
How the intracellular partitioning of tRNA and tRNA modification 
enzymes affects mitochondrial function

Zdeněk Paris1,* and Juan D. Alfonzo2,*

1Institute of Parasitology, Biology Centre, Czech Academy of Sciences and Faculty of Sciences, 
University of South Bohemia, 37005 České Budějovice (Budweis), Czech Republic.

2Department of Microbiology, Ohio State Biochemistry Program and The Center for RNA Biology, 
The Ohio State University, Columbus, OH 43210, USA.

Abstract

Organisms have evolved different strategies to seclude certain molecules to specific locations of 

the cell. This is most pronounced in eukaryotes with their extensive intracellular membrane 

systems. Intracellular compartmentalization is particularly critical in genome containing 

organelles, which due to their bacterial evolutionary ancestry still maintain protein-synthesis 

machinery that resembles more their evolutionary origin than the extant eukaryotic cell they once 

joined as an endosymbiont. Despite this, it is clear that genome-containing organelles such as the 

mitochondria are not in isolation and many molecules make it across the mitochondrial 

membranes from the cytoplasm. In this realm the import of tRNAs and the enzymes that modify 

them prove most consequential. In this review we discuss two recent examples of how 

modifications typically found in cytoplasmic tRNAs affect mitochondrial translation in organisms 

that forcibly import all their tRNAs from the cytoplasm. In our view, the combination of tRNA 

import and the compartmentalization of modification enzymes must have played a critical role in 

the evolution of the organelle.
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INTRODUCTION

Organisms from all kingdoms of life require tRNAs for translation. Centrally, tRNAs play a 

critical role in connecting the genetic information found in DNA to that ultimately deposited 

in proteins, with mRNAs playing the relatively passive role of delivering the information to 

the ribosome. However, since tRNAs are not transcribed as fully mature molecules, they 

forcibly undergo a series of processing steps that renders them fully functional (Lopes et al., 
2018). These include, trimming of extra sequences found at their 5’and 3’ ends, removal of 

introns when present, and addition of a CCA motif at their 3’ end. The latter universally 

becomes the end to which specific amino acids become covalently attached in the process of 
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amino acylation. At any time during the maturation pathway, tRNAs may also undergo 

addition of sometimes numerous chemical groups to the four canonical nucleotides used for 

transcription; post-transcriptional chemical modifications may ensure proper folding of the 

tRNA molecule, but may also more directly affect decoding (Lorenz et al., 2017). Every 

available atom in the purine and pyrimidine rings have been seen naturally modified; the 

ribose sugar may also be the target of modifications. Thus far, over 100 different post-

transcriptional modifications have been described and their types and numbers vary from 

organism to organism (Boccaletto et al., 2017); this variation hints at the possibility of a 

dynamic quality to modifications.

A major contributing factor to modification dynamics might be the degree of intracellular 

compartmentalization, which exists in all organisms. For example, although not always 

obvious, in some bacteria there is a well-defined developmental plan in the partitioning of 

the cell into mother cell and spore, each with its own requirements for tRNAs and protein 

synthesis. In other bacteria, such as members of the Planctomycetes, the genome is 

surrounded by a contiguous membrane, which forms a nucleoid body (Lonhienne et. al 

2010). This may necessitate tRNA trafficking and depending on where a particular 

modification enzyme is localized may impact a tRNA’s modification set. By far, Eukarya 

offer the best documented and most numerous examples of intracellular 

compartmentalization, where genome-containing organelles are clearly separated from the 

rest of the cell by distinct membranes. In such cases, the existence of elaborate transport 

systems has been well established; some systems even specialize in the transport of large 

macromolecules such as proteins and RNA. Generally, in Eukarya, with the exception of 

some amitochondriate protists, there are 2–3 genome-containing compartments depending 

on the organism: nucleus and mitochondria in many eukaryotes; nucleus, mitochondria and 

plastids/chloroplast in plants and some protists. Although the nucleus encodes the bulk of 

the tRNA genes, the numbers in the other organelles may vary. For example, mammals 

encode ~21 different tRNAs in their mitochondrial genome. Based on wobble rules, it has 

been argued that the ~21 tRNAs represent a minimal set sufficient for decoding all the 

