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Abstract 

 

Mitochondria are ubiquitous organelles of eukaryotic cells that contain a circular 

double-stranded genome encoding 13 polypeptide subunits of the mitochondrial 

respiratory chain. The genes for these polypeptides are transcribed and translated in the 

mitochondrial matrix, using 22 tRNAs and 2 rRNAs encoded by the compact 

mitochondrial DNA. Mammalian mitochondrial mRNAs generally begin at the start 

codon and lack conventional 5′ untranslated regions or Shine-Dalgarno sequences. In 

addition, mitochondrial encoded proteins are hydrophobic and are likely to be co-

translationally inserted into the membrane-embedded complexes providing unique 

constraints for their translation. Mitochondrial ribosomes must have evolved an 

alternative way to regulate translation initiation and elongation to ensure accurate start 

codon recognition and facilitate protein complex assembly. Mammalian mitochondrial 

ribosomes are unique from bacterial and cytoplasmic ribosomes of eukaryotes because 

their ribosomal RNA has been reduced considerably and has been replaced by 

additional proteins. In addition to the core ribosomal proteins that share homology with 

prokaryotic ribosomes, mammalian mitochondrial ribosomes have many extra proteins, 

some of which may have new functions in mitochondrial translation and recognition of 

mitochondrial mRNAs within the small and large ribosomal subunits.  

 

Mitochondrial gene expression is predominantly regulated at the post-transcriptional 

level and mitochondrial RNA-binding proteins play a key role in RNA metabolism and 

protein synthesis. In this thesis the role of the RNA-binding protein AU-binding 

homolog of enoyl CoA hydratase (AUH) in mitochondrial gene expression was 

investigated. It was discovered that AUH localizes to the mitochondrial matrix and 

associates with the inner membrane and mitochondrial ribosomes. AUH plays an 

important role in protein synthesis and overexpression and knock down of the protein 

were found to cause morphological changes, decreased mitochondrial RNA stability, 

biogenesis and respiratory function. In addition study of a catalytically inactive form of 

AUH as well as AUH containing a pathogenic mutation revealed that the catalytic 

activity of AUH is necessary for its role in mitochondrial protein synthesis. Finally, it is 

shown that the catalytic activity of AUH acts as a sensor to regulate mitochondrial 

translation and biogenesis in response to leucine. 

 

A new, mRNA-specific translational activator of cytochrome c oxidase subunit I 
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(TACO1) has been identified in a late onset Leigh Syndrome patient with cytochrome c 

oxidase deficiency. To date, TACO1 is the only mRNA specific regulator of translation 

identified in animal mitochondria. This study looks at the effects of a homozygous point 

mutation in Taco1 in mice and shows similar phenotype to Leigh syndrome observed in 

patients carrying a homozygous mutation in TACO1. This study shows that TACO1 is a 

mitochondrial matrix protein that associates with the inner membrane. The TACO1 

mutation causes an isolated complex IV deficiency that was found most pronounced in 

the heart. TACO1 mutant mice were observed to have unusual gait, visual defects as 

well as cardiomyopathy, features comparable to those of patients with Leigh Syndrome. 

Analysis of the TACO1 protein revealed specific binding to the messenger RNA 

(mRNA) CO1 and that reduced abundance of the protein caused a dysfunction in the 

formation of the large subunit of the mitoribosome. This indicates that TACO1 is 

functioning as a translational activator that binds to the CO1 mRNA and may also be 

involved in the stability and formation of the mitoribosome.  

 

 MRPS34 had been previously isolated as a member of the family of mitochondrial 

ribosomal proteins with unknown function. In this study mice with a homozygous 

mutation in the MRPS34 gene, which causes reduction in protein levels of tissue with 

high-energy requirements, were examined. It was found that MRPS34 regulates 

mitochondrial protein synthesis and is important for mitochondrial 12S ribosomal RNA 

(rRNA) and stability and assembly of the mitoribosome. This study has shown the 

pathophysical consequences of the MRPS34 mutation, where compromised 

mitochondrial translation leads to tissue specific defects in the brain, heart and liver 

with the liver most profoundly affected. Our results indicate that MRPS34 is important 

in the process of mitoribosome biogenesis and function and is necessary for normal 

brain, liver and heart function.  
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1. Introduction 
Mitochondria are ubiquitous organelles within eukaryotic cells that are essential for 

energy production by oxidative phosphorylation (OXPHOS). This occurs via the 

mitochondrial electron transfer chain (ETC) and supplies vital adenosine triphosphate 

(ATP) to many cell types (1-3). This ETC is embedded in the lipid bilayer of the 

mitochondrial inner membrane and consists of five multiprotein enzyme complexes (I–

V) and two electron carriers — coenzyme Q10 and cytochrome c (2). The ETC 

transports electrons and protons, in a series of redox reactions that create the 

mitochondrial membrane potential (Δψm) that is harnessed for energy production. 

Energy is created in the form of a proton gradient across the inner mitochondrial 

membrane and is used by the last OXPHOS complex (F1Fo-ATPase) to generate ATP 

from adenosine diphosphate (ADP) and inorganic phosphate (4). The ΔΨm is also used 

in other essential mitochondrial functions, such as mitochondrial protein import and 

active ion transport (5). While the majority of the proteins required in the formation of 

the membrane complexes are nuclear encoded there are 13 essential subunits of the 

electron transfer chain and ATP synthase that are encoded by mitochondrial DNA 

(mtDNA). Mitochondrial gene expression is predominantly regulated at the post-

transcriptional level and mitochondrial RNA-binding proteins play a key role in 

mitochondrial RNA metabolism and protein synthesis. 
 

Mitochondria contain their own translational machinery in the form of a mammalian 

mitochondrial ribosome (mitoribosome), which is responsible for the biosynthesis of 

proteins (6). The mitoribosome’s evolutionary divergence has seen a reduction in rRNA 

content and an increased protein content of the mitoribosome compared to its bacterial 

and cytoplasmic ancestors. In addition to the core ribosomal proteins that share 

homology with prokaryotic ribosomes, human mitochondrial ribosomes have acquired 

mitochondria-specific ribosomal proteins and protein extensions (7-10) some of which 

may have new functions in mitochondrial translation and recognition of mitochondrial 

mRNAs within the small and large ribosomal subunits (11).  

 

Defects of the translational machinery are a common contributor to mitochondrial 

diseases and currently there is no cure or treatment for these multi-tissue disorders. It is 

important to understand the intricacies of the mitochondria as defects within this system 

can result in decreased respiration leading to a reduction in energy production and 

consequently, mitochondrial dysfunction and debilitating symptoms that cause 
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neurodegenerative diseases, muscular mitochondrial disease and contribute to the onset 

and progression of cancer, diabetes and aging (2, 5, 12, 13). 

 

1.1. Structure and Expression of the Mitochondrial Genome 

 

The mitochondria possess their own mtDNAs in the form of a 16,658bp double stranded 

circular genome. The mtDNA is protein coated and packaged into aggregates known as 

nucleoids (14, 15). These mtDNAs are some of the most compact circular genomes of 

all eukaryotes and have modified the processes of genome expression gene expression 

accordingly. The entire genome is transcribed along both strands of the mtDNA by 

polymerase (RNA) mitochondrial (DNA directed),  (POLRMT) and produces long 

polycistronic transcripts (16-19). Transcription of the heavy strand of the mitochondrial 

genome results in an RNA unit that is processed into 2 mt-rRNAs, 14 mt-tRNAs and 

mt-mRNAs that encode 12 proteins. In addition, transcription of the L-strand produces 

RNA that is cleaved to produce 8 mt-tRNAs and 1 mt-mRNA which encodes a single 

protein (16, 19, 20).  

 

Many of the components of the mammalian transcription machinery are distinct from 

their prokaryotic ancestors. For instance, the mitochondrial transcription factor A 

(TFAM) is a member of a high mobility group of box proteins (17) but is required for 

transcription of mtDNA and is not a subunit of POLRMT whereas in the prokaryotic 

RNA polymerases the sigma factors associate with the RNA polymerases to initiate 

transcription. TFAM also has an additional role in stability and maintenance of mtDNA 

within the nucleoids (21). Mitochondrial transcription initiation can be affected by 

mitochondrial transcription factors B1 and B2 (TFB1M and TFB2M) which bind to 

sites within the mtDNA (22). Recently it was found that the main role of TFB1M is as a 

methyltransferase for the modification of mitochondrial rRNA (23). The mitochondrial 

termination factor 1 (mTERF1) that has been implicated in regulation of heavy strand 

transcription of the rRNA genes (24) has also been found to block transcription of the 

light-strand polycistroinc transcript before it reaches its promoter, avoiding transcription 

interference (25).  

 

Mammalian mitochondrial genomes generally lack introns and instead the genes 

encoding protein or rRNA are interspersed by one or more transfer RNAs (tRNAs) that 

can act as ‘punctuation’ marks to signal the processing of the polycistronic transcripts 
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by the tRNA processing enzymes (16, 26-28). The tRNAs are processed at the 5′ end by 

an RNase P enzyme and within the mammalian mitochondria this is composed of three 

proteins, one of which has been identified as MRPP3 (16). Cleavage of the 3′ end of 

tRNAs is implemented by the mitochondrial RNase Z in eukaryotes and in the 

mammalian mitochondria this enzyme is encoded by the ELAC2 gene (16). Processing 

of mRNAs that are not adjacent to tRNA genes require RNAse P, PTCD2 or G-rich 

sequence binding factor (GRSF1) which is likely to be a result of the tRNA-like 

secondary structures that are formed ahead of the 5′ ends of these mRNAs (12, 16, 25, 

29, 30). Many of the components of the transcription machinery have been found 

associated with translation and protein assembly factors, indicative of a similar coupling 

of processes observed between transcription and translation in bacteria (26, 31, 32). 

 

Regulation of the mammalian mitochondrial transcripts has had to evolve to compensate 

for the reduction of the genome. This is seen in the process of polyadenylation at the 3′ 

end of mRNAs in which some mitochondrial mRNAs adopt this feature to complete 

their termination codons (33). In addition, polyadenylation of mammalian mRNAs can 

be essential in RNA stability and translation but in some instances it can be a signal for 

degradation of specific transcripts (33). Specific nucleotides on the rRNAs and tRNAs 

are modified by methyltransferases such as TFM2B and tRNA modifying enzymes to 

enable proper folding and recognition by the translation machinery (23, 34). In the 

mammalian mitochondrial CCA is added at the 3′ end of the tRNAs by a tRNA 

nucleotidyl- transferase to enable attachment of amino acids and the interactions with 

translation factors and aminoacyl-tRNA synthetases. This feature is encoded by the 

genome in bacterial tRNAs (34). 

 

Mammalian mitochondrial translation is unique in a number of respects. Attardi and 

colleagues initially described the mammalian mitochondrial RNAs over 30 years ago 

(26, 35). Advances in next generation technologies has allowed for the first 

comprehensive map of the human mitochondrial transcriptome and new features of 

transcripts encoded by the human mitochondrial genome have been discovered (5, 12).  

Structurally mammalian mitochondrial mRNAs are unique in that they lack the 

conventional 5′ and 3′ untranslated regions (UTRs), Shine-Dalgarno sequences, introns, 

5′ 7-methylguanosine caps and base modifications (36). The 5′ of mitochondrial 

mRNAs has been shown to be unstructured suggesting that this may enable docking of 

the ribosome to the mRNA (18, 37). In addition, in mitochondrial mRNAs AUA acts as 
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a start codon and codes for methionine, rather than the conventional code for isoleucine, 

UGA acts as a tryptophan codon as opposed to its traditional role as a stop codon, and 

AGA and AGG stimulate frame shifting to facilitate the use of adjacent UAA and UAG 

stop codons for translation termination rather than coding for arginine (38, 39).  In 

bacterial 16S rRNAs the 3′ end of the rRNA contains the message-binding site (MBS) 

and is responsible for recruiting mRNAs for translation initiation. This feature is lost in 

the mitoribosome and in addition the mitochondrial mRNAs do not have the 

characteristic ribosome-binding sequence (RBS) that base pairs with the MBS. The 

unique constraints placed on translation by the mitochondria mRNAs have necessitated 

evolution of the mitoribosome and as such alternate mechanisms are likely used to 

recognize mRNAs and initiate translation. One potential mechanism may involve the 

triangular gatelike structure that partially covers the mRNA entry site of the ribosomal 

small subunit (SSU) (40). The location of the mRNA gate suggests that this feature may 

recruit mRNAs to the SSU and in this way play a role in the regulation of translation 

initiation. This feature is formed by an extension of the MRPS2 as well as by a protein 

on the solvent side of the SSU head. In the bacterial ribosome the mRNA entry site is 

surrounded by S3, S4 and S5 (41), however, homologs of S3 and S4 are not found in the 

mitoribosome, instead the S3 location is occupied by mitoribosome-specific proteins 

and the S4 position is partially filled with alternative proteins.  

 

1.2. RNA Binding Proteins  

 
The large variation in mature RNA abundance, processing and polyadenylation (5), 

indicates that mitochondria have implemented the increased dependence on post-

transcriptional regulation seen in the eukaryotic cytoplasm (reviewed in (42)). Such 

variation in mRNAs is particularly evident in different disease states where 

mitochondrial gene expression is often increased to compensate for decreased energy 

metabolism. Recently it has become evident that RNA-binding proteins associate with 

granules in specific regions of the mitochondria and play essential roles in RNA 

metabolism (29, 30, 43). It is increasingly evident that mitochondrial RNA binding 

proteins (RBPs), including many members of the pentatricopeptide repeat (PPR) 

domain family, are essential for all steps of post-transcriptional regulation of 

mitochondrial gene expression including processing, stability, RNA localization and 

translation (42).  
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Mammalian mitochondrial tRNAs have evolved many different modifications and 

activities (44, 45) such as the pseudouridilation by the psedudouridylate synthase 1 

(PUS1) of the mitochondrial tRNA T-loop. There are specific enzymes that have 

evolved to modify mitchondrial tRNA bases such as the mitochondrial-specific 2-

thiouridylase (MTU-1). MTU-1 is responsible for 2-thiolation wobble modification of 

the nucleoside 5-methylaminomethyl-2-thiouridylate in some mitochondrial tRNAs, in 

addition to mitochondrial translation optimization 1 homolog (MTO1) and 

mitochondrial GTP binding protein 3 (GTPBP3), that are necessary for functional 

translation (46). The mitochondrial ribosome uses formyl-methionyl-tRNAMet for 

initiation of translation. Modification of methionine for this purpose is catalyzed by the 

mitochondrial methionyl- tRNAMet transformylase (MTFMT) (47).  

RNA binding proteins can also affect mitochondrial gene expression downstream of 

RNA processing via their role in RNA maturation and stability. TFB1M has a 

conserved dimethyltransferase domain that dimethylates two conserved adenine 

residues at the 3′ end of 12S rRNA (48, 49). Deletion of TFB1M does not affect the 

steady-state levels of mitochondrial RNAs or de novo transcription, but does cause a 

reduction in mitochondrial translation efficiency due to lost dimethylation of the 

adenines in the 12S rRNA (23).  

There are 19 human mitochondrial aminoacyl- tRNA synthetases (aaRS), 11 of which 

have been biochemically characterized (reviewed in (34). Mitochondrial ribosomes, 

tRNA synthetases, and EF-Tu have evolved to recognize the diverse structures of 

mitochondrial tRNAs and efficiently use them for translation. For example, there is no 

mitochondrial aaRS for tRNAGln, instead this tRNA is misaminoacylated with Glu by 

the GluRS and then the glutamyl-tRNAGln amidotransferase (Glu-AdT) transamidates 

tRNAGlu to tRNAGln  (50). This Glu-AdT complex is essential in energy production 

and therefore regulation of the correct aminoacylation of mitochondrial tRNAs for 

mitochondrial translation is imperative. Furthermore, the kinetic discrimination and 

activity of mitochondrial EF-Tu ensures accurate mitochondrial translation.  

Mitochondrial protein synthesis is regulated by a number of ribosomal accessory factors 

at the level of initiation, elongation, and termination (51-55). In the mammalian 

mitochondria mitochondrial initiation factors 2 and 3 IF2mt and IF3mt are required for 

the association of ribosomal subunits and initiation of protein synthesis (56) ,(57).The 
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mitochondrial EF- Tu delivers aminoacylated tRNAs to ribosomes and associates with 

the mitochondrial elongation factor Ts (EF-Ts), a guanine nucleotide exchange factor, 

(58) which charges EF-Tu with GTP and both are essential in  mitochondrial translation 

(59, 60).Two translation elongation factor G (EF-G) proteins exist in the  mitochondria. 

