translation initiation factors
and/or activators (Ayyub and Varshney, 2020; Derbikova et al., 2018). A unique
feature of mitochondrial translation initiation in mammals has recently been
described by Kummer et al. (2018). Translation initiation in mammalian
mitochondria is mediated by initiation factors, [F2 and IF3, and the mtSSU PPR
protein mS39, which binds to an U-rich domain in the mRNA downstream of its
start codon AUG (Kummer et al., 2018). Such U-rich regions are conserved and
found downstream of codon 7 (after AUG) in 11 mRNAs (out of 13) of mammalian
mitochondria (Amunts et al., 2015; Bieri et al., 2018; Kummer et al., 2018). In yeast,
mitochondrial translation initiation seems to recruit universal translation initiation
factors and specific translation activators to help the mtSSU interact with the
5’UTRs of mRNAs (Derbikova et al., 2018). Plant mitochondrial mRNAs also
contain long 5’UTRs without SD sequences and plant mitochondrial rRNAs do not
have anti-SD sequences either (Waltz et al., 2020b). To date, the mechanism of
translation initiation in plant mitochondria is still enigmatic. The structure study of
plant mitoribosome by Waltz et al. (2020b) suggested that mS83/rPPR10 is a PPR
protein sitting in a cleft where the incoming mRNAs may be recruited. Waltz et al.
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(2020Db) also hypothesized that the PPR motifs of mS83/rPPR10 recognize AXAAA-
related motifs in the 5’UTRs (located about 19 nucleotides upstream of the start
codon) of 17 (out of 33) mitochondrial mRNAs, thus acting as a SD—anti-SD-like
recognition system.

Mitochondrial retrograde signalling

Although mitochondria likely evolved from endosymbiotic a-protobacteria,
mitochondria do not function independently, but their activities are integrated with
other cellular organelles. To operate efficiently, a continuous flow of information
between the nucleus and the mitochondrion is required, and it is described as
anterograde and retrograde signalling (Ng et al., 2014). Anterograde signals from
the nucleus are transmitted to the mitochondrion, as the nuclear regulation of the
mitochondrial activity. Retrograde signals derived from the mitochondrion are sent
to the nucleus and affect nuclear gene expression. In plants, mitochondrial
retrograde signalling was first discovered by inhibition of mitochondrial function,
resulting in the upregulation of AOX! transcript in tobacco (Nicotiana tabacum)
(Vanlerberghe and MclIntosh, 1996). Subsequently, the promoter region of AOXIa
has been used as a “classical” bait for identification of mitochondrial retrograde
signalling regulators in plants, including ABSCISIC ACID-INSENSITIVE 4
(ABI4) (Giraud et al., 2009), WRKY transcription factors (Van Aken et al., 2013;
Vanderauwera et al., 2012), and MYB transcription factors (Ivanova et al., 2014;
Zhang et al., 2017a; Zhang et al., 2017b). Nevertheless, the most well-studied and
specific transcriptional regulators of mitochondrial retrograde signalling belong to
the ARABIDOPSIS NAC DOMAIN CONTAINING (ANAC) protein family,
including ANACO17 functioning as the main regulator and ANACO013 contributing
as a downstream target in positive feedback loops (De Clercq et al., 2013; Ng et al.,
2013; Van Aken et al., 2016). Of note, the study by Ng et al. (2013) showed that
ANACO17 is a dual-targeted protein. ANACO17 is anchored in the ER membrane
via a C-terminal transmembrane (TM) domain containing a consensus rhomboid
protease cleavage site, which is suggested to be truncated proteolytically by
rhomboid-related proteases during mitochondrial dysfunction. This allows
ANACO17 to be released from the ER while its C-terminal TM domain stays in the
ER, leading to the translocation of the N-terminal fragment of ANACO017 into the
nucleus to activate gene expression (Ng et al., 2013). However, the exact mechanism
of ANACO17 translocation remains enigmatic. In the nucleus, ANACO017 stimulates
expression of mitochondrial retrograde signalling marker genes, including 40X1a,
UP REGULATED BY OXIDATIVE STRESS AT2G21640 1 (UPOXI), URIDINE
DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2 (UGT74E2), NAD(P)H
DEHYDROGENASE B4 (NDB4), At12CYS-2, H,O; RESPONSE GENE 1 (HRGI)
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and OUTER MEMBRANE PROTEIN OF 66 KDA (OM66) (Van Aken et al., 2016;
Van Aken et al., 2007). Reactive oxygen species (ROS) generated by the mtETC
and peptides from degraded proteins possibly trigger the ANACO017 pathway
(Mgller and Sweetlove, 2010; Ng et al., 2014; Vestergaard et al., 2012), but the
molecular signals from a dysfunctional mitochondrion and how they initiate this
signalling pathway remain elusive. Surprisingly, when mitochondrial function was
sufficiently impaired, a consistent downregulation of chloroplast-encoded
transcripts was observed (Adamowicz-Skrzypkowska et al., 2020; Zubo et al.,
2014), suggesting that an as yet unknown (possibly retrograde) signalling pathway
apparently can reduce chloroplast transcription.

Mitochondrial unfolded protein response

The mitochondrial unfolded protein response (UPR™) is described as the
transcriptional response that regulates nuclear gene expression during mitochondrial
malfunction to maintain mitochondrial homeostasis by inducing the mitochondrial
protein quality control (chaperones and proteases). The UPR™ can be triggered by
mtDNA mutations (Lin et al., 2016), malfunctioning mitochondrial membrane
potential (Rolland et al., 2019), imbalance between nuclear- and mitochondrially-
encoded proteins (Houtkooper et al., 2013) or overloading concentration of
unfolded/misfolded proteins in mitochondria (Zhao et al., 2002). Recent studies
have gained insight into the plant UPR™. The study by Moullan et al. (2015)
suggested that the plant UPR™ is at least partially conserved to the animal UPR™.
Wang and Auwerx (2017) showed that the UPR™ in Arabidopsis thaliana is
activated by a transient oxidative burst, resulting in the activation of mitogen-
activated protein kinases (MAPKSs) and hormonal signalling (ethylene, auxin and
jasmonate) to recover mitochondrial proteostasis. Kacprzak et al. (2020) showed
that ANACO17 — the main transcriptional regulator of mitochondrial retrograde
signalling, induces many classes of genes that are classic targets of UPR™ in
response to AA treatment. Of note, ANACO017 induces “classical” mitochondrial
retrograde signalling marker genes that have been also suggested as UPR™ marker
genes by Moullan et al. (2015) and Wang and Auwerx (2017). This thus suggests
that “classical” mitochondrial retrograde signalling and UPR™ in plants are most
likely one and the same response (Kacprzak et al., 2020; Tran and Van Aken, 2020).
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Adenyl cyclases in plants

Adenyl cyclases (ACs), also known as adenylyl cyclases or adenylate cyclases, are
enzymes that convert ATP into 3',5'-cyclic adenosine monophosphate (cAMP),
which is a secondary messenger that can affect different physiological and
biochemical processes in the cells. The important roles of cAMP as well as
identification of ACs have been well-established in bacteria, animals and fungi. In
plants, cCAMP 1is involved in ion homeostasis, stomatal opening, pollen tube
development, seed germination and cell cycle progression (Blanco et al., 2020).
Nevertheless, comprehensive knowledge of plant cAMP and ACs is still missing.
This could be due to two reasons. Firstly, it could be difficult to detect plant cAMP
because the cAMP concentration is lower in plants than in animals. Reported cAMP
concentration in plants is less than 40 pmol g ' fresh weight in rye grass endosperm
cell cultures, Torenia stem segments, and cultured cells of Phaseolus vulgaris and
Nicotiana tabacum, 40-170 pmol g ' fresh weight in Daucus carota, Triticum
aestivum, and Lemna paucicostata, 200-250 pmol g' fresh weight in Citrus,
Lactuca, Hordeum, and Zea (Sabetta et al., 2016). On the contrary, reported cAMP
level in animals is usually greater than 250 pmol g~' wet weight (Gehring, 2010).
Secondly, it could be challenging to identify plant ACs because plant ACs seem not
to have conserved catalytic domains (Gehring, 2010). However, Gehring (2010)
proposed that plant ACs might have the conserved motif
[RKSIX[DEJX(9,11)[KR]X(1,3)[ED] in their catalytic domains. To date,
experimentally identified ACs in plants are PsiP in Zea mays (Moutinho et al.,
2001), HpAC1 in Hippeastrum x hybridum (Swiezawska et al., 2014), AtKUP7,
ATPPR-AC, AtCIAP and LRRACI in Arabidopsis thaliana (Al-Younis et al., 2015;
Bianchet et al., 2019; Chatukuta et al., 2018; Ruzvidzo et al., 2013), NbAC in
Nicotiana benthamiana (Ito et al., 2014), and MpCAPE in Marchantia polymorpha
(Kasahara et al., 2016). Of note, these plant ACs, except HpAC1 and MpCAPE,
appeared to have the AC-motif proposed by Gehring (2010). Therefore, it seems to
be difficult to identify plant ACs if just based on this motif search. It is also
noticeable that A74G15640 and AT3G21465 are annotated as ACs on The
Arabidopsis Information Resource (TAIR), but there is no experimental
confirmation.
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The aims of this thesis

The mitochondrial unfolded protein response (UPR™) is described as the
transcriptional response that regulates nuclear gene expression during mitochondrial
malfunction to maintain mitochondrial homeostasis. The aim of paper I is to review
and compare UPR™-related signalling across eukaryotic kingdoms, including
animals, fungi and plants.

The study of plant mitochondria usually requires isolation of pure, intact and
functional mitochondria from plant tissues. The aim of paper Il is to present a
strategy for efficient isolation of mitochondria from leaf tissues of Arabidopsis
thaliana by using continuous Percoll density gradients.

Despite a relatively thorough understanding of basic mitochondrial functions, many
mitochondrial proteins and processes remain poorly understood. The aim of paper
IIl is to characterize the two Arabidopsis thaliana genes, AT4G15640 and
AT3G21465, which are predicted as mitochondria-targeted proteins and have been
poorly annotated as adenyl cyclases on TAIR.
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Summary of papers

Paper I summarizes the current knowledge of UPR™ across eukaryotic kingdoms,
including animals, fungi and plants. UPR™ has been extensively studied in animals,
whereas very few related-UPR™ have been described in yeast. In plants, little is
known about the UPR™ and only few regulators have recently been identified. In
this work, we compare the UPR™ across kingdoms. Our study indicates that each
kingdom has evolved their own specific regulators, which however induce very
similar groups of target genes. Our meta-analysis identifies homologs of known
UPR™ regulators and their responsive genes across eukaryotic kingdoms, which
could be of interest for future research.

Paper II describes two strategies for plant growth (in soil and in liquid half-strength
Murashige and Skoog media) and an efficient method of mitochondrial isolation
from leaf tissues of Arabidopsis thaliana. By using continuous Percoll density
gradients, isolated mitochondria are relatively free from chloroplast contamination.
Isolated Arabidopsis mitochondria obtained by this method can be either used for
assays requiring intact mitochondria, e.g. import assays or respiration
measurements, or be stored at -80°C for later use, e.g. BN-PAGE or western blot.

Paper III describes the characterization of two Arabidopsis thaliana genes,
AT4G15640 and AT3G21465. We show that AT4G15640 and AT3G21465 are
unlikely to be ACs as previously annotated on TAIR. Instead, AT4G15640 and
AT3G21465 are land plant-specific mitochondrial proteins that are essential for
plant performance. Knocking out both A74G 15640 and AT3G21465 results in low
abundance and activity of mitochondrial OXPHOS complexes, thus reducing
capacity of oxygen consumption. Our immunoblotting and tandem mass
spectrometry (MS/MS) analysis using isolation mitochondria show a severe
perturbation of the mitochondrial proteome and reduction of many OXPHOS
components due to loss of AT4GI15640 and AT3G21465. Using co-
immunoprecipitation, we confirm that AT4G15640 and AT3G21465 are part of the
mtSSU, in line with two proteomic studies of Arabidopsis mitoribosome during the
course of our study. Therefore, we named AT4G15640 and AT3G21465 as
mitochondrial TRANSslation factor 1 (mMTRAN1) and 2 (mTRAN?2), respectively.
Transcriptome profile of mtranl mtran2 mutant resembles most two mutants
defective in a mitoribosomal protein and shows no clear effects on mitochondrial
splicing and editing, thus indicating mitochondrial translation defects. In organello
protein synthesis and polysome fractionation assays suggest that mMTRAN proteins
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are required for mitochondrial translation initiation. Our motif analysis suggests that
the 5’UTRs of mitochondrial mRNAs contain two potential mitoribosome binding
sites that are A/U-rich regions (CUUUxU and AAGAAx/AXAAAG). Moreover, the
RNA electrophoretic mobility shift assays show that mTRAN1 binds to these A/U-
rich domains in the 5’UTRs of mitochondrial mRNAs to initiate translation. Finally,
our Ribo-seq analysis shows that not only a subset, but all mitochondrial mRNAs
have lower ribosome loading levels in the mtran mutants compared to in the wild
type, suggesting that mMTRAN proteins are universal mtSSU-embedded translation
initiation factors.
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Discussion

In paper I, the current knowledge of UPR™-related signalling across eukaryotic
kingdoms, including animals, fungi and plants, was summarized and compared. The
comparison indicates that each kingdom has evolved their own specific regulators,
which however induce very similar groups of target genes, such as mitochondrial
(co-)chaperones and proteases. Homologs of known UPR™ regulators and
responsive genes are identified across eukaryotic kingdoms, which might be
interesting for future research. The authors hypothesized that such different UPR™
pathways occurring across kingdoms could be due to major evolutionary events,
such as rise of multicellularity or colonization of land. Indeed, the ANACO17 group
— one of the main UPR™ regulators in land plants, is suggested to be evolved from
ancestral NACs (found in at least some green algae) during the period of land
colonization by plants (Khan and Van Aken, 2022). In plants, “classical”
mitochondrial retrograde signalling and UPR™ appear to be the same response
during mitochondrial dysfunction. In Arabidopsis, UPR™ is activated in response to
mitochondrial malfunction by treatment of Doxycycline (Dox) - a mitochondrial
ribosome inhibitor, MitoBlock-6 (MB) - an inhibitor of protein import into
mitochondria and AA, which inhibits electron transfer at the center N of complex
Il leading to an increase in ROS. However, the molecular signals from a
dysfunctional mitochondrion and how they initiate this signalling pathway remain
enigmatic.

In paper II, we described an efficient method of mitochondrial isolation from leaf
tissues of Arabidopsis thaliana by using continuous Percoll-PVP density gradients.
The most advantage of this protocol is that freshly isolated mitochondria are intact
and pure (relatively free form chloroplast contamination), which is of great
importance for following assays requiring functional mitochondria, e.g. in organello
protein synthesis (Kwasniak-Owczarek et al., 2022), import assays (Zhang et al.,
2012) and oxygen consumption measurement (Keech et al., 2005). However, this
method usually requires a large amount of starting plant material and takes a few
hours to complete. Another method of plant mitochondrial isolation, IMTACT
(Boussardon et al., 2020), in which transgenic Arabidopsis carrying mitochondrial
OUTER MEMBRANE 64 (OM64) - biotin ligase recognition peptide (BLRP)
placed under tissue-specific promoters, enables cell-specific biotinylated
mitochondria to be purified with streptavidin magnetic beads in less than 30 min
(Boussardon and Keech, 2022). As compared to IMTACT, our described
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mitochondrial isolation protocol is slower (timewise) and requires much more plant
material. Nevertheless, IMTACT requires generation of transgenic plants, which
would take time to produce a desired plant line. For instance, if we want to apply
IMTACT on the mtran double mutants for mitochondrial isolation, we must cross
the mtran double mutant line with the OM64-BLRP line, which would take at least
several months to get a homozygous mtran double mutant line expressing OM64-
BLRP. Depending on the purposes plus time management, we recommend you to
wisely choose which method of Arabidopsis mitochondrial isolation will be suitable
for your project.

In paper 11, the two Arabidopsis thaliana genes, AT4G15640 and AT3G21465, were
characterized. It turned out that these genes are unlikely to be ACs as annotated on
TAIR. The study shows that AT4G15640 and AT3G21465 are land-plant specific
mitochondrial proteins that are critical for plant growth. Strikingly, AT4G15640 and
AT3G21465 are shown to be part of the mtSSU and are of great importance for
efficient mitochondrial translation initiation. Therefore, AT4G15640 and
AT3G21465 are suggested to be annotated as mitochondrial TRANslation factor 1
(mTRANT1) and mitochondrial TRANSslation factor 2 (mTRAN?2), respectively. Of
note, comparison of transcriptomic data (the mtranl mtran2 mutant versus rpsi0
mutants, which have reduced expression of mtSSU ribosomal protein RPSI0)
showed that UPR™ was activated, leading to induction of target genes in ANACO017
pathway in both mutants. Wang and Auwerx (2017) showed that in the Arabidopsis
mitochondrial ribosomal protein L1 (mrpll-1) mutant, UPR™ was activated, which
in turn induced ethylene responses as a systemic signal. Together, these suggest that
UPR™ is activated by impairment of mitochondrial translation. Such a UPR™
activation was not only observed in plants, but also in animals, for instance,
knockout of mitochondrial ribosomal protein triggered mitonuclear protein
imbalance, which activated the UPR™ in Caenorhabditis elegans (C. elegans)
(Houtkooper et al.,, 2013). Therefore, imbalance between nuclear- and
mitochondrially-encoded proteins probably induces the plant UPR™ during
malfunctioning mitochondrial translation. Upon UPR™ activation, ANACO017 and
ethylene signalling pathways are independently induced. This suggests that there
are possibly specific signal molecules inducing different signalling responses.
However, the specific signals from mitochondria defective in translation and how
they induce the UPR™ in plants remain elusive.

Knockout of mTRANI and mTRAN2 showed a reduction in OXPHOS complex
abundance and activity, which resulted in a strong decrease in capacity of the
cytochrome ¢ oxidase respiratory pathway. Such a defect caused mtranl mtran2
mutants to rely on the alternative respiration. Rolland et al. (2019) proposed that the
UPR™ in C. elegans was activated when most mitochondrial processes required for
the maintenance of mitochondrial homeostasis, e.g mtETC, were compromised. A
general signal that possibly triggers UPR™ is a decrease in mitochondrial membrane
potential, which results in a decrease in mitochondrial protein import, likely leading
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to accumulation of non-imported mitochondrial proteins (Tran and Van Aken,
2020). As loss of mTRANI and mTRAN?2 impaired mtETC, one could expect that
mitochondrial membrane potential was possibly reduced though it was not
confirmed experimentally, causing activation of UPR™. In addition, mtranl mtran2
mutants showed a defect in complex I and I1I, which could lead to an increase in the
rate of superoxide production (Cadenas et al., 1977; Mgller, 2001; Murphy, 2009).
Although ROS measurement was not carried out in the study, superoxide — a signal
that could trigger the plant UPR™ (Tran and Van Aken, 2020), could be expected to
be increased and activate UPR™ due to loss of mTRANI and mTRAN2.

Surprisingly, the RNA-seq data of mtranl mtran2 mutant showed a downregulation
of 117 chloroplast-encoded transcripts, which was also observed in two previous
studies (Adamowicz-Skrzypkowska et al., 2020; Zubo et al., 2014). Of note, the
chloroplast transcriptome of mtranl mtran2 mutant showed that all chloroplast-
encoded tRNAs were significantly downregulated, indicating that chloroplast gene
expression was likely to be decreased, which could lead to a decrease in
photosynthesis and an increase in ROS production in chloroplast (Arsova et al.,
2010; Kindgren et al., 2012; Myouga et al., 2008). ROS can damage proteins inside
the chloroplasts, causing activation of chloroplast unfolded protein response
(cpUPR) (Kessler and Longoni, 2019). Indeed, ClpB3 — a ¢cpUPR marker gene
(Llamas et al., 2017), was upregulated in the mtranl mtran2 mutant. ClpB3 is a
nuclear-encoded  chloroplastic ~ Clp  protease  that helps  refolding
unfolded/misfolded/aggregated 1-deoxy-D-xylulose-5-phosphate synthase (DXS) —
an enzyme that converts pyruvate and D-glyceraldehyde-3-phosphate (D-GAP) into
1-deoxy-D-xylulose-5-phosphate (DXP) in the first step of the methylerythritol
phosphate (MEP) pathway occurring within the chloroplasts (Pulido et al., 2016).
DXS aggregation was formed after chloroplast translation was specifically inhibited
by lincomycin even though DXS transcript levels remained unchanged and only its
protein levels increased (Llamas et al., 2017). The mtranl mtran2 mutant had all
chloroplast-encoded tRNAs downregulated, suggesting that chloroplast translation
was likely to be perturbed. Therefore, one could expect that DXS aggregation would
occur, leading to the upregulation of ClpB3. Taken together, we suggest that loss of
mTRAN genes not only induces UPR™ but also activates cpUPR.

All in all, compromised mitochondrial translation in plants could result in (i)
mitonuclear protein imbalance, (ii) a decrease in mitochondrial membrane potential
leading to accumulation of non-import protein in mitochondria, and (iii) impaired
mtETC causing an increase in ROS production in mitochondria. These
consequences could activate UPR™ and another as yet known (probably retrograde)
signalling pathway that apparently can reduce chloroplast transcription, possibly
leading to a decrease in chloroplast gene expression, which causes activation of
cpUPR. Another hypothesis is that there is possibly a crosstalk between
mitochondria and chloroplasts (but not via the nucleus), in which mitochondrial
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gene expression could somehow affect transcription and/or even gene expression in
chloroplasts.

To date, the full mechanism of mitochondrial translation in plants remains elusive.
The atomic structure of cauliflower mitoribosomes revealed by Waltz et al. (2020b)
helps predicting how plant mitoribosome initiates translation. Waltz and his co-
workers suggested that mMTRANI (named as mS83/rPPR10 by the authors) is a PPR
protein, which functions as a RNA-binding protein. However, the PPR codes of
mTRAN proteins could not be predicted by the PPRCODE web server (Yan et al.,
2019). mTRANTI resides in a cleft of the mtSSU, where its PPR domains might
recognize and bind to AxAAA-related motifs of mRNAs to initiate translation
because plant mitochondrial mRNAs do not contain SD sequences nor do plant
mitochondrial rRNAs have anti-SD sequences. These AxAAA-related motifs were
found in the 5’UTRs of 17 out of 33 mitochondrially-encoded mRNAs (Waltz et al.,
2020b). In contrast, our polysome profiling showed that mTRAN1 and mTRAN?2
are required for mitoribosome binding/translation initiation of not only
mitochondrial mRNAs containing such an AXAAA 5’UTR motif (NADY9, COX2 and
ATPY) but also mitochondrial mRNAs that do not appear to contain this binding site
(NAD7, COB, ATPI and ATPS). Moreover, the Ribo-seq analysis of mitochondrial
genes further supports that mTRAN proteins are universal mtSSU-embedded
translation  initiation  factors, =~ which could recognize the motif
CUUUxU/AXAAAG/AAGAAX in the 5°UTRs of mitochondrial mRNAs to initiate
translation based on our motif analysis and RNA electrophoretic mobility shift
assays (REMSAs). To verify the interaction between mTRANT1 and mitochondrial
mRNAs in vivo, we will perform RNA Immunoprecipitation Sequencing (RIP-seq)
using Arabidopsis cell culture transformed with mTRANI1-GFP and/or isolated
mitochondria from a stably transformed Arabidopsis line expressing mTRANI-
GFP. Transcripts interacting with mTRAN1-GFP complexes will be purified using
GFP-affinity purification and subsequently sequenced to find out if mTRANI
interacts with the vast majority of mitochondrial mRNAs in planta, further
supporting our finding that mTRANI is a universal translation initiation factor of
mtSSU. In addition, RIP-seq could also allow us to identify the mitoribosomal
binding sites to validate our REMSA results.