codons used in translation in a given organelle (Grosjean and Westhof 2016). However, such 

arguments rarely consider the impact of tRNA modifications and how these in turn affect 

decoding and importantly what roles modification may play in the evolution of 

mitochondrial genomes. In addition, although the majority of mitochondrial genomes may 

encode the minimal set of tRNAs mentioned above, a growing number of organisms encode 

less than a complete set. An extreme case occurs in kinetoplastids, including 

trypanosomatids, which have completely lost all of their tRNA genes from the mitochondrial 

genome (Alfonzo and Soll 2009). These organisms are therefore forced to import a complete 

set of tRNAs from the cytoplasm. Notably, mitochondrial tRNA import has been described 

in many plants (Michaud et al., 2011), protists (Simpson et al., 1989, Esseiva et al., 2004) 

and even mammals (Rubio et al., 2008). Clearly, the interplay between import and tRNA 

modification in such systems may play an important function in organellar translation.

The present review will highlight a few examples of how organellar tRNA transport across 

membranes and into the mitochondrion of T. brucei may have co- evolved with the dynamic 

nature of organellar genomes. Co-evolution may have at times provided a pre-existing 

mechanism permittingestablishment and maintenance of disparate events such as RNA 
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editing and organellar tRNA import itself. In particular, we will focus on tRNA methylation 

at position 37 catalyzed by the TRM5 methyltransferase and the formation of the 

hypermodified nucleotide wyosine and its derivatives in Trypanosoma brucei. These 

modifications provide two recent examples of how tRNA partitioning and maturation may 

impact mitochondrial function in trypanosomatids but highlight broader themes and 

principles that may be relevant to other systems.

tRNA INTRACELLULAR TRANSPORT IN T. brucei

Since most tRNA genes in a eukaryotic cell are encoded in the nuclear genome, and the 

nucleus is not their main site of function, tRNAs have to be exported through the nuclear 

pore complex into to the cytosol. However, it is now widely accepted, that tRNA export from 

the nucleus is not unidirectional and tRNAs may shuffle between nucleus and cytosol. This 

is especially evident in S. cerevisiae and T. brucei, two organisms, where the tRNA splicing 

machinery localizes to the cytoplasm (Yoshihisa et al., 2003; Lopes et al., 2016) (Shaheen 

and Hopper 2005), yet some maturation steps, that only occur after splicing, are catalyzed by 

nucleus-localized enzymes. After cytoplasmic splicing, tRNAs are thus transported back to 

the nucleus by a mechanism termed tRNA retrograde import (Takano et al., 2005, Shaheen 

and Hopper 2005). It turns out that some modification enzymes that are critical for the 

maturation of particular tRNAs localize to the nucleus and are not able to recognize an 

intron-containing substrate. Following post-splicing nuclear modification, tRNAs must 

undergo a second round of export to the cytosol, but this time as mature or nearly mature 

molecules, where finally these tRNAs can engage in protein synthesis. It has been suggested, 

that this bidirectional movement can serve as a quality control step ensuring that immature 

tRNAs, which “escaped“ the nucleus through the primary export pathway still have a chance 

to be properly processed and fully modified (Kramer and Hopper, 2013).

Beyond the need for modifications, at least in S. cerevisiae cytosolic and nuclear tRNA 

pools are responsive to changes in nutritional conditions resulting in nuclear tRNA 

accumulation, which can be the result of either nuclear retention due to a slow down in 

primary exports after transcription or increased retrograde transport (Chatterjee et al., 2018). 

Taken together, tRNA dynamics between these two compartments may provide additional 

step to regulate cellular proteomes not only by the relative tRNA abundances in individual 

compartments during certain environmental conditions, but also by increasing the diversity 

of differentially modified tRNAs in cells.

Nevertheless, the cytoplasm does not have to be the “final destination“ for nucleus-encoded 

tRNAs. In many eukaryotes, the organellar genomes encode a less than complete set of 

tRNAs, which may not be sufficient for organellar protein synthesis. In such cases, a set of 

tRNAs has to be imported from the cytoplasm. Mitochondrial tRNA import has been well 

documented in numerous organisms. Recently, the increasing availability of complete 

mitochondrial genomes has revealed that mitochondrial tRNA import may be more 

widespread than previously thought and may in fact exist in all mitochondria-containing 

eukaryotes (Salinas-Giege et al., 2015). Although in cases where there is a complete lack of 

mitochondrial tRNA genes the need for import is obvious, there are examples where 

organisms that encode a seemingly complete set can also import cytosolic tRNAs as in the 
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case of S. cerevisiae and human mitochondria (Kamenski et al., 2007; Rubio et al., 2008). 

