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Abstract
Mitochondria possess their own genome, remnant of the ancestral eubacterial endosymbiont DNA. This mitochondrial
genome encodes mostly few key subunits of the respiratory chain. In order to synthesize these few proteins, mitochondria
contain a complete gene expression machinery. Crucially, during the evolution, this apparatus dramatically diverged
from its bacterial original counterpart, acquiring unique organellar characteristics. Hence, the mechanisms underlying
organization and regulation of mitochondrial gene expression are still enigmatic.

In this thesis, I used the model organism Saccharomyces cerevisiae to reveal few aspects of mitochondrial gene
expression. Surprisingly, I report that translation initiation strongly diverged from the bacterial one. In fact, the
mitochondrial counterpart of the bacterial translation initiation factor 3 is dispensable in yeast. Furthermore, the research
made in this work contributed to establish the proximity labelling technique BioID for yeast mitochondrial proteins. This
method permitted to analyse extensively the mitochondrial gene expression milieu, creating a comprehensive proximity-
based network of factors involved in biogenesis of mitochondrial synthesized proteins. This protein network revealed a
unique organization of factors involved in mitochondrial gene expression, meticulously tailored for the synthesis of few
organellar proteins. Crucially, we could identify a clear spatial distribution of factors according to their biological function.
Moreover, the thesis describes how the polypeptide tunnel exit hosts proteins involved in multiple functions. First, the
results show how factors involved in early maturation of Cox1, the core subunit of complex IV of the respiratory chain,
reside at the polypeptide tunnel exit. Second, we demonstrate that the synthesis of cytochrome b, subunit of complex
III, is also activated at the polypeptide tunnel exit. In fact, proteins taking part in the regulation of mitochondrial gene
expression called translational activators interact with this area in an alternate fashion. When synthesis of cytochrome b
is repressed, its coding mRNA COB is sequestered at the polypeptide tunnel exit via the binding to Cbs1, a translational
activator. The signal that triggers translation initiation is given by Cbp3-Cbp6, a complex that participates in cytochrome b
assembly. When a previously synthesized cytochrome b is correctly assembled into complex III, Cbp3-Cbp6 interacts with
the polypeptide tunnel exit, forcing the relocation of Cbs1, and making COB mRNA available for a new round of translation.
This mechanism represents a unique form of tuning between mitochondrial and nuclear gene expression systems, essential
for the correct assembly of complexes made up by proteins of dual origin.

In summary, the work presented in this thesis reveals novel features of the organization and regulation of the
mitochondrial gene expression, highlighting many distinctive organellar features. The concepts and techniques presented
here will be a starting point to elucidate many unknown aspects of mitochondrial protein synthesis.

Keywords: Mitochondria, mitochondrial gene expression, post-transcriptional regulation, mitochondrial ribosome,
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Note for the reader: in yeast nomenclature, genes and their 

transcripts are written in italicized capital letters; their translation 

products are not italicized, and only the first character is presented in 

upper case. For example: CBS1 is the ORF and its transcript, while 

Cbs1 is its protein.  
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Introduction 

Mitochondria: The powerhouse of the cell 

Mitochondria are essential organelles of the eukaryotic cells. These 

organelles are responsible for executing numerous key catabolic 

reactions, including the citric acid cycle and β-oxidation of fatty acids. 

Importantly, these biochemical reactions produce reducing 

equivalents in form of NADH and FADH2, which are conveniently 

used by respiratory chain complexes to produce ATP by oxidative 

phosphorylation (OXPHOS). Mitochondria generate up to 95% of total 

cellular ATP, hence regarded as the ‘powerhouse of the cell’. 

Mitochondria emerged from a endosymbiotic event around 2 billion 

years ago, in which an α-proteobacterium was incorporated in a 

primitive eukaryotic cell [1]. The engulfed bacterium settled inside the 

host cell in a semi-autonomous form to become mitochondria. 

Consequently, mitochondria possess two membranes, which form 

two chemically distinct compartments: the intermembrane space and 

the matrix. These two different compartments are separated by the 

inner membrane, which folds in structures called cristae [2]. The 

cristae accommodate the complexes of the electron transport chain. 

These complexes are usually four multi-protein complexes, which 

catalyze the transport of electrons to molecular oxygen, the final 

acceptor. At the same time, three of the four complexes, namely 

complex I (NADH dehydrogenase), complex III (cytochrome bc1 

complex) and complex IV (cytochrome c oxidase), pump protons into 
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the intermembrane space, creating an electrochemical proton 

gradient. Finally, this proton gradient is utilized by complex V (ATP 

synthase) to capture chemical energy in the form of ATP [3, 4]. 

Briefly, complex I transfers electrons from NADH to ubiquinone, 

forming ubiquinol; four protons are pumped in the intermembrane 

space every two transferred electrons. Ubiquinol is able to travel 

within the inner membrane, arriving to complex III, where it is 

oxidized; the electrons go through an iron-sulfur center and a 

membrane bound cytochrome c1 to cytochrome c. Meanwhile, 

complex III pumps four protons in the intermembrane space. The 

reduced cytochrome c, loosely associated with the outer surface of 

the inner membrane, is then oxidized by complex IV, featuring two 

copper centers and the hemes a and a3 in the active sites. Complex 

IV reduces molecular oxygen to two molecules of water and, 

contemporaneously, two protons are pumped in the intermembrane 

space. The accumulation of protons in the intermembrane space 

builds up an electrochemical gradient, which then drives complex V 

(F0F1-ATP synthase) to generate ATP. Complex V is made up by two 

major multiprotein complexes: F0 is the membrane embedded part, 

via which the protons flow back into the matrix, producing a rotation; 

this rotation is transmitted to the second component F1, which 

converts ADP and inorganic phosphate into ATP [5]. 

Interestingly, the complexes forming the respiratory chain are made 

up by subunits of dual genetic origin [6]. Most of these subunits are 

encoded by the nuclear genome, synthesized in the cytosol and 

imported in the mitochondria, where they are assembled together with 

few core subunits that are instead expressed by a mitochondrial 

genome (Figure 1). In detail, the yeast mitochondrial genome 

encodes eight proteins, seven of which are critical subunits of the 
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respiratory chain. Cytb is the core subunit of cytochrome bc1 complex 

(complex III), Cox1, Cox2 and Cox3 are proteins of cytochrome c 

oxidase (complex IV), and Atp6, Atp8 and Atp9 are subunits of the F0 

sector of the F1F0 ATP synthase (complex V). In addition, a protein of 

the mitochondrial ribosome, Var1, is encoded by the yeast 

mitochondrial genome. 

 

 

Figure 1. Yeast mitochondrial genome encodes eight proteins (in dark blue), 
mainly membrane subunits of complex III, complex IV and complex V, but 
also Var1, a protein of the mitoribosomal SSU. In addition, yeast 
mitochondrial genome encodes two rRNA (in turquoise). Proteins and rRNAs 
assembly in the final complexes or mitoribosomes must be coordinated with 
the nuclear encoded subunits (in red) Modified structures from PDB IDs 
6GIQ [7], 6CP6 [8] and 5MRC [9]. 