As mitochondria originated from the ancient endosymbiotic bacteria, mitochondrial
translation could be expected to resemble bacterial translation, at least partially.
However, comparison of bacterial ribosomes versus mitoribosomes of mammals,
yeast and plants showed the diversity of mitoribosome structure, indicating that
eukaryotic mitoribosomes have evolved to adapt to particular niches during
evolution (Waltz et al., 2020a). This suggests that mitochondrial translation in
general and mitochondrial translation initiation in particular could also be diverse
across eukaryotic kingdoms. In bacteria, the ribosomal small subunit binds to the
SD motif of mRNA using an anti-SD sequence of 16S rRNA (Shine and Dalgarno,
1974). In addition, bacterial translation initiation requires initiation factor (IF) 1, 2
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and 3. Unlike bacteria, eukaryotes, including yeast, mammals and plants, do not
have SD sequences in the 5’UTRs of mitochondrially-encoded mRNAs. In
mammals (at least in humans), most of mitochondrial mRNAs do not have 5’UTRs
(Montoya et al., 1981). Kummer et al. (2018) suggested that the PPR protein mS39,
which is located in the mtSSU, binds to the U-rich motif downstream the start codon
of mRNASs to initiate translation. Notably, the PPRCODE prediction tool-Yin Lab
(Yan et al., 2019) predicts that mS39 has four PPR motifs that bind to RNA bases
(G)(C>U)(C>U>A)(-) with low scores. Thus, it is possible that both mS39 and
mTRAN proteins are PPR-like proteins that do not obey the “classical” PPR code
rule. Mammals lack mitochondrial IF1 (mtIF1) and require mtIF2 and mtIF3 for
translation initiation (Ayyub and Varshney, 2020). In yeast, the mtSSU contains a
platform formed by mS35, mS46 and extensions of uS3m and uS5m, which is
suggested to be the mtSSU-mRNA interaction site during translation initiation (Itoh
et al., 2020). Mitochondrial translation initiation in yeast seems to recruit universal
mtlFs and specific translation activators that are likely to recognize specific 5’UTRs
of mitochondrial mRNAs (Derbikova et al., 2018). Therefore, the mtSSU-mRNA
interaction site proposed by Itoh et al. (2020) is expected to act as a platform for
mtlFs and translation activators to bind to the 5’UTRs of mitochondrial mRNAs to
initiate translation. In fact, several translation activators were co-purified with the
yeast mitoribosome (Desai et al., 2017). In plants, mMTRANI is likely to be a PPR-
like protein acting as a mRNA-binding factor of the mtSSU. Of note, both yeast and
plant mitochondrial mRNAs have long 5’UTRs (Derbikova et al., 2018; Waltz et
al., 2020a). Therefore, one could speculate that yeast and plant mitochondrial
translation initiation/mtSSU-mRNA binding could somehow use a comparable
mechanism. Our findings suggest that mTRAN proteins act as universal recognition
factors for mitochondrial mRNAs, however, there is a high possibility that mtIFs
and/or mitochondrial translation activators required for recognition of different
specific motifs of mRNAs exist in plants. To date, very little is known about mtIFs
in plants, e.g. only MTL1 and RFL8 have recently been identified as specific
proteins mandatory for translation of NAD7 and ccmFN., respectively (Haili et al.,
2016; Nguyen et al, 2021). We attempted to perform a BLAST search in
Arabidopsis thaliana to identify proteins that are similar to bacterial translation IFs
(unpublished data). The putative subcellular localization of identified proteins was
searched in SUBAS (Hooper et al., 2017). Bacterial translation IF1 has a similar
protein, AT4G11175, which is targeted to chloroplasts and enables mRNA-binding
(Bach-Pages et al., 2020; Millen et al., 2001; Trotta et al., 2019). Bacterial
translation IF2 has 64 similar proteins with low scores of similarities, of which, 11
are targeted to mitochondria. Bacterial translation IF3 resembles 11 proteins, of
which, AT1G34360 annotated as a translation IF3 family protein, is targeted to
mitochondria (Senkler et al., 2017b). It is worth to mention that AT1G34360 did not
give a high score of similarity by BLAST, but it is probably because the length of
bacterial IF3 protein sequence (180 amino acids) is shorter as compared to that of
AT1G34360 (520 amino acids). Atkinson et al. (2012) attempted to find functional
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orthologues of mtIF3 in yeast by a sensitive PSI-Blast across eukaryotes, as BlastP
searches alone could not detect mtIF3 homologues from distantly related
cukaryotes. They found that Aim23p in yeast was a “missing” orthologue similar to
mtIF3 in other eukaryotes and successfully showed that it functioned as the mtIF3
in yeast. Surprisingly, their phylogenetic analysis also revealed AL6G45350 as an
orthologue of mtIF2 in Arabidopsis lyrata, which is a homologue to AT4G11160 in
Arabidopsis thaliana. AT4G11160 was also found in our BLAST search but with a
low score of similarity. According to SUBAS, it is predicted to be localized in
cytosol, chloroplasts and mitochondria and no experimental studies have confirmed
its subcellular localization. Atkinson et al. (2012) also identified SMO171G0119 as
an orthologue of mtlF3 in Selaginella moellendorffii (an early vascular plant), which
is a homologue to AT1G34360 in Arabidopsis thaliana.

Taken together, our findings suggest that AT4G11160 and AT1G34360 in
Arabidopsis thaliana could function similarly to mtlF2 and mtIF3 in other
eukaryotes, although AT4G11160 is only predicted to be targeted to mitochondria.
If it is true, eukaryotic mitochondria seem to have lost mtIF1 and retain mtIF2 and
mtlF3 for translation initiation during evolution. Mammalian mtIF2 has an
extension domain (37 amino acids long) that functionally compensates for the
absence of mtIF1 (Gaur et al., 2008; Yassin et al., 2011). This domain prevents
tRNA from binding to the ribosomal A site, thus facilitating the fMet-tRNA to bind
to the ribosomal P site during translation initiation (Kummer et al., 2018; Yassin et
al., 2011). However, the conservation of this extension domain is limited to
vertebrates (Atkinson et al., 2012). The role of mammalian mtIF3 is not clear. It is
suggested that the mtSSU associates with mtIF2 and mtIF3 to form a translation
initiation complex, ensuring that mRNA is stably bound to mtSSU prior to tRNA
recruitment and before mtSSU and mtLSU assemble into a monosome (Kummer
and Ban, 2021). In yeast, mtIF3 seems not to be a core component for translation of
all mRNAs, but mitochondrial translation lacking mtIF3 is strongly imbalanced
(Derbikova et al., 2018; Kuzmenko et al., 2016). In fact, yeast mitochondria are
likely to recruit specific translation activator complexes to bind to the 5’UTRs of
mRNAs to initiate translation (Derbikova et al., 2018). Therefore, it is difficult to
predict whether plant mtIF2 and mtIF3 (if any) function in a comparable way as in
other eukaryotes. In this study, we propose that mTRANs are PPR-like proteins that
do not follow the “classical” PPR code rule and bind to the A/U-rich domains in the
5’UTRs of mRNAs to initiate translation. Perhaps due to their substantial length,
the plant mitochondrial mRNA’s 5’UTRs might form either the 2D or 3D structures
to bring the binding sites physically closer to the start codon. Universal mtIFs and/or
specific mtlFs/translation activators possibly help the mtSSU find the correct
binding site and/or stably bind to mRNAs during the initiation step.
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Conclusion

In conclusion, the thesis work suggests that compromised mitochondrial translation
results in the UPR™ activation in plants. In addition, we show that mTRAN proteins
act as universal recognition factors of mtSSU for mitochondrial mRNAs to initiate
translation. This indicates that translation initiation by mitochondrial ribosomes
occurs in a fundamentally different way in plants as compared to in bacteria, yeast
and mammals. mtSSU-mRNA binding in plants may also require mitochondrial
translation IFs, which could be at least partially similar to in other eukaryotes.
Therefore, further studies, such as characterizing Arabidopsis mutant(s) lacking
functional mtIF2 and/or mtIF3 (see discussion), are required to demonstrate this
hypothesis and to gain a broader insight into the mechanism of mitochondrial
translation in plants.
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ARTICLE INFO ABSTRACT

Keywords: Mitochondria are key components of eukaryotic cells, so their proper functioning is monitored via different
Mitochondria mitochondrial signalling responses. One of these mitochondria-to-nuclear ‘retrograde’ responses to maintain
Unfolded protein response mitochondrial homeostasis is the mitochondrial unfolded protein response (UPR™), which can be activated by a

Retrograde signalling
UPR™

UPR™

mitoCPR

variety of defects including blocking mitochondrial translation, respiration, protein import or transmembrane
potential. Although UPR™ was first reported in cultured mammalian cells, this signalling pathway has also been
extensively studied in the nematode Caenorhabditis elegans. In yeast, there are no published studies focusing on
UPR™ in a strict sense, but other unfolded protein responses (UPR) that appear related to UPR™ have been
described, such as the UPR activated by protein mistargeting (UPR*™) and mitochondrial compromised protein
import response (mitoCPR). In plants, very little is known about UPR™ and only recently some of the regulators
have been identified. In this paper, we summarise and compare the current knowledge of the UPR™ and related
responses across eukaryotic kingdoms: animals, fungi and plants. Our comparison suggests that each kingdom
has evolved its own specific set of regulators, however, the functional categories represented among
UPR™related target genes appear to be largely overlapping. This indicates that the strategies for preserving
proper mitochondrial functions are partially conserved, targeting mitochondrial chaperones, proteases, import
components, dynamics and stress response, but likely also non-mitochondrial functions including growth reg-
ulators/hormone balance and amino acid metabolism. We also identify homologs of known UPR™ regulators
and responsive genes across kingdoms, which may be interesting targets for future research.

1. Introduction on its own and its activity is integrated with other cellular organelles.
The quality and activity of mitochondria are strictly regulated to secure

The mitochondrion is a key organelle involved in eukaryotic re- the production of metabolic products and to avoid generating toxic
spiration. Although the mitochondrion is suggested to have originated compounds, for instance, reactive oxygen species (ROS) produced by
through an endosymbiotic event, the mitochondrion does not function malfunctioning respiration (Moller, 2001; Murphy, 2009; Baker et al.,
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2011). Human mitochondrial dysfunction is caused by either normal
mitochondrial aging or by environmental changes such as fever and
medication, or by age-related diseases, such as coronary artery disease,
Alzheimer’s disease and Parkinson’s disease (Ballinger, 2005;
Krzywanski et al., 2011; Pellegrino et al., 2013; Selfridge et al., 2013;
Duarte et al., 2014; Wolff et al., 2014; Vuda and Kamath, 2016;
Abramov et al., 2017). In plants, little is known about which natural
conditions cause mitochondrial signalling. Comparative transcriptomics
suggested that natural low-oxygen stress, e.g. flooding, may be a nat-
ural scenario where mitochondrial signalling is important (Wagner
et al., 2018). Many mitochondrial retrograde regulation (MRR) target
genes are also induced by a wide variety of biotic and abiotic stress in
plants, but it is less clear whether they are regulated by MRR or by
other stress-response pathways that converge on overlapping genes
(Van Aken et al.,, 2009; Schwarzlander et al., 2012; Van Aken and
Whelan, 2012). Thus, it is important to decipher the underlying me-
chanisms of mitochondrial signalling to provide new directions for fu-
ture research, with potential applications in health care and agriculture.

The mitochondrion is a double membrane organelle that is com-
posed of the outer membrane (OMM), the intermembrane space (IMS),
the inner membrane (IMM), the cristae and cristae lumen (originated
from invagination of the IMM), and the compartment enclosed by the
IMM, called the mitochondrial matrix. Aerobic respiration includes
three stages: glycolysis (in the cytosol and partly in the plastids), the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS), which occur in the mitochondria. Together, these processes
produce adenosine triphosphate (ATP) - the cellular energy currency.
Thus, mitochondria are considered as the powerhouses of eukaryotic
cells. To allow efficient operation, a continuous flow of information
between the nucleus and the mitochondrion is required. Signals origi-
nating from the nucleus are transmitted to the mitochondrion, as the
nuclear ‘anterograde’ regulation of mitochondrial activities. This is
often of importance during early development and in response to ex-
ternal factors. In return, retrograde signals derived from the mi-
tochondrion are sent to the nucleus and affect nuclear gene expression.

The number of mitochondrial proteins can vary across eukaryotes,
e.g. ~1800 proteins in mammals (Palmfeldt and Bross, 2017), > 2000
proteins in plants (Rao et al., 2017) and ~1000 proteins in yeasts
(Schmidt et al., 2010). Although mitochondria possess their own pro-
tein translation machinery inside the matrix, the vast majority of the
mitochondrial proteins is nuclear-encoded, translated by cytosolic ri-
bosomes and imported into mitochondria using a specialized import
machinery (Schmidt et al., 2010; Rao et al., 2017). In humans, only 13
crucial OXPHOS proteins, required for the assembly of the respiratory
complexes I, IIl and IV as well as the ATP synthase/complex V, are
encoded in the mitochondrial genome (Anderson et al., 1981). In
plants, the mitochondrial genome contains 20-40 protein-coding genes
(Kubo and Newton, 2008). Approximately 70% of nuclear-encoded
mitochondrial proteins have mitochondrial targeting sequences (MTS)
in the N-terminus that are chopped off and degraded after import via
the translocase of the outer membrane (TOM) and the translocase of the
inner membrane (TIM) channels to different sub-mitochondrial com-
partments (Prokisch et al., 2004; Chacinska et al., 2009; Schleiff and
Becker, 2011; Kmiec et al., 2014). The remaining 30%, e.g. mitochon-
drial proteins residing within the IMM and subunits of the respiratory
chain, have non-removable internal signals (Huang et al., 2009; Schleiff
and Becker, 2011; Kmiec et al., 2014; Senkler et al., 2017). Mitochon-
drial protein quality control (mtPQC), including chaperones and pro-
teases, ensures that both imported, and mitochondrially-synthesized
proteins are folded correctly, and their quality is approved to maintain
mitochondrial proteostasis.

Proper mitochondrial function is maintained via different mi-
tochondrial stress responses. Mitochondrial stress responses include
changes in mitochondrial dynamics, selective autophagy of mitochon-
dria (mitophagy), retrograde signalling and the mitochondrial unfolded
protein response (UPR™) (Broda et al., 2018; Hernando-Rodriguez and
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Fig. 1. Overview of the mitochondrial unfolded protein responses (UPR™)
across kingdoms. UPR™ can be activated by various stresses: respiratory in-
hibition, mutations in mitochondrial DNA (mtDNA), loss of mitochondrial
membrane potential, accumulation of misfolded proteins within mitochondria,
mitochondrial protein import block and accumulation of mitochondrial unim-
ported proteins. UPR™ activation restores mitochondrial proteostasis by trig-
gering the translocation of UPR™ regulators into the nucleus, resulting in the
transcriptional responses of mitochondrial chaperones and proteases, down-
stream transcription factors (TFs), mitochondrial import components, mi-
tochondrial dynamics, proteins involved in stress response/immunity and me-
tabolism, and hormones/growth regulators. Unfolded proteins accumulating
within mitochondria are degraded into peptides by mitochondrial proteases and
these peptides can be exported out of the mitochondria to the cytosol. This
phenomenon leads to an excessive level of peptides in the cytosol, which can be
a signal that activates UPR™. The figure was created with Biorender.com.

Artal-Sanz, 2018). Mitochondrial dynamics refers to mitochondrial
fission and fusion to preserve mitochondrial shape, distribution and
size. In response to stresses, mitochondrial dynamics maintain mi-
tochondrial stability, abundance, distribution and quality, and support
compensatory changes by participating in reshaping, rebuilding and
recycling impaired mitochondria (Logan, 2010; Eisner et al., 2018).
Severely impaired mitochondria may be identified and selectively de-
graded by mitophagy.

Abnormal mitochondrial proteostasis can robustly activate the
UPR™. UPR™ is defined as the transcriptional response that regulates
nuclear gene expression during mitochondrial dysfunction to recover
mitochondria and the mitochondrial network, to support cell survival
and adaptation. UPR™ can be activated by mutations in the mi-
tochondrial DNA (mtDNA) (Lin et al., 2016), malfunction of the mi-
tochondrial membrane potential (Rolland et al., 2019), imbalance be-
tween nuclear- and mitochondria-encoded proteins (Houtkooper et al.,
2013), or excessive levels of unfolded or misfolded proteins within
mitochondria (Zhao et al., 2002) (Fig. 1). UPR™ is activated to preserve
mitochondrial proteostasis by inducing the mitochondrial protein
quality control machinery, including chaperones and proteases to
control protein folding, assembly and degradation.

In addition to mitophagy and UPR™, two other mitochondrial stress
response pathways have been proposed: translation attenuation
(Rainbolt et al., 2013) and the unfolded protein response (UPR) acti-
vated by protein mistargeting (UPR™™) (Wrobel et al., 2015). Transla-
tion attenuation decreases the import of proteins into mitochondria to
prevent perturbing mitochondrial proteostasis and disturbing mi-
tochondrial activities. During mitochondrial dysfunction, the influx of
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proteins into mitochondria is reduced. As the consequence of transla-
tion attenuation, non-imported mitochondrial proteins accumulate in
the cytosol, leading to UPR™™. Subsequently, activation of UPR™™ leads
to removal of the toxic mislocalized proteins by elevating proteasome
activity and decreasing the rate of translation (Al Rawi et al., 2011; Sato
and Sato, 2011; Wrobel et al., 2015).

UPR™ was first reported in mammalian cultured cells, where
mtDNA was damaged by exposure to ethidium bromide, leading to the
transcription of mitochondrial chaperones and proteases (Zhao et al.,
2002). Subsequent studies have been mainly carried out on Cae-
norhabditis elegans (C. elegans) and mammalian model systems, re-
vealing various components involved in UPR™ activation, including
mitochondrial function sensors, regulators of communication between
mitochondria and nucleus, regulators of chromatin and transcription
factors (Melber and Haynes, 2018). As mitochondrial proteotoxic stress-
inducing conditions are likely to occur in all mitochondria-containing
eukaryotes, it is likely that UPR™"like responses are conserved across
kingdoms. In this paper, we review and compare current knowledge on
UPR™ related signalling across eukaryotic kingdoms including animals,
fungi and plants.

2. The UPR™ in C. elegans

In C. elegans, the basic leucine zipper (bZIP) transcription factor
‘Activating Transcription Factor associated with Stress-1’ (ATFS-1), is a
key regulator of UPR™ (Haynes et al., 2010; Melber and Haynes, 2018)
(Table 1) (Fig. 2). ATFS-1 contains both a nuclear localization sequence
(NLS) and a MTS, allowing its translocation between mitochondria and
nucleus to mediate mitochondria-to-nuclear communication (Haynes
et al.,, 2010; Nargund et al., 2012). As a result of mitochondrial dys-
function (see section ‘What are the molecular signals triggering UPR™?”),
unfolded or misfolded proteins inside the mitochondrial matrix are
chopped into peptides by the mitochondrial protease ClpP (Haynes
et al., 2007). Subsequently, these peptides are transported to the cel-
lular cytoplasm via the mitochondrial ATP-binding cassette (ABC)
transporter, HAF-1 (Haynes et al., 2007; Haynes et al., 2010). This
phenomenon leads to an excessive level of peptides in the cytosol.
Furthermore, the capacity of mitochondrial protein import decreases
(Wright et al.,, 2001; Narendra et al., 2010; Nargund et al., 2012;
Wrobel et al., 2015), resulting in reduced mitochondrial import of
ATFS-1. Consequently, ATFS-1 accumulates in the cytosol, causing it to
translocate from the cytosol to the nucleus and together with Defective
proVEntriculus 1 (DVE-1) and Ubiquitin-like protein 5 (UBL-5)

Table 1
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(Benedetti et al., 2006; Haynes et al., 2007), it activates the transcrip-
tion of mitochondrial chaperones HSP-6 and HSP-60, proteases CLPP1,
LONP-1, SPG-7 and YMEL-1, the fission factor DRP-1 and mitochondrial
transporters TIM-23 and TIM-17 (Nargund et al., 2012; Nargund et al.,
2015). ATFS-1 was found to be negatively regulated by the bZIP protein
ZIP-3 to repress UPR™ during Pseudomonas aeruginosa infection (Deng
et al., 2019). Interestingly, the reduced mitochondrial import of certain
trigger proteins such as PINK1 also acts as a signal to induce mitophagy
(Narendra et al., 2010).

Of note, nuclear accumulation of ATFS-1 induces the transcription
of over 500 genes, indicating UPR™ is a wide cellular response that not
only affects genes encoding mitochondrial proteins (Nargund et al.,
2012; Nargund et al., 2015; Lin et al., 2016). Under homeostatic con-
ditions, ATFS-1 is transported to mitochondria effectively, its MTS is
cleaved off, and the mature protein is degraded by the LON protease.
This suggests that the efficiency of mitochondrial protein import ne-
gatively regulates UPR™ (Nargund et al., 2012). In addition, although
the majority of ATFS-1 is imported into the nucleus under mitochon-
drial dysfunction conditions, ATFS-1 is also found within mitochondria
and limits mtDNA-encoded OXPHOS transcription via direct binding to
mtDNA (Nargund et al., 2015). This suggests that ATFS-1 is a regulator
of metabolism and supports recovery of dysfunctional mitochondria
(Hernando-Rodriguez and Artal-Sanz, 2018).

If triggering UPR™ relies on impaired mitochondrial protein import,
the question can be raised how the UPR™ can rescue the mitochondrial
defect by importing newly transcribed and translated chaperones and
other mitochondrial proteins into mitochondria that have a severe
mitochondrial import defect to begin with. One solution could be that
ATFS-1 has a weak MTS (Fukasawa et al., 2015; Rolland et al., 2019),
resulting in poor import into partially dysfunctional mitochondria.
However, mitochondrial chaperones, e.g. HSP-60, and proteases, e.g.
SPG-7, induced by ATFS-1 have a more effective MTS and may still be
imported into dysfunctional mitochondria (Rolland et al., 2019). The
MTS of ATFS-1 acts as a sensor for decreased mitochondrial membrane
potential, which is a signal that triggers UPR™ (Rolland et al., 2019).
ATFS-1 induces the transcription of mitochondrial import complex
components, such as TIM-17 and TIM-23, to facilitate the import of
mitochondrial chaperones and proteases to restore mitochondrial pro-
teostasis and support mitochondrial recovery. Apart from changes in
gene expression, dysfunctional mitochondria cause changes in nuclear
chromatin structure, which induces UPR™ activation. The histone
methyltransferase MET-2, the nuclear co-factor LIN-65 and two con-
served demethylases (the jumonji family proteins JMJD-1.2 and JMJD-

.

Conservation of UPR™ regulators across kingdoms. Gene names in bold are experi

Ily-confirmed regul asi d by respective references. Gene names in

normal case (not bold) indicate where a homologous gene exists in the genome of the respective organism, but a role in UPR™ has not been shown experimentally.
Dash (‘) indicates that no homologous gene was found in the genome. Gene names between brackets indicate very distant homology (BLAST E-value smaller than

10).
Animals Yeasts Plants
C. elegans  H. sapiens S. cerevisiae A. thaliana Function Reference
ATFS-1 ATF-4, ATF-5 Cst6/ACA2/ - bZIP transcription factor Haynes et al., 2010; Fiorese et al., 2016
YILO36W
Z1P-3 ATF-4, ATF-5 - - bZIP transcription factor Deng et al., 2019
- (bzIp) CHOP - - bZIP transcription factor Teske et al., 2013
- - Pdr3 - Zinc-finger transcription factor Weidberg and Amon, 2018
- - - ANAC017 NAC domain containing transcription factor Kacprzak et al., 2020
DVE-1 SATB2 Pho2 WOX13 Homeodomain-containing transcription factor Haynes et al., 2007
UBL-5 UBL-5 Hubl UBL-5 Small ubiquitin-like protein Haynes et al., 2007
NHR-14  ERa - - Estrogen receptor alpha Papa and Germain, 2011
FSHR-1 FSHR - (FMP27/YLR454w) - (LRR-like R genes)  Follicle-stimulating hormone receptor Kim and Sieburth, 2020
SPHK-1 SPHK-1 LCB5/YLR260W SPHKs Sphingosine kinase Kim and Sieburth, 2018
GCN2 EIF2A family (GCN2 GCN2 GCN2 Eukaryotic initiation factor 2 alpha kinases Teske et al., 2013
etc.)
SIR-2.1 SIRT1/3 HST2/YPLO15C SIRT Sirtuins: lysine deacetylases and ADP- Mouchiroud et al., 2013; Papa and
ribosyltransferases Germain, 2014
- - - AP2/ERF Ethylene hormone signalling components Wang and Auwerx, 2017
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Fig. 2. Overview of the main players of the mitochondrial unfolded protein responses (UPR™) across kingdoms. Different eukaryotic organisms have developed their
own signalling pathways to respond to mitochondrial proteotoxic stress, however the target genes of these pathways are often similar. The main regulators and
downstream target genes are represented (more detailed information can be found in Tables 1 and 2, and the main text). The figure was created with Biorender.com.

3.1), have been reported to be necessary for UPR™ induction
(Merkwirth et al., 2016).

Recently, it was proposed that the conserved follicle-stimulating
hormone G protein-coupled receptor (GPCR) FSHR-1 is a novel reg-
ulator of the UPR™ that induces transcriptional response of HSP6 and
HSP60 in C. elegans (Kim and Sieburth, 2020). A previous study sug-
gested that sphingosine kinase SPHK-1 positively regulates UPR™ ac-
tivation in C. elegans (Kim and Sieburth, 2018). SPHK-1 induces HSP6
and associates with mitochondria from cytoplasmic pools, which might
be an early signal to trigger UPR™ (Liu et al., 2014; Kim and Sieburth,
2018). Notably, it was shown that FSHR-1 and SPHK-1 are involved in a
common genetic pathway that activates UPR™ (Kim and Sieburth,
2020). Kim and Sieburth (2020) also showed that FSHR-1 positively
regulates mitochondrial association of SPHK-1 under non-stressed
conditions and is mandatory for SPHK-1 induction under stress condi-
tions in the intestine. Moreover, FSHR-1 activates the UPR™ in the
nervous system to enhance survival, whereas SPHK-1 is likely to func-
tion in the intestine.

169

3. The UPR™ in mammals

Although UPR™" was first reported in mammalian cells (Zhao et al.,
2002), the UPR™ in mammals is less understood than in C. elegans, and
several pathways have been proposed (Fig. 2). In mammalian systems, a
functional ortholog of C. elegans ATFS-1, is transcription factor 5 (ATF-
5), a bZIP transcription factor regulated by the efficiency of mi-
tochondrial protein import (Fiorese et al., 2016). Under normal con-
ditions, ATF5 localizes to mitochondria. During mitochondrial stress,
ATF5 may induce nuclear gene expression of mitochondrial chaperones
HSP60 (HSPD1), HSP10 (HSPE1), mtHSP70 (HSPA9), mitochondrial
protease LONPI, and HD-5 (Fiorese et al., 2016). Notably, ATF5 is able
to rescue UPR™ activation in nematodes lacking ATFS-1 (Fiorese et al.,
2016). Besides ATF5, two other bZIP transcription factors, activating
transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP)
also associate with mammalian UPR™ (Quiros et al., 2017). CHOP is
involved in the integrated stress response (ISR) and is induced by any of
the four kinases: the eukaryotic initiation factor 2 alpha (EIF2A) kinases
GCN2, HRI, PERK or PKR (Teske et al., 2013). Phosphorylation of
EIF2A results in activation of ATF4, which in turn induces CHOP gene
expression in ISR (Pakos-Zebrucka et al., 2016). The ATF-5
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transcription factor is induced by ATF4 and CHOP, however, not via the
UPR™ but via the endoplasmic reticulum (ER) UPR (UPR™®) (Teske
et al., 2013; Fusakio et al., 2016). The relationship among ATF5, ATF4
and CHOP in the UPR™ remains unclear. The changes in localization
and levels of CHOP, ATF4 and ATF5, and together with other unknown
transcription factors, leads to the induction of chaperonins, chaperones
and proteases to elevate the folding capacity within dysfunctional mi-
tochondria.

