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ABSTRACT OF THE DISSERTATION 

 

Mechanisms of Mitochondrial tRNA Regulation: Transcriptional Pausing and RNA Processing 

 

 

by 

 

Jubilee Haddasah Muñozvilla 

 

Doctor of Philosophy in Biochemistry and Molecular Biophysics 

 

University of California San Diego, 2026 

 

Professor Tatiana Mishanina, Chair 

 

 

Mitochondria are essential organelles within a eukaryotic cell, with their own genome 

(mtDNA) responsible for cellular energy production through oxidative phosphorylation. The 

mtDNA-encoded mitochondrial transfer RNAs (mt-tRNAs), despite comprising only a small 

fraction of the mitochondrial genome, account for a disproportionate number of disease-associated 
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mutations. Many of these mutations disrupt mitochondrial gene expression and lead to severe 

mitochondrial disorders. However, the molecular mechanisms by which mt-tRNA sequence 

variation affect transcription and RNA maturation are insufficiently characterized. Understanding 

how these mutations alter the mt-tRNA life cycle is key to identify early points of dysfunction and  

for development of targeted therapeutic strategies. The goal of this dissertation is to define how 

mt-tRNA sequence variation influences transcriptional pausing on mt-tRNA encoding sequences 

and mt-tRNA processing, towards establishing mechanistic links between these processes and 

mitochondrial disease. 

Chapter 1, which serves as an introduction to the dissertation, provides an overview of 

mitochondrial transcription machinery and mt-tRNA processing, with the emphasis on the role of 

mt-tRNAs in coordinating RNA maturation.  

In Chapter 2, I investigate how disease-associated mutations within the acceptor stem of 

mt-tRNATyr impair 5ꞌ leader processing, disrupt interactions with the MRPP1/2 processing 

complex, and support a directional 5ꞌ-to-3ꞌ maturation pathway. This work further demonstrates 

that defects in upstream mt-tRNAs can propagate to downstream mt-tRNAs within clusters, 

revealing coordinated processing dependencies. 

Chapter 3 describes the development and optimization of the recombinant expression and 

purification strategies for key components of the human mitochondrial transcription machinery, 

including POLRMT, TFAM, and TFB2M. Through this work, I participated in establishing a 

robust biochemical platform for studying mitochondrial transcription in vitro, enabling 

mechanistic investigations of transcriptional regulation. 

In Chapter 4, I study transcriptional pausing by POLRMT and demonstrate that a disease-

associated mutation (m.T616C) within mt-tRNAPhe abolishes a sequence-dependent pause. 
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Through scaffold-based transcription assays, I show that this mutation disrupts transcriptional 

dynamics, linking mtDNA sequence variation to early defects in the mt-tRNA life cycle and 

suggesting a role for pausing in coordinating RNA folding and downstream processing. 

Overall, my work establishes a mechanistic framework connecting mt-tRNA sequence variation 

to defects in transcriptional pausing and coordinated mt-tRNA maturation. These findings 

provide new insight into how disease-associated mutations disrupt mitochondrial gene 

expression and highlight early stages of the mt-tRNA life cycle as critical points of vulnerability. 



1 

Chapter 1 Introduction 
 

1.1 Overview 

Eukaryotic cells are presumed to have evolved from an endosymbiotic event in which a 

Gram-negative α-proteobacterium was enveloped by a fermentative Asgard archaeal host cell, 

roughly 1.5-2 billion years ago1. The α-proteobacterium subsequently transitioned into what is 

now recognized as mitochondria. Each mammalian cell contains multiple copies of mitochondria, 

ranging from as few as 4 in platelets to as many as 8,000 in cardiomyocytes, reflecting the energetic 

demands of each cell type1. Human mitochondria contain their own DNA (mtDNA), encoding 

thirteen essential protein subunits of the oxidative phosphorylation (OXPHOS) complexes 

responsible for producing the majority of cellular adenosine triphosphate (ATP)1,2. Because 

mitochondria are the primary generators of cellular energy in the form of ATP, they are commonly 

referred to as the “powerhouses of the cell”. Cells containing genetically identical mitochondrial 

genomes are considered homoplasmic, whereas those harboring a mixture of mtDNA sequence 

variations are referred to as heteroplasmic3,4. In humans, the multicopy nature of mtDNA, 

combined with the potential for heteroplasmy, introduces unique challenges for maintaining proper 

mitochondrial gene expression and function. In addition to energy production, mitochondria 

function as biosynthetic hubs, generating metabolic intermediates that are either exported or 

further processed to produce diverse biomolecules such as steroids, phospholipids, amino acids 

and iron-sulfur clusters for essential enzyme activity1.  

Mitochondrial genes are transcribed by a single mitochondrial RNA polymerase (RNAP), 

producing a ~16,600 nucleotide-long polycistronic transcripts in which protein-coding sequences 
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are arranged in tandem (Fig. 1A)2,5. These long transcripts require precise and coordinated 

processing to generate mature and functional RNA species. Processing of the primary transcript 

requires excision of intervening mitochondrial tRNAs (mt-tRNAs) by the mitochondrial 

endonucleases RNase P and RNase Z at the 5ꞌ and 3ꞌ end, respectively (Fig. 1B)6-11. Sequence 

alterations in mt-tRNA genes associated with mitochondrial diseases have been shown to impair 

mitochondrial transcript processing, observed as decreased levels of mature mt-tRNAs in northern 

blots of patient cell lines, and increased abundance of unprocessed transcripts detected by RNA-

seq12-14. Therefore, understanding how mt-tRNA sequence variations impact RNA processing is 

essential for defining the molecular basis of mitochondrial disease. 