EF-G1mt is responsible for translocation of the polypeptide chain during elongation by 

hydrolyzing GTP and EF-G2mt is responsible for termination of translation and 

ribosome recycling (61). Termination of mitochondrial translation is facilitated by the 

mitochondrial release factor 1a (mtRF1a) (62). Once translation is terminated the 

mitochondrial ribosomes are recycled by the mitochondrial ribosome recycling factor 

(mtRRF) (63). Two GTPases, nitric oxide associated-1 (NOA1) (64, 65) and Era G-

protein-like 1 (ERAL1) are thought to be important in assembly of the small ribosomal 

subunit (66) due to the fact that ERAL1 is required for the maturation of the 12S rRNA 

(67) . Mitochondrial transcription termination factor 4 (MTERF4) has also been 

implicated in ribosome assembly by recruiting the NOP2/Sun domain family, member 4 

(NSUN4) methylase to the large ribosomal subunit (68). A new, mRNA-specific 

translational activator of cytochrome c oxidase subunit I (TACO1) has been identified 

in a late onset Leigh Syndrome patient with cytochrome c oxidase deficiency (69). 

TACO1 is the only mRNA specific regulator of translation identified in animal 

mitochondria to date (69),  despite the fact that in yeast mitochondria there are a many 

translational activators of specific mRNAs (70). Although the exact role of many of 

these proteins has not yet been discovered these findings suggest that the mitochondrial 

proteins can act by binding to specific mRNAs and control gene expression.  

 

1.3. Mitochondrial Ribosomes 

 
Mammalian mitochondrial ribosomes are 55S particles consisting of a 28S SSU and a 

39S large subunit (LSU) (71, 72). The SSU has a 12S rRNA and about 29 proteins 

(Table 1)  while the LSU has a 16S rRNA and about 48 proteins (8, 10, 11, 35, 73-77) 

(Table 2). The mitoribosomes are located inside the matrix, the site of the 

transcriptome, and associate closely with the mitochondrial inner membrane. This 

allows for co-translational insertion of the hydrophobic proteins into the inner 

membrane and subsequent assembly into OXPHOS complexes (78). 
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Table 1. Supernumerary ribosomal proteins of the small mitochondrial subunit 
Human 
MRP 

Yeast 
MRP 

Present in 
Last 
Common 
Eukaryotic 
Ancestor?a 

Homologous 
domains 
 

Role in mitochondria 

MRPS22    Genetic defects result in 
combined oxidative 
phosphorylation deficiency 
(79) and Cornelia de Lange-
like dysmorphic features 
(80). 

MRPS23 Rsm25    
MRPS25 Mrp49  NDUFB8 Not essential for translation 

in yeast (81). 
MRPS26   Coiled coil  
MRPS27   Pentatricopeptide 

repeats (PPRs) 
Required for translation 
(82). 

MRPS28     
MRPS29 Rsm23  Death associated 

protein 3 (DAP3) 
Promotes apoptosis (83-85), 
binds GTP and is 
phosphorylated (86). Cross-
links to mitochondrial 
translational initiation factor 
3 (IF3(mt)) (87). Associates 
with NOA1 and Complex I 
(65). 

MRPS30   PDCD9/MRPL37 Promotes apoptosis (84, 88, 
89). 

MRPS31    Autoantigen in type 1 
diabetes (90). 

MRPS32    Identical to MRPL42. 
Cross-links to 
mitochondrial translational 
initiation factor 3 (IF3(mt)) 
(87). 

MRPS33 Rsm27   Heterozygous deletion 
causes cardiomyopathy in 
flies (91). 

MRPS34     
MRPS35 Rsm24    
MRPS36 Ymr31   Cross-links to 

mitochondrial translational 
initiation factor 3 (IF3(mt)) 
(87). 

PTCD3   PPRs Required for translation 
(92). Cross-links to 
mitochondrial translational 
initiation factor 3 (IF3(mt)) 
(87). Associates with 
TEFM (93). 
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 Rsm22  rRNA 
methyltransferase 

 

 Ppe1    
 Mrps35    
 Mrp51   Genetic interactions with 

mutations in the COX2 and 
COX3 mRNA 5'-UTRs in 
yeast (94). 

 Mrp13    
 Mrp1   Genetic interaction with 

PET122, a COX3-specific 
translational activator, in 
yeast (95). 

 Rsm26  Superoxide 
dismutase (SOD) 

 

 Pet123  Coiled coil Genetic interaction with 
PET122, a COX3-specific 
translational activator, in 
yeast (95). 

 Mrp10  COX19, NDUFA8  
 Rsm28  Kinase Genetic interactions with 

mitochondrial translation 
initiation factor 2 (IF2) and 
the methionyl-tRNA-
formyltransferase (FMT1) 
suggest a role in translation 
initiation in yeast (96). 

 Mrp8    
a The supernumerary proteins present in the last common eukaryotic ancestor are 
shaded in green.  
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Table 2. Supernumerary ribosomal proteins of the large mitochondrial subunit 
Human 
MRP 

Yeast MRP Present in 
Last 
Common 
Eukaryoti
c 
Ancestor? 

a 

Functional domains Role in 
mitochondria 

MRPL3
7 

  PDCD9/MRPS30  

MRPL3
8 

Mrpl35  Phosphatidylethanolamine
-binding protein 1 (PEBP-
1) 

 

MRPL3
9 

  Threonyl-tRNA synthetase  

MRPL4
0 

Mrpl28   May contribute 
to Velo-cardio-
facial syndrome 
(97). 

MRPL4
1 

Mrpl27   Bcl-2 binding 
protein, 
promotes 
apoptosis (98, 
99). Located 
close to the 
polypeptide 
exit channel of 
the ribosome 
(100). 

MRPL4
2 

   Identical to 
MRPS32. 
Cross-links to 
mitochondrial 
translational 
initiation factor 
3 (IF3(mt)) 
(87). 

MRPL4
3 

Mrpl51  NDUFB8  

MRPL4
4 

Mrpl3  Ribonuclease III Located close 
to the 
polypeptide 
exit channel of 
the ribosome 
(100). Mutation 
causes 
mitochondrial 
infantile 
cardiomyopath
y (101). 

MRPL4
5 

Mba1  Tim44 Located close 
to the 
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polypeptide 
exit channel of 
the ribosome 
(100). Possible 
role in protein 
insertion into 
the inner 
membrane (78). 

MRPL4
6 

Mrpl17/Mrpl3
0 

 Nudix  

MRPL4
8 

  Rps10 Cross-links to 
the 
mitochondrial 
inner 
membrane 
protein Oxa1L 
(102). 

MRPL4
9 

Img2   Cross-links to 
the 
mitochondrial 
inner 
membrane 
protein Oxa1L 
(102). 

MRPL5
0 

    

MRPL5
1 

   Cross-links to 
the 
mitochondrial 
inner 
membrane 
protein Oxa1L 
(102). 

MRPL5
2 

    

MRPL5
3 

Mrpl44    

MRPL5
4 

Mrpl37    

MRPL5
5 

  Kyrpides, Ouzounis, 
Woese-motif (KOW-like 
motif) 

Required for 
development in 
flies (103). 

MRPL5
6 

  Beta-lactamase  

ICT1   peptidyl-tRNA hydrolase Possible role in 
the hydrolysis 
of prematurely 
terminated 
peptidyl-tRNAs 
in stalled 
mitoribosomes 
(104). 
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C7orf30   Domain of unknown 
function 143 (DUF143) 

Required for 
translation 
(105, 106). 
Interacts with 
MRPL14 (107). 

 Mrpl13   Located close 
to the 
polypeptide 
exit channel of 
the ribosome 
(100). 

 Mrpl15    
 Mrpl20  Mesenchymal stem cell 

protein 
 

 Mrpl25   Deletion 
confers 
increased 
longevity in 
yeast (108). 

 Mrpl31    
 Mbr1   Deletion 

protects yeast 
against stress 
(109). 

 
a The supernumerary proteins present in the last common eukaryotic ancestor are 
shaded in green. 
 
The components of the mitochondrial translational machinery are distinct from their 

bacterial and cytoplasmic counterparts in that they have high-level protein content and 

reduced RNA content (110). This results in the mitoribosome being physically larger 

than the bacterial ribosome despite the loss of RNA content (72). It has recently been 

found that proteins that are involved in mitoribosome biogenesis or mt-rRNA 

modification interact closely with the mitochondrial nucleoids, indicating an intimate 

association between nucleoids and the mitoribosome (111). The small ribosomal 

subunit recruits mRNAs, associates with initiation factors and decodes the mRNA (112) 

while the large ribosomal subunit of the mitochondria is responsible for peptide bond 

formation, peptide chain elongation and facilitation of the early stages of protein folding 

(113). Several ribosomes can translate an mRNA at the same time, forming what is 

called a polysome (153).  
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The nascent polypeptide chains depart from the ribosome through the polypeptide exit 

tunnel located on the mitoribosomal large subunit. This structure has been studied by 

cryo-EM (40, 114, 115) and X-ray crystallography (116) in the cytoplasmic ribosomes 

and found to be structurally distinct from it′s evolutionary counterparts (75). The 

components that make up the polypeptide exit tunnel in the bacterial ribosome include 

protein L29 and most of the domains I and III of the bacterial 23S rRNA (116). These 

are in fact absent in the mitoribosome and L22, L23, and L29 which surround the tunnel 

are represented in the mitoribosome by much larger homolog proteins (3, 74). In 

addition, the exit site is surrounded by mitoribosome-specific proteins and enclosed by 

a lid like structure formed from the protrusion of a large protein in place of the bacterial 

L29 (75). This absence of the 23S rRNA domains I and III the means the structure of 

the lower two-thirds of the exit tunnel differs significantly from bacterial ribosomes 

(75), this is because, proteins do not replace this area and this causes the tunnel to be 

more open to the solvent. It has been suggested that some of the synthesized nascent 

chains may exit via this opening rather than making their way through to the 

polypeptide exit channel (75).  

In addition to the conserved proteins that surround the bacterial polypeptide tunnel exit 

Greber et al have recently established mitochondria-specific proteins mitochondrial 

ribosomal protein of the large subunit 39 (MRPL39), MRPL44 and MRPL45 are 

localized at the polypeptide tunnel exit while MRPL38, MRPL52 MRPL49 and 

immature colon carcinoma trancript-1 (ICT1) are located at the central protuberance. 

One of these mitochondria-specific proteins ICT1 has been found to be a ribosomal 

protein that is a component of the 39S mt-LSU (104) (39, 62). This protein acts as a 

ribosome-dependent, codon-independent peptidyl–tRNA hydrolase and has been found 

to act as a unique mechanism able to counteract the challenge of mRNAs lacking a 

termination codon. When the mitoribosome reaches the 3′ end of an mRNA lacking a 

termination codon the ICT1 protein acts to cleave the peptidyl-tRNA and releases the 

nascent chain freeing the ribosome up for recycling (104).  

ICT1 belongs to the prokaryote/mitochondria release factor family of which there are 

four members. Interestingly this is the only member of its family that is necessary to 

terminate translation of the polypeptides in the mitochondria (39, 62). Unlike, the 

homologous domains of class I release factors ICT1 is bound near MRPL38 rather than 

occupying the ribosomal A-site (104, 117, 118). This location means the protein is 
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unable to directly access the nascent chain in order to release it from the ribosome, 

therefore, it is thought that ICT1 plays an architectural role in the 39S subunit and 

polypeptide release activity must be performed by freely diffusing ICT1. Another 

suggestion is that the polypeptide release may require displacement of the P-site tRNA 

or ICT1 (104). 

 

The evolutionary specialization of the mammalian mitoribosome included optimizing 

the region around the polypeptide tunnel exit of the mitoribosome to act as a platform 

for membrane insertion and assembly of the essential hydrophobic mitochondrially 

encoded respiratory chain components (11, 78, 113, 119, 120). Although it was 

previously thought that a section of the 39S subunit of the mitoribosome was inserted 

into the mitochondrial membrane (11) the latest research has revealed that the 

mitoribosomes are actually anchored to the membrane by membrane binding ribosomal 

proteins (121). The ribosomal protein MRPL45 shows homology to the carboxy 

terminal domain TIM44 and the Saccharomyces cervisiae mitochondrial protein MbaI 

membrane associated proteins (122, 123). This homology and the position of the protein 

close to the membrane indicate that it plays a role binding of the mitoribosome to the 

mitochondrial inner membrane. This positioning of the mitoribosome is important so 

that correct alignment with the nascent polypeptide tunnel exit with oxidase assembly 

protein 1 (OXA1L) is formed. OXA1L is known to function as an insertase for 

mitochondrial inner membrane proteins (119, 124). The MRPL51 is thought to stabilize 

the mitoribosomal central protuberance by forming contacts to the body of the 39S 

subunit and MRPL38, which is at the top of the central protuberance.  

 

Investigation has revealed secondary structure elements of the mitoribosome-specific 

proteins (MRPs) and protein extensions that form a shell around the conserved core of 

ribosomal proteins and rRNA (121). The mitochondria-specific protein elements are 

predominantly localized to the solvent-exposed side of the 39S subunit, in contrast the 

subunit interface side is more closely related to its evolutionary counterparts (121). 

Interestingly, although 16S was thought to be the only rRNA component of the 39S 

subunit of the mitoribosome it has recently been found by cryo-EM mapping that 

additional RNA density is located at the central protuberance in addition to this 16S 

rRNA. The location of the additional rRNA is in the vicinity of mitochondrial ribosomal 

protein of the large subunit (MRPL18) and resembles, structurally, domain β of the 

bacterial 5S rRNA which is found interacting with the MRPL18 protein (121). The 
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significance of this rRNA in the mitoribomse is yet to be determined. 

 

1.4 Additional Ribosomal Proteins 
 

In addition to the core ribosomal proteins that share homology with prokaryotic 

ribosomes, human mitochondrial ribosomes have many extra proteins, some of which 

may have new functions in mitochondrial translation and recognition of mitochondrial 

mRNAs within the small and large ribosomal subunits (11). The mammalian 

mitochondrial ribosomal small subunit is made up of 29 proteins; of which 14 are core 

ribosomal proteins and share homology with prokaryotic ribosomal proteins and 15 of 

them are unique to the mammalian ribosome. The large subunit is composed of 49 

proteins, 28 core ribosomal proteins with shared homology to prokaryotic ribosomal 

proteins and 21 unique mammalian mitochondria proteins.  

 

1.4.1 Additional proteins of the small ribosomal subunit 
 

It was recently discovered that the supernumerary proteins MRPS27 and PTCD3 belong 

to the pentatricopeptide repeat domain family of RNA-binding proteins (14, 125) and 

are both essential in protein synthesis (82).  Pentatricopeptide domain 3 (PTCD3) has 

been found to associate with the 12S rRNA and is a component of the small subunit of 

the mitochondrial ribosome (92, 125, 126). While PTCD3 has been crosslinked to 

IF3mt its exact location in the ribosome is not yet known. Due to its association with 

other ribosomal proteins (Mitochondrial ribosomal protein of the small subunit 29 

(MRPS29), MRPS32 and MRPS36) it is thought that PTCD3 may be located at the 

interface side of the 28S subunit (126). PTCD3 is thought to be associating with a 

trancription elongation factor of mitochondria along with polymerase, POLRMT, and a 

putative DEAD-box RNA helicase, DHX30, within the mitochondrial nucleoid (93). As 

PTCD3 associates with the 12SrRNA it is possible that it is in fact an RNA-binding 

protein meaning that it could either be a ribosomal protein or it could be a transiently 

associated small subunit translation regulator involved in recognition and decoding of 

mRNA transcripts (82). MRPS27 has also been found to associate with the small 

subunit of the mitochondrial ribosome as predicted by bioinformatic approaches and 

high throughput proteomics (64, 85). Interestingly, even though it associates with the 

12S rRNA, it is not involved in the regulation of its abundance, instead it is needed in 
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the process of translation of the 13 polypeptides (82). Many ribosomal proteins are 

found associating with one another.   MRPS27 is found associating with the ICT1 

mitochondrial translation factor (104) and the mitochondrial ribosome assembly ERAL1 

(67). These are either a part of, or associate with the large ribosomal subunit. PTCD3 

has been found associated with POLRMT and a putative DEAD- box RNA helicase, 

DHX30, within the mitochondrial nucleoid (93). MRPS33 has been found to be 

important in cell function as gene haploinsufficiency in Drosophilia melanogaster has 

been found to cause cardiomyopathy, despite this the role of MRPS33 within the 

mitochondrial ribosome remains unclear (91). 

 

The GTP binding protein, known as MRPS29, is located adjacent to the interface 

between the ribosomal subunits and is thought to be the site for binding of 

mitochondrial initiation factor 3 (IF3mt) (126). MRPS29 associates with the NOA1 

GTPase that is needed in protein synthesis and in Complex I (64). Because of this, it is 

thought that the protein is involved in ribosomal docking to the mitochondrial inner 

membrane. Crosslinking of IF3mt to mitochondrial ribosomes revealed that MRPS29 

may be in close juxtaposition to three other proteins of the small subunit, MRPS36, 

MRPS32 and PTCD3 (126). MRPS29 was identified as death-associated protein 3 

(DAP3) due to the role it plays in apoptosis (85). In a similar situation MRPS30 was 

identified as programmed cell death protein 9 (PCD9) protein as it shares homology 

with a chicken pro-apoptotic protein p52 (88). This identification of DAP3 and PDCD9 

as MRPS29 and MRPS30 respectively (84, 127), indicates that these proteins may be 

bi-functional with a role in both protein synthesis and regulation of apoptosis (84).  