This apparent redundancy may become particularly important under certain stress conditions 

(Kamenski et al., 2007). The most extreme case for the need of tRNA import from the 

cytoplasm occurs in kinetoplastid parasites (L. tarentolae and T. brucei) and other protists, 

where the mitochondrial genomes are completely devoid of tRNA genes and thus 

mitochondrial translation solely depends on the imported cytosolic tRNAs in order to 

maintain mitochondrial functions. Because alterations in cytosolic and nuclear tRNA pools 

as well as tRNA modification profiles may fluctuate in response to changes in environmental 

conditions, such changes would not only affect cytosolic translation, but also the translation 

of several essential proteins in the mitochondrion. Clearly, tracking tRNA modification and 

intracellular dynamics is not a trivial task in any organism, for example most eukaryotes 

have hundreds, if not thousands, of mitochondria. Thus for studies on how nucleo-

cytoplasmic tRNA transport affects the modification and distribution of mitochondria-

imported tRNAs, trypanosomes may offer an ideal playground for exploration. As it turns 

out, trypanosomes contain a single large mitochondrion per cell making it easier to track 

tRNAs. In the following sections, we provide several examples of how intracellular 

partitioning of tRNA and tRNA modification enzymes affects mitochondrial function in T. 
brucei.

Modification levels can be influenced by intrinsic mitochondrial functions. It has been 

argued that perhaps the most essential and evolutionarily conserved function of 

mitochondria is not simply to generate ATP via oxidative phosphorylation, but rather it is the 

generation of iron-sulfur clusters; required co- factors for many essential proteins. Indeed, 

the mitochondrion is the main site for iron sulfur cluster (ISC) assembly (Lill et al., 2014). A 

key component of the ISC assembly machinery is the cysteine desulfurase (Nfs), which 

together with three other proteins, IscU, Isd11, and frataxin, uses sulfur from cysteine to 

form FeS clusters (Braymer and Lill 2017). Interestingly, the Nfs complex is also involved in 

several tRNA modification pathways including thiolation (s2U)(Alfonzo and Lukeš, 2011). 

Formation of 2-thiouridine thiolation in tRNA requires both mitochondrial and cytosolic ISC 

machineries in yeast, as well as in trypanosomes (Nakai et al., 2004; Bruske et al., 2009; 

Wohlgamuth-Benedum et al., 2009). Generally, s2U is found in the first position of the 

anticodon (position 34) in tRNAGln
UUG, tRNAGlu

UUC and tRNALys
UUU in most organisms, 

but in trypanosomes, including T. brucei, in addition is found at the adjacent position (U33) 

in the anitcodon loop of tRNATrp (Crain et al., 2002; Charrière et al., 2006). Remarkably, 

tRNATrp transits though the cytoplasm unthiolated and it is only modified once it enters the 

mitochondrion. This tRNA has a C at position 34, and therefore is not recognize as a 

substrate by the cytoplasmic thiolation machinery, which is specific for U34. The fact that it 

is then thiolated in the mitochondrion at an unusual position implies that the mitochondrial 

thiolation enzymes have evolved to recognize this alternative substrate. Remarkably, despite 

the fact that organisms use two different pathways for tRNA thiolation, one cytoplasmic and 

the other mitochondrial, because key components of the cytoplasmic thiolation machinery 

itself contains essential FeS clusters; even the cytoplasmic thiolation pathway still depends 

on the mitochondrial Nfs complex to make a functional cytoplasmic thiolation enzyme 

(Alfonzo and Lukeš, 2011). To complicate matters further, it has been reported that 

cytoplasmic thiolation of tRNAGlu serves as a negative determinant for import. In this 
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system, only the unmodified tRNA (not containing s2U) may be the substrate for import, 

while the modified version is retained in the cytoplasm (Kaneko et al., 2003). However, the 

same may not be true of T. brucei (Paris et al., 2009). Thus in T. brucei, we suggest that 

mitochondrial tRNA import is quite robust with an unexpected lack of import selectivity for 

certain tRNAs. Namely, the import machinery cannot easily differentiate between some fully 

modified and partially or unmodified tRNA species; some of these as discussed could be 

potentially harmful for the proper function of the mitochondrion.