The mitochondrial genome 

Mitochondria possess a small genome, heritage of their previous life 

as bacterial endosymbiont. In fact, during the evolution, most of the 

genes of the bacterial ancestor were either lost or transferred to the 
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nucleus, in a process that occurred independently in different 

organisms. Therefore, the size, organization and number of genes 

encoded by the organelle is highly variable in diverse species. The 

size varies from the roughly hundred genes expressed by the 

jakobids flagellates to just a few in the parasite Plasmodium [10]. In 

most species, the genes expressed are implicated in oxidative 

phosphorylation and mitochondrial translation, but also in 

transcription and RNA maturation [10]. Curiously, the organization of 

the intergenic regions, and not the number of genes, determines the  

 

Figure 2. Sizes and content of mitochondrial genomes from various 
organisms.  
Left panel. The number of genes of four different species were examined, 
highlighting six different functional groups: oxidative phosphorylation, 
ribosomal RNA, transfer RNA, mitochondrial ribosome proteins (MRPs), 
protein involved in mitochondrial import and maturation, and RNA maturation 
factors.  
Right panel: mitochondrial genome sizes of the same four species were 
compared, and the genome length divided into authentic mitochondrial 
genes, introns and intronic open reading frames, and non-coding regions. 
Species compared: Arabidopsis thaliana, Homo sapiens, Saccharomyces 
cerevisiae, Plasmodium falciparum. Modified from [10]. 
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size of the genome, which spans from 367 kb in Arabidopsis to 6 kb 

in Plasmodium falciparum (Figure 2) [11, 12]. This is exemplified by 

the comparison of the human and the yeast mitochondrial genome: 

while the former expresses a larger number of genes than the latter, 

human mitochondrial DNA size is about five times smaller (16.5 kb 

versus 75 kb) (Figure 3) [6]. The human mitochondrial DNA encodes 

13 polypeptides, five more than its yeast counterpart [6]. However, 

the absence of non-coding regions and introns, which are in turn 

present in the yeast mitochondrial genome, makes the genome size 

very modest. Furthermore, the high divergence of the mitochondrial 

genomes is evident by changes to the universal codon usage present 

in few species [13]. In yeast, six codons are reassigned, while two 

codons are absent. Moreover, the universal stop codon UGA codes 

for tryptophan [14]. The different codon usage might be the result of a 

strong mutation pressure, which resulted in mitochondrial genomes 

with significantly increased the A and T content [13]. 

 

Figure 3. Human and baker's yeast mitochondrial genomes. Modified from [6]. 
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Mitochondrial gene expression 

The mitochondrial genome encodes a few mRNAs. This requires the 

presence of an entire gene expression machinery. These factors are 

involved in all the steps of genome maintenance and replication, 

transcription, RNA maturation and translation [15, 16]. Hence, the 

mitochondrial DNA contains ribosomal RNAs and, according to the 

species, different sets of tRNAs [14, 17-19]. Accordingly, 

mitochondrial gene expression relies on nuclear encoded factors to 

integrate the few mitochondrial encoded components. Interestingly, 

one fourth of the mitochondrial proteome is employed in the 

expression of mitochondrial genome [20], representing a high cost for 

the cell. The reason for the expression of only a few genes by the 

mitochondria is still under debate. In most species, the two most 

hydrophobic subunits Cytb and Cox1 are expressed by the 

mitochondrial genome. Since it may be very difficult to import proteins 

due to their high hydrophobicity, the genes encoding these proteins 

have not been relocated into the nuclear genome during evolution 

[21]. 

Currently, the understanding of the spatial and temporal organization 

of mitochondrial gene expression is very scarce. For example, 

molecular details delineating the location and sequence of events 

implicated in mitochondrial RNA processing are still obscure. In 

contrast, the sequence of events leading up to the processing of 

cytoplasmic RNAs is well understood [22]. In mammals, RNA-rich foci 

called mitochondrial RNA granules have been identified in proximity 

of the nucleoid [23, 24]. Apart from containing high quantities of RNA, 

they feature many proteins involved in post-transcription gene 

expression, such as RNA processing enzymes, methyltransferases, 

RNase P complex, poly(A)-polymerase, FASTK family proteins, RNA 
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helicases, RNA degradosome, and proteins involved in mitochondrial 

ribosome assembly [25]. The composition of the mitochondrial RNA 

granules appears to be variable [25], suggesting that the granules are 

dynamic structures where the various events of RNA processing and 

translation initiation are arranged. Interestingly, a similar organisation 

of RNA metabolism was found in yeast mitochondria [26]. The 

mitochondrial ribosomes and proteins involved in yeast post-

transcriptional gene expression formed large assemblies termed 

MIOREX (MItochondrial ORganization of gene EXpression), which 

are partially found in close proximity to the nucleoid [26]. These 

MIOREX complexes were isolated by immunopurification of 

mitochondrial ribosomes under mild ionic conditions [26]. This tight 

organization between transcription, RNA maturation and processing, 

and translation would permit a channelling of the mRNA to the 

mitoribosome, similar to the tRNA channeled cycle found in 

cytoplasmic translation [27]. Moreover, it has been shown that free 

mRNAs introduced in mitochondria are not translated by the 

mitoribosome [28], suggesting a localised organization of machineries 

for mitochondrial gene expression. For example, Mtf2 and Sls1 are 

two proteins that coordinate mitochondrial transcription and 

translation, interacting with the mitochondrial RNA polymerase Rpo41 

and the translational activators [29-31]. Both Mtf2 and Sls1 were co-

purified with mitochondrial ribosomes [26], supporting a tight spatial 

connection between transcription and translation. 

Transcription 

Mitochondrial genomes are transcribed by specific single-subunit 

mitochondrial RNA polymerases (mt-RNAPs). They are different from 
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their multi-subunit cytosolic counterparts, but homologous to those of 

T3 and T7 bacteriophages [32].  

Rpo41 is the yeast mt-RNAP [33, 34]. It initiates transcription at a 

conserved nonanucleotide sequence (ATATAAGTA) for rRNAs and 

mRNAs [35, 36], while a distinct promoter (TTATAAGTA) is used for 

transcription of tRNAs [37]. In addition, yeast mt-RNAP requires an 

auxiliary factor called Mtf1. Mtf1 acts similarly to the eubacterial 

sigma factor [38], permitting the selective recognition of mtDNA 

promoters [39]. The preinitiation complex formed by Rpo41 and Mtf1 

associates with the mt-DNA and scans the sequence until it detects a 

promoter. Then, the preinitiation complex provokes conformational 

changes that promote transcription. Mtf1 possesses a flexible C-

terminal domain, which participates in DNA melting [40] and RNA 

priming [41]. Right after the first steps of elongation, Mtf1 is released 

[37].  

Transcription of the human mitochondrial genome starts in a non-

coding region that comprises the light-strand promoter (LSP) and 

heavy-strand promoter (HSP). Human mitochondrial transcription is 

performed by POLRMT, which is homologous to the bacteriophage 

T7 RNA polymerase [42]. POLRMT requires two cofactors, TFAM 

and TFB2M [43]. TFAM is a DNA binding protein [44], and TFB2M 

belongs to a family of ribosomal RNA (rRNA) methyltransferases. The 

latter melts the DNA during the initiation [45]. TEFM triggers the 

elongation step of transcription [46], increasing the processivity and 

stimulating the formation of longer transcripts in vitro [47]. The 

mechanism of transcription termination is currently not fully 

understood [48]. A prominent role might be played by mTERF1, which 

would promote transcription termination by DNA unwinding and base 

flipping [49-51].   
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mRNA processing 
The yeast mitochondrial polymerase transcribes mostly polycistronic 

RNAs. These primary transcripts are collectively comprised of tRNAs, 

mRNAs, rRNA, and the RNA component of the mitochondrial RNase 

P [52]. As consequence, the newly transcribed RNAs have to be 

extensively processed at the post-transcription level (Table 1). Yeast 

mitochondrial tRNA precursors possess 5’ and 3’ extensions, which 

are excised by the mitochondrial RNase P and by specific 

endonucleases, respectively. RNase P is made up by a nuclear 

encoded protein of 105 kDa (Rpm2) and a mitochondrially encoded 

RNA (RPM1) known as 9S RNA [53, 54]. Ablation of the RPM2 gene 

generates accumulation of tRNAs with unprocessed 5’ extensions. 