In addition to post-transcriptional mt-tRNA processing, RNA synthesis by RNAP 

represents an important regulatory layer in RNA maturation. In bacterial and nuclear systems, 

RNAP pausing is a well-characterized transcriptional mechanism that influences RNA folding, 

 
Figure 1 | Mitochondrial DNA and the tRNA life cycle | (A) Map of human mitochondrial genome (mtDNA), 

with the tRNATyr cluster highlighted in magenta. (B) Life cycle of mitochondrial tRNA starting with transcription 

by human mitochondrial RNA polymerase, POLRMT (a), nascent RNA folding into a precursor tRNA containing 

the 5ꞌ leader and 3ꞌ trailer (b), pre-tRNA association with by MRPP1/2 (c, PDB ID: 7ONU), 5ꞌ leader processing 

by MRPP3 (d, PDB ID: 7ONU), 3ꞌtrailer processing by ELAC2 (e, PDB: 8Z1G), 3ꞌ-CCA tail addition by TRNT1 

(f, PDB ID: 4X4W), tRNA modification by “writer enzymes” (g), aminoacylation by the respective tRNA 

aminoacyl synthetase (h, PDB ID: 2PID), and mature mt-tRNA release (i). 
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coordinates transcription with downstream processes (e.g., translation and splicing), and 

modulates gene expression by controlling transcriptional progression (e.g., elongation rate and 

premature termination) regulates gene expression15. However, the extent to which transcriptional 

pausing contributes to mitochondrial RNA maturation, and the effects of disease-associated 

mtDNA mutations on pausing, are understudied. 

1.2 Transcription and pausing in the mitochondria 

Transcription in the mitochondria is initiated by the coordinated binding of mitochondrial 

transcription factor A (TFAM) to the non-coding region of mtDNA, which houses the heavy strand 

promoter (HSP) and two light strand promoters (LSP1 and LSP2). TFAM bends the DNA and 

recruits mitochondrial RNAP (POLRMT in humans) to the promoter region; the mitochondrial 

transcription factor B2 (TFB2M) then binds and “melts” the promoter region to allow POLRMT 

transcription initiation5,16-18.  HSP is responsible for transcription in the “outer” sequence of the 

mitochondrial genome, encoding fourteen tRNAs, two mitochondrial rRNAs, and twelve 

OXPHOS mRNA sequences (Fig. 1A)16-20. LSP2 enables transcription of the “inner” sequence of 

the mitochondrial genome, encoding eight tRNAs and one OXPHOS mRNA sequences, and LSP1 

invokes transcription of the regulatory non-coding 7S RNA that promotes POLRMT dimerization 

to “sponge up” POLRMT and inhibit transcription5,16,19-21. The transcription elongation factor, 

TEFM, stabilizes an actively transcribing POLRMT on the DNA template, thereby promoting 

processive transcription, reducing nascent RNA structure-stabilized transcriptional pause duration, 

and reducing premature termination19,22,23.  

Pausing occurs when RNAP encounters specific nucleic acid sequence signals that induce 

a catalytically inactive conformation, temporarily preventing nucleotide addition15 (Fig. 2A). In 

bacteria, this paused state mediates transcription termination, nascent RNA folding, or recruitment 

of RNA translational machinery15,24,25. In eukaryotic nucleic systems, RNAP II has frequent pauses 
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downstream of the promoter, proposed to occur as a checkpoint to control gene expression, as well 

as splicing and chromatin rearrangement25-27. In recent work, POLRMT has been observed to 

recognize and pause at a 

universally conserved pause, 

suggesting the possibility of 

conserved underlying 

mechanisms and functional 

roles for transcriptional 

pausing across evolution28. A 

consensus elemental pause 

motif for POLRMT has been 

identified and is distributed throughout the mitochondrial genome. Notably, these pause-inducing 

sequences are enriched on the light-strand transcript relative to the heavy strand, potentially 

reflecting the “G-richness” of the light-strand template, which may promote formation of G-

quadruplex structures in the nascent RNA that stabilize the paused polymerase28,29. 

Because transcriptional pausing is linked to nascent RNA folding, it may play a role in 

shaping mt-tRNA structure during transcription. This is particularly relevant in the context of 

mitochondrial disease, where point mutations and deletions may alter pausing behavior and affect 

RNA folding and processing. However, the impact of the disease-associated mtDNA mutations on 

transcriptional pausing remains largely unexplored.  

1.3 Processing machinery of mitochondrial tRNAs: RNase P and RNase Z  

Mitochondrial transcripts are synthesized as long polycistronic RNAs in which tRNAs are 

interspersed between mRNA and rRNA sequences, a genomic organization described as “the 

tRNA punctuation model.” In this model, excision of individual mt-tRNAs from the primary 

 
Figure 2 | Pausing Schematic and MRPP1/2 bound to mt-tRNA | (A) 

Schematic of pausing mechanism where POLRMT (purple) pauses on 

mtDNA (magenta) continuing transcription of the RNA transcript 

(green) after addition of the incoming nucleotide. (B) Schematic of 

MRPP1 (orange, PDB ID: 7ONU) and MRPP2 (Blue, green, indigo, 

PDB ID: 7ONU) as a protein complex folding and positioning the mt-

tRNA (dark green) for cleavage of the 5ꞌ leader and the 3ꞌ trailer 

sequences (light blue). 
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transcript enables the release of tRNA, adjacent mRNAs, and rRNAs, positioning tRNAs as both 

structural elements of the translational machinery and key regulators of mitochondrial gene 

expression (Fig. 1A)1,16,20. 