Another cellular mechanism of reducing the misfolded or unfolded
protein load is to decrease the level of proteins imported into the or-
ganelle or to decrease translation. In response to stresses, mitochondria
can reduce their translation, and this type of stress response is termed
the UPR™ translation response (Munch and Harper, 2016). Upon UPR™
activation, a decrease in transcript and protein levels of MRPP3 (part of
the RNase P complex) lowered the rate of mitochondrial pre-RNA
processing, which in turn decreased mitochondrial translation (Munch
and Harper, 2016; Munch 2018). The UPR™ translation axis occurs
locally in dysfunctional mitochondria and serves as the first response to
mitochondrial damage that seems to be caused by internal mitochon-
drial stimuli. If only a few mitochondria are dysfunctional, this response
is activated to restore proteostasis without causing cell-wide effects. If
many mitochondria are dysfunctional, the other UPR™ responses are
triggered involving global transcriptional responses. The underlying
mechanism of the UPR™ translation axis is elusive.

Antioxidant activity can be enhanced by recruiting sirtuins to
counter a proteotoxic oxidative environment caused by dysfunctional
mitochondria (Munch, 2018). Sirtuins are lysine deacetylases and ADP-
ribosyltransferases that can interfere with many mitochondrial activ-
ities (Houtkooper et al., 2012; Dang, 2014). Among seven sirtuins
(SIRT1-7) that have been reported in mammalian cells, SIRT1 and
SIRT3 have been suggested to be part of the UPR™ (Mouchiroud et al.,
2013; Papa and Germain, 2014). SIRT1/SIRT3 deacetylate the tran-
scription factor FOXO3A, causing FOXO3A to translocate to the nucleus
(Brunet et al., 2004; Tao et al., 2010). Nuclear-imported FOXO3A in-
duces the expression of antioxidant enzymes such as the mitochondrial
superoxide dismutase 2 (SOD2) and catalase (Salminen et al., 2013; Tao
et al., 2014). Notably, other mitochondrial stresses not associated with
protein misfolding cause ROS production, leading to activation of
SIRT3, indicating that SIRT3 cannot act as a specific regulator for the
UPR™. Inhibition of SIRT3 activity showed no impact on CHOP ac-
tivity, suggesting that SIRT3-FOXO3A activity is independent and is
likely to be complementary to the UPR™ triggered by CHOP and ATF4/
5 to secure mitochondrial health.

Misfolded/unfolded endonuclease G (EndoG), an IMS endonuclease,
triggers a UPR in the mitochondrial IMS (UPR™S) that is likely to be
independent of the UPR™ mediated within the mitochondrial matrix,
and does not activate CHOP or HSP60. The UPR™S response caused by
misfolded/unfolded proteins in the IMS occurs by activation of estrogen
receptor alpha (ERa) and is mediated by ROS-dependent phosphor-
ylation of ERa by protein kinase B (PKB or AKT) (Papa and Germain,
2011). Activated ERa results in an increase in nuclear respiratory factor
1 (NRF1)-regulated transcriptional response, which enhances mi-
tochondrial respiration (Scarpulla, 2006). UPR™S target genes include
the IMS protease OMI (also known as ‘High-temperature Requirement
2’ (HTRA2)) (Clausen et al., 2011; Papa and Germain, 2011) and the
elevation of proteasome activity (Papa and Germain, 2011). All the
effects caused by activating ERa promote the protein quality control to
prevent misfolded/unfolded IMS proteins from accumulating in the
IMS. The activation of the UPR™S-ERa pathways seems to occur in
parallel with other UPR™ pathways.

4. The UPR™ in yeast
General mitochondrial retrograde signalling was first described in

the yeast Saccharomyces cerevisiae (S. cerevisiae) and has since been
studied extensively (Liao et al., 1991; Jazwinski and Kriete, 2012;
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Trendeleva and Zvyagilskaya, 2018). Interestingly, there have been no
publications strictly related to the UPR™ in yeasts. However, other UPR
that might be related to UPR™ are described in some studies (Fig. 2).

A pathway of mitochondria-mediated cell death in yeast was iden-
tified and named mitochondrial precursor over-accumulation stress
(mPOS) (Wang and Chen, 2015). Mitochondrial damage affects the
organellar protein import, resulting in the accumulation of misfolded
and unimported mitochondrial proteins in the cytosol, causing mPOS
that then induces cell death. Fourty suppressor genes of mPOS (in the
cytosol) were identified: Thirty-two of them could be divided into five
functional groups: target of rapamycin (TOR) signalling, mRNA silen-
cing/turnover, ribosomal function/protein translation, tRNA methyla-
tion, and cytosolic protein chaperoning/degradation. Two ribosome-
associated proteins, Gis2 and Nog2, were found to be upregulated in
response to mPOS to promote cell survival and protect cells against
mPOS.

Wrobel et al (2015) identified the UPR®™ in yeast, which is defined
as the inhibition of protein synthesis and the activation of proteasomes
in the cytosol (the protein complexes that degrade cellular proteins by
proteolysis) caused by mistargeting of proteins. Notably, the authors
suggested that UPR*™ is different from UPR™ because UPR™ in higher
eukaryotes leads to the nuclear expression of chaperones and proteases,
whereas UPR*™ activates proteasomes. Accumulation of mitochondrial
precursor proteins in the cytosol results in activation of UPR*™, leading
to an increased protein level of the proteasome assembly factors Irc25
and Poc4, which enhances the degradation of accumulated proteins.
The RNA-seq data in mia40 (a mitochondrial IMS import component)
provided by this study clearly suggest induction of many genes en-
coding mitochondrial proteins, including metabolite transporters and
TCA cycle enzymes. In addition, several genes encoding chaperones and
proteases are differentially expressed in the mia40 mutant, suggesting
at least some overlap between UPR™ and UPR™™.

Ruan et al (2017) proposed a mitochondria-mediated proteostasis
mechanism in yeast, termed MAGIC (mitochondria as guardian in cy-
tosol). They showed that cytosolic proteins aggregating under heat
stress are imported into mitochondria via interaction with organellar
import receptors TOM70 and TOM40 for degradation by mitochondrial
protease PIM1 (LON1). Protein aggregates imported into mitochondria
do not require cytosolic HSP70, but require the disaggregase Hsp104,
suggesting that aggregate proteins are dissociated in order to pass the
import channels. MAGIC seems to be important for the turnover of
proteins aggregating under stress. Of note, Ruan et al (2017) also
showed that cytosolic proteins prone to aggregation are also imported
into mitochondria in human RPE-1 cells.

Another interesting study described a mitochondrial import sur-
veillance mechanism in budding yeast, termed the mitoCPR for mi-
tochondrial compromised protein import response (Weidberg and
Amon, 2018). MitoCPR is activated to protect mitochondrial function
during protein import stress. When mitochondrial proteins accumulate
on the organelle’s surface and bind to the translocases due to mi-
tochondrial protein import deficiency, the transcription factor Pdr3
induces the peripheral outer membrane protein Cisl. In turn, Cis1 in-
teracts with the mitochondrial import receptor Tom70 and recruits the
AAA-adenosine triphosphatase (ATPase) Mspl to the outer-membrane
translocase to mediate the degradation of unimported proteins by
proteasomes on the mitochondrial surface. The signal (or signals) that
activates the mitoCPR in budding yeast has not been identified.

Although no pathways in yeast have been strictly classified as
UPR™, it is clear that very similar mechanisms exist, which activate
nuclear gene expression to resolve or compensate for mitochondrial
defects.

5. Is there a UPR™ in plants?

The plant UPR™ has been even less studied than UPR™ in C. elegans
and mammals, but was found to be at least partially conserved in
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Arabidopsis thaliana (Moullan et al., 2015) (Fig. 2, Table 2). The UPR™
in Arabidopsis thaliana was shown to be activated by a transient oxi-
dative burst, leading to the activation of mitogen-activated protein ki-
nases (MAPKs) and hormonal signalling (ethylene, auxin and jasmo-
nate) to restore mitochondrial proteostasis (Wang and Auwerx, 2017).
Members of the AP2/ERF (APETALA2/ethylene responsive factor),
MYB, NAC (NAM, ATAF1, 2, CUC2), bHLH (basic helix-loop-helix) and
WRKY transcription factor families were suggested to serve as sensors/
effectors of the plant UPR™ (Wang and Auwerx, 2017). Wang and
Auwerx (2017) showed that in the Arabidopsis mitochondrial ribosomal
protein L1 mrpll-1 mutant, AP2/ERF transcription factors are highly
induced: drought stress responsive genes ERF5/6, DREB2H, and EDF2/4
(Zhang et al., 2008; Dubois et al., 2013; Fu et al., 2014); wounding
responsive gene ERF13 (Sogabe et al., 2011); high light stress re-
sponsive gene ERF054/104 (Bechtold et al., 2008; Vogel et al., 2014);
low-potassium responsive gene RAP2.11 (Kim et al., 2012); pathogen
defensive genes ERF2/091 and SHN3 (Onate-Sanchez and Singh, 2002;
Aharoni et al., 2004; McGrath et al., 2005); genes involved in devel-
opment: LEP, BBM, PLT2, and ERF113 (van der Graaff et al., 2000;
Asahina et al., 2011; Horstman et al., 2014); and genes involved in
ethylene signalling (EIN2 and ERF1/2/5) and biosynthesis (SAM1 and
ACS6/8) (Chang, 2016). In addition, they showed that treatment with
doxycycline (Dox), a mitochondrial ribosome inhibitor, increased the
transcript levels of ERF1/2/5 and EIL1, which is a transcription factor
and a positive regulator of the ethylene signalling pathway (Alonso
et al., 2003). These results suggest that the UPR™ in plants activates
ethylene responses as a systemic signal. Dox, chloramphenicol (CAP)
(another inhibitor of bacterial and organellar ribosomes), MitoBlock-6
(MB) (an inhibitor of protein translocation into mitochondria) and ro-
tenone (an inhibitor of the mitochondrial electron transport chain)
treatment increased MPK6 phosphorylation in wild type (WT) seed-
lings, suggesting that activation of MAPKs signalling is involved in the
plant UPR™ (Wang and Auwerx, 2017). Auxin and jasmonate action
was induced in root tips of WT seedlings treated with Dox, CAP and MB,
but not when treated with rotenone and antimycin A (AA) (a mi-
tochondrial complex III inhibitor), indicating that auxin and jasmonate
signalling are activated by the UPR™ in plants (Wang and Auwerx,
2017). Mitochondrial ribosomal proteins (MRPs) were also suggested to
be important for mtPQC and the UPR™, and to be target genes of mi-
tochondria-to-nuclear communication. Mitochondrial translation was
shown to affect lifespan in plants: long-term treatment with Dox de-
creased mitochondrial translation efficiency, and consequently slowed
plant growth and development.

The suggested UPR™-controlled transcriptional induction of nu-
clear-encoded mitochondrial ribosome subunits must, however, be
viewed with caution. The proposed transcriptional inductions by
treatment of Arabidopsis plants with Dox or by knocking out mi-
tochondrial ribosomal protein MRPL1 were generally very weak, mostly
in the order of 1.2-1.8 fold (Wang and Auwerx, 2017). Furthermore,
the RNA-seq analysis of Dox treatment and mrpll mutants in the same
study could not confirm a consistent upregulation of nuclear transcripts
encoding mitochondrial ribosomal proteins observed by gRT-PCR
(Kacprzak et al., 2020; Wang and Auwerx, 2017). Finally, despite very
strong effects on mitochondrial translation and plant development in
plants with reduced expression of mitochondrial ribosomal protein
RPS10, such an increase of nuclear transcripts encoding mitochondrial
ribosomal proteins was also not observed in rpsI10 mutants
(Adamowicz-Skrzypkowska et al., 2020).

Recently, Kacprzak et al. (2020) showed that plants treated with
Dox and AA induced expression of many common genes. The tran-
scription factor Arabidopsis NAC domain containing protein 17
(ANACO017), which was previously proposed as a regulator of MRR
pathways (Ng et al., 2013; Ng et al., 2014; Van Aken et al., 2016a,b),
was shown to be the major regulator of the UPR™ in plants. Kacprzak
et al. (2020) suggested that in response to AA treatment, ANAC017
targets many types of genes that are classic targets of UPR™ (Table 2):
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heat shock proteins (mtHSC70-1 and sHSP23.5 (a plant-specific pro-
tein)), co-chaperones/chaperones (a GrpE family protein the Mi-
tochondrial Grpe 1 (MGE1), and AAA ATPase AtOM66 (BCS1)) and mi-
tochondrial import component TIM17-1. TIM17-1 is an isoform of
TIM17 that is expressed in dry seed (Wang et al., 2014). Interestingly,
TIM17-1 is the only isoform of TIM17 that was induced by UPR™ in
plants. Previous studies showed that TIM17-1 was induced by mi-
tochondrial perturbation, e.g. in prohibitin atphb3 mutants (an IMM
scaffold protein) and by AA treatment; however, the other isoforms
TIM17-2 and TIM17-3 were not induced (Ng et al., 2013; Van Aken
et al., 2016a,b). This could be explained by the difference in the
structure of the C-terminus of these TIM17 isoforms, which was pre-
viously shown to be important for protein import into mitochondria via
the general import pathway (Murcha et al., 2005). ANACO17 targets
OXPHOS protein components and scaffolds: Alternative Oxidative 1a
(AOX1a), NDB2, NDB4 and Stomatin-Like 1/2 proteins; proteins that
regulate metabolism like Alanine Aminotransferase 2 (ALAAT2), Aspar-
tate Aminotransferase 2 (ASP2), 2,3-Biphosphoglycerate-Independent
Phosphoglycerate Mutase (IPGAM2); proteins involved in mitochondrial
dynamics Optic Atrophy 3 (OPA3); and proteins involved in ROS re-
duction and detoxification: AOX1a, Multidrug And Toxin Efflux carriers
(At2g04050), glutathione S-transferase TAU 25 and Sulphotransferase 12
(SOT12). Treatment with CAP, MB and FCCP (a protonophore that
collapses the mitochondrial membrane potential) showed ANAC017-
dependent induction of AOX1a, UPOX1, UGT74E2 and OM66 (Kacprzak
et al., 2020). ANACO017 also enhanced plant growth and development
during mitochondrial dysfunction caused by treatment with AA, Dox,
CAP or MB (Kacprzak et al., 2020). Despite significant effort, we were
unable to detect consistent marker genes that were differentially ex-
pressed only in mrpll, rps10 and Dox-treated Col-0 plants, but not for
instance, in AA-treated plants. The genes that were in common, were
ANACO017-dependent marker genes associated with classical MRR in
plants (Kacprzak et al., 2020; Adamowicz-Skrzypkowska et al., 2020). It
thus appears that ‘classical’ mitochondrial retrograde signalling and
UPR™ in plants are most likely one and the same response. It has also
been suggested that proteolytic degradation products of mitochondrial
proteins could be exported into the cytosol, where these peptides could
act as signalling molecules for retrograde signalling (or UPR™) (Moller
and Sweetlove, 2011), as was observed in C. elegans (Haynes et al.,
2007; Haynes et al., 2010).

It was proposed that in response to inhibition of electron transport
by AA, signals from mitochondria result in the cleavage of ANAC017 by
a rhomboid protease, leading to the translocation of ANAC017 from the
ER membrane to the nucleus (Ng et al., 2013). However, the me-
chanism underlying ANAC017 migration is still mysterious. It is pos-
sible that hydrogen peroxide (H»O,) produced during mitochondrial
stresses, e.g. treatments that impair OXPHOS complexes, mitochondrial
translation, protein import, or proton gradient (Ng et al., 2013; Quiros
et al., 2017; Wang and Auwerx, 2017), could result in ANACO017 clea-
vage. ER stress in plants is caused by the accumulation of misfolded/
unfolded proteins in the ER, leading to UPR™® (Howell, 2013). One
hypothesis could be that ANAC017 is both an ER stress sensor/trans-
ducer and a regulator of UPR™. However, activation of the plant UPR™
in response to AA treatment did not induce the classic UPR®™® marker
genes (Kim et al., 2018) IREIA, IRE1B, TMS1, NAC089 and even sup-
pressed several UPR™® marker genes, including PDI6, PDI9, BIP1, CRT1
or SDF2 (Ng et al., 2013). Therefore, it seems that the plant UPR™ does
not involve activation of UPR®™® and ANACO017 is likely to act as a
specific regulator of the UPR™/MRR in plants. Further work will be
required to identify the cause of ANAC017 migration during mi-
tochondrial stresses. Activation of UPR™ by Dox leads to the induction
of ethylene responsive genes, but this was unaffected in anac017 mu-
tants, indicating that ethylene production and signalling are potentially
ANACO17-independent (Kacprzak et al., 2020). In conclusion, there are
possibly four signalling pathways that are activated during UPR™ in
plants: induction of gene expression regulated by ANACO017, ethylene
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signalling that promotes the growth reduction and (ANACO017-in-
dependent) ethylene responsive gene expression, auxin signalling to
keep check on the growth versus stress response balance (Ivanova et al.,
2014; Kacprzak et al., 2020; Wang and Auwerx, 2017), and jasmonate
signalling (Wang and Auwerx, 2017).

6. A comparison of UPR™ regulators across eukaryotic kingdoms

To obtain a more systematic overview of how UPR™ is regulated in
various organisms, we summarized the current knowledge on UPR™
signalling across eukaryote kingdoms (Fig. 2). Table 1 provides an
overview of currently identified upstream regulators of UPR™, and how
they are conserved across eukaryotes. As UPR™ and MRR are tran-
scriptional responses, identification of master transcription factors
(TFs) is of key importance. bZIP type TFs have key roles in animal
UPR™, with ATFS-1 in C. elegans and the related ATF-4/ATF-5 in
mammalian systems (Table 1). Indeed, ATF-5 could complement atfs-1
loss-of-function mutation in C. elegans, demonstrating that they are
homologs (Fiorese et al., 2016). Interestingly, also the yeast S. cerevisiae
appears to contain a transcription factor with homology to ATF-5/
ATFS1, Cst6, which is involved in low CO, and potentially hypoxia
response. The Cst6p knock-out mutant shows decreased respiratory
growth on non-fermentable carbon sources (Steinmetz et al., 2002),
indicating it may indeed have a role in regulation of mitochondrial
function. A specific role of Cst6p in yeast UPR™ has to date not been
reported. In contrast, no clear homolog of ATFS-1 can be found in
Arabidopsis thaliana, indicating that the role for bZIP transcription
factors in UPR™"like signalling is confined to animals and potentially
yeast. In yeast, a Zinc-finger transcription factor Pdr3 was identified
with a role in mitoCPR (Weidberg and Amon, 2018). Pdr3 appears to be
restricted to yeast genomes and no homolog could be found in plants or
animals.

The data in table 1 suggests that UPR™related signalling in plants
is regulated quite differently at the transcriptional level. An initial study
in plants highlighted a potentially highly complex transcriptional net-
work and suggested the involvement of a wide range of TFs of the ERF,
WRKY, MYB, NAC and bHLH families (Wang and Auwerx, 2017).
However, no clear individual upstream TFs were identified in this
study. A recent study in Arabidopsis identified the NAC transcription
factor ANACO17 as a core regulator of UPR™ and proteotoxic stress
(Kacprzak et al., 2020). Many of the reported gene families, including
NAC, WRKY and ERF TFs, are plant specific, indicating that plants have
independently evolved their own UPR™ and mitochondrial retrograde
signalling pathways. The NAC family pre-dates the land plants, as dis-
tant homologs can be found in streptophyte green algae (Maugarny-
Cales et al., 2016). The ANACO17 regulatory network seems to have
evolved together with embryophytes, and thus appears to be associated
with colonization of land (Lama et al., 2019). Recent results showed
that ANACO017 is important for tolerance to flooding, which reduces
oxygen availability for mitochondrial respiration (Bui et al., 2020;
Meng et al., 2020). This further confirms the hypothesis that the
ANACO017 pathway evolved as part of the new adaptations required for
growth on land.

Some regulators identified in UPR™ such as FSHR, ERa and ZIP-3
appear to be conserved in animals, while others belong to highly con-
served protein families across all eukaryotes including eIF2A kinases,
sphingosine kinases and sirtuins. Sirtuins are also associated with mi-
tochondrial function in plants, but a direct role in UPR™ or related
signalling is unclear (Konig et al., 2014). More research will be needed
to show whether these regulators have conserved functions in UPR™
regulation across kingdoms.

7. UPR™ target genes across eukaryotic kingdoms

The above analysis suggests that key upstream regulators of UPR™-
related responses are not fully conserved across eukaryotes (Table 1)
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and specific regulators have evolved that may be specific to one or more
kingdoms. The outcome of UPR™"-related signalling is nevertheless the
alteration of gene expression of specific target genes. Therefore, we also
analysed what types of proteins are encoded by the UPR™-regulated
genes (Table 2).

In common, UPR™ in animals and plants induces the classic targets:
nuclear expression of chaperones, proteases, mitochondrial import
components and proteins involved in primary metabolism. Of note,
UPR™ activation leads to the induction of proteins involved in (innate)
immunity in both animals and plants, but the target genes are different:
ABF-2 and LYS-2 in C. elegans, HD-5 and ILR20B in humans, and MPK6
in Arabidopsis thaliana. This indicates that each kingdom has developed
their own responsive genes in stress response/immunity. Interestingly,
ATFS-1 in C. elegans and ATF4/5 in humans play roles as both tran-
scriptional regulators and target genes in UPR™, while ATF3 appears to
be a target gene as well (Quiros et al., 2017). Plant UPR™ contains a
very specific group of target genes, ethylene responsive factors (Table 2,
section “Hormones/growth factors”). In addition, Kacprzak et al.
(2020) reported that UPR™ targets OXPHOS protein components and
scaffolds in plants, of which AOX1a is an OXPHOS component and a
specific marker of plant retrograde signalling. Alternative mitochon-
drial NAD(P)H dehydrogenases appear to be conserved retrograde
target genes in plants and yeasts (Table 2). UPR™ also induces proteins
that are involved in ROS reduction and detoxification, but previous
studies so far only showed such responses in humans and plants. Cel-
lular metabolism also appears to be a common target, with amino acid
metabolism and transport genes common to all kingdoms. In agree-
ment, changes in amino acid levels seem to be common in response to
UPR™ in plants and humans (Meyer et al., 2009; Van Aken et al.,
2016a,b; Quiros et al., 2017).

8. What are the molecular signals triggering UPR™?

Each kingdom has developed its own specific regulators (Table 1)
that induce and target different genes in the nucleus (Table 2). UPR™
was activated by the accumulation of unfolded proteins in C. elegans
(Yoneda et al., 2004). This proposal was then consistently supported by
the work of Haynes et al (2007) and (2010), and Houtkooper et al
(2013). In mammalian cells, UPR™ was activated by introducing a
mutation (deletion of amino acids 30-114) in the mitochondrial matrix
protein ornithine transcarbamylase (OTC) to prevent protein import
into mitochondria and leading to the induction of nuclear genes en-
coding molecular chaperones Cpn60 and Cpnl0, mtDnaJ, and the pro-
tease, CIpP (Zhao et al., 2002). There are additional reports suggesting
that unfolded proteins, which are unable to be imported into mi-
tochondria, lead to the activation of UPR™ to maintain mitochondrial
functions (Haynes et al., 2007; Haynes et al., 2010; Nargund et al.,
2012). A genome-wide RNAi screen in C. elegans showed that UPR™
was induced when most mitochondrial processes (electron transport,
TCA cycle, lipid catabolism, cardiolipin and phosphatidyl ethanolamine
biosynthesis) required for the maintenance of mitochondrial home-
ostasis were compromised (Rolland et al., 2019). Notably, mitochon-
drial defects in Ca?* homeostasis and mitophagy failed to induce
UPR™ (Rolland et al., 2019). Rolland and his co-workers also proposed
that a decrease in mitochondrial membrane potential is a general signal
that triggers UPR™. This is consistent with previous studies that
showed drugs, which reduced the size of the mitochondrial membrane
potential, e.g. rotenone or AA (Johnson et al., 1981), induced UPR™
(Kacprzak et al., 2020; Liu et al., 2014; Runkel et al., 2013). In Arabi-
dopsis, Dox, MB and AA treatment induced gene expression of many
common genes and induced UPR™. As mitochondrial membrane po-
tential is required for import of most mitochondrial proteins, a less
negative membrane potential would result in reduced mitochondrial
import, again likely resulting in non-imported mitochondrial proteins
accumulating, which could trigger UPR™. A recent report also sug-
gested that accumulation of non-imported chloroplast proteins could be
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a signal for plastid-to-nucleus signalling (Wu et al., 2019), involving
cytosolic UPR mediating plastid-derived communication. AA blocks the
mitochondrial electron transport chain at the N site of complex III and
increases the rate of superoxide production (Cadenas et al., 1977;
Moller, 2001; Murphy, 2009), suggesting that superoxide might also be
a signal that triggers UPR™ in plants. Further work will be needed to
determine the precise factors that mediate UPR™ and mitochondria-to-
nuclear signalling in general.

9. Conclusions

Here, we have reviewed and compared the current knowledge of the
UPR™ across eukaryotic kingdoms. Although each kingdom has de-
veloped their own specific regulators, UPR™ activation leads to the
nuclear induction of common genes that restore mitochondrial func-
tion, so the strategies to resolve the mitochondrial dysfunctions are
more or less conserved. Furthermore, UPR™ and related pathways also
induce genes encoding non-mitochondrial metabolic and regulatory
proteins that might enhance survival and restore (inter-) cellular bal-
ance, for instance, by affecting hormone/growth factor signalling.
Specific regulatory components and responsive genes of the UPR™ in
animals and plants have been identified, but the precise signals that
trigger UPR™ are still elusive. One reason for the apparently in-
dependent evolution of different mitochondria-to-nuclear signalling
pathways across kingdoms could be that specific needs for such control
arose with major evolutionary events, such as the colonisation of land
or development of multicellularity.
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Chapter 1

Purification of Leaf Mitochondria from Arabidopsis thaliana
Using Percoll Density Gradients

Huy Cuong Tran and Olivier Van Aken

Abstract

The study of plant mitochondria often requires isolation of mitochondria from plant tissues in intact and
functional form. Here, we describe an effective procedure of mitochondrial isolation from leaf tissues and
whole seedlings of the model dicot species Arabidopsis thaliana by using differential centrifugation and
continuous Percoll density gradients.