DEALING WITH HYPOMODIFIED tRNAS IN MITOCHONDRIA

Because of the reported connection between modifications in tRNA and their intracellular 

distribution to various compartments, we investigated the nature of another tRNA 

modification, 1- methylguanosine (m1G) at position 37 in the anticodon loop in several 

tRNAs. Methylation at position 37 of tRNA is universally conserved and catalyzed by two 

evolutionarily unrelated enzymes: TRM5 in eukaryotes and TRMD in bacteria, classical 

examples of convergent evolution. m1G may positively regulate tRNA aminoacylation and is 

critically important for translational reading frame maintenance (Goto-Ito et al., 2017). 

During translation it prevents +1 frameshifting by the ribosome thus ensuring translational 

fidelity. In eukaryotes, TRM5 is dually localized to the nucleus and mitochondrion, and 

conversely responsible for m1G37 formation in nucleus-encoded and mitochondria-encoded 

tRNAs respectively (Goto-Ito et al., 2017). However, it was not clear what role, if any, 

mitochondrial TRM5 serves in organisms that do not encode tRNAs in their mitochondrial 

genomes. It was reasonable to expect that nuclear m1G methylation should be sufficient to 

supply methylated tRNAs to cytoplasmic and mitochondrial translation, the latter through 

the robust tRNA import pathway. Our interest was prompted by the initial observation of 

significant amounts of tRNAs lacking m1G37 in the mitochondrion of T. brucei, as 

documented by northern blots of cytosolic and mitochondrial fractions (Paris et al., 2013). A 
priori, it was clear that the import system could not distinguish between tRNAs that are fully 

methylated or unmethylated at position G37, raising again the question of how the 

mitochondrial translation system deals with the potentially harmful undermodified tRNAs, 

which may result in increased frameshifting. Despite, the aforementioned high levels of 

unmethylated tRNAs, cells in culture grow normally. However, down-regulation of TRM5 

(TbTRM5) in T. brucei, led to a significant growth defect, which in retrospect is not 

unexpected, since m1G is present in 7 different tRNA species. Surprisingly, lack of m1G 

only had minor effects on cytoplasmic protein synthesis, suggesting that the presence of 

m1G37 in tRNA is far more important in mitochondria. Indeed lack of m1G37 leads to a 

decrease in mitochondrial protein synthesis, cytochrome C oxidase activity, associated 

reduction in respiration, and accumulation of reactive oxygen species (ROS) (Paris et al., 
2013). These experiments suggest that in T. brucei, the potential translational problem 

caused by the presence of m1G37-lacking tRNAs in the mitochondrion is partly solved by 

the import of the TRM5 enzyme. TRM5 may then methylate any unmethylated tRNA that 

may find its way into the organelle, due to the relaxed selectivity of the import system, while 

keeping the ratio of methylated to unmethylated tRNA at an acceptable level (Fig. 1). These 

results also show a different tolerance for the unmethylated species in the cytosol and 

mitochondrion, respectively. In contrast to cytosolic translation, mitochondrial protein 
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synthesis can cope with a relatively high amount of unmodified tRNA (~50%), but beyond 

that lack of methylation becomes a problem. This is reminiscent of mammalian 

mitochondria and the penetrance of certain mitochondrial disease-causing mutations. Several 

studies showed that the effects of certain mutations on energy metabolism depend on the 

ratio of wild type to mutated mitochondria. In other words depending on the mutation a 

certain percentage of mutated mitochondria was still acceptable but beyond that 

mitochondrial function was impacted (Rossignol et al., 2003). The results show, that in most 

cases, phenotypic manifestation of the genetic defect occurs only when a threshold level is 

exceeded, and this phenomenon has been named the ‘phenotypic threshold effect’. It tells us, 

that it is possible to considerably inhibit the activity of the respiratory chain complex up to a 

critical value without affecting the rate of mitochondrial respiration or ATP production to a 

degree that impairs the cells (Rossignol et al., 2003).