Most mt-tRNAs have their 5ꞌ leader (5ꞌ adjacent piece of the polycistron) processed by 

human mitochondrial RNase P, a multiprotein complex comprised of the methyltransferase 

TRMT10C (MRPP1), four copies of dehydrogenase SDR5C1 (MRPP2), and the endonuclease 

PRORP (MRPP3), which together mediate hydrolysis of the precursor mt-tRNA (pre-tRNA) 5ꞌ 

leader6-11,30-32. The TRMT10C (MRPP1) also methylates the conserved purine (A or G) at the 

position 9 of mt-tRNAs, a modification thought to stabilize the final tRNA fold, whereas SDR5C1 

(MRPP2) has lost its dehydrogenase activity in the context of the mitochondrial RNase P complex. 

While PRORP functions as a stand-alone protein-only nuclease in some eukaryotes (e.g., plant 

mitochondria and plastids), its activity in human mitochondria is entirely dependent on its 

interactions with MRPP1/2, which act as a structural and functional platform for precursor tRNA 

(pre-tRNA) substrate positioning6-8. The MRPP1/2 subcomplex is widely considered as a 

“maturation platform”, facilitating proper alignment of pre-tRNAs for coordinated and sequential 

enzymatic processing steps8,10,11. In contrast to mitochondrial RNase P, nuclear-encoded pre-

tRNAs are cleaved at the 5ꞌ end by the evolutionarily and structurally divergent nuclear riboprotein 

RNase P, which is a ribozyme composed of the catalytic RNA and multiple accessory protein 

subunits31. Cleavage of the 3ꞌ trailer (3ꞌ adjacent piece of the polycistron) is carried out by RNase 

Z, which contains the same MRPP1/2 subcomplex in association with the ELAC2 endonuclease 

(Fig. 1B)30,31. ELAC2 also processes nuclear-encoded pre-tRNAs. Unlike in mitochondria, 

ELAC2 does not require MRPP1/2 for assistance in cleavage of nuclear-encoded pre-tRNAs due 
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to the additional tertiary structural features of nuclear tRNAs that are absent from the “eroded” mt-

tRNAs described below31.  

A defining feature of mt-tRNAs is their deviation from canonical cytosolic tRNA structure. 

Seventeen out of the 22 mt-tRNAs lack conserved nucleotides within the D- and T-loops that 

stabilize the classical “L-shaped” tertiary structure via kissing-loop interactions (also referred to 

as the “elbow”), resulting in decreased intrinsic structural stability for mt-tRNAs and increased 

reliance on MRPP1/2-mediated stabilization31. MRPP1/2 is proposed to compensate for these 

deficiencies by stabilizing the folded conformation of mt-tRNAs via extensive shape and charge 

complementarity with the tRNA and conserved nucleotide contacts within the anticodon loop, 

thereby enabling efficient processing, not only by PRORP and ELAC2, but also by downstream 

maturation enzymes such as the 3ꞌ-CCA cap adding protein, TRNT1 (Fig. 2B)32. Studies further 

suggest that MRPP1/2 enforces an ordered 5ꞌ leader first, 3ꞌ trailer second cleavage hierarchy as 

structural work has proposed ELAC2 is prevented from cleaving the 3ꞌ trailer when the 5ꞌ leader 

is still attached due to the steric clash between the 5ꞌ leader and one of ELAC2 domains in an 

MRPP1/2-engaged pre-tRNA substrate31,32.  

Following cleavage of both the 5ꞌ leader and the 3ꞌ trailer, MRPP1/2 is proposed to remain 

associated with the tRNA during addition of the 3ꞌ-CCA cap by TRNT1, suggesting coordinated 

interactions between processing and maturation proteins (Fig. 1B)32. Addition of the 3ꞌ-CCA cap 

not only enables aminoacylation, but also acts as an antideterminant for RNase Z, preventing 

cleavage of the 3ꞌ-added CCA cap and ensuring mt-tRNA maturation progresses unidirectionally32.  

Subsequent aminoacylation by the mt-tRNAs respective aminoacyl tRNA synthetase “charges” 

the tRNA with its corresponding amino acid, preparing the mt-tRNA for translation (Fig. 1B). 
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Experimental evidence indicates that unprocessed transcripts containing the 5ꞌ leader were 

not associated with the mitochondrial ribosome, suggesting that 5ꞌ leader processing is a 

prerequisite for translation33. In contrast to nuclear-encoded mRNAs, which can remain in non-

ribosome bound states for extended periods (approx. 176 min), mitochondrial mRNAs exhibit 

rapid turnover, spending approximately 5 min in non-bound states and degrading within 

approximately 74 min33. However, while mRNA turnover has been characterized, the kinetics of 

mt-tRNA biogenesis and degradation remain poorly understood due to the low mt-tRNA cellular 