Modifications at the 3’ end are performed by Cca1, a ATP(CTP):tRNA 

nucleotidyl transferase which adds 3'CCA termini to tRNAs [55]. 

Interestingly, two different isoforms, localized in cytosol and 

mitochondria, are expressed by the same locus by the nuclear 

genome. This is attributed to an alternative starting codon, which 

produces the longer isoform imported in the mitochondria 

[56]. Furthermore, 21S rRNA, COB and COX1 mRNA coding 

sequences are interrupted by few group I and group II introns. They 

are removed by the action of both mitochondrial intron-encoded 

maturases [57] and nuclear encoded splicing proteins. Splicing of 21S 

rRNA is assisted by Mss116, which has additional roles in the 

maturation and translation of COX1 mRNA too (see below) [58]. COB 

mRNA generally possesses five introns called bI1 to bI5. 

Interestingly, the three central introns bI2, bI3 and bI4 open reading 

frames are in frame with the upstream exons. These ORFs encode 

for three maturases that participate in COB mRNA splicing itself. The  
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Protein Function 

Transcription 

Rpo41 Mitochondrial RNA polymerase [34] 

Mft1 Mitochondrial RNA polymerase specificity factor; 
functionally similar to the bacterial sigma factor [59, 
60] 

Transcription-translation coupling 

Mtf2 Couples RNA processing and translation to 
transcription [61] 

Sls1 Membrane-bound protein linked to a pathways 
which includes Rpo41 and Mtf2; couples 
mitochondrial transcription and translation [29] 

RNA processing 

RNase P Made up by Rpm2 protein and RPM1 mt-RNA. It 
removes 5' extensions from mitochondrial tRNA 
precursors [53, 62] 

Trz1 tRNase Z; endonuclase involved in tRNA 3’ processing 
[63] 

Mitochondrially 
encoded maturases 
(bI2, bI3, bI4, aI1, aI2, 
aI3, aI4, aI5α) 

Maturases encoded by the mitochondrial genome. 
They remove group I and group II introns from 21S 
rRNA, COB and COX1 [64] 

Pet127 5'-exonuclease activity; processing of the precursor 
mRNAs to the mature form [65] 

Mrs1 Required for splicing of both BI3 and AI5beta introns, 
in COB and COX1 respectively [66] 

Cbp2 Splicing of the group I intron BI5 of COB mRNA [67] 

Mss18 Splicing of mitochondrial COX1 AI5beta intron [68] 

Mne1 Splicing Group I AI5beta intron from COX1 mRNA [69] 
  

Cox24 Required for COX1 mRNA splicing [70] 

  
Ccm1 Splicing of COX1 and COB; additional role as 15S rRNA 

binding protein [71, 72] 

Pet54 Facilitates splicing of COX1 mRNA AI5beta intron; 
translational activator of COX3 mRNA [73, 74] 

Table 1. Factors involved in transcription and post-transcriptional RNA processing 
in yeast and their functions. 
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COX1 mRNA coding sequence is interrupted by seven introns, and 

five of them encode mitochondrial maturases acting on COX1 mRNA, 

similarly to what described for COB mRNA. As mentioned above, 

maturation of mRNAs is performed by both mitochondrial and nuclear 

encoded factors. Cbp2 participates in the splicing of bI5 intron [75], 

probably helping the mRNA to fold into a splicing-active conformation 

[67]. Mss18 and Mne1 are two nuclear encoded maturases that are 

important for AI5beta intron in COX1 mRNA [68, 69]; absence of 

either impairs growth on respiratory medium, suggesting that their 

ablation harms mitochondrial functions. Furthermore, there are few 

mitochondrial proteins that carry out multiple roles. For example, 

Pet54 is a nuclear encoded protein which participates actively in 

translation of COX3 mRNA [31]; at the same time, it facilitates the 

excision of COX1 group I intron AI5beta [73]. Mrs1 and Ccm1 

represent other examples of proteins with dual function. The former 

takes part in the splicing of BI3 and AI5beta introns of COB and 

COX1 mRNAs, respectively [66, 76]. However, the latter is a PPR 

protein which was reported to take part in COB and COX1 splicing 

[71], and to be involved in the biogenesis of the SSU [72]. 

Interestingly, the splicing of both group I and group II introns need the 

assistance of helicases, such as Mss116, which is a DEAD-box 

helicase which act as RNA chaperone during splicing [58].  

Mammalian mitochondrial transcription produces long polycistronic 

transcripts, in which the mRNAs and rRNAs are separated by tRNAs. 

Similarly to yeast, the latter are excised by the RNase P and RNase Z 

[48]. A crucial role in stability and processing of the primary RNA is 

played by various Fas-activated serine/threonine kinase (FASTK) 

proteins [77-79]. Different to yeast, mammalian mitochondrial 

mRNAs, except MT-ND6, are 3’ polyadenylated by polyadenylic acid 
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RNA polymerase (mtPAP) [80, 81]. Curiously, polyadenylation of 

mammalian mitochondrial mRNAs has specific effects on each 

mRNA, increasing or decreasing the stability of certain mRNAs [48]. 

In addition, mammalian mt-mRNA steady state levels are regulated 

by leucine-rich pentatricopeptide rich domain containing protein 

(LRPPRC). LRPPRC forms a complex with stem–loop interacting 

RNA-binding protein (SLIRP). The LRPPRC-SLIRP complex is 

involved in multiple roles, mediating mt-mRNA stability, 

polyadenylation and mitochondrial translation [82, 83]. 

Mitochondrial ribosome 

Due to the endosymbiotic origin of mitochondria, mitochondrial 

ribosomes derived from the ancient bacterial translation machinery. 

Recent advances in cryo-electron microscopy have permitted the 

resolution of several mitoribosomal structures, offering new insights 

into the comprehension of mitochondrial translation mechanisms [84]. 

Surprisingly, the mitoribosome structures strongly diverged from the 

bacterial counterpart, gaining species-specific characteristics. Several 

structural models have provided an extensive knowledge, highlighting 

many differences with the bacterial ribosome. Alongside, it is possible 

to identify few features that the various mitoribosomes share. 

Generally, mitochondrial ribosomes of different species display a high 

variability in rRNA content: its length is extended like in yeast and 

plants, or decreased in metazoans (Table 2) [85]. In particular, the 

case of the 5S rRNA is of great interest, showing the divergent 

evolution of mitochondrial ribosomes of different species. 5S rRNA is 

a structural rRNA of the central protuberance (CP) of the bacterial 

ribosome, an area of the LSU which mediates intersubunit contact 

with the SSU. 5S rRNA is present in both bacterial and eukaryotic 
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cytosolic ribosomes. Surprisingly, it is absent in both yeast and 

mammalian mitoribosomes, resulting in a significant remodelling of 

the CP. In yeast, an expansion of the 21S rRNA forms a scaffold 

where specific mitochondrial proteins are attached (mL38, mL40, 

mL46) (Figure 4) [86]. Conversely, in mammals 5S rRNA is replaced 

by a tRNA, which exerts a structural role. Curiously, this tRNA can be 

either tRNAVal or tRNAPhe, showing a species-specific structural 

arrangement [87, 88]. Conveniently, both the tRNAs are transcribed 

in vicinity of 16S rRNA, and it was seen that in humans the type of 

tRNA can be switched, when one tRNA is present below steady state 

levels [89]. In yeast, the molecular weight of the mitoribosome 

increased by 30% in comparison to the bacterial 70S ribosome [9, 

86]. On the other hand, the mammalian mitoribosome strongly 

reduced in size, especially due to the loss of almost half of the total 

 

Figure 4. Structural models of bacterial ribosome, and yeast and mammalian 
mitoribosomes. Modified structures from PDB IDs 3ICD [90], 5MRC [9] and 
3J9M [87]. 
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rRNA. Conversely, the RNA:protein ratio reduced in mammalian 

mitoribosomes to 1:2, from 2:1 in bacteria [87, 88, 91] (table 2). 