Key words Mitochondria, Mitochondrial isolation, Density gradients, Arabidopsis
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Introduction

Mitochondria are the powerhouses of eukaryotic cells. One way to
study plant mitochondria is to isolate pure, intact and functional
mitochondria from plant tissues. In this chapter, we present two
strategies for plant growth (in soil and in liquid half-strength Mur-
ashige and Skoog (MS) media) and mitochondrial isolation from
leaf tissues of Arabidopsis thaliana. This protocol was adapted from
[1-3]. A major problem of mitochondrial isolation is contamina-
tion with chloroplast-derived material, especially thylakoids. By
using continuous Percoll density gradients, the purity of the
extracted mitochondria is greatly improved. Freshly isolated plant
mitochondria obtained by this protocol can be used for assays that
require intact mitochondria, for example, in organello translation
assay [4], import assays [5] and respiration measurements
[3]. Extracted mitochondria can also be stored at —80 °C and
later used for assays that do not require freshly isolated mitochon-
dria, for example blue native polyacrylamide gel (BN-PAGE) fol-
lowed by colloidal Coomassie staining [5] or in-gel activity assay,
and immunoblotting assays [5].

In this chapter, we provide two options to grow starting mate-
rial for isolating mitochondria, either in soil or in vitro. Soil growth
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provides the most natural environment for plants to develop and
mitochondria isolated from soil-grown plants can thus be consid-
ered most physiologically relevant. Growing plants in soil has nev-
ertheless a number of downsides. For instance, to get enough
biomass, a large number of pots and trays are needed, which take
up a significant proportion of growth space. Also, many mitochon-
drial mutants have reduced growth phenotypes [ 6-8], which makes
access to healthy leaf material even more difficult. Prolonged Ara-
bidopsis growth in standard long day conditions (e.g., 16 h light
and 8 h dark) results in flowering after 45 weeks, which will reduce
the gain in usable fresh leat material (unless mitochondria are
desired from flowers and/or stems). To circumvent flowering,
researchers can grow their plants under short day conditions (e.g.,
8 h light and 16 h dark) for up to several months, resulting in very
large vegetative rosettes that provide more input material for mito-
chondrial preparation, but at a significant cost in time.

In contrast to soil-grown plants, in vitro growth of seedlings
(whether on MS media plates or in shaking liquid cultures) is less
similar to natural conditions, potentially with waterlogging and
hypoxia as a result if the plants are submerged, but has a number
of significant advantages. Severe mitochondrial mutants grow
extremely poorly in soil [6-8], but perform relatively better in
in vitro conditions supplied with nutrients, vitamins and an external
carbohydrate. In vitro growth also has the advantages that mito-
chondria can be isolated in relatively sterile conditions, free from
bacterial and/or fungal growth, which is of great importance, for
instance, in n organello translation assays where bacterial transla-
tion can cause a strong background [4]. In addition, in vitro
growth of seedlings is useful to grow larger quantities of young
tissues (which tend to have a higher mitochondrial content per
fresh weight than expanded leaves) in a relatively short period of
time (e.g., 2 weeks or less for Col-0), potentially producing large
quantities of mitochondria in a short period of time, and using
limited growth chamber space. This, however, comes at a signifi-
cant cost in terms of how many seeds are required per preparation,
and thus requires ample bulking of good quality seeds for the
assays. Bulking plants to collect a high quantity of seeds can be
time-consuming, especially for slow-growing mutants that often
have reduced seed yields per plant. A further practical disadvantage
of sterile growth is obviously the higher risk for microbial contami-
nation during growth, which could result in complete loss of a
sample. Therefore, great care must be taken in seed sterilization
and good sterile laboratory practices. Depending on which of these
factors are the most important or limiting, researchers can decide to
go with soil or in vitro growth.
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2 Materials

2.1 Arabidopsis
Growth in Soil

2.2 Arabidopsis
Growth in Shaking
Liquid Culture Flasks

2.3 Purification

of Mitochondria Using
Continuous Percoll
Density Gradients

. 6 X 6 x 6 cm pots with draining holes, placed in trays (s¢e Note
1)

. Soil mix with vermiculite and perlite at a 4:1:1 ratio.

. 500 mL glass wide-mouthed Erlenmeyer conical flasks.

2. Orbital shaker.

. Liquid half-strength Murashige and Skoog (MS) media:
2.15 g/L MS basal salts powder, 0.5 g/L MES-KOH,
pH 5.7, 1% (w/v) sucrose, 1 mL/L Gamborg B5 vitamins
1000x, set pH to 5.7 with KOH. Autoclave and cool-down
to room temperature before adding sterilized seeds.

4. Aluminum foil.

. Commercial chlorine bleach (we use Klorin with 27 g sodium
hypochlorite per kg).

. 70% ethanol.
. Sterile MilliQ (MQ) water.
. 1.5 mL Eppendorf tubes.

1. Mortars and pestles.

. Funnels.

. Beckman Coulter Avanti ® J-HC centrifuge with Beckman
rotor JA25.50 or similar.

. 50-mL polycarbonate centrifuge tubes compatible with rotor
JA25.50 (Beckman).

. A gradient mixer.

. Standard peristaltic pump (e.g., Econo Gradient Pump,
Bio-Rad or MINIPULS 3, Gilson).

7. Silicone tubing (e.g., Bio-Rad).

10.
11.
12.
13.
14.
15.
16.

. A small magnetic stir bar.

. A magnetic stirrer.

Miracloth.

Soft paintbrushes.

Teflon Dounce homogenizers.

Transfer pipettes.

50 mL falcon tubes (Sarstedt).

500 mL glass Erlenmeyer conical flasks.

Grinding medium: 0.3 M sucrose, 25 mM tetrasodium pyro-
phosphate, 2 mM EDTA (disodium salt), 10 mM KH,POy4-
HCL, pH 7.5, 1% (w/V) polyvinylpyrrolidone-40 (PVP-40), 1%
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17.

18.

19

(w/v) bovine serum albumin (BSA). All chemicals are dis-
solved well in MQ water before adding BSA. The buffer is
stored overnight at 4 °C to allow proper cooling. For
300 mL grinding buffer, 1.06 g of sodium ascorbate and
0.74 g of L-cysteine are added just prior to use on the morning
of the mitochondrial isolation. ~30—40 g leaf material can be
ground with 150 ml grinding medium.

2x Wash buffer with BSA: 0.6 M sucrose, 20 mM TES, 0.2%
(w/v) BSA, pH 7.5 (NaOH). The buffer is stored overnight at
4°C.

2x Wash buffer without BSA: 0.6 M sucrose, 20 mM TES,
pH 7.5 (NaOH). The buftfer is stored overnight at 4 °C (see
Note 2).

. Heavy and light gradient solutions:

Heavy gradient solution

2 gradient tubes

4 gradient tubes

(4.4% w/v PVP) (35 mL) (70 mL)
2x wash buffer with BSA 17.5 mL 35 mL
Percoll 9.8 mL 19.6 mL
20% (w/v) PVP-40 7.7 mL 15.4 mL

Light gradient solution

2 gradient tubes

4 gradient tubes

(0% w/v PVD) (35 mL) (70 mL)
2x wash buffer with BSA 17.5 mL 35 mL
Percoll 9.8 mL 19.6 mL
MQ water 7.7 mL 15.4 mL

3 Methods

3.1 Arabidopsis
Growth in Soil

1. Sow approximately 5-10 Arabidopsis seeds onto a pot contain-
ing soil mixed with vermiculite and perlite at a 4:1:1 ratio.

. Place pots in a larger tray (53 x 32 x 6 cm). At least two full

trays (56 pots in total) are required for one mitochondrial
isolation (~2—-3 mg mitochondrial protein).

. For stratification, place the trays at 4 °C in the dark for 2—-3 days

prior to transferring plants to the growth chamber.

. About 7-10 days after stratification, remove excess seedlings so

only one plant grows in each pot to optimize plant growth.

. Grow plants for a further 3 weeks (see Note 3).
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3.2 Arabidopsis 1. Liquid sterilization of Arabidopsis seeds (about 200-400
Grown in Liquid seeds/1.5 mL Eppendorf tube): Incubate with 1 mL 70%
Half-Strength MS ethanol for 5 min; remove ethanol and incubate with 1 mL
Medium (Fig. 1) 5x diluted bleach for 15 min, exchange with fresh 5x diluted

bleach after every 5 min; remove the 5x diluted bleach and
wash with 1 mL sterile MQ water at least 5 times (this step
must be carried out under the sterile laminar flow hood to
prevent contamination); maintain the seeds in 1 mL sterile
MQ water in the tube.

2. Pour 200 mL liquid half-strength MS medium into a 500 mL
glass Erlenmeyer conical flask. Cover the top of the flask with
aluminum foil.

3. Autoclave MS medium (120 °C, 20 psi, 20 min) and allow the
medium to completely cool down to room temperature.

4. In the laminar flow hood, use a P1000 pipette with a sterile tip
to transfer sterile 200400 seceds (maintained in sterile MQ

Fig. 1 Arabidopsis Col-0 grown in liquid half-strength MS medium for 14 days
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3.3 Preparation
of Continuous Percoll
Density Gradients

50 mL centrifuge tube

Silicone tubing

water) into a flask containing 200 mL autoclaved liquid half-
strength MS medium. 200400 seeds/flask can yield 10-15 g
of seedling tissues, which can yield ~1.5 mg mitochondria per
flask. Reseal the flask well with the autoclaved aluminum foil.

. Place the flasks onto a shaker in standard long day plant growth
conditions (16 h light/8 h dark, approximately 120 pmol
photons m ™2 s7!) and shake them gently at 100 rpm.

. Grow seedlings for 14 days (see Notes 3-5).

. Prepare heavy and light gradients in 50 mL conical tubes (see
item 19, Subheading 2.2).

. Wash the chambers of the gradient mixer and the silicone
tubing with MQ water and make sure that the flow is not
blocked.

. Place two 50-mL centrifuge tubes on ice and tape the tubing
outlet to the inside of the tubes so the gradient solution runs
down on the wall of the tubes (Fig. 2).

4. Place the gradient mixer on a magnetic stirrer and close the

valve of the gradient mixer (lever in “horizontal” position).

. Pour the heavy gradient into the first chamber (the chamber
with tubing outlet) and place a magnetic stir bar in the
chamber.

6. Pour the light gradient into the second chamber (the chamber

without tubing outlet).

Peristaltic pump Light gradient

Heavy gradient

Gradient mixer

Valve

Magnetic stirrer

Fig. 2 Preparation of the continuous Percoll gradients
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7.

Start the stirrer and start the pump to allow the heavy gradient
to run until half'is dispensed.

. Open the valve of the gradient mixer to allow the gradients to

mix (lever in up position). Set the pump with an appropriate
speed of approximately 1 mL per minute (setting 5 on a Gilson
MINIPULS 3), until all liquid has passed through the tubing.
Multiple gradient tubes can be made at the same time if the
pump can pump multiple lines at equal flow rates.

. Wash the tubing and gradient mixer well with MQ water

after use.

. For soil-grown plants: collect leaf tissues from plants grown in

soil by cutting the rosettes away from the roots and gently rinse
them with MQ water to get rid of excess soil. For liquid-culture
plants: collect tissues (mainly leaf tissues) from plants grown in
liquid culture by filtering seedlings from excess media using a
sieve and gently rinsing with MQ water.

. Pour the grinding medium into a large precooled mortar and

grind plant material with a precooled pestle on ice/in the cold
room (4 °C) (see Note 6). Leave a few deciliters of grinding
buffer for regrinding a second time (see step 4).

. Filter homogenate through a miracloth that is set up in a funnel

(Fig. 3).

. Scrape and regrind any solid material left on the miracloth

using the last bit of grinding medium. Pass this last bit of
material again through the miracloth and funnel with the first
fraction.

. Transfer the filtered homogenate to 4-6 precooled 50-mL

centrifuge tubes.

"«—— Funnel
Miracloth

Homogenate

oo e

<—— 500 mL flask

Fig. 3 Collecting plant homogenate from leaf tissues
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Step 6

- - :
i N
After suction After resuspension

Step7 Step 8 Step 8 Step 9

Cell debris and nuclei  Crude mitochondria

Fig. 4 Collecting crude mitochondria by centrifugation

6.

10.

11.
12.

13.

14.

15.

Centrifuge for 5 min at 2500 x g at 4 °C to pellet cellular
debris and nuclei, and transfer the supernatant into new cold
50-mL centrifuge tubes (Fig. 4).

. Centrifuge 20 min at 17,500 x g at 4 °C to pellet crude

mitochondria.

. Remove the supernatant by suction in the cold room and

gently resuspend the pellets in residual supernatant with a soft
paintbrush.

. Use a prechilled glass—Teflon homogenizer to ensure that there

are no clumps due to poor resuspension (this step can be
omitted and should be done in the cold room).

Combine the resuspension from 4 tubes into one 50-mL cen-
trifugation tube per genotype/treatment and fill the tube with
1x Wash buffer with BSA (se¢ Note 7).

Repeat steps 6-9.

Use a transfer pipette to carefully transfer the crude mitochon-
dria onto the surface of the 0-4.4% (w/v) PVP-Percoll
gradient.

Balance the tubes with 1x Wash buffer with BSA and centri-
fuge for 40 min at 40,000 x4 at 4 °C with the brake off (see
Note 8).

Mitochondria should be present as a light-yellow layer at the
bottom of the tube after centrifugation. Remove upper layers
above by suction in the cold room, without disturbing the
mitochondria at the bottom (Fig. 5).

Fill the tube with 1x Wash buffer with/without BSA and

centrifuge for 15 min at 31,000 x g at 4 °C with slow brakes
(see Note 2).
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Before centrifugation

After centrifugation After suction

Crude mitochondria

0-4.4% PVP-Percoll
(w/v) gradient

Mitochondria Mitochondria

Fig. 5 Collecting mitochondria by using continuous Percoll gradient

After wash and centrifugation Collect

Mitochondria

Fig. 6 Wash and collect the final mitochondrial fraction (steps 15—18)

16. Mitochondria should be at the bottom of the tube and the
pellet is very loose (Fig. 6). Remove the supernatant by
suction.

17. Repeat steps 15 and 16.

18. Transfer —mitochondria into a prechilled 1.5 mL
microcentrifuge tube.

19. The concentration of mitochondria can be determined by
Bradford assays (Bio-Rad).

20. Isolated mitochondria can be aliquoted to desired quantity, so
consider what are logical aliquot sizes that are required for your
future experiments (e.g., respiration assays, western blotting,
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BN-PAGE, import assays). Based on the protein concentration
and future application, transfer the appropriate volume of
resuspended mitochondria to 1.5-2 mL Eppendorf tubes and
centrifuge at 16,100 x g for 5 min at 4 °C. Remove the
supernatant and for example resuspend mitochondria in 1x
Wash buffer for further experimentation requiring intact mito-
chondria or store at —80 °C for later use.

4 Notes

. Other common pot types that allow sufficient draining and

provide sufficient space for individual plants to grow can also
be used.

. If isolated mitochondria will be used for BN-PAGE or immu-

noblotting assays, use 1 x Wash buffer without BSA in the two
final washes (steps 15-17).

. Four weeks of total growth is usually sufficient for Col-0 wild-

type plants. If mutants with significant growth delays are being
used, this time needs to be extended by for example 1-2 weeks,
or sometimes more. It is advisable to start growing the mutants
the required extra time before starting growth of Col-0 wild
type or normal-growing mutants, so all mitochondrial preps
can be done on the same day. This generally gives more consis-
tent results and equal loading in downstream application, and
saves on time, rather than doing mitochondrial isolations on
separate days when the slow mutants have reached an equiva-
lent size to a 4-week-old wild-type plant. This approach is also
advisable for in vitro grown seedlings and needs to be estab-
lished empirically for each individual mutant line.

. Regularly check the flasks for potential contamination. If con-

tamination is observed, the flask should be removed from the
experiment. It is generally wise to prepare a few extra flasks
(e.g., 1-2) to ensure sufficient uncontaminated flasks remain at
the end. We recommend sterilizing Arabidopsis seeds by using
liquid sterilization method to minimize the chance of microbial
contamination (see Subheading 3.1, step 2). Dry sterilization
by chlorine gas overnight can also be performed but avoid
having too many seeds in a single tube, as the gas will not
penetrate fully.

. An alternative fast way to grow the seedlings in vitro with

normal air exposure, is to sow sterilized seeds on large square
plates (e.g., 10 cm x 10 cm) with solid half-strength MS
medium (as described for liquid culture) with 0.8% plant agar.
Seeds should be evenly spread in a lawn over the media plates
(seal the plates with porous tape afterward). Approximately
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100 pL of dry seeds can be spread evenly over four
10 cm x 10 cm plates and grown for 2 weeks (or longer for
slow growing mutants). Seedlings can be plucked from the agar
plates for collection. Make sure the majority of agar media is
removed from the roots for example by gently washing with
clean water. Dry the collected and washed seedlings with tissue
paper to remove excess water before proceeding to grinding.

. We recommend doing all steps of mitochondrial isolation in the

cold room (4 °C) to prevent degradation. It is also possible to
keep the precooled mortar and pestle in a large cooler box filled
with ice and grind the samples on the bench in the lab (room
temperature). Extra care must of course be taken that every-
thing stays very well cooled. Always store the centrifugation
tubes on ice to preserve sample integrity.

. 2x Wash buffer should be diluted into 1x Wash buffer with

ice-cold MQ water.

. It is important to switch off maximum brakes (use slow

brakes) on the centrifuge when the gradient is loaded. Strong
braking will cause turbulence and disrupt the gradient or resus-
pend the loose mitochondrial pellets in the wash-steps after the
gradients. In some cases, the centrifuge may experience errors
that override the brake settings into maximum breaks (e.g.,
vacuum,/pump seal failure), destroying the gradient and result-
ing in a homogeneous green suspension. If the samples are
important enough to salvage, one can rerun step 13
(40,000 x gspin) with these tubes, and the gradient will largely
reform by itself, allowing recovery of the mitochondria from
the bottom with still relatively good purity.
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ABSTRACT

Plant mitochondria collectively represent the largest group of respiring organelles on our
planet. They contain their own set of ribosomes to produce an essential set of proteins, yet the
mechanism of mitochondrial translation initiation is currently elusive. Despite their bacterial
origin, plant mitochondrial mMRNAs do not contain Shine-Dalgarno-like ribosome-binding
sites, so it is unknown how plant mito-ribosomes recognise and bind mRNA. We show that
“mitochondrial translation factors” mTRAN1 and mTRAN2 are land plant-specific proteins,
essential for biogenesis of the mitochondrial respiration chain. Our studies suggest that
MTRANS are non-canonical pentatricopeptide repeat-like (PPR) proteins and are part of the
mitoribosomal *small’ subunit. As PPR proteins are RNA-binding proteins, we searched the 5’
untranslated regions (UTRs) of Arabidopsis mitochondrial mRNAs and identified conserved
AJ/U-rich motifs. Furthermore, we show that mMTRANL1 directly binds this motif, indicating it
is a homing factor for the mito-ribosome to identify mMRNAs and start translation. Using a
combination of in organello translation assays, polysome profiling and ribosome footprinting,
we demonstrate that mMTRANS are indeed the elusive universal translation initiation factors,
required for translation of all mitochondrial MRNAs in plant mitochondria. Plant mitochondrial
translation initiation thus appears to use protein-mRNA interaction, and is fundamentally

different compared to in bacteria or mammalian mitochondria.



INTRODUCTION

Plant mitochondria produce a large amount of adenosine triphosphate (ATP) to power the
metabolic reactions needed for their growth, development, and maintenance. As mitochondria
originated from an endosymbiotic event, they have partially retained their own genome and
translational machinery, although most of the mitochondrial proteins are nuclear-encoded (Rao
et al., 2017; Schmidt et al., 2010). In plants, the number of unique mitochondrial proteins is
estimated to be from around 1000 to >2000 (Fuchs et al., 2020; Rao et al., 2017), but the
mitochondrial genome only encodes 20—40 protein-coding genes (Moller et al., 2021; Mower,
2020). Despite a bacterial origin, mitochondrial translation, whose core components include
tRNA, rRNA and mitoribosomal proteins, is substantially different from its bacterial
counterpart (Greber and Ban, 2016; Mai et al., 2017; Planchard et al., 2018). In yeast,
mitochondrial translation initiation is regulated by the coordinated action of general
translational factors associated with the mitoribosome and mRNA-specific factors that bind
specific regions of transcript 5’-untranslated regions (5’UTRs) to properly position translation
initiation sites (Derbikova et al., 2018; Green-Willms et al., 1998). Mammalian mitochondrial
mRNAs have no or extremely short 5’UTRs and translation can start directly on non-AUG start
codons (Kummer et al., 2018; Montoya et al., 1981).

In flowering plants, a bacterial-type Shine—Dalgarno sequence needed for translation initiation
and mitoribosome binding cannot be found within the 5’UTRs (Hazle and Bonen, 2007).
Therefore, how mitoribosomes interact with 5°UTRs of plant mitochondrial MRNAs and how
plant mitoribosomal small subunits (mtSSU) identify correct translation start codons is poorly
understood. Strikingly, plant mitoribosomes are larger than bacterial ribosomes, mammalian
and yeast mitoribosomes, as the mtSSU is substantially larger, even larger than the plant
mitoribosomal large subunit (mtLSU) (Rugen et al., 2019; Waltz et al., 2019). The plant
mitoribosome structure and core components have recently been studied (Rugen et al., 2019;
Waltz et al., 2019; Waltz et al., 2020), which showed that plant-specific pentatricopeptide
repeat (rPPR) proteins have become bona fide ribosomal constituents. PPR proteins contain
repeats of 35 amino-acid tandem motifs, each of which forming two anti-parallel a-helices that
interact with each other to generate a helix-turn-helix motif (Manna, 2015; Small and Peeters,
2000). The series of helix-turn-helix motifs generated by PPR domains forms a superhelix with
a central groove, allowing the PPR protein to interact with the RNA strand (Schmitz-
Linneweber and Small, 2008; Small and Peeters, 2000).



In this work, we characterized Arabidopsis genes AT4G15640 and AT3G21465, which are
annotated as adenylyl cyclases (ACs) on The Arabidopsis Information Resource (TAIR), but
were also suggested to be part of the mitochondrial ribosome (Rugen et al., 2019; Waltz et al.,
2019). ACs are enzymes that catalyze the conversion of ATP to 3’-5’-cyclic adenosine
monophosphate (CAMP) — a second messenger that can affect different physiological and
biochemical processes. ACs have been extensively studied in animals, but little is known about
ACs in plants (Al-Younis etal., 2015; Moutinho et al., 2001). Here, we show that AT4G15640
and AT3G21465 are mitochondrial land plant-specific proteins that are crucial for plant growth
and development. Interestingly, we found that AT4G15640 and AT3G21465 do not appear to
be ACs. However, loss of AT4G15640 and AT3G21465 strongly reduces abundance and
activity of mitochondrial respiratory complexes and decreases the abundance of
mitochondrially-encoded OXPHOS proteins. Co-immunoprecipitation followed by tandem
mass spectrometry shows that AT4G15640 and AT3G21465 are part of the mtSSU. In
agreement, polysome profiling showed that AT4G15640 and AT3G21465 are required for
translation initiation by the plant mitoribosomes. Therefore, we propose a new annotation for
AT4G15640 and AT3G21465: MITOCHONDRIAL TRANSLATION FACTOR 1
(mMTRANL) and MITOCHONDRIAL TRANSLATION FACTOR 2 (nTRAN?2), respectively.
Our further analysis shows that both the mMTRANL1 and mTRAN2 seem to be non-canonical
PPR proteins, which are known as RNA-binding proteins. Moreover, RNA electrophoretic
mobility shift assays (REMSAs) reveal that mTRAN1 - the main isoform present in
Avrabidopsis - could directly bind to conserved sequences in the 5’UTRs of mitochondrial
mRNAs, suggesting these are the mitoribosomal binding sites required for translation
initiation. Finally, analysis of mitochondrial ribosome footprints indicates that mMTRAN1 and

MTRAN2 are universal mtSSU translation initiation factors.

RESULTS
MTRAN1 and mMTRAN2 are plant-specific proteins

A BLAST search of mTRANL1 (AT4G15640) and mTRAN2 (AT3G21465) showed that they
are plant-specific proteins, present only in the genomes of Embryophyta (land plants). Protein
sequence alignment showed that mTRANS are highly similar to one another (84% identical),
suggesting that they could be paralogs in Arabidopsis thaliana. To construct a phylogenetic
tree, we selected representative vascular and non-vascular land plant species (Fig. 1A and S1).