A COMMON MODIFICATION IN AN UNUSUAL PLACE

In most eukaryotes, cytoplasmic tRNAPhe contains different derivatives of the hypermodified 

nucleotide wyosine. For example, wybutosine (yW) in yeast, hydroxywybutosine (OHyW) 

in mammals, chemically simpler forms of the modification are also found in Archaea, for 

example wyosine (imG) in Crenarcheota. The biosynthetic pathway for wyosine and 

derivatives has been recently reviewed (Perche-Letuvee et al., 2014) and involves 5 

sequential chemical reactions in which S-adenosylmethionine (SAM or AdoMet) is utilized 

as a source of 3 different functional groups (a methyl group, an α-amino-a-carboxypropyl 

group, and a 5’-deoxyadenosine radical). In yeast and T. brucei, the initial step is localized 

to the nucleus and involves formation of m1G37 by the TRM5 methylase, followed by 

sequential reactions catalyzed by the enzymes TYW1, TYW2, TYW3 and TYW4 resulting 

in formation of wybutosine (Noma et al., 2006), which is the end product in most 

eukaryotes. The function of wybutosine has been most extensively studied in yeast and 

Archaea, where it serves to prevent frameshifting during decoding of UUU and UUC 

codons, which are particularly troubling for the ribosome in the context of U-rich sequences. 

In eukaryotes, wybutosine is solely a cytoplasmic modification, but recently, we reported 

that some of the genes in the pathway for wybutosine biosynthesis where duplicated in T. 
brucei (Sample et al., 2015). We found that the duplicated genes of wyosine biosynthesis 

(tyw1 and tyw3) could encode two differentially localized versions of their respective 

enzymes, a proposal that was confirmed by immunofluorescence with antibodies for each 

protein and further corroborated by cell fractionation followed by Western blots. In the case 

of tyw1, the two paralogs have marked size differences, where the larger of the two (tyw1L) 

is cytoplasmic and has all the functional domains characteristic of these types of enzymes in 

eukaryotes. The second smaller paralog (tyw1S) is mitochondrial and is missing the 

conserved FMN-binding domain and it is reminiscent of its ortholog from Archaea (de 

Crécy-Lagard et al., 2010). We obtained similar results with tyw3, with one paralog 

localizing to the cytoplasm (tyw3A) and the second to the mitochondria (tyw3B) (Sample et 
al., 2015). These observations led to the suggestion that T. brucei and perhaps related 

kinetoplastids all have two biosynthetic pathways for wyosine derivatives, one cytoplasmic 

and the other mitochondrial (Fig. 1). Some Archaea only encode tyw1 and 3 and in turn they 

only form wyosine in tRNA (de Crécy-Lagard et al., 2010). By using a combination of 
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genetic analysis followed by mass spectrometry, we could show the presence of a wyosine-

containing tRNAPhe in mitochondria and demonstrate that tyw1S, but not tyw1L, was 

involved in the reaction. Mass spectrometry analysis of total tRNA purified from T. brucei 
mitochondria surprisingly also revealed the presence of wybutosine-containing tRNAPhe. 

Likely, this species was the result of tRNA import from the cytoplasm, given that the 

remaining enzymes in the pathway (TYW2 and TYW4) do not localize to the mitochondria. 

This also implies that the substrate for wyosine biosynthesis for the mitochondria-localized 

tyw1S and tyw3 paralogs is either an m1G37-containing tRNAPhe, which escapes the 

cytosolic wybutosine pathway and is imported to mitochondria or an unmethylated tRNAPhe 

or both. Once again, these observations highlight the fact that as specific the import 

machinery may be for tRNA, it may not always be specific enough to distinguish between 

fully modified, partially modified or unmodified tRNAs.

WHY HAVE A STRICTLY CYTOPLASMIC MODIFICATION IN 

MITOCHONDRIA?