Crucially, yeast and mammalian mitoribosomes acquired 30 and 36 

proteins from the mitochondrial matrix, respectively. It has been 

proposed that the added extra proteins perform a structural role in 

stabilizing the rRNA and add novel functionality to the mitoribosome. 

For example, mS29 is a guanine binding protein present only in 

mitoribosome. It is located in the SSU head, and it has been 

suggested that it might assist the formation of intersubunit bridges [9, 

87, 88]. Moreover, other areas of the mitoribosome are significantly 

rearranged, to respond to the high divergent translation system in 

comparison with the bacterial one. One example is provided by the 

absence of Shine-Dalgarno sequence in the mt-mRNAs of both yeast 

and mammals. In bacteria, his sequence guides the recruitment of the 

bacterial mRNAs to the ribosome and permits the right positioning of 

the mRNA into the mRNA channel of the SSU. In mammals, the 

presence of mS39, a PPR protein, in vicinity of the mRNA channel 

entrance might permit the interaction of the mitoribosome with the 

leaderless mRNAs [88]. Conversely, the yeast mitoribosome presents 

a significantly remodelled mRNA exit channel. Extension of few 

surrounding ribosomal proteins, especially the heterodimer of mS42 

and mS43, form a V-shaped canyon structure at the site [9]. 

Interestingly, yeast mRNAs possess long 5’ and 3’ untranslated 

regions, which are exploited by proteins called translational activators 

to provide a physical link between the mitoribosome and mRNAs (see 

below) [6]. Crucially, the yeast mitoribosome structure revealed an 

additional density at the mRNA exit channel, which might represent a 

group of unresolved translational activators [9]. Unravelling the 

constituents of this density may provide molecular insights into the 

mechanism of translational activation. 
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The mitochondrial ribosome synthesizes mostly membrane proteins 

of the OXPHOS. Hence, the polypeptide exit tunnel of the 

mitoribosome is specialized to accommodate hydrophobic proteins, 

highlighting a unique evolutionary adaptation. In mammals, the 

polypeptide exit tunnel is reshaped, due to the addition of mL45 and 

the extensions of uL23, uL24 and uL29, which feature more 

hydrophobic residues [84]. In yeast, the tunnel exit is remodelled 

differently: an extension of uL23 protrudes in the original bacterial 

tunnel path, relocating the polypeptide exit site by about 35 Å [86]. 

 

 Mitochondria 

 Escherichia coli Yeast Mammals 

Ribosome 
(LSU + SSU) 

70S (50S + 30S) 74S (54S + 37S) 55S (39S + 28S) 

Molecular 
mass 

2.3 MDa 3.0 MDa 2.7 MDa 

RNA:protein 
ratio 

2:1 1:1 1:2 

Number of 
rRNAs 

3 2 3 

Number of 
proteins 

54 80 82 

LSU rRNA 23S (2904 nt) + 5S 
(120 nt) 

21S (3296 nt) 16S (1569 nt) + CP 
tRNA (73–75 nt) 

LSU 
proteins 

33 46 52 

SSU rRNA 16S (1534 nt) 15S (1649 nt) 12S (962 nt) 

SSU 
proteins 

21 34 30 

Table 2. Comparison of molecular mass, RNA and protein content in bacterial 
ribosome (Escherichia coli), and yeast (Saccharomyces cerevisiae) and mam-
malian (Sus scrofa) mitochondrial ribosomes. nt: nucleotides; CP: central 
protuberance. 
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Translational activators 

The general organization of translation in three steps, i.e. initiation, 

elongation and termination, is conserved in mitochondrial translation, 

with few modifications. These steps are coordinated by nuclear 

encoded factors that are close homologs of the bacterial ones. 

Interestingly, the initiation of translation presents unique features, due 

to the peculiar structure of the yeast mitochondrial mRNAs. Yeast mt-

mRNAs lack the Shine-Dalgarno sequence and 5’- capping [6]. 

Furthermore, the presence of additional AUG codons upstream of the 

initiation site does not permit the use of the standard scanning 

mechanism employed by eukaryotic ribosomes. Although the 

mechanism of codon recognition has not been elucidated, in both 

mammals and yeast there is a rigorous choice of the starting point in 

respect of an internal AUG [92] or in a upstream AUG [93]. 

Over the past decades, genetic screens for respiratory deficient yeast 

mutants permitted the identification of proteins that are crucial for 

mitochondrial translation, the translational activators. Interestingly, 

targeted genetic deletions of some of these nuclear-encoded proteins 

resulted in aberrant translation of a single mitochondrial protein. This 

highlighted the importance of these factors in mitochondrial 

translation, and hence they were termed as translational activators 

[94]. They are nuclear encoded factors necessary for the translation 

of one specific mt-mRNA. Interestingly, they exert their function in 

various way, tightly controlling mitochondrial translation. Translational 

activators influence translational efficiency of mitochondrial encoded 

proteins by adjusting the number of newly synthesized proteins to the 

efficiency of their assembly into OXPHOS complexes [95]. They 

assist mitochondrial translation in the following ways (table 3):  
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1) stabilization of mRNA. Many translational activators are required 

for the stability of their client mRNA. For example, Cbp1 is crucial for 

stability of COB [96]; likewise, Pet309 is required for the stability of 

the intron-containing COX1 mRNA precursor [97].  

2) mRNA-mitoribosome interaction. Since many translational 

activators bind to both the mitoribosome and their client mRNA, it has 

been hypothesized that they provide a physical link between the two, 

specifically to assist translation initiation. This role may compensate 

the lack of the Shine-Dalgarno sequence, and the translational 

activators might exert a role, similar to a ‘molecular ruler’, to correctly 

position the start codon AUG in the P site of the mitoribosome. 

Interestingly, this hypothesis was corroborated by the finding of an 

unidentified electron density at the mRNA exit of the mitoribosome 

[9]. It was proposed that density consisted of a mix of translational 

activators. They would interact with the 5’ UTR of the mitochondrial 

mRNAs and with the mitoribosome, exploiting the unique canyon-

shaped mRNA exit present in the yeast mitoribosome to assist 

translation initiation [9].  