Interestingly, some angiosperms, including three members of Brassicaceae family, and
Glycine max contain two mTRAN proteins, indicating that the duplication event of mMTRAN
proteins occurred relatively late in evolution, with the divergence of Fabaceae dating back
around 70 million years ago (Centeno-Gonzalez et al., 2021). This also suggests that one of the
MTRAN proteins may be redundant to the other mTRAN protein. Notably, Physcomitrium
patens, a non-vascular moss, also has two mTRAN proteins, suggesting independent
duplication events may have occurred throughout the lineages. The remaining land plant

species examined here contain only one mTRAN protein.
MTRAN1 and mMTRAN2 are targeted to mitochondria

Based on available databases, mMTRANL1 is suggested to be mitochondrially targeted (Hooper
et al., 2017). Indeed, mTRANL1 is potentially localized in mitochondria as it was found in
mitochondrial complexome profiling by Senkler et al. (2017). Therefore, we performed a
detailed analysis of the subcellular localization of both mTRAN1 and mMTRAN2. mTRAN1-
GFP and mTRAN2-GFP translational fusions were stably expressed in Arabidopsis Col-0
plants. Confocal microscopy analysis in root tissue revealed that mTRAN1-GFP and
MTRAN2-GFP co-localized with the MitoTracker Red labelled-mitochondria (Fig. 1B). To
further confirm that mMTRANS are targeted to mitochondria, we performed immunoblot analysis
on purified cytosolic, mitochondrial and chloroplastic fractions isolated from Arabidopsis
seedlings expressing mTRANL/2-GFP (Fig. 1C). The mitochondrial and chloroplastic fractions
were  confirmed using antibodies against  chloroplast-targeted  PGR5-LIKE
PHOTOSYNTHETIC PHENOTYPE 1 (PGRL1) and mitochondrially-targeted
TRANSLOCASE OF THE OUTER MITOCHONDRIAL MEMBRANE 40 (TOM40),
respectively. The purified mitochondrial and chloroplastic fractions were relatively free of
contamination, since no signals could be detected using antibodies against PGRL1 and TOM40
for mitochondrial and chloroplastic fractions, respectively. Using an antibody against GFP,
MTRAN1-GFP and mTRAN2-GFP could be detected only in the mitochondrial fractions.
Together, our findings indicate that mMTRAN1 and mTRAN2 are mitochondria-localized
proteins.
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Figure 1. mMTRAN1 and mTRAN2 are land plant-specific proteins targeted to
mitochondria. A. Phylogenetic tree of mMTRAN1 (AT4G15640) and mTRAN2 (AT3G21465)
from Arabidopsis thaliana with mTRAN proteins from other Embryophyta (land plants). Scale
bar indicates 10% sequence divergence, node numbers indicate bootstrap values. B. Full-length
coding sequences of MTRAN1 and mTRAN2 were fused with GFP at the C-termini to assess




GFP targeting in stably transformed Arabidopsis plants. Imaging was done by confocal
microscopy on root cells. Mitochondria were labelled with MitoTracker Red. Scale bars: 5 um.
C. Immunoblot analysis of cytosolic, mitochondrial and chloroplastic fractions isolated from
homozygous Arabidopsis seedlings carrying mTRAN1-GFP and mTRAN2-GFP. Blots were
probed with antibodies against chloroplast-targeted PGRL1, mitochondrially-targeted TOM40
and GFP. The molecular weight (kDa) is shown on the right side of each blot. Cyt = Cytosol,
Mito = Mitochondria, Cp = Chloroplast.

The mtran mutants have a growth reduction phenotype

mTRAN1 and mTRAN2 genes show relatively similar expression patterns during plant
development (Fig. S2). Of note, mMTRAN proteins are expressed very early in seeds during
germination (one day after imbibition) (Fig. S2), suggesting that they might be critical for plant
growth and development. To characterize Arabidopsis mMTRAN proteins, three independent
knockout lines were obtained for each gene (Fig. 2A). We were able to obtain double
homozygous knockout plants mtranl-1 x mtran2-1 (mtranl-1/2-1) and mtranl-2 x mtran2-2
(mtran1-2/2-2), in which loss of both mTRAN1 and mTRAN2 transcripts was verified by qRT-
PCR (Fig. S3C). Only plants that were homozygous for either mtran1-3 or mtran2-3 and
hemizygous for the other mutations could be obtained, indicating that mtran1-3/2-3 was lethal
(Fig. S3A and S3B). The mtranl single mutants seemed to be smaller than Col-0 (the wild
type), while the mtran2 mutants appeared closer to Col-0 (Fig. 2B). mtran1-1/2-1 was also
smaller than Col-0, while mtran1-2/2-2 showed severe growth retardation compared to Col-0
at the same age (Fig. 2B). Plate-based germination and development analysis (Boyes et al.,
2001) showed that both the mtran single and double mutants were significantly slower to
germinate (stage 0.5) and develop true leaves (stage 1.02/1.04) (Fig. 2C). Primary roots of the
mtran single and double mutants were significantly shorter than those of the wild type (Fig.
2D). Again, particularly the double mutants showed a severely reduced growth of the primary
root compared to the wild type. Measurement of rosette leaf area and determination of
flowering time showed that the mtran single and double mutants were significantly smaller in
sizes and slower to flower compared to the wild type, respectively (Figure 2E and S3D).
Notably, mtranl1-2/2-2 had a stronger phenotype against the wild type compared to mtranl-
1/2-1 (Fig. 2B-E). The milder phenotype of mtranl-1/2-1 is likely because of the presence of
the T-DNA in the 10" intron of mMTRANL, likely resulting in a partially active protein, whereas
the T-DNA is inserted in the 5™ and 7" exon of MTRAN1, probably leading to the severe growth
and lethality of mtran1-2/2-2 and mtranl1-3/2-3, respectively. Overall, the phenotypic analysis



indicates that loss of mMTRAN1 and mTRAN2 caused a growth retardation phenotype, in some
cases leading to lethality (mtranl-3/2-3).
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Figure 2. Phenotypic analysis of the mtran single and double mutants. A. mTRAN1 and
MTRAN2 T-DNA insertion positions. White boxes = untranslated regions (UTRs), black boxes
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Scale bar: 2 cm. C. Plate-based phenotypic analysis (n>60). Arrows indicate growth stages as
described previously (Boyes et al., 2001): 0.1: Seed imbibition; 0.5: Radicle emergence; 0.7:
Hypocotyl and cotyledon emergence; 1.0: Cotyledons fully open; 1.02: two rosette leaves > 1
mm; 1.04: four rosette leaves > 1mm. The boxes indicate the time between the growth stages.
Data are based on at least 60 plants/genotype. D. Primary root length of vertically-grown plants
(n=15). E. Rosette leaf area of soil-grown plants (n=9). Statistical significance was based on
Student’s t test (*=P<0.05, **=P<0.01, ***=P<0.001).

MTRAN1 and mTRANZ2 are unlikely to be adenylyl cyclases

mMTRAN1 and mMTRANZ2 are both annotated as adenylyl cyclases (ACs) in TAIR, but we could
not find any experimental evidence for their AC activity, nor could we find a defined source
for this annotation. To investigate whether mTRAN1 and mTRAN2 have AC activity, we
performed a bacterial CAMP synthase complementation assay. The bacterial cAMP synthase
complementation assay was based on the method of the Bacterial Adenylate Cyclase Two-
Hybrid (BACTH) System (Karimova et al., 1998) (see Supplementary Info). The BACTH
system can be used for reporting AC activity as the BTH101 (cya) E. coli strain lacks
endogenous AC activity. As positive control, the plasmids pKT25-zip and pUT18C-zip were
co-transformed into BTH101 (E. coli cya) (Fig. S4A), which formed colored colonies on
MacConkey/maltose and LB/X-gal media, and could grow on the M63 medium (Fig. S4A). As
negative control, the empty vector pUT18 was transformed into E. coli cya. Full-length coding
sequences of mMTRAN1 and mTRAN2 were cloned into the pUT18 vector and transformed into
E. coli cya. On all tested media, colonies formed by pUT18-mTRANL1 and pUT18-mTRAN2
had the same phenotype as the negative control (Fig. S4A). This indicates that mTRAN1 and
mTRANZ2 could not rescue the E. coli cya mutation and thus the proteins do not appear to have
AC activity in the bacterial system. To test whether mMTRAN1 and mTRAN2 have AC activity
in planta, we measured cCAMP content in both double mutant lines. There was no significant
difference in CAMP concentration between the wild type and the mtran double knockout
mutants (Fig. S4B), despite their clear growth retardation phenotype (Fig. 2B-E), strongly
supporting that mMTRAN1 and mMTRANZ2 are not likely to be ACs.

OXPHOS complexes show reduced activity, causing a decrease in mitochondrial

respiration in the mtran double mutants

To find out the cause for the slow growth phenotype of the mtran double knockout mutants,
mitochondria isolated from mtran1-1/2-1 and mtran1-2/2-2 were analyzed by BN-PAGE. The
mtran double knockout mutants showed a decrease in abundance of the supercomplex I/111,



complex I, complex Il and complex V compared to the wild type (Fig. 3A). Furthermore, the
activity of complex I, H1, IV and V was reduced in the mtran double knockout mutants (Fig.
3B). This indicates that OXPHOS complexes were reduced in abundance and activity due to
the loss of function of mMTRAN1 and mTRAN2, which could consequently affect mitochondrial
respiration. Therefore, freshly isolated mitochondria from mtranl-1/2-1 and mtranl-2/2-2
were used for measurement of oxygen consumption rates (Fig. 3C). The state Ill respiration
rates (succinate+ADP+NADH) of the mtran double knockout mutants were significantly lower
compared to the wild type. The mtran double knockout mutants had a significantly higher
capacity of the alternative oxidase (AOX) pathway (KCN+DTT+pyruvate) compared to the
wild type. In addition, the ratio of AOX capacity to state 111 was also significantly higher in the
mtran double knockout mutants, suggesting they rely heavily on alternative respiration, while
wild type plants under normal growth conditions mostly rely on the cytochrome ¢ oxidase
pathway. In conclusion, the loss of function of mMTRAN1 and mTRAN2 compromised OXPHOS
complex abundance and activity, which resulted in a strong decrease in capacity of the

cytochrome c oxidase respiratory pathway and induction of the AOX pathway.
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Figure 3. Analysis of mitochondrial complexes in the mtran double mutants. A. Analysis
of abundance of mitochondrial complexes by Coomassie-Colloidal stained-BN-PAGE. Arrows
indicate respiratory complexes and supercomplexes. The molecular weight (kDa) is shown on
the right side of the gel. B. Activity measurement of the respiratory complexes I, 11, IV and V
in BN-PAGE. Arrows indicate respiratory complexes and supercomplexes. CI+ClIl =
supercomplex I+111, CllI=complex 11, CIV=complex 1V, CV=complex V, F1= F1-subcomplex
of complex V. C. Oxygen consumption rates of isolated mitochondria using a Clark-type
oxygen electrode. The ratio of maximal AOX respiration/state Il respiration = maximized
KCN resistant respiration (KCN+DTT+pyruvate)/state i respiration
(succinatetADP+NADH). Statistical significance was based on Student’s t test (n=3)
(*=P<0.05, **=P<0.01).
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Loss of mMTRAN1 and mTRANZ2 causes changes in abundance of mitochondrial proteins

Isolated mitochondria were used for immunoblot analysis using antibodies against subunits of
respiratory complexes (Fig. 4). In the mtran double knockout mutants, proteins from complex
I, I, IV and V were less abundant, which is in agreement with a decrease in the abundance
and activity of these complexes (Fig. 3A and 3B). Interestingly, mitochondrially-encoded
mitoribosomal subunits RIBOSOMAL PROTEIN S4 (RPS4) and RIBOSOMAL PROTEIN
L16 (RPL16), and nuclear-encoded mitochondrial translation factor LEUCINE ZIPPER-EF-
HAND-CONTAINING TRANSMEMBRANE PROTEIN 1 (LETM1) were more abundant in
the mtran double knockout mutants. Nuclear-encoded mitoribosomal subunit RIBOSOMAL
PROTEIN S10 (RPS10) did not show clear differences in abundance in the mutants.

Proteins encoded by mitochondrial retrograde signalling marker genes, including
ALTERNATIVE OXIDASE (AOX), UP REGULATED BY OXIDATIVE STRESS
AT2G21640 (UPOX) and TRANSLOCASE OF THE INNER MEMBRANE 17 (TIM17) (Van
Aken et al., 2016; Van Aken et al., 2007), were more abundant in both double mutants. This
indicates that the loss of function of mMTRAN1 and mTRAN2 induced mitochondrial retrograde/
unfolded protein response (UPR™) signalling (Fig. 4). Upregulation of AOX protein is in
agreement with the observed reliance of the mtran double knockout mutants on alternative
respiration (Fig. 3C). There were no changes in abundance of mitochondrial outer membrane
(OMM) proteins TOM40 and VOLTAGE DEPENDENT ANION CHANNEL (VDAC)

between the mtran double knockout mutants and the wild type.

To gain a broader insight into the global changes in abundance of mitochondrial proteins, we
used isolated mitochondria for tandem mass spectrometry (MS/MS) analysis (Table S1). We
could only detect mTRAN1 but not mTRAN2Z in the wild-type mitochondria, suggesting
MTRAN1 is much more abundant than mTRAN2, which is in agreement with a recent
mitochondrial proteome meta-analysis (Fuchs et al., 2020). Interestingly, mTRAN1 could still
be found in mtran1-1/2-1 plants and was not significantly different in abundance as compared
to the wild type. This confirms our hypothesis that mMTRANL1 is (partially) active due to the T-
DNA insertion in the 10" intron of mTRAN1, leading to the milder phenotype of mtran1-1/2-
1. However, mTRAN1 was not detected in mtran1-2/2-2 as the T-DNA was inserted in the 51
exon of mMTRANL, resulting in the likely knockout of the gene and the more severe phenotype
of mtranl-2/2-2 plants. This explains why we found 684 and only 24 proteins to be

significantly different in abundance in mtran1-2/2-2 and mtran1-1/2-1 (Pagj < 0.2), as compared
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to Col-0, respectively. Using a less stringent unadjusted P < 0.05, nevertheless 247 proteins
were found differentially abundant in the mtranl-1/2-1 mitochondria, representing subunits of
complex I, I, IV and V, in agreement with immunoblot blot results (Fig. 4). Of the 684
proteins affected in mtranl-2/2-2, mitochondrially-encoded OXPHOS proteins, including
NADH DEHYDROGENASE 1, 7 and 9 (NAD1, NAD7 and NAD9), APOCYTOCHROME
B (COB), CYTOCHROME OXIDASE 2 (COX2), and ATP SYNTHASE SUBUNIT 1, 4 and
8 (ATP1, ATP4 and ATP8), were less abundant. However, subunits of complex 11, all of which
are nuclear-encoded, were not affected in the mutants. Mitochondrially-encoded
RIBOSOMAL PROTEIN L5 (RPL5) and RPL16, AOX1A, AOX1D and LETM1 were more
abundant. This is consistent with the results of our immunoblot analysis. 407 of the 684 proteins
significantly different in abundance between mtranl-2/2-2 and Col-0 are predicted/known to
be mitochondrially-targeted. Of these proteins, heat shock proteins (HSP23.5, HSP70 and
HSP89), ADP/ATP carrier proteins, ALTERNATIVE NAD(P)H DEHYDROGENASES
NDAL/NDB?2, proteases (CLP, PREP and FTSH10), many mitochondrially-targeted ribosomal
proteins and PPR proteins, ovule abortion (OVA) proteins, and amino acid-tRNA ligases were
more abundant. Interestingly, MULTIPLE ORGANELLAR RNA EDITING FACTOR
(MORF) 3, 6 and 8 were significantly higher in abundance between mtran1-2/2-2 and Col-0,
suggesting that loss of mMTRAN1 and mTRAN2 might affect mitochondrial RNA editing. In
conclusion, loss of both mTRAN proteins results in a severe perturbation of the mitochondrial
proteome and reduction of many OXPHOS components.
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Figure 4. Immunoblot analysis of mitochondrial proteins in the mtran double mutants. 20
Kg and 10 pg of mitochondrial proteins were loaded onto SDS-PAGE. The antibodies and the
molecular weight (kDa) are shown on the left and right sides of each blot, respectively. The
arrows next to the molecular weight of proteins indicate whether proteins are more abundant
(up arrowheads) and less abundant (down arrowheads). Organellar origin of the protein
(nuclear-encoded or mitchondrially-encoded) is shown on the right side of the blots. OMM =
outer membrane.
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MTRAN1 and mTRAN2 are part of the mitoribosome small subunit

Since loss of mMTRAN1 and mTRAN2 caused low activity and abundance of mitochondrial
respiratory complexes, we wanted to identify the proteins that interact with mTRAN1 and
MTRAN2 in planta. Therefore, homozygous transgenic plants expressing either mTRAN1-
GFP or mTRAN2-GFP were used for co-immunoprecipitation (co-IP) followed by MS/MS
analysis. A mitochondria-targeted GFP line (mito-GFP) (Logan and Leaver, 2000) was used
as the negative control. The phenotypes of complementation lines mtran1-2/2-2 35S:mTRAN1-
GFP and mtranl-2/2-2 35S:mTRAN2-GFP were similar to the wild type (Fig. S5), indicating
that mMTRAN1-GFP and mTRAN2-GFP fusion proteins can perform their native function and
interact with potential binding proteins. A summary list of proteins that were co-
immunoprecipitated with mTRAN1-GFP and mTRAN2-GFP is presented in Table S2A.
MTRAN1 and mTRAN2 were identified as the baits in our nTRAN1-GFP and mMTRAN2-GFP
co-IP, respectively, which further supports that the co-IP was successful. Strikingly, we found
that mMTRAN1 and mTRAN?2 interacted with 27 proteins found as components of the
mitoribosome small subunit (mtSSU), as proposed by Rugen et al. (2019) and Waltz et al.
(2019) during the course of our study. In contrast, no mitoribosome core subunits were pulled
down using the mito-GFP control, indicating the specificity of the interactions. This shows that
MTRAN1 and mTRAN2 are part of the mtSSU. All ribosomal proteins interacting with
MTRAN proteins belonged to the mtSSU, except mitochondrial ribosomal protein L11, which
is part of the mtLSU. mtLSU L11 was however only identified in the first replicate. Most rPPR
proteins found in Waltz et al. (2019) and Rugen et al. (2019) interacted with mTRAN proteins,
though rPPR3a (AT1G55890) was only co-immunoprecipitated with mTRANL. Fuchs et al.
(2020) also found that an individual mitochondrion contains on average around 520 copies of
mtSSU proteins, which is very close to the estimated 534 copies that we found for nTRANL,
strongly supporting that mMTRANS are integral parts of the plant mitoribosome. We also found
proteins interacting with mTRAN proteins that were only detected in our analysis (Table S2A,
gray color). Interestingly, we found three additional mitochondrially-targeted ribosomal
proteins, a PPR protein (AT3G61520), RNA-EDITING FACTOR INTERACTING PROTEIN
1 (RIP1/MOREFS8), and four heat shock proteins that were co-immunoprecipitated with mTRAN
proteins. It is also interesting that mMTRAN1 and mTRAN?2 interacted with mitochondrially-
encoded NAD7 and NAD9, which were found to be less abundant in the mtran double mutants
(Fig. 5, Table S1). All in all, our co-IP results show that mMTRAN1 and mTRAN2 are most
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likely part of the mtSSU, suggesting that mMTRAN1 and mTRAN2 might be important for

mitochondrial translation.

Transcriptome analysis of the mtran1-2/2-2 mutant indicates mitochondrial translation

defects

To gain insight into the genome-wide effect on transcript levels, RNA-seq analysis was carried
out on Col-0 and mtranl-2/2-2, which has the stronger phenotype against Col-0 (Fig. 2B-E).
Nuclear transcripts were considered to be significantly differentially expressed between
mtran1-2/2-2 and Col-0 if Pagj < 0.05 (after False Discovery Rate (FDR) correction) with a fold
change (FC) greater than 2 or smaller than 0.5. 2143 nuclear-encoded differentially expressed
genes (DEGs) were found in mtran1-2/2-2 versus Col-0, of which 1117 were upregulated and
1026 were downregulated (Table S3). A gene ontology analysis showed that stress responsive
genes were found to be upregulated, while oxygen level, hypoxia and hormone (auxin)
responsive genes were downregulated (Table S4). Mitochondrial retrograde signalling marker
genes like AOX1a were significantly upregulated (Table S3), indicating that loss of mMTRAN1
and mTRAN?2 activates mitochondrial unfolded protein response (UPR™) signalling likely via
ANACO017 (Kacprzak et al., 2020). We could confirm upregulation of UPR™ marker genes in
mtranl-2/2-2 and mtranl-1/2-1 by gRT-PCR (Fig. S6).

To further analyze the transcriptomic effects caused by loss of mMTRANL1 and mTRANZ, the
RNA-seq dataset of mtran1-2/2-2 was compared with the transcript profiles of 22 additional
Avrabidopsis mitochondrial mutants and chemical treatments affecting mitochondrial function,
representing 17 different types of mitochondrial perturbations (Figure 5A; Table S5A). The
similarities among all datasets were evaluated by comparison of common pairwise DEGs
calculated via the Serensen-Dice similarity coefficient (DSC) (Table S5B). The complete
matrix of DSC values for mtran1-2/2-2 and 22 additional datasets was hierarchically clustered
and represented as a heat map (Fig. 5A). mtran1-2/2-2 clustered most closely to the rps10 P2
and P3 mutants, in which the transcript level of mtSSU RIBOSOMAL PROTEIN S10 (RPS10)
is reduced (Adamowicz-Skrzypkowska et al., 2020). This further supports that mTRAN
proteins are involved in mitochondrial translation. mtranl-2/2-2 also clustered relatively
closely to the antimycin A (AA) (inhibitor of complex I11), oligomycin (inhibitor of complex
V) and rotenone (inhibitor of complex I) datasets, in line with the observed loss of activity of
these complexes in mtran double mutants (Fig. 3). We created a Venn diagram to visualize the

similarities of nuclear transcript profiles among mtran1-2/2-2, rps10 mutants and atphb3,

16



which did not cluster closely to mtranl-2/2-2 (Fig. 5B). atphb3 is a mutant defective in
PROHIBITIN 3 (a mitochondrial inner-membrane scaffolding protein) (Van Aken et al., 2016).
mtranl-2/2-2 shared 326 and 651 DEGs with rps10 P2 and P3, respectively, whereas 106
common DEGs were found between mtran1-2/2-2 and atphb3. 288 DEGS were commonly
found between mtranl-2/2-2 and both rps10 mutants. 31 DEGs were common among all
genotypes, including many mitochondrial retrograde/UPR™ signalling markers like AOX1a
(Fig. 5C).

As we prepared the RNA-seq libraries using an rRNA-depletion strategy, we could also analyze
mtranl-2/2-2 mitochondrial and chloroplast transcript profiles (Table S6A and S6B).
Surprisingly, all 57 mitochondrially-encoded genes were significantly upregulated (FC > 1.4,
Padj < 0.05), ranging in fold change from 4.39x for trnY to 1.4x for RRN26 (Table S6A). It thus
seems that mitochondrial transcription is globally increased to compensate for reduced
translation, considering mTRANS are part of the mitoribosome. Interestingly, all 6 genes that
were more than 4x induced encoded tRNA’s, further suggesting a compensation for lack of
translation. The mitochondrial transcriptome was further compared to two other mitochondrial
mutants, including mitochondrial/chloroplast RNA polymerase rpotmp and atphb3 mutants
(Kuhn et al., 2015; Van Aken et al., 2016). While in rpotmp and atphb3 mutants a mix of up-
and down-regulated genes could be observed, in mtran1-2/2-2 all genes were upregulated (Fig.
5D, Table S6C). Moreover, the strength of inductions was generally higher in mtranl-2/2-2
mutants compared to the other mutants. In contrast, all 117 annotated chloroplast-encoded
genes were slightly but significantly downregulated (Pagj < 0.05) (Table S6B).

As the co-IP analysis also picked up mitochondrial editing factor MORF8/RIP1 and PPR
proteins, we analyzed the mitochondrial transcriptome for alterations in splicing and editing
(Table S7). The rate of C-to-U editing was significantly different between mtran1-2/2-2 and
Col-0 for 262 cytosines of mitochondrial transcripts (FDR < 0.05) (Table S7A). The majority
(208) of these editing sites were relatively less edited in the mutant than in the wild type (Table
S7A). However, considering that the mitochondrial transcripts were generally more abundant
in mtranl1-2/2-2, for 244 of the differentially edited sites there was still more edited transcript
in absolute terms in mtranl1-2/2-2 compared to in Col-0. We therefore suggest that, although
the editing rate is globally lower in the mutant, there are still more than enough correctly edited
mitochondrial transcripts in mtran1-2/2-2 mitochondria. This reduced editing rate therefore
likely reflects an overall limitation in editing capacity of plant mitochondria, combined with a
higher abundance of mitochondrial transcripts in the mutants. Mitochondrial transcript splicing
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was also analyzed and for six splice sites, a significant difference was observed in the mutants
versus Col-0 (FDR < 0.05) (Table S7B). Also here, for all transcripts there was still a higher
absolute number of spliced transcripts in the mutant than in Col-0, indicating that the overall
lower abundance of many mitochondrially-encoded proteins (Fig. 4) is unlikely to be explained
by a lack of correctly spliced/edited mitochondrial transcripts. The observed similarities in
nuclear transcriptome between mtranl-2/2-2 and rps10 mutants, as well as the excessive

expression of mitochondrial transcripts, thus point to a defect in mitochondrial translation.
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AT1G36180 Acetyl-CoA carboxylase 2 (ACC2)
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Figure 5. Nuclear and organellar transcriptome comparison of the mtran1-2/2-2 mutant
with other Arabidopsis mutants defective in fundamental mitochondrial functions. A. A
heat map represents common pairwise differentially expressed genes (DEGs) among the
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transcriptomic datasets analysed by the Sgrensen-Dice similarity coefficient (DSC). The
complete matrix of DSC values for mtran1-2/2-2 and 22 additional datasets was hierarchically
clustered using Euclidean Distance. The subbranch including mtranl1-2/2-2 is highlighted for
clarity. Color bar indicates linear fold change. B. A Venn diagram represents common DEGs
among mtranl-2/2-2, rps10 P2 and P3 and atphb3. C. Heat map of 31 common DEGs among
mtranl-2/2-2, rps10 P2 and P3 and atphb3. Color bar indicates linear fold change. D. Heat
map of mitochondrially-encoded transcripts differentially expressed among mtranl-2/2-2,
rpotmp and atphb3. Color bar indicates linear fold change.