 

In yeast the mitochondrial mRNAs contain long untranslated regions (UTRs) at the 5′ 

and 3′ ends and this is where a number of different translation activation factors specific 

to different mRNAs bind to regulate protein synthesis as well as mRNA stability (70, 

128). In the animal mitochondria TACO1 is the only mRNA specific regulator of 

translation that has been identified so far (69). In yeast, four of the 11 yeast-specific 

supernumerary proteins within the small mitochondrial ribosomal subunit associate with 

the translational activators and assist in the recognition and translation of particular 

mRNAs. Clearly the yeast and mammalian supernumerary proteins differ in their roles 

within the small ribosomal subunit to either accommodate for the different structure of 

the mitochondrial transcripts in these systems or as a consequence of differing 

evolutionary pressures on the mechanisms of decoding in these systems. 
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1.4.2 Additional proteins of the large ribosomal subunit 
 

Evolution has caused a shortening of the rRNA segments and this has lead to the 

formation of channels on the surface of the 39S subunit. Some of these are found to 

contain novel mitoribosome-specific protein elements (121). These proteins are thought 

to aid in stabilization of the mitoribosome. MRPL24 is one example of these stabilizing 

proteins. In the prokaryotic ribosome MRPL24 forms contacts to the 23S rRNA helices 

H7 and H19 (129) (130). In the mammalian mitoribosome these features have been lost 

and the mitoribosome-specific protein MRPL45 as well as two currently unassigned 

protein elements form novel contacts with MRPL24 which hold it in place (121).  

 

MRPL44 is one of the mitochondrial ribosomal large subunit proteins that does not 

have a bacterial homologue (9). Recently MRPL44 has been implicated in the assembly 

of the mammalian mitochondrial large ribosomal subunit as well as the stability of 

mitochondrial peptides (101). Carroll et al 2013 hypothesise that MRPL44 may be 

contributing to COX assembly, after polypeptide exit from the ribosome. In this study 

patient fibroblasts with L156R mutation show cytochrome c oxidase (COX) deficiency 

without translation defect indicating that the mutation is affecting the stability of 

nascent mitochondrial polypeptides such as CO1 and therefore may be an indication 

that MRPL44 interacts with chaperones or assembly factors (101).  

 

In addition to the conserved proteins that surround the bacterial polypeptide tunnel exit 

MRPL39 and MRPL45 form a layer on top of these proteins (Fig 1).  MRPL39 and 

MRPL44 show homology to RNA-binding proteins however, the RNA-binding surfaces 

of these proteins are oriented towards the solvent and therefore do not appear to be used 

for interactions with rRNA. Therefore, the specific function of these proteins is yet to be 

established (121). MRPL45 is thought to support binding of the mitoribosome to the 

mitochondrial inner membrane in order to form correct alignment with the nascent 

polypeptide tunnel exit with OXA1L whose function is as an insertase for mitochondrial 

inner membrane proteins (119, 124). MRPL51 is thought to stabilize the mitoribosomal 

central protuberance by forming contacts to the body of the 39S subunit and MRPL38 

which is at the top of the central protuberance (121).  Recent findings suggest that the 

mammalian mitoribosome are anchored to the inner membrane surface by membrane 

binding ribosomal proteins (121). 
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MRPL41 is located in close proximity to the polypeptide exit channel, the same area in 

which Mrpl27, Mrpl3 and Mba1 are located (78, 100). Little is known about the role of 

MRPL41 within the large ribosomal subunit, however, it is suggested to have a pro-

apoptotic role by binding to Bcl-2 before it is imported into the mitochondrial matrix 

(131). Mba1 is the yeast homolog of MRPL41 and it functions as a ribosome receptor 

which associates with the inner mitochondrial membrane protein, Oxa1, to position the 

ribosome exit site at the inner membrane (78, 100). This is yet to be seen in mammalian 

cells but it is known that the mitochondrial ribosomes associate with the inner 

mitochondrial membrane (132). Through crosslinking of the large ribosomal subunit to 

the mammalian inner membrane protein Oxa1 L (a mammalian inner membrane 

protein) which is required for insertion of nascent polypeptides from mitochondrial 

ribosomes into the inner membrane, an association with supernumerary proteins 

MRPL48, 49 and 51 in addition to those homologous to bacterial ribosomal proteins 

MRPL13, 20 and 28 has been found. Interestingly, a core ribosomal protein, Mrpl32, 

which is a homolog of the bacterial rpl32 protein, has been found to tightly associate 

with the inner membrane following its processing by the m-AAA protease (133) 

indicating Mrpl32 may mediate the association of mitochondrial ribosomes with the 

inner membrane. 
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1.5 Mitochondrial Diseases 

 
Recent studies have shown that pathogenic mitochondrial DNA mutations are a major 

contributor to human disease and are predicted to affect ~1 in 10,000 individuals (134). 

Human mitochondrial disorders can be caused by mutations in mitochondrial or nuclear 

DNA encoding mitochondrial proteins (135). The prevalence of OXPHOS disorders in 

total (both nuclear and mtDNA mutations) is predicted to be ~1 in 5000 (134). There 

are a large number of mutations reported in tRNAs, rRNA, aaRSs and translation 

factors (136). At present, mitochondrial disorders cannot be cured, treatments that are 

available aim simply at relieving symptoms, such as palliative surgery or antiepileptic 

drugs (135).  

 

Defects in mitochondrial RNAs or mitochondrial proteins lead to mitochondrial 

dysfunction and consequently diminished energy production, a major symptom of 

mitochondrial diseases. As it stands the process of mitochondrial protein synthesis 

remains poorly understood. Consequently little is known about the regulation of 

mitochondrial gene expression and how defects in protein synthesis can lead to the 

onset and pathogenesis of mitochondrial disease. 

 

Significant insight into the regulation of mitochondrial gene expression has come from 

human diseases caused by mutations in genes encoding mitochondrial proteins that lead 

to mitochondrial dysfunction that causes mitochondrial diseases (137). For example, the 

role of MRPS22 was identified when a mutation in its gene was found to impair 

assembly of the small ribosomal subunit and result in compromised OXPHOS activity 

causing edema, fatal cardiomyopathy and tubulopathy (79). Mutations in MRPS16, 

MRPL3 and MRPL12 have been identified to cause defects in mitochondrial protein 

synthesis and lead to mitochondrial diseases (138-140). In addition, mutations in the 

SPG7 gene that encodes paraplegin causes hereditary spastic paraplegia and impairs the 

processing of MRPL32 and incorrectly processed MRPL32, is not assembled into the 

mitochondrial ribosome leading to impaired mitochondrial protein synthesis (133). 

 

Investigation of genomes from mitochondrial disease patients using advanced next 

generation technologies has allowed the identification of many new mutations within 

mitochondrial genes. Whole exome sequencing has identified a mutation in the gene 
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encoding MRPL44 that causes mitochondrial infantile cardiomyopathy and results in 

decreased protein levels of cytochrome oxidase (101). MRPL44 is one of the 

mitochondrial ribosomal large subunit proteins that does not have a bacterial homolog 

(9). The L156R mutation identified in MRPL44 was shown to result in decreased 

MRPL44, MRPL13 and 16S rRNA levels (101) in the patient, likely as a result of a 

destabilized mitoribosome. Although MRPL44 is located near the polypeptide exit site 

(121), its role in the mitoribosome is still unclear. Interestingly, the mutation in 

MRPL44 did not impair mitochondrial protein synthesis in fibroblasts (141), suggesting 

that there may be tissue-specific effects of mutations in mitochondrial proteins involved 

in translation. This has previously been seen for mutations in factors associated with the 

translation machinery such as aminoacyl-tRNA synthetases (aaRSs) that result in 

remarkable phenotypic heterogeneity (137). Mutations in genes encoding the 

mitochondrial proteins C12orf65 and RMND1, which cause neurological disorders, 

have identified their roles in translation (142, 143).  

 

Identification of the molecular and pathophysiological mechanisms that lead to 

mitochondrial disease is often difficult to investigate using skin and muscle biopsies 

from mitochondrial disease patients. This is because the phenotype of the disease is not 

found in skin and it is challenging to work with myocytes in cell culture. Therefore 

establishing mouse models of mitochondrial disease would enable the study of the 

onset, progression and penetrance of mitochondrial disease as well as investigation of 

the tissues specifically affected in mitochondrial disease. 
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1.6 Aim of Study 
This research aims to investigate proteins involved in posttranscriptional gene 

regulation in mitochondria using cell culture and mice carrying homozygous mutations 

in genes encoding RNA binding proteins.  The specific aims were: 

• To elucidate the role of AU binding homolog of enoyl-coenzyme A hydratase 

(AUH) in mitochondria within cells.   

• To elucidate the role of the translational activator of COX1 (TACO1) in 

mitochondrial gene expression and how mutations in TACO1 cause pathology at 

the molecular level.  

• To study the role of the mitochondrial ribosomal small subunit protein 34 

(MRPS34) in the mitoribosome and understand how mutations in ribosomal 

proteins affect translation and lead to disease.  
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2. Results and Discussion 
2.1. Paper I  

A bifunctional protein regulates mitochondrial protein 

synthesis.  
We investigated the bifunctional protein known as AU binding homolog of enoyl-

coenzyme A hydratase (AUH) as recently a number of mitochondrial proteins 

containing RNA-binding domains have been shown to be important for the regulation of 

post-transcriptional gene expression in mitochondria (42). It was determined that AUH 

is localised to the mitochondrial matrix and associates with the inner mitochondrial 

membrane. Because of this localization we investigated whether AUH was associating 

with the mitoribosome and found by separating mitochondrial lysates on a 4-30% 

sucrose gradient that AUH co-migrated predominantly with the small ribosomal 

subunits indicating that AUH is associating with the mitoribosome. This association 

was further confirmed by TAP tag experiments in which MRPS27 and MRPL11 

ribosomal proteins were found enriched with AUH. It was discovered that 

overexpressing or knocking down of AUH in stable cell lines caused a reduction in 

efficiency of translation. It was also found that these altered AUH levels caused 

reduction in the abundance of the mitochondrial respiratory complexes. The pathogenic 

mutation A240V was found to reduce the abundance of the complexes, however, it was 

discovered that a catalytically inactive E209A mutation did not cause any changes 

indicating that the enzymatic activity is required in translation of proteins because too 

much of it affects protein synthesis. Expression of ribosomal proteins, however, was 

also found to be reduced only with AUH knockdown and not with AUH overexpression 

indicating that increased abundance of AUH does not affect the stability of the 

ribosomal proteins and that knocking down or overexpressing AUH causes decreased 

mitochondrial protein synthesis by different means. This was investigated further by 

assessing the affect of AUH overexpression and knockdown on ribosome assembly and 

stability by examining the mitochondrial ribosome profile of the 12S and 16S rRNA or 

ribosomal protein markers of the large and small subunit by fractionating ribosomes on 

sucrose gradients. We discovered that overexpression of AUH caused a change in the 

distribution of the mitochondrial rRNAs and mitochondrial ribosomal proteins however 

AUH knockdown did not affect the distribution of the rRNAs significantly. This 

indicates that although decrease or overexpression of AUH in cells affects the efficiency 

of translation, only reduction of AUH destabilizes mitochondrial ribosome assembly, 
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while overexpression of AUH affects the ability of mitochondrial ribosomes to form 

polysomes. It is interesting that both knockdown and overexpression of AUH cause a 

mitochondrial dysfunction. Reduced protein synthesis, with knockdown of AUH, 

supports the role of AUH in fine-tuning mitochondrial biogenesis and therefore cell 

growth. The overexpression of AUH may be blocking the release of proteins from the 

mitoribosome or inhibiting the mitoribosome from attaching to the inner mitochondrial 

membrane.  

 Decrease in protein synthesis and the consequent lowered abundance of respiratory 

complexes as a result of changes in AUH abundance in cells was found to negatively 

affect mitochondrial respiration and complex IV activity.  

We observed that knockdown and overexpression of AUH lead to disruption of the 

tubular network typical of healthy mitochondria and the appearance of individual 

punctate and rounded mitochondria. These findings indicate that physiological levels of 

AUH are required for normal inner mitochondrial membrane structure and maintenance 

of a mitochondrial reticular network. 

 

Since AUH has previously been shown to catalyze the conversion of an intermediate 

substrate in the leucine degradation pathway (144) and we know that the amino acid 

leucine has been shown to stimulate protein synthesis by cytoplasmic ribosomes (145) 

we investigated the effect of leucine on protein synthesis in mitochondria. We analyzed 

de novo mitochondrial protein synthesis in cells where AUH was knocked down, or 

where mutant or wild type AUH were overexpressed in the presence of normal or 

excess leucine by 35S-labelled incorporation of methionine and cysteine in the 13 

proteins encoded by the mitochondrial genome. We found that leucine treatment alone 

decreased mitochondrial translation and in addition reduction of protein synthesis with 

AUH knockdown and overexpression was more pronounced in the presence of leucine. 

  

This investigation has indicates that the bifunctional protein AUH, which can modulate 

mitochondrial translation and metabolize leucine provides a potential link between 

mitochondrial metabolism and gene regulation. 
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2.2.  Paper II 

Translational Activator of COX1 
 

Within the yeast Saccharomyces cerevisiae translation of the mitochondrial mRNAs 

encoded in mitochondrial DNA requires specific translational activators, which 

recognize sequences in the 5′UTRs of the mRNAs and mediate translation (146). 

Mammalian mitochondrial mRNAs lack significant 5′UTRs (35) and as such must have 

evolved alternate mechanisms to recognize mRNAs and initiate translation.   

 

A new, mRNA-specific translational activator of cytochrome c oxidase subunit I 

(TACO1) has been identified in a late onset Leigh Syndrome patient with cytochrome c 

oxidase deficiency (69). To date, TACO1 is the only mRNA specific regulator of 

translation identified in animal mitochondria (69). This defect has been mapped to 

chromosome 17q as a homozygous single-base-pair insertion in CCDC44 (69). In this 

study we look at a mouse model with a homozygous mutation in TACO1, which 

replicates Leigh syndrome, or subacute necrotizing encephalopathy. Although LS 

commonly causes severe symptoms early in life that lead to developmental regression, 

failure to thrive and often premature death (147, 148), the mutation in TACO1 was 

identified to cause a late and subtle LS onset, slowly progressive cognitive dysfunction, 

dystonia or visual impairment (69, 149). Researchers have found that patients with 

Leigh syndrome display compromised complex IV activity as well as a reduction in the 

abundance of the subunits of the respiratory complex, most dramatically so in COX1 

(69). In addition patient fibroblasts lacking in TACO1 were found to have truncated 

forms of COXI. COXI is incorporated into two complexes, one corresponding to the 

fully assembled holoenzyme (S4) and another lower-molecular-weight complex 

corresponding to an intermediate assembly complex (S3) (150).  Interestingly, in the 

patient cells it was observed that COX I stability appeared normal in the fully 

assembled complex but slightly decreased in the assembly intermediate (151). 

 

We found that TACO1mut/mut mice have an isolated complex IV deficiency. This was 

seen in the liver and heart but was more pronounced in the heart. TACO1 mutant mice 

were found to have unusual gait, retinal degeneration as well as cardiomyopathy, 

features comparable to those of patients with Leigh Syndrome. Analysis of the TACO1 

protein revealed specific binding to the mRNA CO1 and reduced abundance of the 
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protein caused a dysfunction in the formation of the small subunit of the mitoribosome. 

This indicates that TACO1 is functioning as a translational activator that binds to the 

CO1 mRNA and may also be involved in the stability and formation of the 

mitoribosome.  

 

 

2.3 Paper III 

Mitochondrial Ribosomal Small Subunit Protein 34 

(MRPS34) 

 
In addition to the core ribosomal proteins that share homology with prokaryotic 

ribosomes, human mitochondrial ribosomes have many supernumerary proteins, some 

of which may have new functions in mitochondrial translation and recognition of 

mitochondrial mRNAs within the small and large ribosomal subunits (11). MRPS34 had 

been previously isolated as a member of the family of mitochondrial ribosomal proteins 

with unknown function (1, 3). MRPS34 is a mitochondrial protein that has been found 

to be interacting with the human homolog of the Drosophila discs large tumor 

suppressor protein (hDLG) which functions as a scaffolding protein that facilitates the 

transmission of diverse downstream signals (152).  

 

In this study using mice models with a homozygous mutation in the MRPS34 nuclear 

gene we show that MRPS34 regulates mitochondrial protein synthesis and is important 

for mitochondrial RNA metabolism. We see reduction in protein synthesis and 12S 

RNA metabolism in both liver and heart but these results are more pronounced in the 

liver. We find that it is important in the process of mitoribosome biogenesis and 

function and we find that mitochondrial dysfunction caused by reduced levels of 

MRPS34 result in mild cardiomyopathy and lipid accumulation in liver in the mutant 

mice.  
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3. General Discussion/Conclusions 
The mitochondrion is a hub of cellular metabolism and plays critical roles in both 

energy production and biosynthesis. Therefore, it is crucial for the cell to regulate the 

biogenesis and maintenance of mitochondria in response to changes in cellular 

metabolism. The regulated production of mitochondrial protein complexes via 

coordinated control of cytoplasmic and mitochondrial protein synthesis is likely to be 

key to this goal. The bifunctional protein AUH, which can modulate mitochondrial 

translation and metabolize leucine provides a potential link between mitochondrial 

metabolism and gene regulation. Future studies of regulators of mitochondrial protein 

synthesis should provide new insights into the control of mitochondrial metabolism and 

function. 