3) The low abundance of these factors limits mitochondrial 

translation. It was shown that the expression level of a reporter gene 

inserted in the COX3 locus depend on the amount of its translational 

activator Pet494 [98], suggesting that the translational activators are 

a decisive limiting factor for organellar post-transcriptional gene 

expression. Up-regulation in the expression of translational activators 

can happen when the cell switches from anaerobic to aerobic 

metabolism because more mitochondrial activity requires a higher 

amount of translational activators [98].  
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4) Coordination of nuclear and mitochondrial translation. A key step of 

mitochondrial gene expression is the assembly of the mitochondrial 

encoded subunits with the nuclear ones. Furthermore, to avoid the 

presence of toxic intermediates, the two gene expression systems 

must be coordinated [125]. The translational activators evaluate the 

efficiency of OXPHOS assembly, decreasing mitochondrial translation 

in case assembly fails. Feedback loops for VAR1, ATP8/ATP6, COB  

 

 

 Translational 
activator 

Function 

COB Cbp1 PPR protein which interacts with COB 
5’ UTR. It stabilizes COB and 
participates to its translation [96, 99-
101] 

Cbs1 Acts on COB 5’ UTR; it interacts with 
translating mitoribosomes [102-104] 

Cbs2 Acts on COB 5’ UTR; it interacts with 
the mitoribosome. [102, 105] 

Cbp3-Cbp6 Complex that binds the polypeptide 
tunnel exit and the newly synthesized 
Cytb, participating in its assembly. In 
addition, it is necessary for efficient 
translation of COB mRNA [106, 107] 

COX1 Mss116 Required for efficient COX1 mRNA 
translation initiation and elongation. 
Furthermore, it is involved in 
transcription elongation and splicing 
[58, 108, 109] 

Pet309 PPR protein which interacts with COX1 
5’ UTR. Required for COX1 stability and 
translation [97, 101, 110] 

Mam33 Acts on COX1 UTRs, activating Cox1 
synthesis [111] 

Mss51 Interacts with both COX1 5’ UTR and 
with the newly synthesized 
unassembled Cox1, pointing to a role in 
coupling translation and assembly of 
complex IV  [112, 113] 
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COX2 Pet111 PPR protein which binds both at the 5’ 
UTR and at the 5'-end proximal region 
of COX2 mRNA, possibly inhibiting the 
formation of secondary structure, thus 
facilitating translation of COX2 [101, 
114] 

COX3 Pet54 Binds to the 5' UTR of the COX3, 
mediating its interaction with the 
mitoribosome, together with Pet122 
and Pet494 [74, 115] 

Pet122 Acts with Pet54 and Pet494; it 
genetically interacts with the SSU [116, 
117] 

Pet494 Interacts with COX3 5’ UTR, acting 
together with Pet54 and Pet122 [118, 
119]. 

ATP8/ATP6 Aep3 PPR protein involved in the stability of 
the ATP8/6 bicistronic transcript [101, 
120] 

Smt1 Intrinsic inner membrane protein; it 
represses translation of the ATP6/8 
[121] 

Atp22 Specific for ATP6; atp22Δ cells still 
synthesize Atp8, but not the second 
ORF [122] 

ATP9 Aep1 PPR protein required for translation of 
ATP9 [101, 123] 

Aep2 PPR protein which exhibits genetic 
interaction with the ATP9 5’ UTR [101, 
124] 

VAR1 Sov1 PPR protein required for stability of the 
mature VAR1 [95, 101] 

Table 3. Functions of Saccharomyces cerevisiae translational activators. 
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and COX1 have been described. Var1 is the only soluble protein 

encoded by the yeast mitochondrial genome, which has to be 

assembled in the SSU. Interestingly, synthesis of nuclear Var1 with a 

MTS formed functional mitoribosomes [125], raising questions 

regarding the reasons for the non-incorporation of the VAR1 gene 

into the nuclear genome through evolution. It has been described that 

the mitochondrial chaperone Hsp70, which is involved in 

mitochondrial protein import, keeps the mitochondrial encoded Var1 

in an assembly-competent state [126]. Subsequently, lower amounts 

of Hsp70 will provoke both lower protein import and lower number of 

functional mitoribosomes. In case of ATP8/ATP6 bicistronic mRNA, 

the translation is regulated by the availability of F1, a product of the 

nuclear genetic system [121]. In absence of F1, ATP8/ATP6 mRNA is 

bound to the repressor protein Smt1. This factor prevents the 

interaction of the ATP8/ATP6 mRNA with Atp22, a translational 

activator with a crucial role in F0 sector translation [122, 127]. In this 

model, F1 is proposed to reduce the affinity of the repressor Smt1 for 

the ATP8/ATP6 mRNA, making the mRNA available for translation 

[121]. The regulation of Cytb and Cox1 synthesis is exerted by more 

intricate mechanisms, which are described in detail below.  

Translation regulation of cytochrome b  

Cytochrome b is the only mitochondrial encoded subunit of complex 

III. Its synthesis is assisted by four translational activators (Table 3): 

Cbp1 [99], Cbs1 [128], Cbs2 [128] and the Cbp3-Cbp6 complex [106, 

107]. Notably, Cbp3-Cbp6 complex is located at the polypeptide 

tunnel exit, where it interacts with the newly synthesized Cytb [106]. 

Furthermore, Cbp3-Cbp6 maintains Cytb in a conformation that 

permits the incorporation of two heme cofactors. After the first heme 
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is incorporated, the assembly factor Cbp4 joins the intermediate [129, 

130]. When the second heme is inserted, Cbp3-Cbp6 is released, and 

goes back to the polypeptide tunnel exit, where it stimulates the 

synthesis of more Cytb (Figure 5) [106]. The mechanism permits the 

downregulation of Cytb synthesis in case the hemes or the nuclear-

encoded subunits are not available. In this case, Cbp3-Cbp6 remains 

sequestered in the complex III intermediate [107]. This mechanism 

prevents the presence of supernumerary Cytb, guaranteeing that all 

the Cytb synthesized can be assembled into complex III, and it is an 

 

Figure 5. Regulation of synthesis of Cytb in yeast mitochondria. Synthesis of 
Cytb requires the action of Cbs1, Cbs2 and Cbp3-Cbp6. Currently, the role 
of Cbs1 and Cbs2 has not been understood, while Cbp3-Cbp6 action has 
been clarified. Model inspired by data from [106, 107]. 

evidence of how mitochondrial translation is directly adjusted to the 

nuclear gene expression. At the same time, the role of the other COB 

translational activators Cbs1, Cbs2 and Cbp1 has not been 

elucidated yet, nor it has been understood how Cbp3-Cbp6 can 

activate translation initiation, while interacting with the polypeptide 

tunnel exit. Interestingly, Cbp3 and Cbp6 are conserved among many 

organisms [131]; for example, UQCC1 and UQCC2 are the human 

homologs of Cbp3 and Cbp6, respectively [132]. It was shown that 

UQCC1 binds to the newly synthesized cytochrome b, and that a 

mutation in UQCC2 carried by a patient selectively impaired the 
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synthesis or stability of Cytb [132]. This would indicate that the 

mechanism of translation regulation of Cytb might be conserved. 

Translation regulation of Cox1 

Cox1 is the core subunit of cytochrome c oxidase, which is made up 

by 14 different proteins. In addition to Cox1, Cox2 and Cox3 are the 

other two mitochondrial encoded subunits. Each of them has one or 

more translational activators (see Table 3), which tightly regulate their 

expression. Cox1 synthesis is assisted by multiple translational 

activators. A key function is exerted by Mss51, which exhibits a dual 

role: it regulates both synthesis and assembly of Cox1 [112, 

133]. However, clear mechanistic insight into how Mss51 modulates 

Cox1 translation is still missing. Mss51 has been proposed to 

collaborate with two other COX1 translational activators, Mam33 and 

Pet309 [111]. It is not clear how and when this would happen, since 

Mam33 and Pet309 are two ribosome-binding proteins, while Mss51 

is not [26]. Interestingly, Mss51 shares a similar function with Cbp3-

Cbp6 complex: in case assembly of cytochrome oxidase is halted, 

Mss51 is sequestered in the assembly intermediate. As 

consequence, Mss51 is not able to trigger another round of Cox1 

synthesis [6, 134, 135]. Mss51 binds tightly to Cox1, and this 

interaction is stabilized by the assembly factors Coa3 and Cox14. The 

latter seems to have a prominent role in the sequestration of Mss51 in 

the intermediate: in mutants where Cox1 synthesis is decreased, its 

absence triggers higher levels of Cox1 synthesis [134, 136]. 