MTRAN1 and mTRAN?2 are required for translation initiation in mitochondria

To validate whether mitochondrial translation was indeed affected in the mtran double
knockout mutants, in organello protein synthesis assays were performed using freshly isolated
mitochondria from Arabidopsis seedlings. Synthesized radiolabelled mitochondrial translation
products were evaluated after 10, 30 and 60 min of translation (Fig. 6A and S7). In the control
reactions (60 min), sodium acetate, a unique substrate for bacterial translation, was used as a
substrate instead of malic acid and pyruvate to evaluate bacterial contamination during
mitochondrial purification. Several distinct protein bands, including ATP1, COB, COX2 and
ATP SYNTHASE SUBUNIT 9 (ATP9), could be identified based on their molecular mass
(Kwashiak-Owczarek et al., 2022). ATP1, COB, COX2 and ATP9 had a slower rate of
translation in the mtran double knockout mutants than in the wild type. This was consistent
with our immunoblot and MS/MS analysis (Fig. 4, Table S1), in which we observed a reduction
in the abundance of ATP1 and COX2 in the mtran double knockout mutants. These findings
thus confirm our hypothesis that mMTRANL1 and mTRAN2 are required for efficient translation
in mitochondria.

The efficiency of translation is dependent on both the efficiency of translation initiation and
elongation. If translation initiation is impacted, one would expect too few ribosomes to be
attached to a given mRNA. If translation elongation is defective, one would expect a larger
number of ribosomes to be attached to the mRNA, due to difficulties to complete the full
translation. To allow us to distinguish between these two possibilities and further understand
how the efficiency of mitochondrial translation was affected by knockout of mTRAN1 and
MTRAN2, we assessed ribosome-loading along mitochondrially-encoded transcripts in mutant
and wild-type seedlings (Fig. 6B). Polysomes are composed of mMRNAs bound to two or more
ribosomes, whereas monosomes consist of mRNAs bound to a single ribosome and/or “vacant
couples”, which are a stable association of the small and large ribosomal subunits without

binding to mMRNAs (Noll et al., 1973). In this analysis, polysomes were separated from

20



monosomes and free mRNAS by sucrose gradient ultracentrifugation. After centrifugation, 10
fractions were collected along the gradient (fraction 1-10 corresponding to the lightest and the
heaviest fraction) and subjected to total RNA extraction, followed by gRT-PCR to determine
the percentage of each mitochondrial mMRNA present in the fractions. We analyzed polysome-
bound mRNAs representing subunits of complex I, Ill, IV and V. We also performed this
analysis on mitochondrially-encoded mitoribosomal RPS4 transcript as the encoded protein
showed increased abundance in the mtran double mutants versus Col-0 (Fig. 4). Overall, all
analyzed mitochondrially-encoded mRNAs of both mtran1-1/2-1 and mtran1-2/2-2 distributed
mainly in fractions 2 and 3, whereas mRNAs in the wild type were mostly found in fractions 3
and 4 (Fig. 6B). These shifts towards the lighter fractions indicate that the number of ribosomes
associated with the analyzed mRNAs was lower in the mtran double mutants, suggesting that
the lower efficiency of mitochondrial translation is likely due to inefficient translation
initiation/mitoribosomal binding to mMRNAs. To determine the distribution of the
mitoribosomes, we analyzed rRNA MITOCHONDRIAL 18S RIBOSOMAL RNA (RRN18) of
the mtSSU. The rRNA RRN18 of the wildtype mainly presented in fraction 3 and 4,
colocalizing that of the protein-encoding mRNAs (Fig. 6B). This indicates that most wild type
mRNAs are bound by mitoribosomes and are actively translated. In the mtranl-2/2-2 mutant,
the mitoribosomes were still present mainly in fraction 3 and 4, as observed in the wild type.
Interestingly, in mtran1-1/2-1, the mitoribosomes were mainly found in fractions 8-9, and to a
lesser extent in fractions 3 and 5. In all cases, the mRNA levels in fraction 2 were much higher
in the mutants than in the wild type. As fraction 2 contains almost no mitoribosomes according
to our analysis, our results show that a large proportion of mitochondrial MRNASs are likely
devoid of ribosomes in the mtran double mutants. However, no obvious effect of loss of
MTRANSs could be detected on cytosolic translation, as assessed by ribosome-loading of
nuclear-encoded UBIQUITIN-CONJUGATING ENZYME 21 (UBC21). Together, our findings
provide compelling evidence that mMTRAN proteins are key components of plant
mitoribosomes required for translation initiation.

21



A 10 min 30 min 60 min Control

¥ » N N N N AN
s fs§fsffsds§
wa SEESEFSEESEE

Percentage of total RNA present in all fractions

— Col-0
~— mtranl-1/2-1
—— mtranl-2/2-2

0 1 2 3 4 5 6 7 8 910 0 1 2 3 4 5 6 7 8 910

Figure 6. mMTRAN1 and mTRAN2 are required for efficient translation initiation in
mitochondria. A. Autoradiogram of in organello protein synthesis for 10, 30 and 60 min using
purified mitochondria from Col-0, mtran1-1/2-1 and mtran1-2/2-2. Sodium acetate was used
as substrate to assess bacterial contamination in the controls (60 min). The molecular weight
(kDa) and names of identified mitochondrially-encoded proteins are indicated. B. Polysome
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profiling for mitochondrially-encoded transcripts: OXPHOS subunits, mitoribosomal subunit
RPS4 and mitochondrial rRNA RRN18, and nuclear-encoded transcript UBC21. Percentage of
total MRNA in all fractions was measured by gRT-PCR.

Structural modelling suggests that mMTRAN proteins have PPR protein like-structures

As we showed that mTRAN proteins are part of the mtSSU (Table S2) and required for
translation initiation (Fig. 6), we looked at the predicted protein structures to anticipate if the
proteins could bind mitochondrial MRNAs to help the mtSSU initiate translation. Structures of
mTRAN proteins without the predicted mitochondrial targeting sequences (MTS) (Fukasawa
et al., 2015) were modelled using AlphaFold (Jumper et al., 2021), RoseTTAFold (Baek et al.,
2021) and iTASSER structure prediction programs (Yang and Zhang, 2015) (Fig. S8). The
modelled partial nMTRANL structure extracted from the cryo-EM structure of the mitoribosome
from Brassica oleracea var. botrytis (cauliflower) (Waltz et al., 2020) is also presented for
comparison (Fig. S8). Overall, the protein structures shown by prediction tools and Waltz et
al. (2020) suggest that mMTRANL1 and mTRAN2 have tetratricopeptide-repeat (TPR)/PPR
protein like-structures. PPR proteins are known as RNA-binding proteins involved in RNA
processing, splicing, stability, editing, and translation (Delannoy et al., 2007; Schmitz-
Linneweber and Small, 2008). The three programs predicted that mMTRAN1 and mTRAN2
contain 8-12 PPR-like repeats. The cryo-EM structure of the plant mitoribosome by Waltz et
al. (2020) proposed that mMTRANL1 is formed by 6 PPR-like repeats, based on the number of
PPR repeats predicted by the TPR-pred software (Karpenahalli et al., 2007).

We then attempted to find potential nTRAN-RNA target sites using aPPRove (Harrison et al.,
2016) and the PPRCODE prediction web server (Yan et al., 2019), but none of them were able
to find any potential RNA-binding sites for nTRANL and mTRANZ, suggesting that mMTRANSs
may belong to a PPR-like protein class that does not obey the rules of the PPR code and may

bind RNA in a different manner.

MTRANL1 directly binds to putative mitoribosome binding sites in the 5’UTRs of

mitochondrial mMRNAs

As potential RNA binding sites could not be predicted for mTRANS using the PPR code, we
searched for conserved potential mitoribosome binding sites in the 5’UTRs of mitochondrial
mRNAs. Next, we performed motif analysis with the Multiple Expectation-maximization for
Motif Enrichment (MEME) online motif search tool and identified a potential CUUUXxU-like
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mitoribosome binding site in the 5’UTRs of 26 mitochondrial MRNAs (Fig. 7A and S9, Table
S8B and S8C). Waltz et al. (2020) suggested that the plant mitoribosome might recognize an
AxAAA-related motif, which is located 19 bases upstream of the start codons in 17
mitochondrial mMRNA 5°UTRs. The MEME motif search tool was unable to identify the
AxAAA-related motif, but we found a similar AAGAAX-like motif in 30 UTRs when including
the intercistronic UTRs (Fig. 7A and S9, Table S8C). Furthermore, we could manually find an
overlapping AXAAAG-like motif in the 5’UTRs of 17 mitochondrial nRNAs (Fig. 7A and S9,
Table S8B and S8C). In summary, we could identify at least one CUUUxU or
AAGAAX/IAXAAAG motif in all 30 mitochondrial MRNA’s 5°UTRs (Fig. S9).

As mTRANL is the main isoform in Arabidopsis mitochondria, we performed RNA
electrophoretic mobility shift assays (REMSAS) to test whether mTRANL can bind to the
CUUUxXU or the AAGAAX/AXAAAG motifs identified in the 5’UTRs of mitochondrial
mRNAs (Fig. 7C). mTRANL1 lacking its MTS predicted by MitoFates (Fukasawa et al., 2015)
was expressed in E. coli as a fusion protein with the 6xHistidine (His) and the SMALL
UBIQUITIN-RELATED MODIFIER 3 (SUMO3) tags in its N-terminus to increase the
solubility of the recombinant protein. The 6xHis-SUMO3 double tag was used as negative
control. Both 6xHis-SUMO3-mTRAN1 and 6xHis-SUMO3 were successfully purified from
E. coli extracts in soluble forms (Fig. S10). Synthesized Cy5-labelled RNA probes, containing
one or multiple of the predicted mitoribosome binding motifs in the 5’UTRs of NAD9, NAD7,
COX2 and RPL5/COB, were obtained (Fig. 7A and 7B). Mutated probes were also synthesized
to verify the specificity of mMTRANL binding (Table S9). Our REMSAs showed that nMTRAN1
could bind to the wild type NAD9, NAD7, COX2, RPL/COBS5 and ATP1 probes specifically
(Fig. 7C). Although some unspecific shifts were observed for NAD7 and ATP1, it was clear
that only mTRANL1 could bind enough wild type probe to cause a visible decrease in free probe.
In all cases, specific mutation of the CUUUXU/AAGAAX/IAXAAAG motif (see Table S9)
inhibited binding of mMTRANZ. In contrast, no sequence-specific bindings were observed
between SUMO3 and the wild type probes that showed a comparably-sized shift as for
MTRANI1. Together, our findings indicate that mTRANL1 binds to both CUUUxU and
AAGAAX/AXAAAG motifs, which we suggest to act as mitoribosome binding sites in the

5°’UTRs of plant mitochondrial mMRNAS, to initiate translation.
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Figure 7. mTRANL1 can directly bind potential mitoribosome binding sites. A. The motif
analysis of the 5’UTRs of mitochondrial mRNAs by Multiple Expectation-maximization for
Motif Enrichment (MEME) online motif search tool identified potential mitoribosome binding
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site CUUUxU and AAGAAX. The other potential mitoribosome binding site AXAAAG was
identified by a manual search. The motifs were illustrated by the WebLogo
(https://weblogo.berkeley.edu/logo.cgi). B. The 5’UTRs of four selected mitochondrial
mRNAs (NAD9, NAD7, COX2, COB/RPL5) contain potential mitoribosome binding sites
(underlined) identified by the motif analysis. Binding of recombinantly purified mMTRANL to
the fluorescently-labelled RNA probes was tested by RNA electrophoretic mobility shift assays
(REMSAS). The binding sites were changed in the mutated probes (see Table S9). C. REMSAs
confirmed the binding of mMTRANT1 to the four 5’UTRs of mitochondrial mRNAs. His-SUMO3
was used as the negative control. mMTRANL had strong specific bindings with NAD9, NAD7
and COX2 that could not be observed in SUMO3 and when the binding sites were mutated.

MTRAN proteins are universal mtSSU translation initiation factors

The motif analysis suggested that mTRANs may recognize motifs in the 5’UTRs of all
mitochondrial mMRNAS. To assess whether the translation of mitochondrial mRNAs is indeed
affected in the mtran mutants, we performed ribosome profiling analysis (Ribo-seq), in which
short RNAse-protected mRNA fragments covered by the translating ribosomes (called
ribosome footprints) were isolated and subsequently sequenced. To compare the relative
density of ribosome footprints on each mitochondrial mMRNA between the mtran mutants and
the wild type, the calculated densities were normalized to both mRNA length and abundance
determined by gRT-PCR (Table S10). As observed in our polysome fractionation analysis, all
mitochondrial mMRNAs in the mtran mutants showed much lower ribosome loading levels
compared to the wild type (Fig. 8A). It should be noted that a single, possibly artefactual,
footprint observed in ccmFN1 masked the reduction in footprints across the rest of the ccmFN1
mRNA in both mtran double mutants compared to Col-0. In general, mtran1-2/2-2 have lower
ribosome densities compared to the mtranl-1/2-1 mutant, especially on mRNAs encoding
OXPHOS proteins (~0.5x on average). Visualisation of mitoribosome footprints of several
representative mitochondrial mRNAs, including NAD9 and NAD7 (complex 1), COX2
(complex 1V), and ATP1 and ATP9 (complex V), clearly showed that the translation activity
was remarkably low in mtran1-2/2-2 and moderately low in mtranl-1/2-1 as compared to in
Col-0 (Fig. 8B). This shows that not only a subset, but virtually all mitochondrial MRNAs
depend on mTRAN proteins for translation initiation, indicating that mMTRAN proteins are

universal mtSSU subunits involved in translation initiation.
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Figure 8. mTRAN proteins are universal mtSSU translation initiation factors. A. Loss of
MTRANS decreases mitochondrial ribosome footprints. Reads per kilobase million (RPKM)
normalized by mRNA abundance of the mtran double mutants were normalized to Col-0.
Means + SE (n=2). B. Density of mitochondrial ribosome footprints on mitochondrially-
encoded COX2, ATP1, ATP9, NAD9 and NAD7 was obtained by Integrative Genomics Viewers
(IGV) software using auto-scale.

DISCUSSION

For many years, mMTRAN1 (AT4G15640) and mTRAN2 (AT3G21465) have been annotated
based on poor characterization. Our phylogenetic analysis revealed that mMTRAN1 and

MTRANZ2 are land plant-specific proteins and likely exist as single-copy genes in most plant-
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species. Based on the more pronounced growth defects in the mtranl single mutants than in
the mtran2 single mutants, lack of consistent detection of mMTRAN?2 in proteomic studies, and
the finding that mTRAN1 has a larger number of protein copies than mTRAN2 per
mitochondrion (Fuchs et al., 2020), it appears that mMTRANL is the major mTRAN isoform in
Arabidopsis. When mTRANL1 is however knocked out, nMTRAN2 can apparently take over the
bulk of the shared functions. When knocking out both isoforms, a range of phenotypes was
observed from embryo-Ilethality (mtranl-3/2-3), very severe growth defects (mtranl-2/2-2), to
moderate growth defects (mtranl-1/2-1). With mTRANL likely to be the major isoform, the
milder phenotype of mtran1-1/2-1 plants can be explained by the presence of the T-DNA in
the 10" intron of MTRANT1, likely resulting in a partially active protein. This was confirmed by
our MS/MS analysis, in which mTRAN1 was detected only in mtran1-1/2-1 but not in mtranl-
2/2-2. Why mtran1-2/2-2 is (just) viable and mtran1-3/2-3 is not, is however not as clear. We
thus propose that mMTRANS are essential genes in plants.

MTRAN proteins have been annotated as ACs in TAIR. Nevertheless, we were unable to trace
the sources for this annotation. Gehring (2010) suggested that mMTRAN2 contains a putative
AC core motif, but it does not possess significant similarity to experimentally identified ACs.
The lack of complementation by mTRANS in a bacterial cAMP synthase complementation
assay and normal cCAMP content in the mtranl mtran2 double mutants, despite severe growth
deficiencies, indicates that they are unlikely to be ACs.

Knocking out mTRAN1 and mTRANZ2 reduced abundance of complex I, 111, 1V and V subunits
and their activity. As all complexes that contain mitochondrially-encoded subunits were
strongly deficient, mMTRANs must have a very fundamental function in the biogenesis of the
OXPHOS system in plants. In comparison, mutants in another fundamental mitochondrial
functions such as mitochondrial/chloroplast RNA polymerase rpotmp are only affected in
abundance of complex | and IV. This very severe deficiency in the cytochrome c oxidase
respiratory pathway is further supported by the apparent reliance of mtran double mutants on
the alternative oxidase pathway. Together, this suggests that impaired ATP production by the
OXPHOS system is the likely cause of their growth retardation phenotype. This may be
conveyed at a systemic level by negatively affecting growth hormone signalling, as observed
by a general downregulation of auxin-responsive genes in the RNA-seq data (Table S4). Such
an antagonistic relation between mitochondrial retrograde/UPR™ signalling and auxin has been
suggested previously (lvanova et al., 2014), and is underlined by the upregulation of
mitochondrial retrograde regulation (MRR) markers at the transcript and protein level. Similar
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to two previous studies, in which mitochondrial respiration was significantly impaired, we
observed a consistent downregulation of chloroplast-encoded transcripts (Adamowicz-
Skrzypkowska et al., 2020; Zubo et al., 2014). In some cases where mitochondrial function is
sufficiently impaired, an as yet unknown (possibly retrograde) signalling pathway apparently
can reduce chloroplast transcription.

MTRAN1 and mTRAN?2 interacted with 17 mtSSU ribosomal proteins. During the course of
our study, two proteomic studies were published that purified Arabidopsis mitoribosomes by
independent biochemical enrichments and co-IPs (Rugen et al., 2019; Waltz et al., 2019).
Complementary to our findings, both of these studies identified mMTRAN1/2 as components of
the mtSSU. Besides ribosomal proteins, our co-1P also identified 5 plant-specific rPPR proteins
identified as core elements of mtSSU (Rugen et al., 2019; Waltz et al., 2019). We also
discovered proteins interacting with mTRAN proteins that were identified only in our analysis,
including mitochondrially-encoded NAD7/NAD?9, which were both less abundant in the mtran
double mutants. We therefore suspect that we captured nascent NAD7/NAD9 peptides that
were actively being translated by the mitoribosome. By analyzing the mitochondrial
transcriptomes, we could however not see clear evidence for a reduced mRNA editing/splicing

capacity in the mtran double mutants.

In organello protein synthesis assay showed that mitochondrially-translated proteins, including
ATP1, COB, COX2 and ATP9, had a slower rate of translation in the mtran double knockout
mutants than in the wild type. This confirms our hypothesis that mMTRAN1 and mTRAN?2 are
key mtSSU components required for efficient translation in mitochondria. Polysome
fractionation of a wide range of mitochondrial MRNAs showed a clear shift towards the lighter
fraction in mtran double mutants compared to the wild type. All mMRNAs were much more
abundant in the lightest — mitoribosome-free — mRNA-containing fraction (fraction 2) in the
mtran double mutants than in Col-0, where generally less than 10-20% mRNA was found. This
indicates that a large proportion of the mitochondrial mRNA’s are not bound by the
mitoribosomes, demonstrating inefficient translation initiation. Of note, the shifts were also
observed in case of NAD6 and RPS4 mRNAs, though NAD6 showed no changes and RPS4
was more abundant at protein level in the mtran double mutants. Also, the Ribo-seq analysis
showed reduced ribosome coverage of NAD6 and ribosomal protein-encoding mRNAs in the
mtran double mutants. This suggests that NAD6 could be more stable as a protein, possibly
even if not incorporated into the final complex I. The increased steady-state protein abundance
of ribosomal subunits RPS4 and RPL16, as well as mitochondrial translation factor LETM1

29



and many other nuclear-encoded ribosomal proteins, suggest the cell is trying to compensate
for reduced mitochondrial translation and energy status by increasing the production or
decreasing the turnover of mitoribosomal components. This impaired mitochondrial translation
likely also results in the upregulation of transcription of virtually all mitochondrial genes in
mtran1-2/2-2 as observed by RNA-seq. The particularly high induction of mitochondrial tRNA
transcripts and higher abundance of tRNA ligases/synthases further suggest a perceived defect
in mitochondrial translation. Interestingly, the ribosome fractionation showed that for a very
small fraction of mMRNAs (generally less than 10%), there was extremely high-ribosome
loading in the mtran mutants, especially in mtran1-1/2-1 (Fig. 6B), as observed in fractions 8-
9. We propose that this small fraction of mRNAs could still be bound by the mtran mutant
mitoribosomes, perhaps due to different secondary/tertiary structure of the 5S’UTR. As a result,
these rare ‘bindable’” mRNA’s may then be heavily translated by multiple mitoribosomes,
partially compensating for the lack of initiation on the vast majority of mRNAs. This
compensation particularly in the mtran1-1/2-1 mutant (in which the mTRAN1 protein can still
be partially detected) likely explains the much higher vigor of the mtranl-1/1-2 mutants
compared to mtran1-2/2-2 plants.

Our findings raise the question of how mTRAN proteins, being essential plant-specific mtSSU
subunits, could play such a fundamental role in mitochondrial translation initiation. The
polysome fractionation results suggest that the problem lies in the very first steps, where the
mitoribosome detects and binds the mRNA. Plant mitochondrial mRNAs lack a Shine-
Dalgarno sequence, nor do plant mitochondrial rRNAs have anti-Shine Dalgarno sequences
(Hazle and Bonen, 2007). Our data suggest that mTRANS are the recognition factors, which
would mean that in plant mitochondria a protein-mRNA interaction mediates ribosome
binding, rather than an rRNA-mRNA interaction. A recent study of the cryo-EM structure of
plant mitoribosomes by Waltz et al. (2020) proposed that mMTRAN1 (named as ms83 and
rPPR10 by the authors) is a PPR protein, which are known as RNA-binding proteins. However,
MTRAN proteins are far from being “classical’ PPR proteins. First of all, the largest searchable
PPR database, which is based on 44562 PPR protein sequences from over 1000 transcriptomes
(https://ppr.plantenergy.uwa.edu.au/), does not identify mTRANs as PPR proteins.

Furthermore, while the prediction tool TPRpred predicts several other ribosomal rPPRs as PPR
proteins with 100% confidence, it only gives a confidence score of 4-14% for mMTRAN1 and
MTRAN?2. Additionally, the structure of mMTRAN genes with 10 introns and 11 exons is highly

aberrant from the gene structure of classical PPR proteins (Figure 2A), which very rarely have
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more than 1 intron (Lurin et al., 2004). However, protein structure prediction tools, including
AlphaFold, RoseTTAFold and iTASSER, showed that mTRAN proteins are likely to have PPR
protein like-structures. Unfortunately, potential binding for mTRANS could not be predicted
by aPPRove (Harrison et al., 2016) and the PPRCODE prediction web server (Yan etal. (2019).
This further suggests that mTRAN proteins probably bind RNA in a different manner than
‘classical’ PPR proteins. Based on available protein structure predictions, 6-10 repeated motifs
could be found in the mTRAN protein structure, which would suggest they could interact with
a mRNA motif of around 6-10 bases, matching our identified CUUUXU/AAGAAX/AXAAAG
motifs. Though the cryo-EM structure cannot precisely determine the structure of mMTRANS,
modelling suggested mTRANS sit in a cleft where the incoming mRNA may be positioned (Fig
9). In agreement, several mtSSU proteins that were modelled to locate most closely to
MTRANL1 in this cleft were identified by our co-IP, including mS23, mS47, uS8m, uS11m,
uS15m, bS6m and uS5m. Waltz et al. (2020) hypothesized that mMTRANL is part of the plant-
specific cleft that might recognize an AXAAA-related motif of mitochondrial mRNA 5’ UTRs,
thus acting as a Shine-Dalgarno (SD)-anti-SD-like recognition system. In addition, their motif
analysis suggested that the 5’UTRs of only 17 mitochondrial mMRNAs contained an only
loosely-conserved AXAAA consensus. However, our study showed that the problem of
translation initiation not only occurred with NAD9, COX2 and ATP9, but also happened with
all other mitochondrially-encoded genes, of which many do not contain such an AXAAA
5’UTR motif, but rather a CUUUxU or AAGAAX motif.

Indeed, the ribosome footprinting showed that the density of mitoribosome loading levels on
all mMRNAs were much lower in the mtran mutants than in the wild type. Thus, mTRAN
proteins must be universal mMRNA recognition factors embedded into the plant mitoribosomes,
rather than mRNA-specific initiation cofactors (Derbikova et al., 2018; Green-Willms et al.,
1998). The universally-reduced mitoribosome loading in the mtran double mutants is also very
different from the ribosome loading in rps10 mutants (Kwasniak-Owczarek et al., 2019), which
is defective in a mtSSU subunit thought to be involved in elongation (Hermann-Le Denmat et
al., 1994). In the rps10 mutants, variable increased or decreased ribosome loading is observed
on mRNAs encoding OXPHOS components, but higher ribosome loading was found for
translation- and cytochrome ¢ maturation-related mRNAs. This striking difference further
supports the notion that mMTRANS are involved in translation initiation, and not in elongation.
Interestingly, ribosome footprints of mitochondrially-encoded ribosomal proteins were lower
in the mtran mutants than in the wild type, though the global mitochondrial MS/MS and
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immunoblot analyses showed that these proteins were more abundant. This suggests that even
though loss of mTRANS reduces the universal translation initiation capacity, mitochondrially-
encoded ribosomal proteins are more stable after being synthesized to compensate for a

decrease in translational activity.