abundance compared to total cell RNA levels, extensive post-transcriptional modifications,  

abundant tertiary structural motifs (e.g., kissing loops), and short length (~70 nt) that poses 

challenges to traditional RNA sequencing approaches3,33,34. The post-transcriptional modifications 

include methylating purine nucleotides or uridine isomerization to pseudouridine to stabilize the 

mt-tRNA tertiary structure, enhance codon-anticodon interactions, and prevent premature tRNA 

degradation3. Notably, many of these modifications depend on precise recognition of specific 

nucleotide identities, making them particularly sensitive to sequence variations3. Mutations at post-

transcriptional modification sites can prevent installation of these modifications, disrupting tRNA 

folding and stability, contributing to mitochondrial diseases. For example, a loss of taurinomethyl 

modification at the wobble base in mt-tRNALeu(UUR) and mt-tRNALys resulting in severely reduced 

respective codon recognition and translation, manifesting as mitochondrial encephalopathy and 

myoclonic epilepsy3,12. 

At each stage of processing, MRPP1/2-mediated interactions provide checkpoints that 

ensure correct progression of mt-tRNA maturation. Disruptions to this system, either through 

mutations in processing enzymes or sequence variations within mt-tRNAs themselves (see next 

section for examples), can impair maturation and ultimately compromise mitochondrial function12-
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14,35,36. Thus, defining how specific mt-tRNA mutations alter coordinated processing steps is key 

for understanding the mechanistic basis of mitochondrial diseases. 

1.4 Mitochondrial diseases associated with mt-tRNA gene deviations 

Studies of both nuclear-encoded and mitochondrial tRNAs have demonstrated that efficient 

RNA processing and maturation depend on the correct folded shape of the substrate rather than 

the exact nucleotide sequence at the cleavage site. Early studies with nuclear RNase P showed that 

efficient processing requires conserved structural features within the acceptor stem and tertiary 

core of the tRNA, establishing a model in which substrate architecture is a large determinant of 

enzyme recognition for processing37.  

More recent studies with nuclear-encoded and cytoplasm-localized tRNAs have further 

shown that sequence variants can impair processing through effects on RNA structure. A disease-

associated C50U substitution located on the T-stem in the neuron-specific cytoplasmic 

tRNAArg(UCU) (n-Tr20) reduced RNase P cleavage efficiency ~20-fold, despite the substitution 

being located distal to the cleavage site38. Biophysical analysis (tRNA melting profiles and 1H-

NMR) revealed that the mutation promoted alternative non-native tRNA conformations that 

disrupted formation of the canonical tRNA elbow, which is a key structural feature recognized by 

RNase P 30, 37-39. These findings showed that tRNA mutations can alter processing by shifting the 

equilibrium of a pre-tRNA toward conformationally stable structures that are unsuitable substrates 

for nuclear RNase P.  

Structural studies of RNase P complexes with the pre-tRNA have provided a mechanistic 

explanation for these observations. Analysis of nuclear and mitochondrial RNase P enzymes 

showed that substrate recognition relies on conserved interactions with the overall tRNA 

architecture, including contacts with the acceptor arm, T-arm, and tertiary structural elements 

(either through canonical folding or assistance by MRPP1/2), that position the substrate for 
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accurate cleavage39. Disruption of these structural features can impair enzyme recognition and 

processing even when the cleavage site sequence is unchanged. Recognition and processing by 

mitochondrial RNase P may be impaired by mt-tRNA variants that alter local or global mt-tRNA 

folding, as observed in the nuclear-encoded tRNA example38. This results in a dependency for 

correct RNA folding and conformational stability as a strong determinant of processing efficiency. 

Defects in mt-tRNA processing contribute to mitochondrial dysfunction and disease3,4,12. 

Genetic disruption of key processing enzymes highlights the importance of this pathway. For 

example, knockouts of MRPP3 in mice reduced both 5ꞌ and 3ꞌ cleavage, impaired mitochondrial 

ribosome assembly and OXPHOS complex activity12-14,36. Knockouts of ELAC2 in skeletal and 

heart muscles caused premature death in mice due to defective tRNA processing and reduced 

OXPHOS function36. Collectively, these studies demonstrate that precise and coordinated 5ꞌ and 

3ꞌ processing is essential for maintaining mitochondrial gene expression and cellular energy 

production. 

Various mitochondrial diseases have been associated with mutations in mtDNA, many of 

which affect mt-tRNAs specifically (Fig. 3). These mutations often manifest as neuromuscular 

disorders such as myopathy, muscular dystrophy, chronic progressive external ophthalmoplegia, 

and epilepsy.  To date, 1,058 mtDNA variants have been reported, with ~40% mapping to tRNA 
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genes and 60% of those classified as pathogenic, defined as “Two or more independent patient 

reports; Evolutionary conservation of the nucleotide, Presence of heteroplasmy; correlation of 

variant with phenotype / segregation of the mutation with the disease within a family; Biochemical 

defects in OXPHOS complexes; Functional studies showing differential defects segregating with 

the mutation (cybrid or single fiber studies); Histochemical evidence of a mitochondrial disorder; 

For fatal or severe phenotypes, the absence or extremely rare occurrence of the variant in large 

mtDNA sequence databases”4. Pathogenic mt-tRNA variants are consistently associated with 

reduced OXPHOS complex production, and multiple biochemical studies have shown defects in 

5′/3′ processing and aminoacylation resulting from these mutations33,39,40. These observations 

establish mt-tRNAs as a major mechanistically relevant source of mitochondrial disease. 