Furthermore, the mitochondrial chaperone Ssc1 acts in a partnership 

with Mss51 [137]. They collaborate in a heme-sensing mechanism, 

which modulates Cox1 synthesis, according to the levels of cellular 

heme level [138]. In addition, Shy1 and Coa1 have a crucial role in 
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Cox1 biogenesis by participating in the early assembly of the newly 

synthesized Cox1, together with Mss51 [139, 140]. Also, a functional 

Cox1 requires the insertion of heme a and copper cofactors. The 

synthesis of the final heme a occurs in the mitochondria. The 

conversion of the precursor heme b into heme o, and of heme o into 

the mature heme a is mediated by Cox10 [141] and Cox15 [142], 

respectively. The copper cofactor CuB requires the copper chaperone 

Cox11 for his insertion into Cox1 [139]. Currently, the steps governing 

the insertion of the two cofactors into Cox1 are not clear. 

Membrane protein insertion 

In bacteria, co-translational membrane insertion depends on the 

action of the signal recognition particles (SRPs), which recognize N-

terminal target sequences in the newly synthesized protein. SRPs 

direct the newly synthesized polypeptide to the membrane, via its 

interaction with the membrane bound SRP receptor [143]. However, 

such system is not present in mitochondria. Mitochondrial ribosomes 

are specialized to synthesize membrane proteins. To facilitate that, 

they are located in direct vicinity to the inner mitochondrial membrane 

[144]. The polypeptide tunnel exit of the LSU faces the IMM, in order 

to facilitate the insertion of the newly synthesized proteins. 

Interestingly, mammalian and yeast mitoribosomes are tethered to 

the IMM differently. The former contacts the IMM via mL45, a MRP 

located in proximity to the tunnel exit [145]. In yeast, Mba1 is the 

homologous of mL45, but is not a constituent of the mitoribosome 

[146]. However, Mba1 is anchored to the membrane and contacts the 

tunnel exit of the ribosome [147]. Mba1 has overlapping roles with 

another membrane protein, Mrx15 [148]. Together, they coordinate 

translation and membrane insertion by interacting with the 
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mitoribosome, the membrane and the newly synthesized polypeptides 

[148]. Mba1 assists Oxa1 in co-translational membrane insertion of 

the newly synthetized proteins [146]. Oxa1 is an insertase belonging 

to the conserved YidC/Alb3/Oxa1 family that is in contact with the 

ribosome [149]. It has a pivotal role in the insertion of all the 

mitochondrial encoded membrane proteins [150]. 
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Aim of the thesis 

Mitochondrial gene expression mainly produces a few hydrophobic 

subunits of the OXPHOS. Post-transcriptional steps of mitochondrial 

gene expression occur with substantial modifications from the 

bacterial ancestor. Alongside, recent structural studies on 

mitochondrial ribosomes have shown a profound divergence among 

mitoribosomes from their bacterial counterpart. Relevant adaptations 

of mitochondrial gene expression evolved towards the expression of 

few hydrophobic proteins, whose assembly must be in turn 

coordinated with the translation and mitochondrial import of the 

nuclear encoded OXPHOS subunits. Taken together, mitochondrial 

gene expression is divergent from both bacterial and cytosolic ones. 

Furthermore, our current understanding of the mitochondrial gene 

expression is poor, due to the absence of an in vitro translation 

system, which could aid the scientific mitochondrial community in 

determining specific translation features. 

This thesis is focused on mitochondrial gene expression, with a 

special emphasis on the mitoribosome and its interactor. I aimed to 

understand how proteins involved in all steps of mitochondrial gene 

expression are spatially organized, underlining clear yeast 

mitochondrial specific features. Furthermore, I focused on the 

comprehension of how mitochondrial translation is regulated through 

intricate mechanisms, permitting its coupling with the nuclear gene 

expression. 
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Summaries of the papers 

PAPER I – Aim-less translation: loss of Saccharomyces 

cerevisiae mitochondrial translation initiation factor mIF3/Aim23 

leads to unbalanced protein synthesis.  

Bacterial translation relies on three general translation initiation 

factors (IF1, IF2 and IF3). IF1 is not present in yeast mitochondria, 

and an additional extension of IF2 partially compensates IF1 

absence. In this study, we focused on the mitochondrial IF3, which is 

called Aim23 in Saccharomyces cerevisiae. We analysed 

mitochondrial functionality and protein synthesis in its absence. While 

bacterial IF3 is essential for translation, we found that Aim23 is 

partially dispensable. Cells lacking Aim23 were moderately able to 

grow on respiratory media. Interestingly, loss of Aim23 did not 

generally impair mitochondrial translation. We could observe 

imbalanced translation of the mitochondrial proteins, with reduced 

steady state levels of mitochondrial encoded complex IV subunits. 

Interestingly, Aim23 interacted with the SSU, confirming its conserved 

role in mitochondrial translation. 

 

PAPER II – BioID as a tool to study protein-protein proximity in 

yeast mitochondria 

Biotin identification (BioID) permits the detection of proteins (preys) 

interacting directly, indirectly or just located in vicinity of a protein of 

interest (bait). In this work, we established the use of BioID to 

proteins of yeast mitochondria. We thoroughly described the entire 



42 

 

process of BioID, from tagging of endogenously expressed proteins to 

purification of the biotinylated proteins, followed by quantitative 

analysis of enriched proteins that were detected by LC-MS. We 

showed that tagging mitochondrial proteins with BirA* neither impair 

mitochondrial import, nor normal mitochondrial gene expression. 

Furthermore, we showed examples of BioID of Pet309 and Cbp1, two 

proteins involved in COX1 and COB mRNAs translation, revealing the 

proteins located in the proximity of the two baits. 

 

PAPER III – A protein proximity atlas reveals connectivity of 

mitochondrial translation and OXPHOS assembly at the 

ribosomal tunnel exit. 

Mitochondrial gene expression requires a whole set of factors for 

transcription, RNA processing, translation and assembly of the newly 

synthesized proteins. Previously, our lab described the presence of 

large protein assemblies co-purified with the mitoribosomes, 

containing factors involved in major steps of mitochondrial gene 

expression. In this work, we employed proximity labelling by BioID to 

reveal a global protein network, encompassing many factors involved 

in mitochondrial protein biogenesis. We were able to identify a 

precise functional-related spatial distribution of the factors involved in 

mitochondrial gene expression. For example, we identified how 

factors involved in different roles of gene expression were found in 

close vicinity to various areas of the mitoribosome. We extensively 

describe Cox1 early maturation, emphasizing how translation, 

membrane insertion and early steps of maturation are tightly 

connected and coordinated.   
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PAPER IV – Molecular wiring of a mitochondrial translation 

feedback loop.  

Mitochondrial respiratory chain is a mosaic of both nuclear and 

mitochondrial encoded subunits. As a result, the two expression 

systems must be tightly coordinated to allow efficient assembly. The 

translation of each mitochondrial mRNA is regulated by one or more 

translational activators, nuclear encoded proteins that interact with 

their client mRNA, the mitoribosome or the newly synthesized 

polypeptide. Consequently, translational activators tightly control 

mitochondrial protein synthesis. Synthesis of cytochrome b, core 

subunit of complex III, depends on few translational activators: Cbp1, 

Cbs1, Cbs2 and the Cbp3-Cbp6 complex. In this work, we unveiled a 

molecular mechanism by which these translational activators control 

specifically the translation of COB mRNA. This feedback loop relies 

on alternate binding of Cbs1 and Cbp3-Cbp6 at the polypeptide 

tunnel exit of the mitochondrial ribosome. When translation of COB 

mRNA is repressed, Cbs1 binds the polypeptide tunnel exit and 

retains COB mRNA, not permitting its translation. Translation is 

activated when Cbp3-Cbp6, once liberated from its complex III 

assembly intermediate, interacts with the polypeptide tunnel exit. 