 

Another RBP that regulates mitochondrial gene expression is TACO1. TACO1 is 

currently the only mRNA specific regulator of translation identified in animal 

mitochondria (69). In this study we look at a mouse model with a homozygous mutation 

in the TACO1 gene, which replicates Leigh syndrome, we found reduced levels of 

TACO1 caused by the mutation to cause an isolated complex IV deficiency. This 

deficiency was found in the liver and heart but was more pronounced in the heart. 

TACO1mut/mut mice were found to have unusual gait, visual defects as well as 

cardiomyopathy, features comparable to those of patients with Leigh Syndrome. 

Analysis of the TACO1 protein revealed specific binding to the mRNA CO1 and 

reduced abundance of the protein caused a dysfunction in the formation of the large 

subunit of the mitoribosome. This indicates that TACO1 is functioning as a translational 

activator that binds to the CO1 mRNA and may also be involved in the stability and 

formation of the mitoribosome. The role of TACO1 is likely to be minimal in 

controlling the formation of the mitoribosome as we don’t see a global affect on 

OXPHOS activity in the TACO1mut/mut mice, only reduced complex IV activity as a 

result of the reduced binding to CO1. This indicates that there are proteins within the 

mammalian mitochondria, which bind to specific mRNAs and control gene expression.  

 

MRPS34 had been previously isolated as a member of the family of mitochondrial 

ribosomal proteins with unknown function (1, 3). MRPS34 is a mitochondrial protein 

that has been found to be interacting with the human homolog of the Drosophila discs 

large tumor suppressor protein (hDLG) which functions as a scaffolding protein that 

facilitates the transmission of diverse downstream signals (152). We find that MRPS34 
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regulates mitochondrial protein synthesis and is important for mitochondrial 12S rRNA 

metabolism and metabolism of mRNAs. We find that MRPS34 is important for 

mitoribosome biogenesis and function as we see shifting of mitochondrial protein 

markers using sucrose gradients. Interestingly, this effect seems to be tissue specific 

with more profound effects seen in the liver.  

 

The compact nature of the mammalian mitochondrial genome has given rise to the 

unique features that necessitate post-transcriptional control of transcript expression. 

Investigation of RNA-binding proteins that are involved in these processes has led the 

way to further understanding mitochondrial gene expression and its effects on human 

health and disease. Recent developments in next generation sequencing technologies 

and cryo-EM have advanced our knowledge about the mitochondrial translation 

machinery, however the intricacies of its structure and function still remain unclear. A 

crystal structure of the mitochondrial ribosome would provide great insight into this 

fascinating molecular machine and may shed light on the recruitment of mitochondrial 

mRNAs to the mitoribosome as well as the exit and insertion of newly synthesized 

proteins into the mitochondrial membrane. Functional analyses of mutations in 

mitochondrial ribosomal proteins of patients suffering from mitochondrial disease 

should provide further understanding about the regulation of translation and how a 

defect within the mitoribosome can result in tissue-specific pathologies. Each new 

discovery is a step closer towards fundamental knowledge that would enable treatment 

and potential prevention of mitochondrial dysfunction in disease. 
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Supplementary Information  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Supplementary Figure 1 
35

S labeling of mitochondrial proteins  

Supplementary Figure 2 AUH affects ribosome protein abundance  

Supplementary Figure 3 AUH affects mitochondrial RNA metabolism  

Supplementary Figure 4 AUH affects mitochondrial morphology in cells  

Supplementary Figure 5 AUH affects translation in response to leucine levels 

 
 

 
Supplementary Figure 1 AUH-TAP protein expressed in 143B cells was purified 
using rabbit IgG agarose and eluted by tobacco etch virus (TEV) protease cleavage. 
RNA associated with the eluted AUH-TAP was reverse transcribed and analyzed by 
qRT-PCR. Values are expressed as a ratio of AUH-TAP compared to purification from 
cells expressing EGFP-TAP protein as control. Data normalized to HPRT1 mRNA are 

means ± SD of two independent biological experiments. (B) 
35

S labeling of 
mitochondrial proteins. The protein synthesis of cytoplasmic proteins was inhibited 

with emetine, allowing the incorporation of 
35

S-labeled methionine and cysteine in the 
13 mitochondrial proteins synthesized by the mitochondrial ribosomes. Equal amount of 
cell lysate protein (20 μg) was separated on 10-20% SDS polyacrylamide gels and 
stained with Coomassie blue. Protein loading of samples shown in Figure 2B. 
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Supplementary Figure 2 AUH affects ribosome protein abundance. The abundance of 
mitochondrial ribosomal proteins detected by immunoblotting was quantified by 
ImageJ. Data are means ± SEM of three independent biological experiments. 

 

 
Supplementary Figure 3 AUH affects mitochondrial RNA metabolism. RNA isolated 
from cells with AUH knockdown, overexpression or mutation was analyzed by qRT-
PCR. The data is expressed as a ratio of transcripts from experimental samples 
compared to control samples. Amplification of mature mitochondrial mRNA transcripts 
is shown. Data normalized to Hypoxanthine-guanine phosphoribosyltransferase 
(HPRT1) mRNA (A) and U2 small nuclear RNA (B) are means ± SD of two to three 
independent biological experiments. 
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Supplementary Figure 4 AUH affects mitochondrial morphology in cells. Cells where 
AUH is knocked down or the wild type or mutant AUH-E209A and AUH- A240V 
proteins are overexpressed were incubated with 50 nM Mitotracker Orange, fixed and 
visualized by fluorescent microscopy. 
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AUH-A240V AUH-E209A AUH-TAP AUH shRNA Control shRNA 

 
Supplementary Figure 5 AUH affects translation in response to leucine levels. Protein 

synthesis was measured by pulse incorporation of 
35

S-labelled methionine and cysteine 
in cells where endogenous AUH levels are knocked down or overexpressed in the 
presence of 10 mM leucine. The gels were stained with Coomassie to confirm equal 
protein loading of samples shown in Figure 7. 
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ABSTRACT 

 
The mammalian mitochondrial messenger RNAs (mRNAs) are unique as they do not 

contain conventional 5′ and 3′ untranslated regions (UTRs), Shine-Dalgarno sequences, 

or 5′ 7-methylguanosine caps and base modifications. Consequently mammalian 

mitochondria must have evolved alternate mechanisms to recognize mRNAs and initiate 

translation. To date there has been only one specific translational activator of 

cytochrome oxidase subunit I (TACO1) identified in a patient with Leigh Syndrome. 

Leigh Syndrome is a result of a mutation in the Taco1 gene that causes an isolated 

cytochrome c oxidase deficiency. We have investigated the role of TACO1 in mice 

carrying a homozygous missense mutation in the nuclear gene encoding this protein. 

This mutation causes loss of the TACO1 protein, which reduces the production of the 

COXI protein and results in an isolated Complex IV deficiency and decreased 

mitochondrial biogenesis and respiratory dysfunction. We show that TACO1 positively 

affects translation of the MT-CO1 by binding to its mRNA. In addition, we find that the 

TACO1 protein is required for the stability of the mitochondrial ribosomal small 

subunit. As a result of the TACO1 mutation mice show similar clinical pathologies to 

the patients with Leigh syndrome including retinal degeneration, abnormal gait, 

cardiomyopathy and learning disability making them a model for future studies of the 

onset and progression of Leigh Syndrome. 
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INTRODUCTION  
 

Mitochondria contain their own genome, which codes for a small number of proteins 

that are part of the membrane-embedded reaction respiratory chain complexes, required 

for oxidative phosphorylation. In the yeast Saccharomyces cerevisiae, the expression of 

the mitochondrial encoded proteins is regulated by translational activators that bind to 

mitochondrial mRNAs, in most cases to the 5′-untranslated regions, to facilitate their 

translation by mitochondrial ribosomes (1). Mammalian mitochondrial mRNAs lack 

significant 5′ UTRs (2) and as such must have evolved alternate mechanisms to 

recognize mRNAs and initiate translation. Defects within the translational processes of 

the mitochondria are among the most common causes of mitochondrial disease (3), 

however, little is known about the mechanisms involved in regulation of mitochondrial 

translation. 

The translational activator of COX1 (TACO1) was identified when a single-base-pair 

insertion in position 472 (472insC) was found in patients with late onset Leigh 

syndrome that caused a cytochrome c oxidase deficiency (4). This mutation results in a 

frame shift that generates a premature stop codon causing loss of the TACO1 protein. 

TACO1 and bacterial homologs belong to the DUF28 family of proteins that share 

structural similarity but their roles in cells are not known (4). Although TACO1 is the 

only mammalian translational activator identified as an mRNA specific regulator to date 

(4), its molecular function in translation remains unclear.  

Leigh syndrome, or subacute necrotizing encephalopathy is a rare, inherited progressive 

neurodegenerative disorder first reported in 1951 by Denis Leigh. Lesions are seen in 

the central nervous system e.g., focal, bilaterally symmetrical lesions, particularly in the 

basal ganglia, thalamus, and brainstem (5, 6). Patients present with highly variable 

clinical features but most frequently the central nervous system is affected, with 
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psychomotor retardation, epilepsy, nystagmus, ophthalmoparesis, optic atrophy, ataxia, 

dystonia, or respiratory failure associated with brainstem dysfunction. Analysis of the 

mitohcndrial respiratory complexes in patient fibroblasts analyzed by Blue-Native 

polyacrylamide gel electrophoresis (BN-PAGE) showed reduced levels of fully 

assembled cytochrome c oxidase and in addition analysis of translation products 

revealed a specific defect in the rate of synthesis of the COX I subunit (4). 

Although TACO1 has been identified as a mitochondrial disease gene, how this protein 

can act on a specific mRNA to modulate its expression selectively and how mutation in 

this gene leads to the onset and progression of Leigh Syndrome is of particular interest. 

Here we have used mice that have a homozygous missense point mutation in the Taco1 

gene, which causes loss of the TACO1 protein suggesting that TACO1 is not an 

essential protein for survival. We found that TACO1 binds to the MT-CO1 mRNA and 

that loss of the protein in the Taco1mut/mut mice causes an isolated complex IV 

deficiency, resulting in reduced cytochrome c oxidase activity and respiration at this 

complex. In addition, reduced TACO1 expression was found to affect the stability of the 

mitochondrial small ribosomal subunit. The mutation in the Taco1 gene causes 

pathology in a range of tissues including retinal degeneration, motor dysfunction and 

cardiomyopathy. The Taco1mut/mut mice can be used as a model to investigate the onset 

and progression of Leigh syndrome.  

 

 
2. Materials and Methods  

Animals and Housing 

Male age- and littermate matched (6–8 weeks ‘young’ and 30 weeks ‘aged’) wild-type 

(Taco1 wt/wt) and homozygous mutant mice (Taco1mut/mut) ENU mice on a C57BL/6J 

background were obtained from the Australian Phenomics Facility. The TACO1 mice 
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were bred onto a C57Bl/6 background for 8-10 generations. Animals were singly 

housed in standard cages (45 cm × 29 cm × 12 cm) under a 12-h light/dark schedule 

(lights on 7 a.m. to 7 p.m.) in controlled environmental conditions of 22 + 2 °C and 

50 + 10% relative humidity. Normal chow diet with physiological levels of thiamine 

(Rat & Mouse Chow, Specialty Foods, Glen Forrest, Western Australia) and water were 

provided ad libitum.  All trials were conducted within the same six hours of the light 

cycle. The study was approved by the Animal Ethics Committee of the UWA (AEC 

03/100/526) and performed in accordance with Principles of Laboratory Care (NHMRC  

Australian code for the care and use of animals for scientific purposes, 8th Edition 

2013).  

 

Mitochondrial isolation  

Mitochondria were isolated from hearts and livers and isolated as described previously 

(2, 7-17) with some modifications. Liver mitochondria were homogenized in buffer 

containing 250mM Sucrose, 5mM Tris-HCl, 1mM EGTA pH 7.4 and heart 

mitochondria were homogenized in 210 mM mannitol, 70 mM sucrose, 10 mM Tris, 

0.1mM EDTA pH 7.4. A 7 ml tissue grinder (Wheaton, Item Number. 357538) with 

loose and tight pestle was used.   

 

Sucrose gradient subfractionation 

Mitochondria isolated from livers and hearts of Taco1wt/wt and Taco1mut/mut mice were 

lysed in 30mM Tris/HCL, 150mM NaCl, 1.5%DDM for 30 min, the lysate centrifuged 

at 10,000 g for 10 min, the clarified lysate was loaded on a 3.5 mL continuous 4-30% 

sucrose gradient (in 20 mM Tris, 10 mM magnesium acetate, pH 7.5, supplemented 

with 1 mM PMSF) and centrifuged at 100,000 g for 3 h using a SW60 Ti rotor in an 

Optima Beckman Coulter preparative ultracentrifuge. Fractions were collected and 
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precipitated with 30% trichloroacetic acid, washed in acetone, neutralised with 1M Tris 

and the entire fraction resolved by SDS-PAGE. Protein markers of the mitochondrial 

ribosomal subunits were detected by immunoblotting as described below.   

 

RNA Isolation and northern blotting 

RNA was isolated from mitochondria using the miRNeasy Mini kit (Qiagen) 

incorporating an on-column RNase-free DNase digestion to remove all DNA. RNA (5 

µg) was resolved on 1.2% agarose formaldehyde gels, then transferred to 0.45 µm 

Hybond-N+ nitrocellulose membrane  (GE Lifesciences) and hybridized with 

biotinylated oligonucleotide probes specific to mouse mitochondrial mRNAs, rRNAs 

and tRNAs. The hybridizations were carried out overnight at 50°C in 5x SSC, 20 mM 

Na2HPO4, 7% SDS and 100 µg.ml-1 heparin, followed by washing. The signal was 

detected using either streptavidin-linked horseradish peroxidase or streptavidin-linked 

infrared antibody (diluted 1: 2000 in 3x SSC, 5% SDS, 25 mM Na2HPO4, pH 7.5) by 

enhanced chemiluminescence (GE Lifesciences) or using an Odyssey Infrared Imaging 

System.  

 

Preparation of fluorescently labeled RNAs 

Overlapping 200 bp fragments corresponding to the mouse MT-CO1 mRNA were 

synthesized from overlapping oligonucleotides and each fragment was cloned into 

pMA-7-Ar (GeneArt, Life Technologies), flanked at the 5′ end by a T7 promoter 

sequence and at the 3′ end by an XmaI recognition site. Plasmids were linearized by 

XmaI digestion and fluorescently labeled RNAs were synthesized via direct 

incorporation of aminoallyl-UTP-ATTO-680 (Jena Bioscience) during in vitro 

transcription with the MAXIscript T7 kit and purified using NucAway spin columns 

(Ambion, Life Technologies).  
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RNA electrophoretic mobility shift assays (RNA EMSA)  

Purified TACO1 protein (at equimolar to 8-fold in excess concentration relative to the 

probe) and was incubated at room temperature for 30 min with 100 ng/µl ATTO-680 

labeled RNAs in 10 mM HEPES (pH 8.0), 1 mM EDTA, 50 mM KCl, 2 mM DTT, 0.1 

mg/ml fatty acid-free BSA, and 0.02% Tween-20. Reactions were analyzed by 10% 

PAGE in TAE and fluorescence was detected using a Typhoon FLA 9500 biomolecular 

imager (GE). 

 

Immunoblotting 

Specific proteins were detected using rabbit polyclonal antibodies against: MRPL44, 

MRPL23, TACO1, MRPS35, MRPS16 (Proteintech, diluted 1:1000) MRPS34 (Sigma, 

diluted 1:1000) and mouse monoclonal antibodies against: porin, NDUFA9, Complex 

II, Complex III, COXI, COXII, COXIV and Complex V subunit  (Abcam   

1:1000), in Odyssey Blocking Buffer (Li-Cor). IR Dye 800CW Goat Anti-Rabbit IgG 

or IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) secondary antibodies were used and 

the immunoblots were visualized using an Odyssey Infrared Imaging System (Li-Cor). 

Tissue specific analysis was performed on a Proteintech mouse tissue blot (Cat. No 

M10005). 

 

Mitochondrial protein synthesis 

Mitochondria were isolated from hearts and livers of Taco1wt/wt and Taco1mut/mut mice as 

described above and de novo protein synthesis was analyzed as described before(18). 
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Blue Native Page Electrophoresis 

BN-PAGE was carried out using isolated mitochondria from livers and hearts of 

Taco1wt/wt and Taco1mut/mut as described previously (19). BN-PAGE was analysed by 

transferring to PVDF and immunoblotting against the respiratory complexes. Two-

dimensional (2D) blue native was also performed by excising the bands of each 

complex and soaking in 1% SDS/1% Beta-mercaptoethanol  to reduce and alkylate the 

proteins and then running on an SDS page gel and transferring to PVDF as described 

above.  