Many disease-associated mutations cluster within the acceptor stem region, and the D- and 

T-loop regions of mt-tRNAs41-44. Despite this, the mechanistic relationship between mutation 

 
Figure 3 | Number of pathogenically-linked mutations on mtDNA per mt-tRNA |  
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position and specific defects in tRNA processing remains poorly defined. In particular, no studies 

have systematically examined how the proximity of a mutation to enzymatic active sites influences 

both 5ꞌ and 3ꞌ processing efficiency. Furthermore, while point mutations have been explored in a 

few recent studies, the impact of deletions in mt-tRNAs has not been systematically characterized. 

In addition to processing defects, these mutations have also been linked to hypomodification of 

loss of post-transcriptional modifications, likely due to a disruption of sequence recognition by 

modifying enzymes3. Together, these gaps in knowledge highlight an opportunity for mechanistic 

studies into how different classes of mt-tRNA mutations disrupt tRNA maturation. 

An additional layer of complexity arises from the organization of several mt-tRNAs into 

clusters within the mitochondrial 

genome. In these regions, 

multiple tRNAs are encoded 

sequentially, such that 

processing of one tRNA may 

influence the release and 

maturation of downstream 

tRNAs8. Clusters on the HSP 

transcript include tRNAIle-

tRNAMet and tRNAHis-tRNASer-

tRNALys, while LSP2 drives the synthesis of a tRNATyr-tRNACys-tRNAAsn-tRNAAla cluster (Figs. 

1A and 4A). The extent to which mutations in an upstream tRNA affect the processing of 

downstream tRNAs remains unknown. 

 

 
Figure 4 | LSP2 cluster and pre mt-tRNATyr secondary structure | 

(A) Schematic showing the LSP2 cluster containing tRNATyr-

tRNACys-tRNAAsn-tRNAAla (B) Secondary structure of mt-

tRNATyr with the  structural variations mapped on the schematic. 
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1.5 Overview of the dissertation 

This dissertation addresses key gaps in the field of mitochondrial transcription and RNA 

processing by investigating three central questions; (1) how mt-tRNA mutations and deletions 

affect 5ꞌ leader and 3ꞌ trailer removal, (2) whether processing defects propagate to downstream 

tRNAs within mt-tRNA clusters, and (3) how mtDNA mutations influence transcriptional pausing 

within the mt-tRNA genes.  

To address the first two questions, I focused on mt-tRNATyr, which is the first tRNA in a 

cluster of tRNAs transcribed from the light strand promoter. This dissertation investigated two 

disease linked mutations (m.G5835A and m.A5889G), and a single-nucleotide deletion 

(m.5884delA) located at or near the acceptor stem, and two “benign” variants (m.C5877T and 

m.T5843C) within the D- and T-loops that contribute to the canonical tertiary tRNA fold (Fig 

4B)40,45-49. Variants are described using the standard genomic numbering system within the 

mtDNA.  

I found that variants located proximal to the tRNA acceptor stem had the greatest impact 

on 5ꞌ leader cleavage efficiency. In addition, my data support a 5ꞌ-to-3ꞌ processing model, 

demonstrating that ELAC2-mediated 3ꞌ trailer cleavage does not occur when the 5ꞌ leader remains 

uncleaved, e.g., due to a cleavage-compromising mutation, in line with the proposed steric clash 

between 5ꞌ leader of the pre-tRNA, oriented by MRPP1/2, and the C-terminal region of ELAC231. 

These findings provide functional in vitro validation of structural models and demonstrate, for the 

first time, how disease-associated mutations disrupt coordinated processing by jointly affecting 

both MRPP3- and ELAC2-mediated cleavage, revealing a level of mechanistic coupling not 

captured in prior studies with individual enzymes in isolation11,31,32. 
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Furthermore, I demonstrated that defects in processing of an upstream tRNA within a 

cluster can impair processing of downstream tRNAs. However, this dependency is alleviated when 

a non-coding sequence separates adjacent tRNAs, indicating that sequential continuity within 

clusters contributes to coordinated processing. This represents one of the first mechanistic 

demonstrations that mt-tRNA mutations can propagate processing defects within mt-tRNA 

clusters through disruption of 5ꞌ leader cleavage, unveiling the underlying cleavage defects 

previously inferred from mt-tRNA levels in cybrid models but not directly examined50. 

To investigate the third question of transcriptional mt-tRNA regulation, I examined mt-

tRNAPhe, the first tRNA transcribed from the heavy strand promoter (Fig. 5A). In vitro 

transcription assays using my purified POLRMT revealed a distinct transcriptional pause at 

position m.T616 within the mt-

tRNAPhe transcript (Fig. 5B). I 

mapped this pause site using RNA 

sequencing and confirmed this site 

as a transient transcriptional pause 

(vs. termination site) by 

quantifying the fraction of 

POLRMT molecules at this site as 

a function of time. The m.T616 

position is within the previously 

discovered “elemental” pause sequence (Fig. 5A)28. Introduction of a disease-associated mutation 

(m.T616C in mtDNA), which clinically presents as severe epilepsy, abolished this pause, as 

 
Figure 5 | Location of mt-tRNAPhe on mtDNA and mt-tRNAPhe 

secondary structure | (A) Map of human mitochondrial genome 

(mtDNA), with mt-tRNAPhe located and its pausing motif (B) 

Secondary structure of mt-tRNAPhe with the motif in yellow and the 

pause site in red. 
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evidenced by the absence of the corresponding transiently accumulating RNA band, linking 

sequence variation to altered transcriptional dynamics51-53. 