Cbp3-Cbp6 forces the relocation of Cbs1, making COB mRNA 

available for translation. This feedback loop adapts the translation of 

COB mRNA to the assembly efficiency of previously synthesized 

Cytb.  
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Conclusions and outlook 

Mitochondria house a complete gene expression machinery, highly 

specialized to produce mainly membrane proteins. This specialization 

has generated substantial differences with the bacterial and cytosolic 

gene expression systems. In the past, our lab identified the presence 

of mitoribosome-bound protein assemblies, made up by many factors 

involved in all steps of mitochondrial gene expression. In this thesis, 

we studied them in two different ways. First, using BioID coupled with 

quantitative mass spectrometry, we provided a general spatial 

organization of these factors, pointing out different sub-clusters that 

are involved in different steps of mitochondrial gene expression. 

Second, we studied the roles of some specific ribosome interactors, 

understanding more about the mitochondrial translation initiation 

factor 3, and how a subgroup of ribosomal interactors interplay with 

each other to regulate the translation of a single mt-mRNA. 

 

Mitochondrial IF3 exerts a different role than its bacterial 

counterpart 

Aim23, the mitochondrial homolog of the bacterial translation initiation 

factor IF3, does not seem to have a similar role to its bacterial 

counterpart. IF3 is absolutely essential in E. coli, while its 

mitochondrial counterpart is dispensable in both S. cerevisiae and S. 

pombe [151] and human cells [152]. Remarkably, the divergent 

mitochondrial ribosomes might have evolved a translation mechanism 
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that does not require IF3. Alternatively, IF3 function might be 

executed by another mitochondrial protein. This scenario would look 

like the case of IF1: it is not present in mitochondria, but its role is 

performed by a mitochondrial-specific IF2 extension. Loss of Aim23 

does not generally impair mitochondrial translation, but it causes 

misbalanced stoichiometry of the mitochondrially encoded proteins, 

decreasing the steady state levels of Cox1, Cox2, and Cox3. It is 

possible that Aim23 would act as translational activator of a client 

mRNA, stimulating the translation of a single mt-mRNA. Currently, the 

mechanism by which this would happen remains obscure, and further 

studies will be necessary to understand it. 

 

Spatial organization of mitochondrial gene expression 

Earlier work from our lab identified the presence of large 

expressosome-like complexes, consisting of proteins involved in 

mitochondrial post-transcription gene expression. This discovery 

pointed to the existence of a previously undescribed organization of 

mitochondrial gene expression. To better define this organization, we 

applied proximity labelling to proteins involved in all steps of 

mitochondrial gene expression. We provided for the first time an 

accurate spatial organization of the factors that form these molecular 

machineries. We precisely determined the localization of the proteins 

involved in major steps of mitochondrial gene expression, describing 

a clear spatial separation of factors involved in different biological 

functions. Furthermore, we determined how mitochondrial translation 

and early-assembly steps of newly synthesized proteins are 

coordinated. The organization of mitochondrial gene expression 

suggested by our data proposes a high organellar specialization, 

supporting the channeling of primary transcripts through a RNA 
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processing centre, and then to the SSU, where translation can be 

initiated. Moreover, we could identify factors involved in early 

maturation of newly synthetized Cytb and Cox1 at the polypeptide 

tunnel exit even in absence of translation, indicating that the 

mitoribosomes are comparably equipped for the synthesis of all 

mitochondrial mRNAs. The distribution of factors that we show will 

prompt further studies, in order to reveal crucial mechanistic insights 

of mitochondrial gene expression, which persists to be cryptic at the 

moment. In particular, we reported minimal differences in composition 

of the polypeptide tunnel exit interactome in case of disrupted 

translation of specific mRNAs. This fact points to the existence of a 

steady organization of the interactors at the polypeptide tunnel exit. It 

would be very interesting to test whether a similarly stable 

organization of factors exists at the two other crucial sites of the 

mitoribosome, the mRNA entrance and the mRNA exit on the SSU. It 

is likely that the proximity interactome of the mRNA exit, which 

harbours translational activators, is affected by the absence of 

specific mRNAs. Hence, it is possible that such experiments would 

reveal crucial mechanistic aspects of translation initiation, which is 

currently largely unknown. In addition, we explored the early events 

following transcription. However, a complete pathway defining how 

the primary transcripts are handed over from the mitochondrial RNA 

polymerase to the mitochondrial RNA processosome is still missing. 

Nevertheless, we could identify a relevant number of uncharacterized 

proteins in proximity of the RNA processosome, suggesting that the 

study of the fate of the primary transcripts still necessitates additional 

investigation.   
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Translation of COB mRNA is activated by alternate binding of 

two factors at the mitoribosomal tunnel exit 

The assembly of the OXPHOS complexes dictates precise 

mechanisms, due to the dual genetic origin of the respiratory chain 

subunits. In case of complex III, the core subunit Cytb is 

mitochondrially encoded, and its assembly is aided by the Cbp3-Cbp6 

complex, which in addition activates translation of COB mRNA. In 

paper IV we describe the feedback loop which regulates Cytb 

synthesis. This mechanism consists of an alternate binding to the 

tunnel exit of Cbp3-Cbp6 and another translational activator, Cbs1. 

While Cbp3-Cbp6 takes part in Cytb assembly, Cbs1 binds at the 

polypeptide tunnel exit. Simultaneously, Cbs1 binds to the 5’ UTR of 

COB mRNA and sequesters it at the tunnel exit, preventing its 

translation. This translation repressed state ends when Cbp3-Cbp6 

leaves the assembly intermediate and interacts again with the 

polypeptide tunnel exit, forcing the relocation of Cbs1, and making 

COB mRNA available for translation. For the first time, we show how 

translation can be activated at the polypeptide tunnel exit, revealing a 

deep evolutionary divergence from the bacterial translation initiation 

model. In paper III we show that Cbs2 was detected in proximity of 

the mRNA channel exit, suggesting that this translational activator 

could move from the polypeptide tunnel exit to the SSU upon 

translation activation, in order to correctly place COB mRNA in the 

mRNA channel in the SSU to start translation. Further work will be 

necessary to prove if Cbs2 exerts this role. Moreover, in paper IV, we 

reveal how the translational activators, and their client mRNAs, 

interact differently with the mitoribosome. This would suggest the 

presence of diverse mechanisms for translation activation working on 

each mRNA, in line with the high specialization of mitochondrial gene 

expression for the synthesis of few subunits. For example, in paper III 
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we show the intricate network of factors governing Cox1 early 

maturation. Cox1 synthesis is regulated via a feedback loop, similarly 

to Cytb. In paper IV we demonstrate that COX1 mRNA co-migrates 

with the LSU, as COB does. This might suggest that COX1 

translation could be activated at the polypeptide tunnel exit, 

comparably to COB. At the moment, few factors seem to be involved 

in COX1 translation regulation, but it is not unclear which protein 

would trigger such activation in a similar way to Cbp3-Cbp6, nor how 

COX1 mRNA would be threaded in the mRNA channel on the SSU.  