 

Complex enzyme assays 

Enzyme assays were carried out in a 1 ml cuvette at 30°C using a Perkin Elmer lambda 

35 dual beam spectrophotometer. Citrate synthase was assayed by standard procedures. 

Complex I was assayed as the rotenone-sensitive rate of NADH reduction of CoQ1, 

Complex II by the thenoyltrifluoroacetone- sensitive rate of succinate reduction of 2,6-

dichlorophenolindophenol. Combined Complex II and Complex III activity was assayed 

as the myxothiazol- sensitive rate of reduction of ferricytochrome c by succinate. 

Complex III was measured as the myxothiazol-sensitive rate of reduction of 

ferricytochrome c by CoQ2 and Complex IV was measured as the cyanide-sensitive 

oxidation of ferrocytochrome c and Complex V was assayed as the oligomycin-sensitive 

rate of ATP hydrolysis, measured by coupling ADP production to NADH oxidation by 

a linked enzyme assay. Briefly, ATP hydrolyzed to ADP by Complex V was 

reconverted to ATP through reaction with phosphoenolpyruvate catalysed by pyruvate 

kinase, with the pyruvate produced coupled to NADH oxidation by lactate 

dehydrogenase as described in (20). 
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Respiration  

Mitochondrial respiration was evaluated as O2 consumption in isolated mitochondria 

from heart and liver of Taco1wt/wt and Taco1mut/mut according to Kuznetsov et al. 

Mitochondria were supplemented with substrates for either complex I (10 mM 

glutamate/malate, Sigma), II (10 mM succinate, Sigma) or III (1 mM TMPD/1 mM 

ascorbate, Sigma). After addition of 1 mM adenosine diphosphate (ADP, Sigma) to the 

recording chamber, State 3 respiration activity was measured. ADP independent 

respiration activity (State 4) was monitored.  

 

Protein expression and purification  

The coding sequence of mouse Taco1, lacking its N-terminal mitochondria targeting 

sequence, (amino acids 27-294, NP_081622.1) was cloned into pETM30 and expressed 

as a fusion to an N-terminal His tag and glutathione S-transferase in E. coli ER2566 

cells (New England Biolabs). Protein was purified using HIS-Select Nickel Affinity Gel 

according to the manufacturer’s instructions (Sigma-Aldrich). The purified protein was 

dialyzed against 300 mM NaCl, 50 mM Tris-HCl (pH 7.5), and 50% glycerol before use 

in RNA EMSA. Protein concentration was determined by the bicichoninic acid (BCA) 

assay using bovine serum albumin (BSA) as a standard. 

 

Behavioral and motor testing 

Light-dark exploration test 

A light-dark tunnel was used to investigate locomotor activity and light sensitivity (21). 

The tunnel is a 2m long enclosed perpex tunnel (approx 15cm x 15cm square) divided 

into a light (transparent) half and a dark (black) half. Each mouse was placed at the 

farthest end of the light half and the tunnel was sealed. Over the course of 10 minutes 

the number of times the mouse crossed from the light to the dark side was recorded, as 

   68 



well as the total amount of time the mouse spent in the light. 

Optomotor response 

The mouse visual response to moving stimuli was investigated using an optokinetic 

drum fitted with a moving stimulus pattern of black and white stripes of 1cm width 

(22). The drum itself comprised a motorised Perspex cylinder of 30cm diameter, which 

rotated around a 13 central pedestal, using a rotational speed of 2 revolutions per 

minute. Mice were placed in a non-reflective transparent cylindrical container on the 

central pedestal. After a 2 minute acclimatization period the mouse was video recorded 

with the drum rotating clockwise for 2 minutes and then anticlockwise for 2 minutes, 

with a 2 minutes rest period in between. The video was analysed to record the number 

of tracking movements and the total time spent tracking. 

Hanging wire test 

In order to test for neuromuscular abnormalities (23) mice were placed (front paws 

only) in the middle of a 1mm diameter horizontal wire 50cm above the ground. The 

wire was 1m long with a wooden platform that the mice could climb onto at each end. 

Each mouse was tested 4 times on 4 consecutive days. On each day the time taken to 

complete the task and distance travelled was recorded. The task was ceased after 1 

minute 30 seconds.  

Rotarod test 

Tests for muscular coordination and strength were determined by performance on a 

rotarod. Mice were placed on a rotating drum that gradually accelerated from 2 rpm to 

40 rpm during a 5-min test. The results of 3 replicates of each tested were averaged and 

repeated for daily for 4 consecutive days.  

Echocardiography 

Echocardiographic studies to measure left ventricular function were performed on mice 

under light methoxyflurane anesthesia with the use of an i13L probe on a Vivid 7 
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Dimension (GE Healthcare). Echocardiographic measurements were taken on M-mode 

in triplicate from each mouse. The quantitative measurements represent the average of 

30 week old Taco1wt/wt (n=5) and litter-mate matched 30 week old Taco1mut/mut (n=5) 

mice. M-mode recordings were made at a sweep speed of 200 mm/s. Measurements of 

left ventricular end diastolic diameter (LVEDD), left ventricular end systolic diameter 

(LVESD), fractional shortening (FS), left ventricular posterior wall in diastole 

(LVDPW), left ventricular posterior wall in systole (LVSPW), intraventricular septum 

in diastole (IVDS), and intraventricular septum in systole (IVSS) were made. Fractional 

shortening (FS) was calculated by the formula [(LVEDD-LVESD)/EDD] x 100. 

 

Immunohistochemistry  

Mice were anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and perfused 

transaortically with 4% paraformaldehyde in 0.1M PBS, pH 7.4 and the eyes stored in 

30% sucrose. Frozen eye sections of 20 μm thickness were cut using a cryostat and 

transferred to slides. Slides were washed in distilled H2O (dH2O) for 2 minutes then 

heated to 50°C in 5% acetic acid 95% ethanol solution. The slides were washed in dH2O 

and then incubated in cresyl stain (5% cresyl acetate, 2% sodium acetate anhydrous in 

dH2O) at 50°C for 8 minutes. Slides were incubated for 11 minutes at room temperature 

in 5% acetic acid 95% ethanol solution and then washed three times in 100% ethanol for 

2 minutes followed by two 2 minute wash in Xylene. Coverslips were attached using 

Entellen and images were acquired using a Nikon Ti Eclipse inverted microscope using 

a Nikon 20x objective.  
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RESULTS 

Mice with a homozygous mutation in Taco1 have reduced expression of the 

TACO1 protein 

A mouse line carrying an ENU-induced T491A point mutation in the Taco1 that 

converts an isoleucine residue at position 164 to asparagine (Fig. 1A) was identified by 

whole exome sequencing as described previously (24). Sanger sequencing shows that 

the Taco1mut/mut are homozygous for the mutation that is absent in the Taco1wt/wt mice 

(Fig. 1B). The isoleucine residue at position 164 is conserved in vertebrates (Fig. 1B), 

and packs between a pair of alpha helices in the predicted protein structure based on the 

structural similarities with its archaeal TACO1 homolog (25). We investigated the 

abundance of the TACO1 protein in a range of mouse tissues and found it to be 

ubiquitously expressed across brain, colon, heart, kidney, liver, thymus, pancreas, skin 

and testis (Fig. 1C). We identified that the Taco1 I164A mutation resulted in a loss of 

TACO1 abundance in liver and heart mitochondria from Taco1mut/mut compared to age 

and littermate matched Taco1wt/wt mice (Fig. 1D).  

 

Mutation in the Taco1 gene causes an isolated complex IV deficiency 

Next we investigated the effects of TACO1 loss on the abundance and integrity of the 

mitochondrial respiratory complexes on young and aged mice by blue native 

polyacrylamide gel electrophoresis (BN-PAGE).  The point mutation in the human 

TACO1 gene causes a late-onset Leigh Syndrome (4), therefore we investigated the 

effects of the Taco1 mutation on mitochondrial proteins and function in young (Fig. 2A 

and B) and aged (Fig. 2B and C) mice. In mitochondria isolated from livers (Fig. 2A 

and C) and hearts (Fig. 2B and D) we observed a decreased abundance of complex IV in 

Taco1mut/mut mice, but not the other respiratory complexes suggesting that loss of 

TACO1 causes an isolated complex IV deficiency in mice. Interestingly, we observed 
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that the Taco1 mutation caused a more profound reduction of complex IV in the heart to 

the liver of Taco1mut/mut compared to Taco1wt/wt young and aged mice. We investigated 

the abundance of the native complexes by immunoblotting following BN-PAGE and 

confirmed that only complex IV was significantly reduced in the Taco1mut/mut mice 

compared to controls (Fig. 3A and B). The complex IV reduction was observed in both 

liver and heart mitochondria but again it was lower in the heart (Fig. 3A and B). In 

addition, we performed 2D SDS-PAGE on heart tissue to analyse the effect of the 

mutation on the individual subunits of complex IV following BN-PAGE. We observed 

a specific decrease in protein subunits of complex IV relative to complex II that was 

used as a control in the Taco1mut/mut mice  (Fig 3C). This suggests that the Taco1 

mutation affects the stability and consequently abundance of cytochrome c oxidase. 

 

TACO1 affects translation of the cytochrome c oxidase subunit I   

We analyzed the effects of the Taco1 mutation on the steady-state abundance of 

mitochondrial proteins by immunoblotting in both young and aged mice. The levels of 

the mitochondrially encoded COXI and COXIV were decreased in the young mice in 

both liver (Fig. 4A) and heart (Fig. 4B) and this reduction was more apparent in the 

heart. In the aged mice (Fig. 4 C and D) there was a reduction in COXI and COXIV and 

an increased abundance of COXII in the Taco1mut/mut mice compared to the Taco1wt/wt, 

likely to be a compensatory mechanism for the sustained reduction in COXI. This is 

evident from the more significant decrease in abundance of mitochondrially-encoded 

proteins in the aged Taco1mut/mut compared to the young mice.   

 

Analysis of mitochondrial translation using 35S-methionine and cysteine incorporation 

into newly synthesized proteins revealed specific reduction of COXI in the hearts and 

livers of young (Fig. 5A and B) and aged (Fig. 5C and D) Taco1mut/mut mice. The 
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reduction of COXI abundance was more prominent in heart tissue (Fig. 5 B and D). 

This corroborates previous findings in human cells carrying the TACO1 mutation that 

TACO1 is important specifically for the translation of MT-CO1 (4).We observed 

changes in both mtDNA and nuclear encoded polypeptides of cytochrome c oxidase, but 

not in polypeptides of the other respiratory complexes, indicating that only the 

biogenesis of complex IV is compromised. Cytochrome c oxidase is comprised of 

distinct subcomplexes of which formation is a linear process. The first of these 

subcomplexes (S2) is comprised of COX I and COX IV (26) and therefore the 

compromised translation of COXI in the Taco1mut/mut mice is rate limiting for the 

production of the entire complex.   

 

TACO1 binds the MT-CO1 mRNA but is not required for its stability 

We analyzed the effects of Taco1 mutation on abundance of mature mitochondrial 

RNAs in hearts and livers by northern blotting.  There were no significant changes in 

the levels of mitochondrial mRNAs, tRNAs or rRNAs in heart and liver mitochondria 

of young Taco1mut/mut mice compared to Taco1wt/wt mice (Fig. 6A and B).  Analyses of 

mitochondrial RNAs in the aged mice revealed that the Taco1 mutation does not affect 

their abundance (Fig. 6C and D).   

 Because we observed that TACO1 specifically affects the expression of the MT-

CO1 mRNA as previously observed (4) we investigated if TACO1 is an RNA-binding 

protein that can bind the MT-CO1 mRNA. We investigated the association of purified 

mouse TACO1 protein across the entire length of the MT-CO1 mRNA by RNA 

electrophoretic mobility shift (EMSA) assay. We found that TACO1 binds the mRNA 

in distinct regions relative to the MT-A8 that was used as a control (Fig 7), suggesting 

that TACO1 is an RNA-binding protein is required for the translation but not stability of 

the MT-CO1 mRNA.   
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TACO1 affects the stability of the mitochondrial small ribosomal subunit 

We investigated the effects of Taco1 mutation on the abundance of mitochondrial 

ribosomal proteins from the large and small subunit in young liver and heart (Fig. 8A 

and B) and aged liver and heart (Fig. 8C and D). We observe no change in abundance of 

MRPS34 and MRPL44 as marker proteins of the small and large ribosomal subunits, 

respectively, indicating that TACO1 is not required for the steady-state levels of 

specific ribosomal proteins.  Next we analyzed if the Taco1 mutation affects the 

ribosome and polysome stability using sucrose gradients followed by immunoblotting 

(Fig. 8D and E). Immunoblotting showed that the biogenesis of the large ribosomal 

subunit is not affected by the Taco1 mutation, as we did not observe changes in the 

distribution of the large subunit protein MRPL44. However, we found that the 

distribution of the MRPS34 protein was shifted to a less dense fraction in the 

Taco1mut/mut compared to Taco1wt/wt mice. In addition, in both liver and heart 

mitochondria we observed a reduction in the number of polysomes in the Taco1mut/mut 

mice suggesting that TACO1 affects the stability of the small ribosomal subunit of the 

mitoribosome, which may have consequent effects on the formation of polysomes.  

 

The Taco1 mutation leads to decreased cytochrome c oxidase activity 

To determine if the Taco1 mutation caused mitochondrial dysfunction, we measured 

complex activity (Fig. 9 A-D) in Taco1wt/wt and Taco1mut/mut mice. Both young and aged 

TACO1mut/mut mice have significantly reduced cytochrome c oxidase activity in heart and 

liver (Fig. 9) compared to the Taco1wt/wt mice, but the remainder of the complexes are 

not affected by the mutation. This result is true for both young and aged mice. 

Respiration was measured in Taco1wt/wt and Taco1mut/mut young and aged mice and we 

found that the Taco1mut/mut mice have reduced respiration in complex IV in heart and 

liver but not at complex I and III (Fig. 9E). Therefore, loss of the TACO1 protein results 
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in compromised formation of the terminal complex of the electron transport chain, 

complex IV, which causes mitochondrial dysfunction in respiration and cytochrome c 

activity.  

 

Taco1mut/mut mice have motor dysfunction, signs of premature aging and 

cardiomyopathy 

We investigated the motor coordination, strength, and balance in the Taco1wt/wt and 

Taco1mut/mut using the hanging wire test and rotarod. In the hanging wire test, 

Taco1mut/mut mice were unable to complete the task (travelling across the wire to the 

ends where a platform was located) as often than the Taco1wt/wt mice (Fig. 10A). In 

addition, the Taco1mut/mut mice travelled less distance across the wire than the Taco1wt/wt 

mice (Fig. 10B). Taco1wt/wt mice showed improved performance on the rotorrod after 4 

days; however, the Taco1mut/mut mice did not show as marked improvement, 

demonstrating problems with learning and adaptation abilities (Fig. 10C). By day 4 the 

Taco1mut/mut  mice still performed significantly worse (p<0.05) than Taco1wt/wt mice (Fig. 

10D). These results demonstrate that there is discrimination between the motor 

coordination of Taco1mut/mut and TACO1 wt/wt mice. Furthermore, the Taco1mut/mut mice 

were observed to have abnormal gait, which is likely the cause of their impaired motor 

function. In addition the Taco1mut/mut mice have greying coats compared to the aged 

matched Taco1wt/wt mice, a sign of premature aging. To characterize the phenotype in 

the adult Taco1mut/mut mice, cardiac structure and function were assessed by 

echocardiography. The Taco1mut/mut mice displayed increased percentage of fractional 

shortening, increased thickness of the left ventricular posterior wall in diastole, 

increased thickness of the left ventricular posterior wall in systole, increased 

intraventricular septum in diastole and increased thickening of the intraventricular 

septum in systole compared to the Taco1wt/wt mice (Fig. 10D). These results indicate that 
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the Taco1mut/mut mice have hypertrophy/cardiomyopathy and are hypermetabolic 

(increased fractional shortening) but not failing (Fig. 10D).  

 

Taco1mut/mut mice have retinal degeneration  

Optokinetic Drum experiments were performed to test the mice’s ability to visualise and 

it was found that the Taco1mut/mut mice spent significantly less time tracking (following 

the lines on the drum with their eyes) (Fig. 11A) and also performed significantly less 

number of tracks indicating a deficiency in eye sight (Fig. 11B). Light/dark experiments 

assessing total time spent in the dark versus light showed no significant difference 

between Taco1wt/wt and Taco1mut/mut mice.  This indicates that the mutant mice are able 

to distinguish between light and dark in a similar fashion to the wild type mice (Fig. 

11C). 