The combination of a robust mitochondrial tRNA import pathway and an import machinery 

unable to differentiate fully mature tRNAs from those that are not fully modified then raises 

the question of why. Answering this question, of course, is not trivial, given that no in vitro 
mitochondrial translation system exists. In addition, there is currently no proven method to 

introduce selectable markers into the trypanosome mitochondria; therefore, genetic 

approaches are out of the question. We have suggested that the need for wybutosine or 

wyosine in the T. brucei mitochondrion may be telling us something about a possible 

connection between the way mitochondria-encoded mRNAs are processed and ultimately 

used in translation. In T. brucei and all kinetoplastids, most of the protein-coding transcripts 

are synthesized as pre-mRNAs lacking fully translatable reading frames. It is now well 

established that these undergo extensive insertion and deletion of uridines catalyzed by the 

editosome in a manner that creates perfectly readable open reading frames (Benne et al., 
1986). What has not been fully appreciated is that insertion of uridines also creates regions 

in a message that inevitably contain runs of uridines, which in other systems have a 

propensity to create problems with proper frame maintenance during translation. We have 

suggested that the trypanosome system has solved this problem by importing into the 

mitochondria the pathway for wybutosine; a pathway previously relegated to the cytoplasm 

of eukaryotes (Fig. 1). In terms of evolution, it is likely that the gene duplication that 

occurred in the kinetoplastid lineage may initially not have any fitness advantage to the cell, 

and that at least some of the proteins (i.e. tyw1S and tyw3B) had gained the ability to be 

imported to the mitochondria, thus forming wyosine (imG) in the organelle. Wyosine 

formation, although initially a purely neutral step in evolution, became important with the 

advent of U-insertion editing (Benne et al., 1986). This provided a scenario whereby as 

mRNA editing evolved, potentially lethal translational vagaries created by the U-insertion 

process (Farabaugh and Björk 1999), such as increased propensity for ribosomal 

frameshifting and occurrence of other translational errors could be easily remediated by the 

pre-existence of a common modification at an unusual location.
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In a broader sense, it is interesting to note that expectedly, in organisms that import from the 

cytoplasm all of the tRNAs used in mitochondrial translation, there must be a level of co-

evolution between the nuclear and mitochondrial genomes. For instance, one would predict 

that the two would become nearly identical in terms of their genetic code; such mitochondria 

will tend to use a more universal code. Obviously, in trypanosomes the use of UGA for 

tryptophan remains an exception. However, if one compares codon usage between the 

trypanosome mitochondrial genome and the nuclear genome, it is evident that whereas the T. 
brucei nuclear genome has a G/C bias at the 3rd position of codons, the mitochondrial 

genome has an A/T bias. Indicating that despite the fact that all the tRNAs, needed for 

mitochondrial translation, are imported, still the genetic code, at least in terms of codon 

usage, has not co-evolved. The mitochondrial genome is still under A/T mutational pressure 

at the 3rd codon position, which is characteristic of most mitochondria. One thing then is 

clear, that additional selective pressures exist to maintain such bias and these go beyond 

whatever fitness effect importing tRNAs may provide. Regardless, the import of the wyosine 

pathway into mitochondria, as a potential way to maintain translational fidelity, is only made 

possible byThis scenario, again, is only made possible by the availability of a relatively 

promiscuous mitochondrial tRNA import machinery, whose evolution would have then also 

predated the appearance of the editing pathway.
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FIG 1. Intracellular compartmentalization of tRNAs and modification enzymes and their role in 
affecting mitochondria decoding and evolution.
Methylation at position 37 of certain tRNAs is important for translational fidelity and is also 

the precursor for another frameshift-preventing modification, wyosine and derivatives. Two 

versions of the latter exist in T. brucei one cytoplasmic and the other mitochondrial, but 

because a robust and promiscuous tRNA import pathway tRNAs modified to various extents 

have to be further modified to be fully functional. The unique wyosine formation pathway of 

T. brucei is proposed as part of the evolutionary adaption that permitted the organelle to cope 

with an abundance of U-rich sequences created by RNA editing, while preventing ribosomal 

frameshifting. NPC refers to the Nuclear Pore Complex, m1G37 refers to 1-

methylguanosine found at position 37 of the anticodon of tRNAs Ile, His, Pro, Leu, Arg and 

Phe. In tRNAPhe this methylation is further modified to wybutosine (yW) or wyosine (imG) 

dependent on location.
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