Further investigation will be necessary to fully understand how these 

molecular mechanisms work.  
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Sammanfattning på svenska 

Mitokondrier har sitt eget genom som härstammar från dess förfäders 

eubakteriella endosymbionta DNA. Detta mitokondriella genom kodar 

mestadels för några få viktiga subenheter i andningskedjan. För att 

syntetisera dessa få proteiner innehåller mitokondrier ett komplett 

genuttrycksmaskineri. Av avgörande betydelse är att denna apparat, 

under  evolutionens gång, avvikit dramatiskt från sin ursprungliga 

bakteriella motsvarighet och därmed erhållit unika organella 

egenskaper. Följaktligen är mekanismerna bakom det mitokondriella 

genuttryckets organisation och reglering fortfarande gåtfulla.  

I den här avhandlingen använde jag modellorganismen 

Saccharomyces cerevisiae för att avslöja vissa aspekter av 

mitokondriellt genuttryck. Överraskande nog visar jag att initiering av 

translationen avviker dramatiskt från den bakteriella. I själva verket är 

mitokondriens motsvarighet till bakteriens initieringsfaktor 3 (IF3) 

umbärlig i jäst. Vidare bidrog den forskning som gjordes i detta arbete 

till att etablera närhetsmärkningstekniken BioID för mitokondriella 

proteiner i jäst. Denna metod tillät oss att i stor utsträckning analysera 

den mitokondriella genuttrycksmiljön, vilket skapade ett omfattande 

närhetsbaserat nätverk av faktorer involverade i biogenes av 

mitokondriellt syntetiserade proteiner. Detta proteinnätverk avslöjade 

en unik organisation av faktorer involverade i mitokondriellt 

genuttryck, noggrant anpassade för syntesen av dessa få 

organellproteiner. Viktigt nog så kan vi identifiera en tydlig rumslig 

fördelning av faktorer beroende på deras biologiska funktion. Vidare 
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beskriver avhandlingen hur ribosomens polypeptidtunnelutlopp är 

värd för proteiner involverade i flera olika funktioner. För det första 

visar resultaten hur faktorer som är involverade i tidig mognad av 

Cox1, kärnenheten för komplex IV i andningskedjan, befinner sig vid 

polypeptidtunnelns utlopp. För det andra demonstrerar vi att syntesen 

av cytokrom b, subenhet i  komplex III, också aktiveras vid 

polypeptidtunnelns utlopp. Faktum är att flertalet proteiner som deltar 

i regleringen av mitokondriellt genuttryck, vilkakallas för translationella 

aktivatorer, interagerar med detta område på ett alternerande sätt.  

När syntesen av cytokrom b undertrycks, undanhålls dess kodande 

mRNA COB vid polypeptidtunnelutloppet via bindningen till Cbs1, en 

translationell aktivator. Signalen som utlöser translationsinitiering ges 

av Cbp3-Cbp6, ett komplex som deltar i sammansättningen av 

cytokrom b. När en tidigare syntetiserad cytokrom b väl är korrekt 

sammansatt i komplex III samverkar Cbp3-Cbp6 med 

polypeptidtunnelns utlopp, vilket tvingar en förflyttning av Cbs1 och 

gör COB-mRNA tillgängligt för en ny translationsrunda. Denna 

mekanism representerar en unik form för avstämning mellan 

mitokondriens och cellkärnans genuttryckssystem, något som är 

avgörande för korrekt sammansättning av proteinkomplex bestående 

av proteiner med dubbla ursprung.  

Sammanfattningsvis avslöjar det arbete som presenteras i denna 

avhandling nya särdrag i organisationen och regleringen av det 

mitokondriella genuttrycket, vilket belyser många distinkta organella 

funktioner. De koncept och tekniker som presenteras här kommer att 

vara en utgångspunkt för att belysa många okända aspekter av 

mitokondriell proteinsyntes. 
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Sommario in italiano 

I mitocondri contengono materiale genetico, eredità dell'antico DNA 

dell’endosimbionte batterico. Tale genoma mitocondriale codifica un 

piccolo numero di proteine, per lo più componenti della catena di 

trasporto degli elettroni. Affinché tali proteine siano sintetizzate, i 

mitocondri possiedono un proprio sistema di espressione genica, che 

però è molto divergente rispetto a quello dell’endosimbionte batterico, 

grazie all’acquisizione di caratteristiche uniche. Di conseguenza, 

l’organizzazione e i meccanismi che regolano l’espressione genica 

delle proteine mitocondriali sono al momento sconosciuti.  

In questa tesi, ho usato il lievito Saccharomyces cerevisiae per 

comprendere diversi aspetti dell’espressione genica mitocondriale, 

rivelando caratteristiche nuove e sorprendenti della stessa. Per 

esempio, l’inizio della traduzione mitocondriale è molto diverso da 

quella batterica: infatti il fattore di inizio della traduzione IF3, vitale nei 

batteri, non è essenziale nei mitocondri. Inoltre, la mia ricerca ha 

contribuito ad applicare la tecnica di “etichettatura proteica” basata 

sulla vicinanza chiamata BioID alle proteine mitocondriali del lievito. 

Questo metodo mi ha permesso di analizzare estensivamente 

l’ambiente in cui l’espressione genica mitocondriale avviene, con la 

creazione di una “rete” di proteine vicine che prendono parte alla 

sintesi di proteine mitocondriali. Tale tecnica mi ha consentito per la 

prima volta di identificare un sistema di espressione genica unico, 

meticolosamente organizzato per la sintesi di poche proteine di 

membrana. Inoltre, abbiamo accertato che i fattori coinvolti 
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nell’espressione genica sono distribuiti minuziosamente secondo la 

loro funzione biologica. In più, questo lavoro rivela come il sito di 

uscita della catena polipeptidica del ribosoma mitocondriale sia il 

luogo di interazione di proteine che svolgono diverse funzioni. Primo, 

descrivo come diversi fattori coinvolti nella maturazione di Cox1, 

enzima del complesso IV della catena di trasporto degli elettroni, si 

trovino a tale sito del ribosoma. Secondo, dimostriamo come la 

sintesi del citocromo b, enzima del complesso III, sia attivata al sito di 

uscita della catena polipeptidica del ribosoma. Infatti, alcune proteine 

coinvolte nella regolazione della sintesi proteica mitocondriale, 

chiamate “attivatori della traduzione”, interagiscono in maniera 

alternata con tale area ribosomiale. Quando la sintesi del citocromo b 

è repressa, il suo mRNA COB è sequestrato al sito di uscita della 

catena polipeptidica attraverso il legame con Cbs1, un attivatore della 

traduzione. Il segnale che scatena l’attivazione della traduzione è 

dato dal Cbp3-Cbp6, un complesso che partecipa all’assemblaggio 

del citocromo b. Quando un citocromo b sintetizzato in precedenza è 

assemblato correttamente nel complesso III, Cbp3-Cbp6 interagisce 

con il sito di uscita della catena polipeptidica, forzando lo 

spostamento di Cbs1, e rendendo disponibile COB alla traduzione. 

Tale meccanismo rappresenta una messa a punto unica tra i sistemi 

di espressione genica nucleare e mitocondriale, fondamentale per il 

corretto assemblaggio di complessi proteici composti di sub-unità con 

duplice origine. 

In sintesi, il lavoro presentato in questa tesi rivela caratteristiche 

uniche dell’organizzazione dell’espressione genica mitocondriale, 

sottolineando molte caratteristiche distintive. I concetti e le tecniche 

presentati in questo lavoro saranno un punto di partenza per capire i 

molti aspetti ancora non capiti della sintesi di proteine nei mitocondri.  
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