 

We investigated the structure and morphology of the eyes and the optic nerve using 

cresyl staining and electron microscopy in aged mice. We find that the mutant mice 

have a reduction in the outer plexiform layer and the inner nuclear layer indicative of 

retinal degeneration (Fig. 11D). We measured the different layers in the eye of the mice 

and observed that the outer plexiform and inner nuclear layers were significantly 

reduced in the Taco1mut/mut mice (Fig. 11E). In addition, we observed degeneration in the 

optic nerves of Taco1mut/mut mice compared to Taco1wt/wt mice (Fig. 11F), consistent 

with the degeneration observed in the retinal cells.  
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Discussion 

In yeast mitochondria translational activators are nuclear encoded proteins that regulate 

translation either by recognizing 5′-UTRs of mitochondrial mRNAs in a substrate 

specific manner or interact with proteins of the small and large subunit of the ribosome 

to initiate translation. Translational activators are important in restricting translation to 

the membrane surface by binding to the mitochondrial inner membrane and are present 

in limiting amounts so as to contain the expression of their target RNA.  In some cases 

translational activators have been found to bind directly or indirectly to the nascent 

polypeptide chains in order to guide them to the assembly machinery (27). In 

mammalian mitochondria TACO1, is the only specific translational activator identified 

to date (4). We investigated the molecular and pathophysiological changes caused by a 

homozygous missense point mutation in the Taco1 gene in mice that causes loss of the 

TACO1 protein, as it has been observed for the human TACO1 mutation that causes 

late-onset Leigh Syndrome (4). Here we identify that TACO1 binds to the MT-CO1 

mRNA and that loss of TACO1 caused an isolated complex IV deficiency resulting in 

reduced mitochondrial complex activity and respiration. In addition we see that loss of 

the TACO1 protein causes reduced stability of the small ribosomal subunit and 

consequently reduced polysome formation. 

Cytochrome c oxidase (COX) is the terminal enzyme of the respiratory chain 

and its role is to catalyze the oxidation of cytochrome c by molecular oxygen to release 

energy, which is used to translocate protons across the inner mitochondrial membrane. 

COX is made up of several sub complexes and this enzyme develops in a linear fashion. 

The first subcomplex (S2) consists of COX I and COX IV (26).  In this study, loss of 

the TACO1 protein resulted in reduced production of the COXI protein and hence 
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compromised cytochrome c oxidase formation. In the Taco1mut/mut  mice this resulted in 

reduced complex activity and respiration at complex IV. In addition, the loss of TACO1 

and consequent reduced abundance of COXI resulted in a decrease in translation of 

mitochondrial proteins and proteins of complex IV. Interestingly we observed an 

increase in levels of COXII, which is likely to be a compensatory mechanism for loss of 

COX I, in the formation of cytochrome c oxidase. It has been found that translational 

activators control the level of mitochondrial protein synthesis and adapt the abundance 

of the proteins produced according to the efficiency of their assembly processes. In this 

way translational activators prevent the accumulation of non-assembled translation 

products which, can be highly deleterious to the cell (28). 

Mitochondrial ribosomes require translational activators to initiate translation of 

mitochondrial mRNAs; in addition these activators are likely to support the positioning 

of ribosomes over the correct initiation codon and at the inner membrane to allow for 

polypeptide insertion into the OXPHOS machinery. This study provides evidence for 

the interaction of a translational activator with the mitoribosome as we find that loss of 

the TACO1 protein creates instability in the mitoribosome, specifically the small 

ribosomal subunit, which is responsible for decoding of mRNAs and initiation of 

translation. In addition, we observed that the Taco1 mutation caused decreased 

polysome formation. Several proteins have been implicated in the assembly of 

mitochondrial ribosomes and are also important for protein synthesis such as NOA1 and 

Era G-protein-like 1, which may be important for the assembly of the small ribosomal 

subunit and C7orf30 which is important for assembly of the large ribosomal subunit 

(29). TACO1 may be stabilizing the elongating polypeptide to ensure completion of its 

translation, or be interacting with the peptide release factor, ensuring that the 

polypeptide does not dissociate from the ribosome until synthesis is complete and it is 

inserted into the inner membrane to assemble cytochrome c oxidase. 
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Mitochondria generate energy for the cell by oxidative phosphorylation; therefore, 

tissues with high-energy demands are most severely affected by mitochondrial 

dysfunction, resulting in a wide range of clinical presentations. This study clearly 

demonstrates that a mutation in the ubiquitously expressed TACO1 produces unique, 

tissue-specific patterns of OXPHOS deficiency. The Taco1mut/mut mice have retinal 

degeneration, cardiomyopathy and motor dysfunction due to abnormal gait as a result of 

compromised mitochondrial function.  Retinal degeneration and abnormal gait are 

pathologies similar to those seen in patients with Leigh Syndrome. Because the human 

TACO1 mutation causes a late onset Leigh Syndrome and is progressive with age we 

used young and aged mice and found that, similar to the human patients, the loss of 

TACO1 causing reduced Complex IV activity and translation of COXI and these effects 

were more apparent with age, indicating that the pathology observed in our mice is 

similar to the human disorder.  

 

The characterization and establishment of a mouse model of Leigh Syndrome has 

provided significant understanding of the onset, progression and pathophysiology of 

this disease and the role of TACO1 in mitochondrial gene expression. Elucidating the 

roles of proteins associated with mitochondrial translation enhances our understanding 

of how mitochondrial ribosomes recognize, decode and translate mitochondrial mRNAs 

and how these processes are regulated in disease. Understanding the mechanisms of 

mitochondrial dysfunction and how a mutation causes mitochondrial disease may 

provide potential new insights into the onset, progression and pathophysiology of Leigh 

Syndrome as well as provide a model for development of tailored treatments and 

therapeutics for this disorder.  
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FIGURE LEGENDS 
 

Figure 1. A mouse carrying a point mutation in the Taco1 gene. Schematic showing the 

location of the mutation in the Taco1 gene, mRNA and protein (A). The 5′- and 3′-

untranslated regions are shown as grey boxes, the predicted mitochondrial targeting 

sequence is shown as a black box  (predicted using MitoProtII, (30)). Conservation of 

the protein sequence surrounding the mutation is highlighted with residues identical to 

those in the mouse sequence boxed (the mutated isoleucine is shown in red in the mouse 

sequence). Sequences used were obtained from GenBank at NCBI (human, Homo 

sapiens, NP_057444.2; mouse, Mus musculus, NP_081622.1; cow, Bos taurus, 

NP_001192540.1; zebrafish, Danio rerio, NP_001076342.1; fruit fly, Drosophila 

melanogaster, NP_609366.2; worm, Caenorhabditis elegans, NP_497183.1; yeast, 

Saccharomyces cerevisiae, NP_011535.1) and the alignment was produced using 

ClustalW2 (31). The location of the corresponding region containing the mutated amino 

acid is shown in a cartoon representation of the predicted structure of the TACO1 

protein. The structure model was generated by threading the mouse TACO1 protein 

sequence onto the structure of an archaeal TACO1 homolog (PDB ID: 1LFP) (25) using 

Phyre2 (32). The mutation was confirmed by Sanger sequencing of PCR amplicons 

from homozygous Taco1 mutant mice and matched wild-type littermates (B). 

Distribution of the TACO1 protein in a range of mouse tissues was determined by 

immunoblotting (C) TACO1 protein levels were determined in mitochondria isolated 

from hearts and livers of Taco1wt/wt and Taco1mut/mut mice by immunoblotting. Porin was 

used as a loading control. The data are representative of results obtained from at least 

eight mice from each strain.  

 

Figure 2. Taco1mut/mut mice have reduced abundance of the mitochondrial respiratory 

complex IV. Mitochondrial proteins (50 µg) isolated from young liver and heart (A and 
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B) and liver and heart from aged (C and D) Taco1mut/mut (n=8) and Taco1wt/wt (n=8) mice 

were resolved by BN-PAGE and stained with Commassie Brilliant Blue. Four 

Taco1wt/wt mice and four Taco1mut/mut are shown in each gel.  

 

Figure 3. Loss of the TACO1 protein causes reduced expression of the protein subunits 

of the respiratory complex IV. Mitochondria isolated from livers and hearts of young 

(75µg) (A) and aged (B) Taco1mut/mut (n=8) and Taco1wt/wt (n=8) mice were analyzed by 

BN-PAGE and the gels used for immunoblotting. Specific antibodies representing 

proteins of each of the mitochondrial complexes were used to compare abundance of 

protein in the Taco1wt/wt and Taco1mut/mut mice. The data presented is of two Taco1wt/wt 

and Taco1mut/mut mice and are representative of results obtained from six mice from each 

strain and two independent biological experiments (C). Mitochondria isolated from 

heart tissue of Taco1wt/wt and Taco1mut/mut were used in 2D SDS-PAGE experiments to 

examine the individual subunits of Complex IV following BN-PAGE. Complex II used 

as a control (Fig. 3C). This suggests that the Taco1 mutation affects the stability and 

consequently abundance of cytochrome c oxidase. 

 

Figure 4. Loss of the TACO1 protein results in reduced steady state levels of 

mitochondrial proteins. Mitochondrial proteins (20 µg) from young (A) and aged (B) 

Taco1wt/wt (n=9) and Taco1mut/mut (n=9) liver (A and C) and heart (B and D) were 

resolved on SDS-PAGE gels and immunoblotted against antibodies to assess any 

changes in protein abundance. Porin was used as a loading control.  

 

Figure 5. Loss of TACO1 causes reduction in mitochondrial de novo protein synthesis. 

Protein synthesis in liver and heart of young (A) and aged (B) Taco1wt/wt  (n=7) and 

Taco1mut/mut (n=7) was measured by pulse incorporation of 35S-labelled methionine and 
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cysteine. Equal amounts of cell lysate protein (20 µg) were separated by SDS–PAGE 

and visualized by autoradiography. Equal amounts of cell lysate protein (20 µg) were 

separated by SDS–PAGE and visualized by autoradiography.  

 

Figure 6. The Taco1 mutation does not affect mitochondrial RNA metabolism (A). The 

abundance of mature mitochondrial transcripts in mitochondria isolated from young 

Taco1wt/wt  (n=5) and Taco1mut/mut (n=5) livers and hearts was analyzed by northern 

blotting (B). The abundance of mature mitochondrial transcripts in aged liver and heart 

was analyzed by northern blotting. 18S rRNA was used as a loading control. The data 

are representative of results obtained from at least eight mice from each strain and three 

independent biological experiments. 

 

Figure 7. Taco1 is a CO1 mRNA-binding protein. A set of partially overlapping RNA 

probes was used in RNA electrophoretic mobility shift assays (REMSAs). The locations 

of RNA probes within the CO1 gene region in mouse mtDNA are shown (A). REMSA 

analyses were performed with increasing concentrations of purified Taco1 protein (B). 

Increasing concentrations (2-fold) of purified TACO1 protein were incubated at room 

temperature for 30 min with 100 ng/µl MT-CO1 RNA probes. Reactions were analyzed 

by 10% PAGE in TAE and fluorescence was detected using a Typhoon TRIO scanner 

(GE). 

 

Figure 8. TACO1 does not affect mitochondrial ribosomal protein abundance but does 

affect stability and biogenesis of the mitoribosome. Mitochondrial ribosomal protein 

abundance was measured by immunoblotting in mitochondrial isolated from hearts and 

livers of young (A) and old (B) Taco1mut/mut and Taco1wt/wt mice (C). Distribution of 

ribosomal proteins analyzed by immunoblotting against ribosomal subunit marker 

antibodies in mitochondria isolated from hearts and livers of aged Taco1mut/mut and 
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Taco1wt/wt  mice. The data is typical of results from three independent biological 

experiments. 

 

Figure 9. Taco1mut/mut have reduced complex IV activity and respiration (A-D). 

Respiratory complex activities were measured spectrophotometrically and normalized 

to citrate synthase activity in mitochondria isolated from livers and hearts of young and 

aged Taco1wt/wt and Taco1mut/mut mice.  Data are means ± SEM of three-four separate 

experiments; *, p < 0.05 compared with control treatments by a 2-tailed paired 

Student’s t test (B). Loss of the TACO1 protein causes reduced respiration at complex 

IV in Taco1mut/mut mice. State 3 and 4 respiration was measured in mitochondria isolated 

from liver and heart mitochondria from Taco1wt/wt and Taco1mut/mut mice using an 

OROBOROS oxygen electrode. Data are means ± SEM of three-four separate 

experiments; *, p < 0.05 compared with control treatments by a 2-tailed paired 

Student’s t test. 

 

Figure 10. Taco1mut/mut mice have motor dysfunction and cardiomyopathy (A). 

Quantitation of behavioral studies evaluating number of times the box reached in 

hanging wire experiment comparing Taco1wt/wt  (n=5) and Taco1mut/mut (n=5) mice (B). 

Quantitation of behavioral studies evaluating distance travelled along the wire in 

hanging wire experiment comparing Taco1wt/wt and Taco1mut/mut mice (C). Rotorrod 

results measured in seconds spent on rotorrod over 4 days to show improvement and 

learning ability (D). Total time spent on the rotorrod in seconds on day 4 of testing (E). 

Echocardiographic parameters of Taco1wt/wt  (n=5) and Taco1mut/mut (n=5) mice. 

LVEDD, left ventricular end diastolic diameter;LVESD, left ventricular end systolic 

diameter; FS, fractional shortening; LVDPW, left ventricular posterior wall in diastole; 

LVSPW, left ventricular posterior wall in systole; IVDS, intraventricular septum in 
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diastole; IVSS, intraventricular septum in systole. Values are means ± standard error. 

*p<0.05 compared with Taco1 wt/wt. 

 

 

Figure 11. Taco1mut/mut mice have retinal degeneration. Comparison of Taco1wt/wt  (n= 5) 

and Taco1mut/mut (n=5) tracking ability using optokinetic drum, measured in number of 

time spent tracking in seconds (B). Comparison of Taco1wt/wt  and Taco1mut/mut tracking 

ability measured in number of tracks performed (C). Comparison of time spent in light 

versus dark in Taco1wt/wt  (n=5) and Taco1mut/mut (n=5) mice measured in seconds (D). 

Cresyl violet staining of 20 μm eye slices of aged Taco1mut/mut mice (n=5) compared to 

Taco1wt/wt  mice (n=5) at 40x magnification (E). Quanitiative analyses of the layers of 

the cresyl violet stained slides were determined as a percentage of total μM using Image 

J (F). Cresyl violet staining of optic nerves from Taco1wt/wt  (n=5) and Taco1mut/mut (n=5) 

mice visualized at 100x magnification. *, p < 0.05 compared with control treatments by 

a 2-tailed paired Student’s t test. 
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Figure 4. 
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Figure 5. 
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Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   95 



 

Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   96 



 

Figure 9. 

 
 

 

 

 

 

 

 

 

 

 

   97 



 

 

 

Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   98 



 

 

 

Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   99 



 
 

   100 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

III 

   101 



Mutation in MRPS34 affects the biogenesis and stability of mitochondrial 

ribosomes and causes liver dysfunction 

  

Tara R. Richman1, Judith A. Ermer1, Stefan M.K. Davies1, Kara L. Perks1, Anne-Marie 

J. Shearwood 1, Helena M. Viola3, Livia C. Hool3, Oliver Rackham1, 2 and Aleksandra 

Filipovska1,2 † 

 

1Harry Perkins Institute of Medical Research and Centre for Medical Research and, 

2School of Chemistry and Biochemistry, The University of Western Australia, Crawley, 

Western Australia 6009, Australia 

3School of Anatomy, Physiology and Human Biology, The University of Western 

Australia, Crawley, Western Australia 6009, Australia. 

 

Running title: MRPS34 is necessary for mitochondrial ribosomal biogenesis 

 

Key words: MRPS34; mitoribosome; ribosomal protein 

 

Abbreviations used are: BN-PAGE, blue native polyacrylamide gel electrophoresis, 

ETC, electron transport chain, hDLG, human homolog of the Drosophila discs large 

tumor suppressor protein, mitoribosome, mitochondrial ribosome, MRPS34, 

mitochondrial ribosomal protein of the small subunit 34, mtDNA, mitochondrial DNA, 

OXPHOS, oxidative phosphorylation. 

† To whom correspondence should be addressed: Aleksandra Filipovska, Harry Perkins 

Institute of Medical Research, Level 7, QQ Block, QEII Medical Centre, 6 Verdun 

Street, Nedlands, Western Australia 6009, Australia. Fax: +61 8 9224 0322; E-mail: 

aleksandra.filipovska@uwa.edu.au. 

 

   102 

                                                        

mailto:aleksandra.filipovska@uwa.edu.au


ABSTRACT 
 
The evolutionary divergence of the mitochondrial ribosomes from their bacterial and 

cytoplasmic ancestors has resulted in reduced RNA content and comparatively high-

level protein content. The human mitochondrial ribosomes contain core proteins that 

share homology with prokaryotic ribosomes but also have many extra proteins, some of 

which may have new functions in mitochondrial translation and recognition of 

mitochondrial mRNAs. The mitochondrial ribosomal protein of the small subunit 34 

(MRPS34) is a member of the family of mitochondrial ribosomal proteins with 

unknown function. We have investigated the role of MRPS34 in mice carrying a 

homozygous mutation in the nuclear gene encoding this protein. We show that mutant 

mice have reduced levels of MRPS34, causing decreased protein synthesis and stability 

of the 12S ribosomal RNA and specific messenger RNAs. Dysfunction in the efficiency 

of mitochondrial protein synthesis leads to reduced mitochondrial oxygen consumption 

and respiratory complex activity in the mutant mice indicating that MRPS34 is essential 

for the biogenesis and stability of the ribosome. The MRPS34 mutation causes a mild 

cardiomyopathy but a pronounced liver steatosis that is exacerbated with age. Defects in 

mitochondrial RNA metabolism and consequently protein synthesis cause changes in 

energy metabolism that have been implicated in many metabolic diseases including 

mitochondrial disease, diabetes and obesity. 
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INTRODUCTION  
 

Mammalian mitochondrial ribosomes (mitoribosomes) are 55S particles consisting of a 

28S small subunit and a 39S large subunit (1, 2). The small subunit has a 12S ribosomal 

RNA (rRNA) and about 29 proteins while the large subunit has a 16S rRNA and about 

48 proteins (1-11). The mitoribosomes are located inside the matrix, the site of the 

transcriptome, and associate closely with the mitochondrial inner membrane. This 

positioning allows for co-translational insertion of the hydrophobic proteins which are 

translated on the mitoribosome and inserted into the inner membrane and subsequently 

assembled into oxidative phosphorylation (OXPHOS) complexes (12).  