Together, my work establishes a mechanistic framework connecting mt-tRNA sequence 

variation to defects in transcriptional pausing, RNA processing, and coordinated tRNA maturation, 

providing new insight into how disease-associated mutations disrupt the mt-tRNA life cycle.  
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ABSTRACT 

Human mitochondrial genome (mtDNA) encodes multiple proteins in the oxidative 

phosphorylation complexes as well as the ribosomal and transfer RNAs (tRNAs) needed for in situ 

translation. These genes are transcribed from only three promoters, producing polycistronic 

transcripts that are co-transcriptionally cleaved by mitochondrial RNase enzymes to release 

majority of individual gene products. tRNAs separate many of these genes and are thought to serve 

as “punctuation” marks that enable RNase recognition, binding, and hydrolysis of the 5′ “leader” 

and 3′ “trailer” sequences flanking the tRNA. Mutations in the tRNA genes dominate the mtDNA-

linked mitochondrial pathologies; yet a systematic study of the impact of tRNA sequence variation 

on the RNase-catalyzed processing is lacking. Here, we employed human mitochondrial tRNATyr 

as a model system to dissect the effect of tRNA variants on the in vitro 5′ leader and 3′ trailer 

hydrolysis.  We found that nucleotide variations located near the catalytic interfaces – particularly 
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within or near the tRNA acceptor stem – showed the strongest defects in 5′ processing and 

prevented release of the downstream tRNA in a tRNA cluster where multiple tRNAs are 

transcribed in tandem. This work provides mechanistic insight into how mutations disrupt 

coordinated mitochondrial tRNA processing and establish a framework for predicting variant 

effects based on their structural position relative to the processing enzymes. 

 

INTRODUCTION 

Human mitochondria contain their own DNA (mtDNA), which encodes 13 essential 

protein subunits of the oxidative phosphorylation (OXPHOS) complexes that drive the synthesis 

of the majority of cellular adenosine triphosphate (ATP). The mtDNA-encoded genes are 

transcribed by a single mitochondrial RNA polymerase (POLRMT in humans) from three 

promoters, each producing a ~16,600 nucleotide-long polycistronic transcript containing protein-

coding sequences arranged in tandem (Fig. 1A). Processing of this primary transcript requires 

precise excision of intervening mitochondrial (mt) tRNAs by the endonucleases RNase P and 

RNase Z. RNase P consists of three protein subunits: TRMT10C (MRPP1), SDR5C1 (MRPP2), 

and the endonuclease PRORP (MRPP3), which together mediate hydrolysis of the mt precursor 

tRNA (pre-tRNA) 5′ leader1-5. RNase Z consists of the same MRPP1/2 proteins as in RNase P, 

plus the ELAC2 endonuclease, which cleaves the pre-tRNA 3′ trailer (Fig. 1B)4,5. The MRPP1/2 

complex is viewed as a “maturation platform”, positioning the pre-tRNA for reactions with the 

endonucleases1,5,6. Because mt-tRNAs are dispersed throughout the polycistronic transcript, they 

serve as punctuation marks that release the majority of individual mRNAs and rRNAs when 

processed. This “tRNA punctuation model” ensures the coordinated maturation of tRNAs, 

mRNAs, and rRNAs for OXPHOS protein expression within the mitochondrial matrix. The 

generally accepted stages in an mt-tRNA life cycle includes transcription, 5′ cleavage by RNase 

P, 3′ cleavage by RNase Z, post- transcriptional addition of the 3′-CCA
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Figure 1 | Mitochondrial tRNA life cycle and the mt-tRNATyr variants explored in this study | (A) Map of human 

mitochondrial genome (mtDNA), with the tRNATyr cluster highlighted in magenta. (B) Life cycle of mitochondrial 

tRNA starting with transcription by human mitochondrial RNA polymerase, POLRMT (a), nascent RNA folding into 

a precursor tRNA containing the 5′ leader and 3′ trailer (b), pre-tRNA association with by MRPP1/2 (c, PDB ID: 

7ONU), 5′ leader processing by MRPP3 (d, PDB ID: 7ONU), 3′ trailer processing by ELAC2 (e, PDB: 8Z1G), 3′-

CCA tail addition by TRNT1 (f, PDB ID: 4X4W), tRNA modification by “writer enzymes” (g), aminoacylation by 

the respective tRNA aminoacyl synthetase (h, PDB ID: 2PID), and mature mt-tRNA release (i). (C) Zoomed view of 

the light strand tRNA cluster with tRNATyr as the pioneer tRNA transcribed. (D) Sequence of mitochondrial pre-

tRNATyr with the secondary structure elements and sites of the variants investigated in this work.  
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tail by TRNT1, covalent modifications by “writer” enzymes, and aminoacylation by cognate tRNA 

synthetases (Fig. 1B)5,6. Defects in the above mt-tRNA processing steps have been linked to 

mitochondrial dysfunction and disease in model systems and patients7,8. For example, knockout of 

MRPP3 in mice reduces both 5′ and 3′ cleavage, impairing mitochondrial ribosome assembly and 

OXPHOS complex activity9. Loss of ELAC2 causes premature death in mice due to defective mt-

tRNA processing and reduced OXPHOS function10. Collectively, such studies demonstrate that 

accurate 5′ and 3′ mt-tRNA cleavage is essential for mitochondrial function. 