The Arabidopsis mitochondrial mRNAs have relatively long 5°UTRs (ranging from 45 to 645
or more bases), which is different from mammals but relatively similar to yeast (Derbikova et
al., 2018). The analysis of ribosome footprints using chloramphenicol to artificially “freeze”
the translating mitoribosomes on mRNAs could not allow us to consistently “catch” the
translation initiation stage, in which the interaction between the mtSSU and mRNAs is
relatively fast and unstable (Planchard et al., 2018). Our independent motif analysis showed
that the 5’UTRs of mitochondrial mRNAs contain two potential mitoribosome binding sites
CUUUxU and AAGAAXIAXAAAG. We showed that nMTRANL, the main isoform of mMTRANS
in Arabidopsis, could directly bind to both mitoribosome binding sites. Together, this suggests
that mTRANS prefer A/U-rich regions in the 5’UTRs of mitochondrial transcripts for protein-
RNA binding to help mtSSU bind mRNAs to initiate translation. The sites do not appear to be
at a particular distance from the start codon (Fig. S9), so we hypothesize that either the 2/3D
structure of the 5’UTRs may bring the ribosome binding sites physically closer to the start
codon, or plant mitoribosomes can efficiently scan long 5’UTRs to find the correct AUG,
perhaps with the help of other mRNAs-specific co-factors (Haili et al., 2016). In conclusion,
this study establishes that mMTRAN proteins are not adenylyl cyclases as previously suggested.
Instead, we have now shown that mMTRANS are essential components of the plant mtSSU that
are required for mitoribosome-RNA binding to initiate translation. These findings indicate that
translational initiation by mitochondrial ribosomes occurs in a fundamentally different way in

plants as compared to in fungi and animal systems.
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Figure 9. mTRANL1 can bind A/U-rich regions in the 5°UTRs of mitochondrial MRNAs to
mediate translation initiation. Before translation occurs, the mtSSU (proteins: orange, rRNA:
yellow) and mtLSU (proteins: dark blue, rRNA: light blue) are separated. To initiate
translation, mMTRAN1 (white) potentially binds a CUUUXU/AAGAAX/AXAAAG motif in the
5’UTRs of the mRNA and may recruit the Methione-tRNA. The mtSSU may scan down the
mRNA to find the start codon (AUG), potentially with the help of other co-factors. Once the
codon:anticodon interaction occurs, the mtLSU interacts with the mtSSU and the initiation
completes. The cryo-EM structure of higher plant mitoribosomes is based on the structure
described by Waltz et al. (2020).

MATERIALS AND METHODS

A complete “material and methods™ section is provided in the Supplementary Information.
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Figure S1. Alignment of the conserved parts of mMTRAN proteins from land plant species.
All proteins sequences were collected from PLAZA 4.5 (Van Bel et al., 2018). Multiple
sequence alignment (MSA) was generated using the algorithm MUSCLE followed by MSA
trimming within the PLAZA platform.

38



A ATAGI5640AT46 15040 Klepikova Arabidopsis Atlas eFP Browser at bar.utoronto.ca
Klepikova et al,

Young leaf
(petiole/lamina) —

N
(\‘ﬂﬁ? JJ Hypocotyl

SAM

Cotyledons
1-day-old seedling

Intermediate leaf 1 Intermediate leaf 2
(petiole/lamina)  (petiole/vein/lamina)
1518 19+ -

b T | Parts
V' ® - of leaf
3 Mature leaf
(petiole/vein/lamina/whole)
Young flower Carpel of 6th/7th flower - .
Mature flower (sep/stam/card)  (sti/ovu/carp) Senescent leaf
\_} (sep/pet/stam(fil/anth{closad/open}/carp) (petiotepveiny .
L | |
- . e !
A ;ssl‘mer en :o s 's Parts of flower Seeds of 1st siligue
abscission -
M) P e i . |
Seeds ]
e : ® = ]
el Xy Py Pl - Silique 2 Senescent
- - LA Pod of 1st silique (pod + seeds) organs
apsolute 4 | B
s VWithowt | “ | 1st internode |
1672 seeds
1463 '
12,54 )
1045 Silique
836
827 "
418 Wl
208 seeds
0
Maskesd
Siique 1 2 3 4 5 6 2 8

Data from A high resoluion map of he Arabidopsis thaliana developmental t-anscriptome
A was extracted with RNeasy Plant Kit and Illumina cDNA librar
Tllumina HiSeq2000 with a 50bp read length. The read data are publicly availzble in NCBI's Seque

PRINA314076), Reads were aligned to the reference TAIR10 genome (Lamesch et al,, 2012) using TopHat (Trapnell et al 9

parameters were used, with read groups unspecified. Reads per gene were counted with an in-house Python script using functions

2015). Reads were filtered so that only uninterrupted reads corresoonding to a region with n one gene were used for TPKM

is not displeyed, this indicates the reads for this gene did not pass the filtering crteria, RPKM values were compiled using an in-house R script.

turer's orotocols, cDNA was then
the BioProject ID 314076 (a

B AEEZIHEATRES Klepikova Arabidopsis Atlas eFP Browser at bar.utoronto.ca
Klepikova et al. 2016. Plant ]

Young leaf
(petiole/lamina) =

Hypocotyl Root
jons

= e
SAM &
0 P B\
1 2 3 Cotyled

Lt " Intermediate leaf 1 Intermediate leaf 2
Seeds during germination (petiole/lamina)  (petiole/vein/lamina)
5 68 9-11 12-14 15-18 19+

2% o L pats
2 of leaf
s Mature leaf
#s (petiole/vein/lamina/whole)
¢ ® ¢
/ v e —
\\) o
Young flower Carpel of 6th/7th flower
Mature flower (sep/stam/caro) (sti/ovu/carp) Senescent leaf
(sep/pet/stam(fil/anth{closed/open}]/carp) (p:;::/v!l:!a)
L | -
At 15t flower : . Je L s ‘e ° " Parts of flower Seeds of 1st silique
abscission e S s = .
. | f
Seeds | ! |
. - . - i r
At Bth flower (] -» - e ]
i ? Silique 2 Senescent
abscission | g - L [ Pod of 1st silique (pod + seeds) organs
Absolate | |
éo‘gz Without \‘ 1 1st internode
842 mede 1
736 L ¢ ’\
3% sil
ilique 1
421 [
318 With “*‘ X R
| 3] et & §
105 Sheds | ] ! /
Masked L/ 1

silique 1 3 3 @ 5 6 7 8

Data from A high resolution map of he Arabidopsis thaliana developmental t-anscriptome based on RNA-seq profiling: Klepikava et al, 2016, Plant . 8
A was extracted with RNeasy Plant Kit and 1lumina cDNA libraries erated using the respective manufacturer’s orotocols, cDNA Was then seq
Tllumina HiSeq2000 with a S0bp read length. The read data are putlicly availeble in NCBI's Sequence Read Archive undsr the BioProject ID 314076

PRINA314076), Reads were aligned to the reference TAIR10 genome (Lame: 12) using TopHat (Trapnell et al,, 2009), Default Topkat settings and job resource

parameters were used, with read groups unspecified. Reads per gene were counted with an in-house Python script using functions from the HTSeq pzckage (Anders et al.

2015). Reads were filtered so hat only uninterrupted reads corresoonding to a region with n exactly one gene were used for RPKM calculation. If a gene's expression level

is not displeyed, this indicates the reads for this gene did not pass the filtering crteria, RPKM values were compiled using an in-house R script.

Figure S2. Expression patterns of mTRAN1 and mTRANZ2 in different tissues of
Arabidopsis thaliana. The Arabidopsis Genome Identifiers (AGI) of mMTRAN1 and mTRAN2
were queried in Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cqi)
using Data Source “Klepikova Atlas”.
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A miranl-3 (heterozygous) x mtran2-3 (homozygous)

mtranl-3 (wild type) x mtran2-3 (homozygous)

Genotype Number of Number of Number of Number of
screened siliques screened seeds normal seeds empty spaces
mtranli-3 (heterozygous) x 25 467 287 (61.5%) 180 (38.5%)
mtran2-3 (homozygous)
mirani-3 (wild type) x 10 280 249 (88.9%) 31 (11.1%)
mtran2-3 (homozygous)
Col-0 10 327 310 (94.8%) 17 (52%)
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Figure S3. Phenotypic analysis of the double knockout mtran mutants. A. mtran1-3/2-3 is
embryo lethal. Pictures of dissected siliques of mtranl-3 (heterozygous) X mtran2-3
(homozygous) and mtran1-3 (wildtype) x mtran2-3 (homozygous) are shown. B. Number of
seeds and empty space of dissected siliques of mtranl-3 (heterozygous) x mtran2-3
(homozygous), mtran1-3 (wildtype) x mtran2-3 (homozygous) and Col-0 (the wildtype) was
analyzed. C. The loss of function of mMTRAN1 and mTRANZ2 transcripts in mtranl-1/2-1 and
mtranl-2/2-2. Seedlings at developmental stage 1.04 (Boyes et al., 2001) were collected in
pools and relative mMRNA abundance were measured by qRT-PCR (n = 3) and normalized to
Col-0 samples (£SE). D. Determination of flowering time of plants grown in soil. Data are
given as 9 plants/genotype. Statistically significance was based on Student’s t test (*=P<0.05,
**=P<0.01, ***=P<0.001).
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Figure S4. mTRAN1 and mTRAN2 do not have adenylyl cyclase activity. A. The bacterial
cAMP synthase complementation assay was based on the Bacterial Adenylate Cyclase Two-
Hybrid System. For positive control, pUT18C-zip and pKT15-zip were co-transformed into
BTH101. For negative control, the empty vector pUT18 was transformed into BTH101.
Transformed cells were plated on MacConkey/maltose (left panel), LB/X-gal (middle panel)
and M63/maltose, X-gal media (right panel). B. CAMP content measurement in planta. The
endogenous cAMP content of the mtran double mutants was normalized to Col-0. Statistical
significance was based on Student’s t test (n=3) (£SE). n.s=non-significant. FW=fresh weight.
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Figure S5. Phenotypes of mtranl-2/2-2 mTRAN1/2-GFP complementation lines. The
picture of representative plants was taken on the 25" day of growth. Scale bar: 1 cm.
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Figure S6. Loss of mMTRAN1 and mTRAN2 results in upregulation of mitochondrial
retrograde/unfolded protein response (UPR™) signalling markers. Relative mRNA
abundance of mtranl-1/2-1 and mtranl-2/2-2 were measured by gRT-PCR (n=3) and
normalized to Col-0 (+SE). Statistical significance was based on Student’s t test (*=P<0.05,
**=P<(0.01, ***=P<0.001). n.s=non-significant.
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Figure S7. Coomassie Brilliant Blue staining of mitochondrial proteins resolved on SDS-
PAGE after in organello protein synthesis assays. The assays were conducted for 10, 30 and
60 min using purified mitochondria from Col-0, mtran1-1/2-1 and mtran1-2/2-2. In the control
reactions (60 min), sodium acetate was used as substrate to assess bacterial contamination. The
molecular weight (kDa) is shown on the left side of the gel.
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AlphaFold RoseTTAFold iTASSER Waltz et al. 2020

mTRANI1

mTRAN2

Figure S8. Predicted protein structures suggest that mMTRAN1 and mTRAN2 have PPR
protein like-structures. Protein structures of mMTRAN1 and mTRAN2 without mitochondrial
targeting sequences predicted by MitoFates (Fukasawa et al., 2015) were modelled by
AlphaFold (Jumper et al., 2021), Rose TTAFold (Baek et al., 2021) and iTASSER (Yang and
Zhang, 2015). The predicted structure of MTRAN1 from Waltz et al. (2020) is also presented
to be compared with their other predicted structures.
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Figure S9. The position of mitoribosome binding sites in the 5>UTRs of mitochondrial
transcripts. Blue box = CUUUxU. Orange box = AXAAAG. Green box = AAGAAX. Scale
bar = 100 nucleotides. AUG = start codon.
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Figure S10. Purified His-SUMO3 and His-SUMO3-mTRANL1 from E. coli. The purified
proteins were resolved on SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining
(A) and western blot using an antibody against the 6xHis tag (B). Arrows indicate the purified
proteins. The molecular weight (kDa) is indicated.

47



SUPPLEMENTARY TABLES

Table S1. Mitochondrial proteomic study of the mtran double mutants.

Table S2. Proteins identified as interacting with mTRAN1 and mTRAN2 in planta. A. A
summary list of proteins co-immunoprecipitated with mTRAN1-GFP and mTRAN2-GFP. B.
All proteins identified as interacting with mitoGFP in planta. C. All proteins identified as
interacting with mTRAN1 and mTRANZ2 in planta.

Table S3. RNA-seq analysis of mtran1-2/2-2.
Table S4. Gene ontology analysis of DEGs found in RNA-seq analysis of mtran1-2/2-2.

Table S5. Microarray and RNA-seq datasets used for meta-analysis. A. List of DEGs of
mtranl-2/2-2 versus other mitochondrial perturbations in Arabidopsis. B. Comparison of
common pairwise DEGs calculated via the Sgrensen-Dice similarity coefficient.

Table S6. Organellar transcriptome analysis of mtranl-2/2-2. A. Mitochondrial
transcriptome of mtranl-2/2-2. B. Chloroplastic transcriptome of mtranl-2/2-2. C.
Mitochondrial transcriptome of mtranl1-2/2-2 versus rpotmp versus atphb3.

Table S7. Splicing and editing analysis of mitochondrial transcripts of mtran1-2/2-2.

Table S8. Motif analysis of the 5’UTRs of mitochondrial mnRNAs. A. The 5°UTR sequences
of mitochondrial MRNAS. B. Motif analysis of the mitochondrial mRNA’s 5’UTRs without
putative inter-cistronic 5’UTRs using MEME search tool and manual search. C. Motif analysis
of the mitochondrial mRNA’s 5’UTRs with putative inter-cistronic 5’UTRs using MEME
search tool and manual search.

Table S9. Synthesized Cy5-labelled RNA probes used for REMSAs.
Table S10. Analysis of mitochondrial ribosome footprints of the mtran double mutants.

Table S11. All primers used in this study.

48



SUPPLEMENTARY INFORMATION

BACTH cAMP complementation method

The Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system (Karimova et al., 1998) is
usually used for characterization of protein-protein interaction in vivo. However, this system
can also be used for reporting AC activity as the E. coli strain that lacks endogenous AC
activity, for example, the BTH101 strain, can be complemented with a functional AC
expression construct, leading to cAMP production. Consequently, CAMP binds to the catabolite
activator protein (CAP), forming the cAMP/CAP complex, which is a positive regulator of
genes of the lac and mal operons involved in lactose and maltose catabolism. Therefore, AC-
complemented bacteria are able to ferment lactose or maltose, which can be observed when
plated on either indicator or selective media. The catalytic domain of AC (CyaA) from
Bordetella pertussis contains two complementary fragments, T25 and T18, that do not have
AC activity if they do not interact with each other. For the positive control, the plasmids
pKT25-zip and pUT18C-zip were co-transformed into BTH101 (E. coli cya). Consequently,
the positive control plated on either indicator or selective media will show Cya* phenotype (E.
coli Cya*). On the MacConkey/maltose medium, E. coli Cya* could ferment maltose, thus the
colonies appear bright red due to the acidification resulting from fermentation(Karimova et al.,
1998) (Fig. S4A, left panel). On the LB/X-gal medium, E. coli Cya* produced cAMP that
activated the lacZ gene encoding B-galactosidase (Karimova et al., 1998), which in turn
hydrolyzed X-gal to form 5-bromo-4-chloro-indoxyl that spontaneously dimerized to produce
an insoluble blue pigment. As a result, the colonies formed by E. coli Cya* appear blue in color
(Fig. S4A, middle panel). On the M63 medium, E. coli Cya* could catabolize maltose as the
unique carbon source. X-Gal was added for better observation of growth of colonies (Fig. 4A,
right panel). For the negative control, the empty vector pUT18 was transformed into E. coli
cya, which formed colorless colonies on MacConkey/maltose and LB/X-gal media and could
not grow on the M63 medium (Fig. S4A).
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MATERIALS AND METHODS
Phylogenetic analysis

All proteins sequences were collected from PLAZA 4.5 (Van Bel et al., 2018). Multiple
sequence alignment (MSA) was generated using the algorithm MUSCLE followed by MSA
trimming within the PLAZA platform. The edited MSA was used to construct a rooted
phylogenetic tree using ClustalX with a bootstrap of 1000 replicates. Node numbers indicate

bootstrap values.

Generation of stable transgenic lines carrying mTRAN1/2-GFP and complementation
lines mtran1-2/2-2 mTRAN1/2-GFP

The full-length coding sequences of mMTRAN1 and mTRAN2 were amplified by PCR from
Avrabidopsis Col-0 cDNA. The sequences were cloned into the pDONR221 Gateway vector,
then cloned into the 35S binary vector pB7FWG2 (Karimi et al., 2002). Stable transgenic and
complementation lines were generated by transforming the constructs into Arabidopsis Col-0
and mtran1-2/2-2 by floral dipping, respectively. Homozygous transgenic plants were obtained
by selecting seeds on half-strength MS agar plates containing 5 mg/mL Basta (Glufosinate

Ammonium).
Subcellular localization

Homozygous plants carrying 35S::mTRAN1-GFP and 35S::mTRAN2-GFP were grown on MS
agar plates for 7 days. Root tissues of seedlings were harvested just prior to the experiment and
incubated with 500 nM MitoTracker™ Red CMXRos (ThermoScientific) for 30 min.
MTRAN1/2-GFP and MitoTracker-labelled mitochondria were visualized by a confocal laser
scanning microscope (Leica SP8 DLS) using excitation wavelengths of 488 nm (MTRAN1/2-
GFP) and 552 nm (MitoTracker-labelled mitochondria) and emission wavelength of 580 nm
for both targets. Subsequent images were captured and processed by LAS X Life Science

Microscope Software (Leica).
T-DNA insertion mutants

T-DNA insertion lines for mtranl (SALK_044671, GABI_915G12 and WiscDsLox485-
488E21) and mtran2 (SALK 054298, SALK_096907 and SALK_099373) were obtained from
the European Arabidopsis Stock Centre. T-DNA insertion homozygous lines were genotyped
by standard PCR using the left and right gene-specific primer (LP and RP) and the left border
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primer of the T-DNA insertion (LB) (Table S11). The genomic position of T-DNA insertion
was confirmed by sequencing. The double knockout mutants mtranl-1/2-1 and mtran1-2/2-2
were obtained by crossing the single mutants for mtranl and mtran2 as following:
SALK_044671 (mtranl-1) x SALK_ 054298 (mtran2-1), GABI 915G12 (mtranl-2) x
SALK_096907 (mtran2-2). Homozygous double mutants were genotyped by PCR.

Plant growth conditions and phenotyping

All plants were grown under long day condition (16h light/8h dark, approximately 120 pmol
photons m2 s1). Seeds were surface sterilized by liquid sterilization method as described in
Tran and Van Aken (2022). Sterilized seeds were sown on MS agar plates (half-strength MS
medium, 0.05% (w/v) MES, 1% (w/v) sucrose, 0.1% (v/v) Gamborg B5 vitamins, 0.8% (w/v)
phytoagar, pH 5.7) followed by stratification at 4°C in the dark for 3 days prior to transferring
to the growth chamber. Plate-based phenotypic analysis was performed as described in Boyes
et al. (2001). Root length measurement was performed in ImageJ from seedlings grown on
vertically placed MS agar plates on day 5, 7 and 9. Seeds sown on soil were also stratified at
4°C in the dark for 3 days prior to transferring to the growth chamber. Measurement of rosette
leaf area was performed in ImageJ on day 15, 18, 21, 24, 27 and 30. Data for growth phenotypic
analysis was obtained from at least 60 plants/genotype for plate-based phenotypic analysis, 15
plants/genotype for root length measurement, 9 plants/genotype for measurement of rosette

leaf area and determination of flowering time.

For mitochondrial purification, sterilized seeds were grown in liquid half-strength MS medium
(same ingredients as MS agar medium but without phytoagar) with shaking gently at 100 rpm
in long day light condition. Col-0 and mtranl1-1/2-1 were grown for 14 days. As mtranl-2/2-2
showed a significant growth delay, it was grown for 21 days in total. Therefore, plant material
from all genotypes was collected at the same time and all mitochondrial isolations were done
on the same day for the sake of giving more consistent results. For in organello protein
synthesis, mitochondria were purified from plants grown in liquid half-strength MS medium
supplemented with 50 pg/ml cefotaxime to reduce the risk of bacterial contamination.

Bacterial cAMP synthase complementation assay and measurement of cCAMP content in

planta

Bacterial cCAMP synthase complementation assay was based on the method of BACTH System
kit (Euromedex, France). Full length coding sequences of mMTRAN1 and mTRAN2 were PCR-
amplified from Arabidopsis Col-0 cDNA and then cloned into the vector pUT18. The plasmids
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were then transformed into the E. coli strain BTH101 and plated on either indicator or selective
media to reveal the resulting Cya* phenotype as described in the kit protocol. For the positive
control, the plasmids pKT25-zip and pUT18C-zip were co-transformed into BTH101. For the
negative control, the plasmid pUT18 was transformed into BTH101.

For measurement of cCAMP content in planta, 11-day-old Col-0 and mtranl-1/2-1 and 18-day-
old mtran1-2/2-2 seedlings grown on MS agar plates were harvested and ground in liquid
nitrogen. Measurement of CAMP content in planta was performed as described in Gao et al.
(2012). Briefly, 0.4 mL of PBS was added to 0.2 g of ground frozen tissues. After centrifugation
at 16100 g at 4°C for 15 min, the supernatant was collected and used to measure CAMP
concentration using a CAMP-Glo™ assay kit (Promega) and a plate-reading luminometer
(CLARIOstar™s, BMG Labtech) following the kit instructions.

Mitochondrial and chloroplastic purification

Mitochondria were purified from 14-day-old plants (Col-0, mtran1-1/2-1 and homozygous
transgenic plants carrying mTRAN1-GFP and mTRAN2-GFP) and 21-day-old plants (mtranl-
2/2-2) grown in liquid half-strength MS medium as described in Tran and Van Aken (2022).
For mTRAN1/2-GFP plants, the supernatant after the second high-speed centrifugation was
collected as the cytosolic fraction. Chloroplasts were isolated from 14-day-old homozygous
transgenic plants carrying mTRAN1-GFP and mTRAN2-GFP grown in liquid half-strength MS
medium as described in Flores-Perez and Jarvis (2017). The concentration of mitochondrial
and chloroplastic proteins was determined by Bradford assays (Biorad). Isolated mitochondria
were used directly for further experimentation requiring intact mitochondria (in organello
protein synthesis and measurement of mitochondrial respiration) or stored at -80°C for later
use (BN-PAGE and immunoblotting). Isolated chloroplasts were stored at -80°C for later

immunoblot analysis.
Analysis of mitochondrial complexes

BN-PAGE using 5% (w/v) digitonin for membrane solubilization was carried out with 500 pg
mitochondrial protein per lane as described in Schertl and Braun (2015). Activity measurement
of the respiratory complexes I, lll, IV and V in BN-PAGE was performed as described
previously (Cuillerier and Burelle, 2019; Schertl and Braun, 2015; Smet et al., 2011).

Measurement of mitochondrial respiration
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Respiratory measurement of freshly isolated mitochondria was performed using a Clark-type
oxygen electrode as described in Lyu et al. (2018).

Analysis of mitochondrial protein abundance by tandem mass spectrometry

Isolated mitochondrial pellets were dissolved in 50 pl of 2% SDS in 100 mM TRIS buffer, pH
7.5 for 30 minutes at room temperature with vortexing at 500 RPM. After centrifugation for 3
min at 13000 RPM, the supernatant was used for reduction and alkylation of proteins using
DDT and iodoacetamide. Proteins were loaded to S-Trap columns (ProtiFi, Huntington, NY)
and digested with trypsin using the manufacturer instructions with 3 hours digestion. Peptides
were eluted, dried in a Speedvac, and stored at -20°C before being desalted on C18 columns
(The Nest Group, Ipswich, MA) according to the manufacturer instructions and dried before

resuspension in 0.1% formic acid, quantification using Nanodrop and storage at -20°C.

Approximately 400 ng peptides per sample were loaded to Evotips and injected on an Evosep
One LC system (Evosep, Odense, Denmark) connected online with a Q-Exactive HF-X Mass
Spectrometer (Thermo Fisher Scientific, Germany). Peptides were separated on an EV1109 8
cm column (Evosep) using the 60 SPD method. MS data were acquired in profile mode using
data independent acquisition (DIA) with settings essentially as described by Bekker-Jensen et
al. (2020) with one full MS scan 350-1400 m/z followed by 49 windows DIA with an isolation
widths of 13.7 m/z and evenly distributed window centers from 471.5 to 1129.1 m/z. For full
MS scans AGC target was 3e6, resolution 120000 and maximum injection time 25 ms. For
DIA scans AGC target was 3e6, target resolution 15000, maximum injection time 22 ms and

normalized collision energy 27.

Raw data files were converted to mzML using Proteowizard version 3.0.21098 (Chambers et
al., 2012) with vendor peakpicking enabled. The mzML files were processed in DIA-NN
version 1.8 in library free mode against the UniProt Arabidopsis thaliana proteome
UP000006548 downloaded on 10™ February 2022. In DIA-NN enzymatic cleavage was set
after KR with maximum one missed cleavage and cystein carbamidomethylation was set as
fixed modification and N-terminal methionine excision as variable modification. Two pass
search (match between runs) was enabled with automated mass accuracy estimation and other

settings were set to default.

The protein groups matrix file from DIA-NN was used for data analysis. Normalization of

quantitative values with Cyclic Loess normalization (Gentleman et al., 2005; Smyth, 2005) and
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differential abundance analysis using LIMMA (Ritchie et al., 2015) were performed in
NormalyzerDE version 1.14.0 (Willforss et al., 2019).