 

The components of the mitochondrial translational machinery are distinct from their 

bacterial and cytoplasmic counterparts in that they have high-level protein content and 

reduced RNA content (13). In addition to the core ribosomal proteins that share 

homology with prokaryotic ribosomes, human mitochondrial ribosomes have many 

extra proteins. Despite suggestion, the ribosomal protein content does not entirely 

compensate for the loss of rRNA as many of these additional ribosomal proteins do not 

replace the missing RNA helices but instead have unique positions, on the exterior of 

the mitochondrial ribosome (3, 6). Some of these proteins may have new functions in 

mitochondrial translation and recognition of mitochondrial mRNAs within the small 

and large ribosomal subunits (3). 

 

The mitochondrial ribosomal protein of the small subunit 34 (MRPS34) has been 

previously isolated as a member of the family of mitochondrial ribosomal proteins with 

unknown function (14, 15). MRPS34 has been found localized to mitochondria and 

associated with the human homolog of the Drosophila discs large tumor suppressor 

protein (hDLG) (1, 2, 16), however, the role of MRPS34 in mitochondria and the 
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ribosome have not been investigated previously.  Here we used mice with a 

homozygous mutation in the nuclear gene that codes for the MRPS34 protein to 

elucidate the role of the protein in mitochondrial gene expression. We show that 

MRPS34 regulates mitochondrial protein synthesis and is essential in mitochondrial 12S 

rRNA and mRNA metabolism through stability and biogenesis of the mitoribosome. 

We show that the liver is more severely affected by the mutation than the heart and 

these effects are exacerbated with age. Finally, we show that MRPS34 mice have liver 

steatosis and mild cardiomyopathy as a result of the MRPS34 mutation. 

 
2. Materials and Methods  

Animals and Housing 

Male age- and littermate matched (6–8 weeks ‘Young’ and 30 weeks ‘Aged’) wild-type 

(MRPS34wt/wt) and homozygous mutant mice (MRPS34mut/mut) ENU mice on a C57BL/6J 

background were obtained from the Australian Phenomics Facility. The MRPS34 mice 

were bred onto a C57Bl/6 background for 8-10 generations. Animals were singly 

housed in standard cages (45 cm × 29 cm × 12 cm) under a 12-h light/dark schedule 

(lights on 7 a.m. to 7 p.m.) in controlled environmental conditions of 22 + 2 °C and 

50 + 10% relative humidity. Normal chow diet (Rat & Mouse Chow, Speciality Foods, 

Glen Forrest, Western Australia) and water were provided ad libitum. The study was 

approved by the Animal Ethics Committee of the UWA (AEC 03/100/526) and 

performed in accordance with Principles of Laboratory Care (NHMRC Australian code 

for the care and use of animals for scientific purposes, 8th Edition 2013).  

 

Mitochondrial isolation  

Mitochondria were isolated from homogenized mice heart and liver tissues and isolated 

as described previously (1-11, 17) with some modifications. Liver mitochondria were 

homogenized in buffer containing 250mM Sucrose, 5mM Tris-HCl, 1mM EGTA pH 
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7.4 and heart mitochondria were homogenized in 210 mM mannitol, 70 mM sucrose, 10 

mM Tris, 0.1 mM EDTA pH 7.4.  

 

Sucrose gradient subfractionation 

Mitochondria isolated from livers and hearts of MRPS34 wt/wt  and MRPS34 mut/mut and 

mutant mice were lysed in 30mM Tris/HCL, 150mM NaCl, 1.5%DDM for 30 min, the 

lysate centrifuged at 10,000 g for 10 min, the clarified lysate was loaded on a 3.5 ml 

continuous 4-30% sucrose gradient (in 20 mM Tris, 10 mM magnesium acetate, pH 7.5, 

supplemented with 1 mM PMSF) and centrifuged at 35000 rpm for 3 h using a SW60 

Ti rotor in an Optima Beckman Coulter preparative ultracentrifuge. Fractions were 

collected and precipitated with 30% trichloroacetic acid, washed in acetone, and the 

entire fraction was resolved by SDS-PAGE. The ribosomal subunits and MRPS34 were 

detected by immunoblotting.  

 

RNA isolation and northern blotting 

RNA was isolated from mitochondria using the miRNeasy Mini kit (Qiagen) 

incorporating an on-column RNase-free DNase digestion to remove all DNA. RNA (5 

µg) was resolved on 1.2% agarose formaldehyde gels, then transferred to 0.45 µm 

Hybond-N+ nitrocellulose membrane (GE Lifesciences) and hybridized with 

biotinylated oligonucleotide probes specific to mouse mitochondrial tRNAs, mRNAs 

and rRNAs. The hybridizations were carried out overnight at 50°C in 5x SSC, 20 mM 

Na2HPO4, 7% SDS and 100 µg.ml-1 heparin, followed by washing. The signal was 

detected using streptavidin-linked infrared antibody (diluted 1: 2000 in 3x SSC, 5% 

SDS, 25 mM Na2HPO4, pH 7.5) using an Odyssey Infrared Imaging System.  
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Immunoblotting 

Specific proteins were detected using rabbit polyclonal antibodies against: MRPL44, 

MRPL23, MRPS16, MRPS35 (Proteintech, diluted 1:1000), MRPS34 (Sigma, diluted 

1:1000) and mouse monoclonal antibodies against: porin, NDUFA9, Complex II, 

Complex III, COXI, COXII, COXIV and Complex V subunit  (Abcam   

1:1000), in Odyssey Blocking Buffer (Li-Cor). IR Dye 800CW Goat Anti-Rabbit IgG 

or IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) secondary antibodies were used and 

the immunoblots were visualized using an Odyssey Infrared Imaging System (Li-Cor). 

Tissue specific immunoblotting analysis was performed on a Proteintech mouse tissue 

blot (Cat. No M10005). 

 

Mitochondrial protein synthesis 

Mitochondria were isolated from heart and liver tissues of MRPS34wt/wt and 

MRPS34mut/mut mice as described above and de novo protein synthesis was analyzed as 

described before (18). 

 

Blue Native Page Electrophoresis 

BN-PAGE was carried out using isolated mitochondria from liver and heart of 

MRPS34wt/wt and MRPS34mut/mut mice as described previously (13, 19). 

 

Complex enzyme assays 

Enzyme assays were carried out in a 1 ml cuvette at 30°C using a Perkin Elmer lambda 

35 dual beam spectrophotometer. Citrate synthase and lactate dehydrogenase were 

assayed by standard procedures. Complex I was assayed as the rotenone-sensitive rate 

of NADH reduction of CoQ1, Complex II by the thenoyltrifluoroacetone- sensitive rate 

of succinate reduction of 2,6-dichlorophenolindophenol. Combined Complex II and 
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Complex III activity was assayed as the myxothiazol- sensitive rate of reduction of 

ferricytochrome c by succinate. Complex III was measured as the myxothiazol-sensitive 

rate of reduction of ferricytochrome c by CoQ2 and Complex IV was measured as the 

cyanide-sensitive oxidation of ferrocytochrome c and Complex V was assayed as the 

oligomycin-sensitive rate of ATP hydrolysis, measured by coupling ADP production to 

NADH oxidation by a linked enzyme assay. Briefly, ATP hydrolyzed to ADP by 

Complex V was reconverted to ATP through reaction with phosphoenol- pyruvate 

catalysed by pyruvate kinase, with the pyruvate produced coupled to NADH oxidation 

by lactate dehydrogenase as described in (20). 

 

Respiration  

Mitochondrial respiration was evaluated as O2 consumption in isolated mitochondria 

from heart and liver of MRPS34wt/wt and MRPS34mut/mut mice according to Kuznetsov et 

al. Mitochondria were supplemented with substrates for either complex I (10 mM 

glutamate/malate, Sigma), II (10 mM succinate, Sigma) or III (1 mM TMPD/1 mM 

ascorbate, Sigma). After addition of 1 mM adenosine diphosphate (ADP, Sigma) to the 

recording chamber, State 3 respiration activity was measured. ADP independent 

respiration activity (State 4) was monitored. 

 

Echocardiography 

Echocardiographic studies to measure left ventricular function were performed on mice 

under light methoxyflurane anesthesia with the use of an i13L probe on a Vivid 7 

Dimension (GE Healthcare). Echocardiographic measurements were taken on M-mode 

in triplicate from each mouse. The quantitative measurements represent the average of 

30-week-old MRPS34wt/wt (n=5) and littermate matched 30-week-old MRPS34mut/mut 

(n=5) mice. M-mode recordings were made at a sweep speed of 200 mm/s. 
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Measurements of left ventricular end diastolic diameter (LVEDD), left ventricular end 

systolic diameter (LVESD), fractional shortening (FS), left ventricular posterior wall in 

diastole (LVDPW), left ventricular posterior wall in systole (LVSPW), intraventricular 

septum in diastole (IVDS), and intraventricular septum in systole (IVSS) were made. 

Fractional shortening (FS) was calculated by the formula [(LVEDD-LVESD)/EDD] x 

100. 

 

Immunohistochemistry 
 
Small sections of the largest liver lobe were frozen in Optimal Cutting Temperature 

(OCT).  Frozen sections of 12 μm thickness were cut using a cryostat and transferred to 

slides. Heamotoxylin and eosin staining was performed as follows: slides were soaked 

in ice-cold neutral buffered formalin for 10 minutes. Formalin was allowed to evaporate 

for 5 minutes after fixing and then washed in Harris haematoxylin for a minute. The 

slides were washed in deionized water followed by 95% ethanol. Slides were placed in 

eosin (Eosin Y Solution alcoholic, Sigma-Aldrich) for 10-60 seconds until the tissue 

turned pink. Slides were rinsed with deionized water and dehydrated twice for 2 

minutes in 95% ethanol solution, and twice in 100% ethanol. Finally, the slides were 

washed in xylene twice and mounted using mounting media (Depex, Scharlau). Oil Red 

staining was performed by: fixing slides with tissue in in ice-cold formalin for 10 

minutes and air dried for 30 minutes. Slides were soaked in 60% isopropanol for 3 

minutes and then stained with oil red (Sigma, 0.5g dissolved in 100ml isopropanol, 

working stock is diluted further, 30ml oil red stain with 20ml distilled water) warmed to 

60°C for 30 minutes. Slides were soaked in 60% isopropanol for 3 minutes and then 

rinsed twice in distilled water. A 30 second stain in Harris haemotoxylin was performed 

and then rinsed in water for 3 minutes. Finally the slides were mounted using mounting 
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media (Depex, Scharlau).  Images were acquired using a Nikon Ti Eclipse inverted 

microscope using a Nikon 40x objective.  

 

RESULTS  

MRPS34mut/mut mice have reduced expression of MRPS34 protein 

A mouse line carrying an ENU-induced T203C point mutation in the Mrps34 gene that 

converts an leucine residue at position 68 to proline (Fig. 1A) was identified by whole 

exome sequencing as described previously (21). Sanger sequencing shows that the 

MRPS34mut/mut are homozygous for the mutation that is absent in the MRPS34wt/wt mice 

(Fig. 1B). The leucine residue at position 68 is conserved in vertebrates (Fig. 1B), and 

packs between a pair of alpha helices in the predicted protein structure based on the 

structural similarities with its archaeal MRPS34 homolog (22). We investigated the 

distribution of MRPS34 in mouse tissues by immunoblotting and found it to be 

ubiquitously expressed in most tissues including brain, colon, heart, kidney, liver, 

thymus, pancreas, skin and testis (Fig. 1C). To determine whether the MRPS34 

mutation caused changes in the abundance of the MRPS34 protein we carried out 

immunoblotting of mitochondrial lysates isolated from liver and heart of MRPS34 mut/mut 

and MRPS34wt/wt mice. The MRPS34 protein was reduced in the heart and liver of 

MRPS34 mut/mut mice compared to MRPS34wt/wt mice (Fig. 1D) indicating that the 

mutation causes MRPS34 instability.  

 

MRPS34 affects stability of the 12S rRNA and specific mRNAs 

We analyzed the effects of the MRPS34 mutation on the abundance of mitochondrial 

RNA and RNA stability in heart and liver by northern blotting.  In the young mice we 

found a reduced abundance of 12S rRNA in both heart and liver, without any effects on 

the 16S rRNA . In the liver of the young MRPS34mut/mut we also found a reduction in 

mRNA MT-ND5 (Fig. 2A). In the aged mice we see further reduction in abundance of 
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12S rRNA in both liver and heart (Fig. 2B).  In addition, in the liver we found reduced 

abundance of specific mRNAs including MT-CO1, MT-ND1 and MT-ND5 but not in 

MT-CO2. The mRNA abundance in the heart remains consistent between MRPS34wt/wt 

and MRPS34 mut/mut. The transfer RNAs (tRNAs) were unaffected in heart and liver 

mitochondria, suggesting that MRPS34 is necessary for the stability of 12S rRNA and 

specific mRNAs. Interestingly, we found that the effects of the mutation are more 

pronounced in liver mitochondria and they are exacerbated with age.  

 

MRPS34 is required for mitochondrial translation 

We analyzed the effects of the MRPS34 mutation on the steady-state abundance of 

mitochondrial proteins by immunoblotting. We show that the levels of the 

mitochondrially encoded COXI, COXII and COXIV were reduced in the young 

MRPS34mut/mut liver, although we did not observe significant changes in the heart of 

young mice (Fig. 3A). In the aged mice we observe a decrease in COXI in both the 

heart and liver, suggesting that decrease in MRPS34 affects mitochondrial protein 

synthesis over time. In addition we observed that decreased mitochondrial protein 

synthesis leads to changes in nuclear encoded mitochondrial proteins, such as NDUFA9 

and COXIV. This indicates that the persistent decrease in mitochondrial proteins likely 

leads to the retrograde response by the nuclear genome over time, causing a decrease in 

their levels. Interestingly, in the aged mice an increased abundance of COXII in 

MRPS34mut/mut mice is seen compared to MRPS34wt/wt in both heart and liver.  

  

We investigated the effects of MRPS34 mutation on the abundance of the mitochondrial 

respiratory complexes by blue native polyacrylamide gel electrophoresis (BN-PAGE). 

We observed decreased abundance of all the respiratory complexes in MRPS34 mut/mut 

heart and liver tissue, compared to the respiratory complexes of control mice in both 

young (Fig. 4A) and aged (Fig. 4B) mice. Immunoblotting following BN-PAGE further 
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confirmed this decreased abundance of complexes in MRPS34 mut/mut mice (Fig 5). We 

find that in the young mice the abundance of complex I and IV is reduced in the heart 

whereas in the liver Complexes I, V, III and IV are all reduced. This reduction in 

abundance of complexes is seen more pronounced with age in both tissues (Fig. 5A and 

B). Since MRPS34 is a ribosomal protein reduced abundance of mitochondrial 

respiratory complexes is likely due to be a consequence of decreased protein synthesis 

caused by decrease of MRPS34. We investigated de novo mitochondrial protein 

synthesis in MRPS34mut/mut mice compared to MRPS34wt/wt and observed a significant 

overall decrease of mitochondrial protein synthesis in the mutant mice in both liver and 

heart of young and aged mice. This indicates that MRPS34 is required for mitochondrial 

protein synthesis (Fig. 6).  

 

 The mutation in the MRPS34 gene leads to decreased mitochondrial respiratory 

function and complex activity 

To determine if the mutation in MRPS34 causes mitochondrial dysfunction we 

measured oxygen consumption at complex I, III and IV in MRPS34wt/wt and 

MRPS34mut/mut (Fig. 7A). Mitochondrial respiration was reduced in both tissues at 

complex I, III and IV. In addition, we measured the complex activities of all five 

respiratory complexes relative to citrate synthase (Fig. 8A & B). There was no 

significant effect on the activities of the complexes in mitochondrial from hearts of 

young mice however in mitochondrial from livers of young MRPS34mut/mut we found 

decreased complex III and IV activity. In the aged mice complex IV activity in the heart 

was reduced and in the liver complex III and IV were both reduced in the MRPS34mut/mut 

mice. The observed reduction in respiration and complex activity can be attributed to 

compromised translational efficiency as a result of the MRPS34 mutation. It is 
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particularly interesting to note mitochondrial dysfunction was more pronounced in liver 

compared to heart and this was more apparent with age. 