To date, 1,058 mtDNA variants have been reported, with ~40% mapping to tRNA genes 

and 60% of those classified as pathogenic through a standardized scoring system developed by 

Clin Gen11. In this scoring framework, pathogenicity is determined by assigning weighted points 

to multiple lines of evidence, such as supported by multiple independent patient reports, 

evolutionary conservation of the affected nucleotide, heteroplasmy and segregation with disease, 

biochemical defects in OXPHOS complexes, functional and histochemical evidence of 

mitochondrial dysfunction, and the rarity or absence of the variant in large mtDNA databases11. 

Pathogenic mt-tRNA variants are associated with reduced OXPHOS complex production, and 

multiple biochemical studies have shown defects in 5′/3′ processing and aminoacylation due to mt-

tRNA mutations12-14. No systematic studies have examined the impact of mt-tRNA single-point 

deletions in mt-DNA. 

Although most human mt-tRNAs are separated by rRNA or mRNA genes, several regions 

of the mtDNA contain “tRNA clusters”, where multiple mt-tRNAs are transcribed consecutively 

(Fig. 1A). The sequential processing of individual tRNAs in tRNA clusters remains poorly 

understood, and it is unknown if mutations or deletions in the first transcribed mt-tRNA affect 

downstream mt-tRNA processing. One such cluster is present on the transcript from the light-
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strand promoter (LSP) and contains tRNATyr-tRNACys -tRNAAsn -tRNAAla (Fig. 1C). Because mt-

tRNATyr is positioned at the start of this cluster, its processing may act as a “gatekeeper”, such that 

changes in its cleavage efficiency alter downstream maturation events.  

Here, we focused on the mt-tRNATyr in its native cluster to establish a framework for in 

vitro investigation of disease-linked variants in cluster mt-tRNAs and how they may disrupt 

sequential processing. We investigated two disease-linked mt-tRNATyr variants (m.A5889G15,11 

and m.G5835A16,17,11) and a deletion variant (m.5884delA) located at or near the acceptor stem, as 

well as two “benign” variants (m.C5877T11,18 and m.A5843G11,19) within the D-loop and T-loop 

(Fig 1D). Benign variants provided a useful contrast, enabling direct comparison of folding and 

processing defects across variant classes.  

Previous studies reported that m.C5877T and m.A5843G, although benign, reduce 

aminoacylation by tightening the T-loop tRNATyr structure, though their effects on 5′/3′ cleavage 

remain unknown13. The m.G5835A variant dramatically reduced steady-state mt-tRNATyr levels 

and aminoacylation (~95%) in patient samples, but effects on processing were not assessed16. 

Thus, it remains unclear whether these pathogenic outcomes originate from early processing 

defects, misfolding, or downstream steps in tRNA maturation. 

In this work, we analyzed the five in vitro transcribed pre-mt-tRNATyr substrates for any 

effects of nucleotide sequence variation on the 5′ leader and 3′ trailer cleavage, MRPP1/2 binding, 

and processing of mt-tRNAs downstream of mt-tRNATyr in the cluster. Our findings reveal the 

majority of examined variants compromise 5′ leader cleavage, which in turn reduces the yield of 

fully excised mt-tRNATyr as well as the downstream mt-tRNACys release. Some variants showed 

poor binding to MRPP1/2, explaining their reduced cleavage. Our work adds to the existing 

evidence in support of a hierarchical 5′-to-3′ mt-tRNA processing pathway in which MRPP3-
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mediated 5′ leader removal must occur before ELAC2 can act on the 3′ trailer, with MRPP1/2 

playing an essential role by ensuring that this order is preserved. With these findings, we show that 

steps in early mt-tRNA processing are governed by 5′ processing and MRPP1/2-mediated pre-

tRNA substrate orientation, with variations in the tRNA sequence compromising processing. 

MATERIALS AND METHODS 

Preparation of RNA substrates 

Human mitochondrial DNA was purified from HEK293T cells, and region 5512-

7585 (NCBI Reference Sequence: NC_012920.1) was cloned into a pUC19 vector. Variant 

mtDNA sequences containing either the deletion or mutations on mt-tRNATyr within the light 

strand tRNA “cluster” were commercially synthesized as “E-blocks” by Integrated DNA 

Technologies and cloned into a pUC19 vector. All DNA sequences encoding the tRNA substrates 

are listed in Supplementary Table 1. Each plasmid was transformed into E. coli HB101 competent 

cells (Promega) and miniprepped using the ZymoPURE Plasmid Miniprep Kit (Zymo Research). 

These DNA constructs were used as PCR templates to prepare DNA for in vitro transcription. For 

the PCR, a forward primer was designed to be complementary to the 5′ leader sequence, and a 

reverse primer complementary to the 3′ trailer sequence. All primers are listed in Supplementary 

Table 2. The PCR products were gel-purified from a 1% agarose gel and extracted using the 

Monarch DNA gel extraction kit (New England Biolabs). The purified product was further PCR-

amplified with a forward primer complementary to the 5′ leader sequence containing a T7 RNA 

Polymerase promoter overhang, and a reverse primer complementary to the 3′ trailer sequence. 