Co-immunoprecipitation followed by tandem mass spectrometry

Homozygous transgenic plants carrying mTRAN1-GFP and mTRAN2-GFP generated as
described above were grown on half-strength MS agar plates for 11 days. Seedlings were
harvested and ground in liquid nitrogen. 3 g of powdered plant material was used per replicate.
Co-immunoprecipitation was performed as described in Wendrich et al. (2017). The pH of the
protein samples was adjusted to 7.8 before being reduced by DTT to a final concentration 5
mM. The protein samples were incubated in 37°C for 30 min, followed by alkylation by adding
iodoacetamide to a final concentration 12 mM and incubation in the dark for 20 min. The
samples were digested by addition of sequencing-grade modified trypsin (Promega, Madison,
WI, USA) to a final concentration 2 ng/ul and incubation overnight at 37 °C. Formic acid was
added to the digested samples and the supernatant containing the peptides was collected by
centrifugation at 15000 g for 10 min. For tandem mass spectrometry, the peptides were cleaned
up on C18 reversed phase micro columns and subjected to reversed phase nano-LC source
(Proxeon Biosystems) coupled to an LTQ-Orbitrap Velos Pro mass spectrometer equipped with
a nano Easy spray ion source (ThermoScientific). Identification of proteins were carried out
with the Mascot Daemon software (version 2.4) and searched against the Arabidopsis database
TAIR. To be considered as a true protein identification, all individual ion scores must have a

higher score than the score given when using a significant threshold of p<0.005.
In organello protein synthesis

In organello protein synthesis was performed as described in Kwasniak-Owczarek et al.
(2022). Briefly, 300 pg of freshly isolated mitochondria was resuspended in the translation mix
containing 5 mM KH2POg, pH 7.0, 2 mM GTP, 0.4 M mannitol, 60 mM KCI, 2 mM DTT, 50
mM HEPES, 10 mM MgClz, 10 mM malic acid, 1 mM pyruvate, 4 mM ADP, 0.1% (w/v) BSA,
25 mM unlabelled 19-amino acid solution (Promega), and 30 uCi [**S]Met (>1000 Ci/mmol,
Hartmann Analytic). For the control, 25 mM Na-acetate was used instead of malic acid and
pyruvate. To inhibit potential contamination of chloroplast and cytoplasmic ribosomes,
erythromycin and cycloheximide were added to all reactions to a final concentration of 200
MM and 100 pM, respectively. Reactions were carried out in 100 ul for 10, 30 and 60 min at
room temperature on an orbital shaker and stopped by adding 350 mL mitochondria wash
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buffer (without BSA) containing 10 mM unlabelled L-methionine and puromycin (50 pg/mL).
Radiolabelled proteins were separated by SDS-PAGE and detected by autoradiography.

Immunoblotting of mitochondrial and chloroplastic proteins

Isolated chloroplastic proteins (10 pg) and isolated mitochondrial proteins (10 pg and 20 pg)
were separated by SDS-PAGE and transferred to a PVDF membrane using the Trans-Blot
Turbo Mini PVDF Transfer Pack (Biorad) and the Trans-Blot Turbo Transfer System (Biorad).
Blots were probed with the primary antibodies against the subunits of OXPHOS: NAD6
(PHY1079S), NAD7 (PHY1077S), NAD9 (PHY0516S), COX2 (PHY1413S), ATP1
(PHY?2146S), ATP4 (PHY1129S) and ATP8 (PHY1130S) from PhytoAB (U.S.A); RISP from
Carrie et al. (2010); ATPp and PGRL1 from Agrisera (Sweden); and GFP from Thermo Fisher
Scientific (U.S.A). Blots were also probed with the primary antibodies against mitoribosomal
proteins RPS4, RPS10 and RPL16 (Agrisera) that were kindly provided by Prof. Hanna Janska
(University of Wroclaw, Poland); mitochondrial translation factor LETM1 (Zhang et al., 2012);
mitochondrial retrograde signalling markers UPOX and AOX (De Clercq et al., 2013); IMM
proteins OM66 and TIM17, and OMM proteins TOM40 and VDAC from Prof. James Whelan
(La Trobe University, Australia). Anti-rabbit antibodies conjugated with horseradish
peroxidase (HRP) were used as secondary antibodies, except for AOX and VDAC, an anti-
mouse antibody-HRP was used. Chemiluminescence was detected by using Clarity Western
ECL Substrate (Biorad) and the ChemiDoc XRS+ System (Biorad).

gRT-PCR

Total RNA was extracted from 11-day-old Col-0 and mtran1-1/2-1 seedlings and 18-day-old
mtranl-2/2-2 seedlings grown on MS agar plates using the Spectrum™ Plant Total RNA Kit
(Sigma Aldrich). cDNA synthesis and gRT-PCR was performed as described in Broda and VVan
Aken (2018) using the iScript™ cDNA Synthesis Kit (Biorad) and CFX384 Real-time PCR
Detection System (Biorad) using SYBR green detection assays, respectively. The nuclear gene
UBIQUITIN-CONJUGATING ENZYME 21 (UBC21) was used for data normalization.
Transcripts were measured in technical duplicate from three independently biological
replicates.

RNA-seq analysis
11-day-old Col-0 and 18-day-old mtranl-2/2-2 seedlings grown on MS agar plates were

harvested at developmental growth stage 1.04 (Boyes et al., 2001). Each sample was composed
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of 4-5 seedlings (approximately 50 mg fresh weight). Three biological replicates of Col-0 and
mtranl-1/2-1 were analyzed. Total RNA was extracted using the Spectrum™ Plant Total RNA
Kit (Sigma Aldrich) according to the supplier’s instructions and was further purified using the
RNA Clean & Concentrator Kits (Zymo Research®, California, U.S.A.). RNA-seq libraries
were constructed by the POPS platform (IPS2) using the TruSeq Stranded Total RNA kit with
Ribozero Plant (Illumina®, California, U.S.A.) according to the supplier’s instructions. The
libraries were sequenced in single-end (SE) mode with 75 bases for each read on a NextSeq500.
Adapter sequences and bases with a Q-Score below 20 were trimmed out from reads using
Trimmomatic (v0.36, Bolger et al. (2014)) and reads shorter than 30 bases after trimming were
discarded. After trimming, between 57 and 84 million of SE reads per sample were obtained.
The bioinformatics and statistical analysis were carried out using pipelineOGE available at

https://forgemia.inra.fr/GNet/pipelineoge (Baudry et al., 2022).

Data Availability

The RNA-Seq project was deposited (Gene Expression Omnibus (Edgar et al., 2002)):
http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE186586. All steps of the experiment,
from growth conditions to bioinformatic analyses, were detailed in CATdb (Gagnot et al.,
2008): http://tools.ips2.u-psud.fr.fi/CATdb/ according to the MINSEQE ‘minimum
information about a high-throughput sequencing experiment’.

Meta-analysis of transcriptome datasets

A full list of the transcriptome datasets of mtranl-2/2-2 and 22 additional Arabidopsis
mitochondrial mutants and chemical treatments affecting mitochondrial function can be found
in Table S5. Transcripts were considered to be significantly differentially expressed if ppde.p
> 0.95 or Pagj < 0.05 (after False Discovery Rate correction) with two-fold change. The
similarities among all datasets were evaluated by comparison of common pairwise DEGs
calculated via the Sgrensen-Dice similarity coefficient (DSC) with formula DSC(a,b) = 2nan/(na
+ np). Therefore, the DSC between two datasets ranges from 0 to 1. The complete matrix of
DSC values for mtranl-2/2-2 and 22 additional datasets was hierarchically clustered in TIGR
Multi-experiment Viewer 4.9.0 using Euclidean Distance and represented as a heat map.

Purification of polysomal RNA
Polysomal RNA from 11-day-old Col-0 and mtranl-1/2-1 seedlings and 18-day-old mtranl-

2/2-2 seedlings grown on MS agar plates was purified as described in Barkan (1993) with
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modifications. 1 mL of polysome extraction buffer (0.2 M Tris-HCI, pH 9.0, 0.2 M KClI, 35
mM MgClz, 25 mM EGTA, 0.2 M sucrose, 1% v/v Triton X-100, 2% v/v Polyoxyethylene-10-
tridecyl ether, 0.5 mg/ml heparin, 100 mM 2-betamercaptoethanol, 100 pg/ml chloramphenicol
and 25 pg/ml cycloheximide) was added to 0.2 g of ground frozen tissues and the sample was
vortexed until thawed. Debris from extraction was removed by centrifugation at 4°C and max
speed for 1 min and filtered through a QIAshredder column (Qiagen). The sample was
incubated on ice for 10 min to solubilize membranes and centrifuged at 4°C and max speed for
5 min. Sodium deoxycholate was added to the supernatant to a final concentration of 0.5% wi/v.
The sample was incubated on ice for 5 min to complete microsomal membrane solubilization
and centrifuged at 4°C and max speed for 15 min to pellet insoluble material. The supernatant
(450 ) was layered onto 4 ml sucrose gradients (55:40:30:15% w/v sucrose in 40 mM Tris-
HCI, pH 8.0, 20 mM KCI, 10 mM MgClz, 100 pg/ml chloramphenicol, 0.5 mg/mL heparin and
25 pg/ml cycloheximide) and fractionated by ultracentrifugation (SW50.1 rotor, 4°C, 45000
rpm, 65 min). After that, 10 fractions (~445 pl each) were collected from the top of the gradient
and subjected to total RNA isolation using phenol/chloroform/isoamyl (25:24:1) (Sigma
Aldrich). Isolated RNA from all fractions were treated with 2.5 M LiCl to remove the heparin
as described previously (del Prete et al., 2007). The same volume of RNA from each fraction
was used for cDNA synthesis and qRT-PCR as described above.

Ribo-Seq library preparation and sequencing

Mitoribosome footprints were prepared from Arabidopsis flower buds as previously described
(Planchard et al., 2018). Ribosome footprints were depleted from ribosomal RNAs after first
strand cDNA synthesis using custom biotinylated oligonucleotides matching major rRNA
contaminants found in previous experiments (Planchard et al., 2018). Ribo-Seq libraries were
prepared using the TruSeq Small RNA library preparation kit (lllumina). Next generation
sequencing was performed on a NovaSeq6000 instrument (Illumina) using a SP-100 flowcell
and a single end 75 nt pass. Mitochondrial mMRNA abundances were determined by RT-qPCR

using the same set of primers described in Planchard et al. (2018).
Bioinformatic analyses

Ribo-Seq sequencing data were processed and mapped as previously described in Planchard et
al. (2018). Ribo-Seq RPKMs were calculated based on reads mapping to mitochondrial and
nuclear coding sequences following a procedure detailed in Chotewutmontri and Barkan (2018)
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and translation efficiencies were calculated as ratios of ribosome footprint RPKMs to mRNA
abundances determined by RT-gPCR.

Predicted protein structure of MTRAN1 and mTRAN2

Protein sequences of mMTRAN1 and mTRAN?2 lacking their MTS predicted by MitoFates
(http://mitf.cbrc.jp/MitoFates/cqi-bin/top.cgi) (Fukasawa et al., 2015) were used for protein
structure  prediction tools AlphaFold (ColabFold: AlphaFold2 using MMseqs2
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipyn)
(Jumper et al., 2021), RoseTTAFold ( https://robetta.bakerlab.org/) (Baek et al., 2021) and
iTASSER (https://zhanggroup.org/I-TASSER/) (Yang and Zhang, 2015). The PPR codes of
MTRAN1 and mTRAN2 were searched in aPPRove (Harrison et al., 2016) and PPR Code
Prediction Web Server http://yinlab.hzau.edu.cn/pprcode/ (Yan et al., 2019).

Motif analysis of the 5’UTRs of mitochondrial mMRNAs

The sequences of the 5’UTRs of mitochondrial transcripts were based on the recently re-
annotated Arabidopsis thaliana ecotype Col-0 mitochondrial genome (NC_037304) (Sloan et
al., 2018). Briefly, coordinates corresponding to the 5’UTRs were used to retrieve the
corresponding sequences using BEDTools (command “getfasta”) (Quinlan and Hall, 2010). If
the transcript contained several alternative overlapping 5°’UTRs, the longest 5’UTR was
selected. The 5°UTRs of fully spliced transcripts, which are upstream of the first exons, were
selected in case of trans-spliced transcripts NAD1, NAD2 and NAD5. Because the
mitochondrial genome contains polygenic transcriptional units, some distinct genes share the
same 5’UTRs, for example, NAD4L and ATP4, RPL5 and COB, NAD3 and RPS12. There is
also some suggestion that the second gene in polycistronic mRNAs may have its own 5’UTR
and ribosome binding site in between the two genes, but these are not defined. Therefore, we
analysed the collection of mitochondrial 5°UTRs both with and without these putative inter-
cistronic 5°’UTRs. The motif analysis of mitochondrial mRNA’s 5’UTRs was performed using
Multiple Expectation-maximization for Motif Enrichment (MEME) online motif search tool
and identified a potential mitoribosome binding site CUUUxU and AAGAAX. The MEME
motif search tool was unable to identify the AXAAA-related motif, but a AXAAA-like motif,
AxXAAAG, was manually searched in the 5’UTRs of mitochondrial mRNAs.

Recombinant protein purification and REMSAs

PET-26b(+)-His-SUMO3-mTRAN1 plasmid with codon optimization was obtained from
GeneScript (U.S.A). pET-26b(+)-His-SUMO3 plasmid was generated from pET-26b(+)-His-
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SUMO3-mTRAN1 plasmid by PCR using Phusion Site-Directed Mutagenesis Kit
(ThermoScientific). The plasmids were expressed in E. coli Tuner DE3 by IPTG induction to
a final concentration of 1 mM at ODeoo = 0.6-0.8 at 18°C for 20 hours. Protein purification was
performed using GE Healthcare HisTrap FF columns according to the manufacturer’s
instructions. Purified protein concentrations were determined by Bradford assays (Biorad).
5’CyS5 labelled probes were obtained from Sigma Aldrich. REMSAs were performed as
described previously (Kindgren et al., 2015; Schallenberg-Rudinger et al., 2013) with
modifications. Briefly, reactions consisting of 10 pl 2x binding buffer (2.5x THE, 40 pg/ml
BSA, 5 mM DTT, 0.5 mg/ml Heparin, 200 mM NacCl), 5 ul purified protein and 10 pl probes
were incubated at 25°C for 15 min and loaded onto a pre-run 5% native gel in 1x THE (34 mM
Tris, 66 mM HEPES, 0.1 mM EDTA pH=8) that was run at 4°C. The gels were imaged with a
Typhoon 9500 (GE Healthcare).

Accession numbers

The sequences of genes analyzed in this article can be found in TAIR under the following
accession numbers: AT4G15640 (MTRAN1), AT3G21465 (mTRAN2), AT3G22370 (AOX1a),
AT2G21640 (UPOX1), AT1G05680 (UGT74E2), AT2G20800 (NDB4), AT5G09570
(AT12CYS-2), AT2G41730 (HRG1), AT3G50930 (OM66), ATMG00270 (NADS6), ATMG00510
(NAD7), ATMG00070 (NAD9), ATMG00220 (COB), ATMG00160 (COX2), ATMG01190
(ATP1), ATMGO00480 (ATP8), ATMG01080 (ATP9), ATMG00290 (RPS4), ATMG01390
(RRN18) and AT5G25760 (UBC21).

SUPPLEMENTARY REFERENCES

Baek, M., DiMaio, F., Anishchenko, I., Dauparas, J., Ovchinnikov, S., Lee, G.R., Wang, J., Cong, Q., Kinch,
L.N., Schaeffer, R.D., et al. (2021). Accurate prediction of protein structures and interactions using
a three-track neural network. Science 373, 871-876.

Barkan, A. (1993). Nuclear Mutants of Maize with Defects in Chloroplast Polysome Assembly Have
Altered Chloroplast RNA Metabolism. The Plant cell 5, 389-402.

Baudry, K., Delannoy, E., and Colas des Francs-Small, C. (2022). Analysis of the Plant Mitochondrial
Transcriptome. Methods in molecular biology 2363, 235-262.

Bekker-Jensen, D.B., Bernhardt, O.M., Hogrebe, A., Martinez-Val, A., Verbeke, L., Gandhi, T., Kelstrup,
C.D., Reiter, L., and Olsen, J.V. (2020). Rapid and site-specific deep phosphoproteome profiling by
data-independent acquisition without the need for spectral libraries. Nature communications 11,
787.

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for lllumina sequence
data. Bioinformatics 30, 2114-2120.

59



Boyes, D.C., Zayed, A.M., Ascenzi, R., McCaskill, A.J., Hoffman, N.E., Davis, K.R., and Gorlach, J. (2001).
Growth stage-based phenotypic analysis of Arabidopsis: a model for high throughput functional
genomics in plants. The Plant cell 13, 1499-1510.

Broda, M., and Van Aken, O. (2018). Studying Retrograde Signaling in Plants. Methods in molecular
biology 1743, 73-85.

Carrie, C., Giraud, E., Duncan, O., Xu, L., Wang, Y., Huang, S., Clifton, R., Murcha, M., Filipovska, A.,
Rackham, O., et al. (2010). Conserved and novel functions for Arabidopsis thaliana MIA40 in
assembly of proteins in mitochondria and peroxisomes. The Journal of biological chemistry 285,
36138-36148.

Chambers, M.C., Maclean, B., Burke, R., Amodei, D., Ruderman, D.L., Neumann, S., Gatto, L., Fischer,
B., Pratt, B., Egertson, J., et al. (2012). A cross-platform toolkit for mass spectrometry and
proteomics. Nature biotechnology 30, 918-920.

Chotewutmontri, P., and Barkan, A. (2018). Multilevel effects of light on ribosome dynamics in
chloroplasts program genome-wide and psbA-specific changes in translation. PLoS genetics 14,
e1007555.

Cuillerier, A., and Burelle, Y. (2019). Hybrid Clear/Blue Native Electrophoresis for the Separation and
Analysis of Mitochondrial Respiratory Chain Supercomplexes. J Vis Exp.

De Clercq, I., Vermeirssen, V., Van Aken, O., Vandepoele, K., Murcha, M.W., Law, S.R., Inze, A., Ng, S.,
Ivanova, A., Rombaut, D., et al. (2013). The membrane-bound NAC transcription factor ANAC013
functions in mitochondrial retrograde regulation of the oxidative stress response in Arabidopsis.
The Plant cell 25, 3472-3490.

del Prete, M.J., Vernal, R., Dolznig, H., Mullner, E.W., and Garcia-Sanz, J.A. (2007). Isolation of
polysome-bound mRNA from solid tissues amenable for RT-PCR and profiling experiments. RNA
13,414-421.

Edgar, R., Domrachev, M., and Lash, A.E. (2002). Gene Expression Omnibus: NCBI gene expression and
hybridization array data repository. Nucleic acids research 30, 207-210.

Flores-Perez, U., and Jarvis, P. (2017). Isolation and Suborganellar Fractionation of Arabidopsis
Chloroplasts. Methods in molecular biology 1511, 45-60.

Fukasawa, Y., Tsuji, J., Fu, S.C., Tomii, K., Horton, P., and Imai, K. (2015). MitoFates: improved
prediction of mitochondrial targeting sequences and their cleavage sites. Molecular & cellular
proteomics : MCP 14, 1113-1126.

Gagnot, S., Tamby, J.P., Martin-Magniette, M.L., Bitton, F., Taconnat, L., Balzergue, S., Aubourg, S.,
Renou, J.P., Lecharny, A., and Brunaud, V. (2008). CATdb: a public access to Arabidopsis
transcriptome data from the URGV-CATMA platform. Nucleic acids research 36, D986-990.

Gao, F., Han, X., Wu, J.,, Zheng, S., Shang, Z., Sun, D., Zhou, R., and Li, B. (2012). A heat-activated
calcium-permeable channel--Arabidopsis cyclic nucleotide-gated ion channel 6--is involved in heat
shock responses. Plant J 70, 1056-1069.

Gentleman, R., Carey, V.., Huber, W., Irizarry, R.A., and Dudoit, S. (2005). Bioinformatics and
computational biology solutions using R and Bioconductor, Vol 1 (Springer).

Harrison, T., Ruiz, J., Sloan, D.B., Ben-Hur, A., and Boucher, C. (2016). aPPRove: An HMM-Based
Method for Accurate Prediction of RNA-Pentatricopeptide Repeat Protein Binding Events. PloS
one 11, e0160645.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool, K., Bates,
R., Zidek, A., Potapenko, A., et al. (2021). Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589.

Karimi, M., Inze, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-mediated plant
transformation. Trends Plant Sci 7, 193-195.

Karimova, G., Pidoux, J., Ullmann, A., and Ladant, D. (1998). A bacterial two-hybrid system based on a
reconstituted signal transduction pathway. Proceedings of the National Academy of Sciences of
the United States of America 95, 5752-5756.

60



Kindgren, P., Yap, A., Bond, C.S., and Small, I. (2015). Predictable alteration of sequence recognition
by RNA editing factors from Arabidopsis. The Plant cell 27, 403-416.

Kwasniak-Owczarek, M., Tomal, A., and Janska, H. (2022). Assessment of Protein Synthesis in
Mitochondria Isolated from Rosette Leaves and Liquid Culture Seedlings of Arabidopsis. Methods
in molecular biology 2363, 183-197.

Lyu, W., Selinski, J., Li, L., Day, D.A., Murcha, M.W., Whelan, J., and Wang, Y. (2018). Isolation and
Respiratory Measurements of Mitochondria from Arabidopsis thaliana. J Vis Exp.

Planchard, N., Bertin, P., Quadrado, M., Dargel-Graffin, C., Hatin, I., Namy, O., and Mireau, H. (2018).
The translational landscape of Arabidopsis mitochondria. Nucleic acids research 46, 6218-6228.

Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for comparing genomic
features. Bioinformatics 26, 841-842.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic acids
research 43, e47.

Schallenberg-Rudinger, M., Kindgren, P., Zehrmann, A., Small, I., and Knoop, V. (2013). A DYW-protein
knockout in Physcomitrella affects two closely spaced mitochondrial editing sites and causes a
severe developmental phenotype. PlantJ 76, 420-432.

Schertl, P., and Braun, H.P. (2015). Activity measurements of mitochondrial enzymes in native gels.
Methods in molecular biology 1305, 131-138.

Sloan, D.B., Wu, Z., and Sharbrough, J. (2018). Correction of Persistent Errors in Arabidopsis Reference
Mitochondrial Genomes. The Plant cell 30, 525-527.

Smet, J., De Paepe, B., Seneca, S., Lissens, W., Kotarsky, H., De Meirleir, L., Fellman, V., and Van Coster,
R. (2011). Complex Il staining in blue native polyacrylamide gels. J Inherit Metab Dis 34, 741-747.

Smyth, G.K. (2005). limma: Linear Models for Microarray Data. In Bioinformatics and Computational
Biology Solutions Using R and Bioconductor, R. Gentleman, V.J. Carey, W. Huber, R.A. Irizarry, and
S. Dudoit, eds. (New York, NY: Springer New York), pp. 397-420.

Tran, H.C., and Van Aken, O. (2022). Purification of Leaf Mitochondria from Arabidopsis thaliana Using
Percoll Density Gradients. Methods in molecular biology 2363, 1-12.

Van Bel, M., Diels, T., Vancaester, E., Kreft, L., Botzki, A., Van de Peer, Y., Coppens, F., and Vandepoele,
K. (2018). PLAZA 4.0: an integrative resource for functional, evolutionary and comparative plant
genomics. Nucleic acids research 46, D1190-D1196.

Waltz, F., Soufari, H., Bochler, A., Giege, P., and Hashem, Y. (2020). Cryo-EM structure of the RNA-rich
plant mitochondrial ribosome. Nat Plants 6, 377-383.

Wendrich, J.R., Boeren, S., Moller, B.K., Weijers, D., and De Rybel, B. (2017). In Vivo Identification of
Plant Protein Complexes Using IP-MS/MS. Methods in molecular biology 1497, 147-158.

Willforss, J., Chawade, A., and Levander, F. (2019). NormalyzerDE: Online Tool for Improved
Normalization of Omics Expression Data and High-Sensitivity Differential Expression Analysis.
Journal of proteome research 18, 732-740.

Yan, J., Yao, Y., Hong, S., Yang, Y., Shen, C., Zhang, Q., Zhang, D., Zou, T., and Yin, P. (2019). Delineation
of pentatricopeptide repeat codes for target RNA prediction. Nucleic acids research 47, 3728-
3738.

Yang, J., and Zhang, Y. (2015). I-TASSER server: new development for protein structure and function
predictions. Nucleic acids research 43, W174-181.

Zhang, B., Carrie, C., lvanova, A., Narsai, R., Murcha, M.W., Duncan, O., Wang, Y., Law, S.R., Albrecht,
V., Pogson, B., et al. (2012). LETM proteins play a role in the accumulation of mitochondrially
encoded proteins in Arabidopsis thaliana and AtLETM2 displays parent of origin effects. The
Journal of biological chemistry 287, 41757-41773.

61









.
o
[N}
o
b
o
3
=
3
2
<
2
o
V)
S
=
S
:
=
a
2
o
=2
Y
SN
\§
P
=
o
o~
o
T
g
5
3
.
=
L
o
hel
g
=
-
o
2
'
<
&

4 GILSON

Department of Biology
Faculty of Science
Lund University
UNIVERSITY ISBN 978-91-8039-599-1




	Tom sida
	340429_nr2_G5_Huy.pdf
	Tom sida
	Paper I.pdf
	Mitochondrial unfolded protein-related responses across kingdoms: similar problems, different regulators
	Introduction
	The UPRmt in C. elegans
	The UPRmt in mammals
	The UPRmt in yeast
	Is there a UPRmt in plants?
	A comparison of UPRmt regulators across eukaryotic kingdoms
	UPRmt target genes across eukaryotic kingdoms
	What are the molecular signals triggering UPRmt?
	Conclusions
	Acknowledgements
	References


	Paper II.pdf
	Chapter 1: Purification of Leaf Mitochondria from Arabidopsis thaliana Using Percoll Density Gradients
	1 Introduction
	2 Materials
	2.1 Arabidopsis Growth in  Soil
	2.2 Arabidopsis Growth in Shaking Liquid Culture Flasks
	2.3 Purification of Mitochondria Using Continuous Percoll Density Gradients

	3 Methods
	3.1 Arabidopsis Growth in  Soil
	3.2 Arabidopsis Grown in Liquid Half-Strength MS Medium (Fig. 1)
	3.3 Preparation of Continuous Percoll Density Gradients
	3.4 Purification of Arabidopsis Mitochondria

	4 Notes
	References


	Tom sida