 

MRPS34mut/mut  mice develop cardiomyopathy and liver steatosis with age 

We investigated heart function in MRPS34mut/mut compared to MRPS34wt/wt mice using 

echocardiography and found that the hearts of mutant mice have increased fractional 

shortening and associated increased oxygen consumption (Table 1) that can be a 

common consequence of mitochondrial dysfunction. Furthermore we investigated the 

morphology of liver tissues in MRPS34mut/mut compared to MRPS34wt/wt mice because of 

the pronounced mitochondrial dysfunction caused by the MRPS34 mutation in liver. 

Morphological examination revealed increased lipid accumulation in the livers of 

MRPS34mut/mut mice compared to the MRPS34wt/wt mice, a condition known as liver 

steatosis (Fig. 10A). This was further investigated with oil red staining in which it was 

found that the mutant mice had increased lipid accumulation in their liver (Fig. 10B) 

that was significantly increased with age (Fig. 10C).  

 

MRPS34 affects ribosomal protein abundance and assembly of the mitoribosome 

We investigated the abundance of mitochondrial ribosomal proteins from the large and 

small subunit in MRPS34mut/mut mice compared to wild type by immunoblotting. The 

levels of protein makers for the large ribosomal subunits remained unaffected in the 

mutant compared to MRPS34wt/wt mice. The levels of the small ribosomal subunit 

proteins were decreased in the heart and liver of MRPS34mut/mut mice. This reduction in 

the small ribosomal proteins is consistent with the reduced levels of the 12S rRNA. This 

indicates that MRPS34 is required for the steady-state levels of specific ribosomal 

proteins, indicating the requirement of MRPS34 for the stability of the mitoribosome.  
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To further investigate the role of MRPS34 in the mitoribosome we analyzed the 

mitochondrial ribosome profile of protein markers for the large and small subunit on 

sucrose gradients followed by immunoblotting. In mitochondria from MRPS34mut/mut 

mice we observed a significant shift in the distribution of the mitochondrial small 

ribosomal proteins to less dense fractions indicating that assembly and stability of the 

small ribosomal subunit is compromised, but the stability of the large subunit was not 

affected. In the aged mice we found that the large subunit of the mitoribosome is no 

longer intact and that polysome formation is lost, indicating a destabilization of 

mitoribosomes and polysomes with age (Fig. 11B). These results indicate that reduced 

abundance of the MRPS34 protein affects the efficiency of translation through 

disruption of the ribosome assembly and/or stability.  

 

Discussion 

The principal functions of the SSU and LSU are to facilitate mRNA decoding and 

peptide bond formation, respectively (3). As the evolutionary divergence of the 

mitochondrial ribosome from it’s bacterial and cytoplasmic ancestors has caused a 

decreased RNA content and increased protein content, these extra proteins which do not 

entirely compensate for the lost rRNA, may play unique roles in these processes. The 

mitochondrial ribosomal protein, MRPS34, with unknown function, has previously been 

found to associate with the mitochondria and to interact with the human homolog of the 

Drosophila discs large tumor suppressor protein (hDLG). hDLG functions as a 

scaffolding protein that facilitates the transmission of diverse downstream signals. As 

MRPS34 is a mitochondrial protein it has been speculated as to whether hDLG may 

interact with MRPS34 prior to the entry of MRPS34 into the mitochondria (16). hDLG 

is likely to act in a similar fashion to its homologue with an involvement in cell 

proliferation (23). This is the first study to investigate the role of MRPS34 in the 
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mitochondria. We show that MRPS34mut/mut mice with reduced abundance of the 

MRPS34 protein have compromised translation as a result of reduced mitoribosome 

stability and biogenesis that consequently decreased respiration and complex activity. 

This mitochondrial dysfunction causes the mutant mice to develop cardiomyopathy and 

prominent liver steatosis.  

 

MRPS34 mut/mut mice have compromised translation efficiency indicating a strong 

involvement of the MRPS34 protein in the translational process.  Interestingly, we 

observe an adaptive response within the aged mice. Despite the reduction in 

mitochondrial proteins and proteins of the OXHPOS complexes we found an increase in 

the COXII polypeptide. Previously, it has been found that apoptosis in multiple cell 

types induced by a variety of stimuli is preceded by an induction of mitochondrial 

respiratory chain proteins such as cytochrome c and cytochrome c oxidase subunit II 

(COXII) as result of transcriptional activation of their respective genes (24). This 

provides a possible explanation for the up regulation of COXII in our mutant mice as an 

early sign of apoptosis.  

 

MRPS34 plays an important role in the biogenesis and stability of the mitoribosome. 

The decrease of principal mitochondrial small ribosomal subunit proteins corresponds 

with a loss or reduction in the abundance of other small ribosomal proteins (10), hence, 

reduced abundance of the MRPS34 protein was accompanied by the loss of most of the 

other small subunit proteins. The proteins of the large subunit, however, were present in 

substantial amounts suggesting that the large subunit was still fully assembled despite 

the presence of an unassembled small subunit. This is further corroborated by the 

reduction in abundance of the 12S rRNA, which is readily degraded unless incorporated 

into a ribosomal subunit (25), and the uninterrupted presence of the 16S rRNA. This 
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result suggests that there is no regulatory cross-talk monitoring levels of the 

mitochondrial large and small subunits. In the mutant mice we observed re-distribution 

of mitochondrial ribosomal proteins suggesting that the assembly of mitochondrial 

ribosomes is compromised when there are insufficient levels of MRPS34.  In the young 

mice this re-distribution is observed solely in the small ribosomal subunit proteins 

indicating the small ribosomal subunit is dissociating, while the large remains stable. 

This may result in the formation of inaccurately assembled ribosomes, which are easily 

dissociated into subunits or are unable to bind to docking sites on the inner 

mitochondrial membrane (IMM) affecting protein synthesis and OXPHOS biogenesis. 

As a result of this we find that over time, in the aged mice the entire ribosome becomes 

dissociated, that is the large ribosomal subunit is seen fragmenting as well as the small 

and there is a reduction in polysome formation explaining the heightened severity of 

mitochondrial dysfunction in the aging mutant mice.  

 

In addition to its role in ribosomal biogenesis and stability, MRPS34 may also be 

involved in engaging the mRNAs prior to translation. In livers of aged MRPS34 mut/mut 

mice not only is the 12S rRNA affected (as in the young) but a reduction in MT-ND1, 

MT-ND5 and MT-CO1 mRNAs is also observed. A decrease in the MT-CO2 mRNA is 

not yet observed and is explained by the longer half life of this mRNA as seen in studies 

by Chujo et al, 2012 (26). Reduced translation caused by mitoribosome dysfunction and 

inability of the mitoribosome to engage mRNAs means that necessary subunits of the 

respiratory complexes are not produced. The consequence of this is compromised 

biogenesis of the respiratory complexes and mitochondrial dysfunction as seen by the 

reduction in respiration and complex activity in the MRPS34 mut/mut. It is not unusual for 

a protein to play a double role in the mitochondria. A novel mitochondrial rRNA 

methyltransferase, NSUN4, was recently discovered as a dual function protein. NSUN4 
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can alone methylate cytosine 911 in 12S rRNA and, in addition, NSUN4 in complex 

with MTERF4 is targeted to the LSU to regulate mitoribosomal assembly (27). 

Mitochondria generate energy for the cell by oxidative phosphorylation; therefore, 

mitochondrial diseases affect tissues with high-energy demands, such as the heart, 

brain, muscle, and endocrine system. Mitochondrial disorders present with a wide 

variety of disease severity and remarkable tissue specificities. In diseases caused by 

mtDNA mutations these tissue specific consequences can be explained by 

mitochondrial DNA (mtDNA) heteroplasmy commonly thought to be the product of 

either maternal inheritance (28) or rare, random somatic mutations that, via genetic 

drift, undergo subsequent expansion within an individual (29, 30). The tissue specificity 

of defective nuclear encoded genes, however, are currently poorly understood (31). The 

MRPS34mut/mut mice present with mild cardiomyopathy, although rarely in mitochondrial 

disorders is the heart the only affected organ or tissue. (32). The liver tissue showed 

more pronounced mitochondrial dysfunction in our studies and consequently the 

MRPS34mut/mut mice were found to have increased lipid accumulation in their livers. 

Most mitochondrial hepatopathies have been found to involve defects in the 

mitochondrial respiratory chain enzyme complexes (33) and dysfunction in the 

mitochondria results in deficient oxidative phosphorylation (OXPHOS), accumulation 

of hepatocyte lipid, impairment of other metabolic pathways and activation of both 

apoptotic and necrotic pathways of cellular death (34),(35). In addition, decreased ETC 

efficiency leads to substantial increases in reactive oxygen species (ROS) production by 

Complexes I and III (36, 37),(38). These damage mitochondrial macromolecules, 

including proteins, lipids, and mtDNA. Aging may further aggravate mitochondrial 

dysfunction,

 

as mutations accumulate in mtDNA, a likely explanation for the increased 

effects seen in the MRPS34mut/mut aged mice. The tissue specificity of mitochondrial 

disorders indicates that translation is more than a routine housekeeping process, and is 
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in fact tailored to meet the demands of specific tissue in terms of the need for mtDNA-

encoded structural subunits of the OXPHOS complexes.  

 

MRPS34 has been found to play a vital role in mitoribosome biogenesis and stability 

plus mitochondrial translation and thereby in OXPHOS. Further investigation into the 

role of MRPS34 in apoptosis and cell proliferation is underway in our laboratory. This 

study provides a link between molecular mechanism and phenotype in a nuclear 

mutation that leads to mitochondrial disorder. We have shown that unique patterns of 

OXPHOS deficiency result when one of the nuclear-encoded components of the 

translation system fails. Our findings emphasize that nuclear gene mutations contribute 

substantially to mitochondrial translation deficits. Investigating ribosomes with 

defective MRPs provides a unique tool to study the human mitochondrial translation 

system and ribosomal assembly with future hopes to provide insight that will contribute 

to development of treatment for such disorders.  
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FIGURE LEGENDS 
 

Figure 1. A mouse carrying a point mutation in the Mrps34 gene. Schematic showing 

the location of the mutation in the Mrps34 gene, mRNA and protein (A). The 5′- and 3′-

untranslated regions are shown as grey boxes, the predicted mitochondrial targeting 

sequence is shown as a black box (predicted using MitoProtII, (39)). Conservation of 

the protein sequence surrounding the mutation is highlighted with residues identical to 

those in the mouse sequence boxed (the mutated leucine is shown in red in the mouse 

sequence). Sequences used were obtained from GenBank at NCBI (human, Homo 

sapiens, NP_076425.1; chimp, Pan troglodytes, XP_001160122.1; monkey, Macaca 

mulatta, NP_001244544.1; mouse, Mus musculus, NP_081622.1; rat, Rattus 

norvegicus, NP_001099241.1; cow, Bos taurus, NP_001192540.1; dog, Canis lupus 

familiaris, XP_003639160.1; chicken, Gallus gallus, NP_001264526.1; frog, Xenopus 

tropicalis, NP_001004910.2; zebrafish, Danio rerio, NP_001007377.2) and the 

alignment was produced using ClustalW2 (40). The secondary structure of mouse 

MRPS34 was predicted using PSI-PRED (41) and the mutated region is shown. An 

alpha helical region is predicted to be lost when the L68P mutation is present. (B) The 

mutation was confirmed by Sanger sequencing of PCR amplicons from MRPS34mut/mut 

mice and matched MRPS34wt/wt littermates Mutation in the nuclear gene encoding the 

mitochondrial MRPS34 protein leads to its decrease. (C). Distribution of the MRPS34 

protein in a range of mouse tissues was determined by immunoblotting. (D) MRPS34 

protein levels were determined in mitochondria isolated from hearts and livers of 

MRPS34wt/wt and MRPS34mut/mut mice by immunoblotting. Porin was used as a loading 

control. The data are representative of results obtained from at least eight mice from 

each strain 
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Figure 2. MRPS34 affects the stability of the 12S rRNA and specific mitochondrial 

mRNAs (A). The abundance of mature mitochondrial transcripts in mitochondria 

isolated from young MRPS34wt/wt (n=5) and MRPS34mut/mut (n=5) livers and hearts was 

analyzed by northern blotting (B). The abundance of mature mitochondrial transcripts in 

aged liver and heart was analyzed by northern blotting. 18S rRNA was used as a 

loading control. The data show RNA from three MRPS34wt/wt and MRPS34mut/mut mice 

and are representative of results obtained from at least eight mice from each strain and 

three independent biological experiments. 

 

Figure 3. Decreased MRPS34 levels lead to reduction in mitochondrial proteins 

Isolated mitochondrial lysates (20 µg) from MRPS34wt/wt (n=7) and MRPS34mut/mut (n=7) 

livers and hearts of young (A) and aged (B) mice were resolved by SDS-PAGE and 

immunoblotted against antibodies to assess any changes in protein abundance. The 

figure shows three of each MRPS34wt/wt and MRPS34mut/mut mice. Porin was used as a 

loading control. 

 

Figure 4. MRPS34 affects abundance of mitochondrial respiratory complexes 

BN-PAGE was performed on 50 µg of mitochondria isolated from liver and heart of 

young (A) and aged (B) MRPS34 wt/wt (n=8) and MRPS34 mut/mut mice (n=8). The figure 

compares three MRPS34wt/wt and three MRPS34mut/mut mice. 

 

Figure 5. MRPS34 affects abundance of mitochondrial respiratory complex 

proteins 

Mitochondria lysates (75 µg) isolated from liver and heart of MRPS34wt/wt (n=4) and 

MRPS34mut/mut (n=4) young mice (A) and aged mice (B) were analyzed by BN-PAGE 

and the gels used for immunoblotting. Specific antibodies representing proteins of each 
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of the mitochondrial complexes were used to compare abundance of protein in the wild 

type and mutant mice. The figure shows two MRPS34wt/wt and two MRPS34mut/mut mice 

and are representative of results obtained from six mice from each strain and two 

independent biological experiments. 

 

Figure 6. Decrease in the levels of MRPS34 causes reduction in mitochondrial 

protein synthesis 

Protein synthesis in liver and heart of young (A) and aged (B) MRPS34wt/wt (n=5) and 

MRPS34mut/mut (n=5) was measured by pulse incorporation of 35S-labelled methionine 

and cysteine. Equal amounts of mitochondrial lysates (20 µg) were separated by SDS–

PAGE and visualized by autoradiography  

 

Figure 7. The MRPS34 mutation causes reduced oxygen consumption in heart and 

liver mitochondria 

State 3 and 4 respiration was measured in mitochondria isolated from hearts (A) and 

livers (B) of MRPS34wt/wt and MRPS34mut/mut mice using an OROBOROS oxygen 

electrode. Data are means ± SEM of three-four separate experiments; *, p < 0.05 

compared with control treatments by a 2-tailed paired Student’s t test. 

 

Figure 8. The MRPS34 mutation leads to reduction in the activities of the 

mitochondrial respiratory complexes 

The mitochondrial oxidative phosphorylation complex activities were normalized 

relative to citrate synthase activity for mitochondrial preparation from liver and heart of 

young and aged MRPS34wt/wt and MRPS34mut/mut mice.  Data are means ± SEM of three-

four separate experiments; *, p < 0.05 compared with control treatments by a 2-tailed 

paired Student’s t test. 
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Table 1. The MRPS34mut/mut mice have mild cardiomyopathy 

Echocardiographic parameters of MRPS34wt/wt (n=5) and MRPS34mut/mut (n=5) mice. 

LVEDD, left ventricular end diastolic diameter;LVESD, left ventricular end systolic 

diameter; FS, fractional shortening; LVDPW, left ventricular posterior wall in diastole; 

LVSPW, left ventricular posterior wall in systole; IVDS, intraventricular septum in 

diastole; IVSS, intraventricular septum in systole. Values are means ± standard error. 

*p<0.05 compared with MRPS34wt/wt. 

 

Figure 10. The MRPS34mut/mut mice have increased lipid accumulation in their 

livers  

(A) Liver sections cut at 12μm thickness were stained with Haemotoxlin and Eosin 

from young and aged MRPS34wt/wt (n=9) and MRPS34mut/mut  (n=9) mice visualized at 

40X magnification. (B) Oil Red staining from young and aged liver sections cut at 

12μm from MRPS34wt/wt and MRPS34mut/mut  mice visualized at 40X magnification. (C) 

Quantitative measurement of oil red staining using Image J.  Data are means ± SEM of 

four different mice; *, p < 0.05 compared with control treatments by a 2-tailed paired 

Student’s t test. 

 

Figure 11. MRPS34 affect mitoribosomal biogenesis and stability 

(A) Mitochondrial ribosomal protein levels in MRPS34wt/wt (n=3) compared to 

MRPS34mut/mut  (n=3) in mitochondria isolated from liver and heart determined 

by immunoblotting. Mitochondrial protein lysates (800μg) from liver and heart 

of young (B) and aged (C) MRPS34wt/wt and MRPS34mut/mut were fractionated 

on 4-30% sucrose gradients. The distribution of ribosomal proteins was 

analyzed by immunoblotting against antibodies that are markers of the small 
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and large ribosomal subunits. The data are typical of results from three or more 

independent biological experiments. 
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