These final PCR-amplified products were cleaned up using the Monarch PCR and DNA clean up 

kit (New England Biolabs) and used for in vitro transcription by T7 RNA Polymerase. 
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All tRNA substrates used for biochemical analysis were transcribed using the HighScribe 

T7 Quick High Yield RNA Synthesis kit (New England Biolabs) in a 20 µL transcription reaction 

containing 0.20 µg of the DNA template, 3.3 mM NTP buffer mix, 2.5 mM DTT, 1 µL of T7 RNA 

Polymerase mix and incubated at 37 °C for 15 minutes. In the same tube, 70 µL of milliQ Nuclease 

Free water (ThermoFisher Scientific), 10 µL of Turbo DNase 10x buffer, and 2.5 µL Turbo DNase 

(ThermoFisher Scientific) were added to the reaction and incubated at 37 °C for an additional 20 

minutes to degrade the transcription template DNA. The RNA was purified using the RNA Clean 

& Concentrator (Zymo Research). The RNA purity was verified on a 7% urea-PAGE gel run for 

90 minutes at 100 V, then soaked in 1x Tris-Borate-EDTA buffer (ThermoFisher Scientific) 

containing 1x SYBR gold nucleic acid gel stain (ThermoFisher Scientific) and visualized on a Gel 

imaging system (BioRad). 

Protein cloning and expression 

TRMT10C (MRPP1, UNIPROT: Q7L0Y3), SDR5C1 (MRPP2, UNIPROT: Q99714) and 

PRORP (MRPP3, UNIPROT: O15091) were synthesized and cloned into pUC57 vectors by Bio 

Basic with the predicted mitochondrial targeting signals (MTS) of MRPP1 (∆1-39), MRPP2 (∆1-

11), and MRPP3 (∆1-45) absent in each construct. Additionally, MRPP1 and MRPP3 contained 

an N-terminal 6x His-tag followed by a TEV protease cleavage site. MRPP1 and MRPP2 were 

cloned into a pETDuet-1 vector for co-expression. MRPP3 was also cloned into a pETDuet-1 

vector (due to vector availability), with one of the promoters removed from the vector. ELAC2 

(UNIPROT: Q9BQ52) was provided by colleagues Dr. Sean Reardon and Shannon Cole from the 

Mishanina Lab as a plasmid containing the MTS-lacking (∆1-31) ELAC2 sequence with a SUMO 

protease cleavable N-terminal 6x His-tag in a pProEXHTB vector. All plasmids were transformed 

into E. coli DH5α cells for colony screening and plasmid propagation. Final expression plasmids 

https://www.uniprot.org/uniprotkb/Q7L0Y3/entry
https://www.uniprot.org/uniprotkb/Q99714/entry
https://www.uniprot.org/uniprotkb/O15091/entry
https://www.uniprot.org/uniprotkb/Q9BQ52/entry


28 

were verified by Sanger sequencing before proceeding with protein expression. All plasmids listed 

in Supplementary Table 3.  

MRPP1/2, MRPP3, and ELAC2 were each transformed into E. coli BL21(DE3) 

CodonPlus-RIPL cells (Promega) and selected for LB agar plates containing 100 μg/ml ampicillin 

and 34 μg/ml chloramphenicol overnight (12-16 h) at 37 °C. Starter liquid cultures were then 

prepared by inoculating 4 x 5 mL of LB broth containing 100 μg/ml ampicillin and 34 μg/ml 

chloramphenicol with one selected colony per 5 mL broth and growing overnight (12-16 h) at 37 

°C with shaking. Each 5 mL starting overnight culture was inoculated into 1 L of LB broth 

containing 100 μg/ml ampicillin and shaken at 200 rpm at 37 °C until the OD600 reached 0.6 units 

(4-6 h). The temperature was then lowered to 16 °C, 0.5 mM (final) IPTG was added to the 

MRPP1/2 and MRPP3 culture flasks, and 0.15 mM (final) IPTG to the ELAC2 flask to induce 

expression of each respective protein, and the cultures were shaken overnight (16-20 h) at 16 °C. 

Protein purification 

HEPES buffer was used for purification of MRPP1/2/3 (pH 7.5) and ELAC2 (pH 8.0) at 

4 °C. Cell pellets were harvested and resuspended in the lysis buffer (50 mM HEPES, 500 mM 

NaC (for MRPP1/2/3) or 300 mM NaCl (for ELAC2) NaCl, 10 mM imidazole, 10% v/v glycerol 

, 1x Protease Inhibitor Cocktail (PIC: 31.2 µg/ml benzamidine, 0.5 µg/ml chymostatin, 0.5 µg/ml 

leupeptin, 0.1 µg/ml pepstatin, 1.0 µg/ml aprotinin, and 1.0 µg/ml antipain), 2 mM DTT, 1 mg/ml 

lysozyme (ThermoFisher Scientific). All protein purification steps were carried out at 4 °C, 

following the protocol from the Hillen lab as a starting point2,5,20. The resuspended cells were lysed 

by sonication for 20 minutes, 20 seconds off, 20 seconds on, 60% amplitude. Post-lysis, MRPP1/2 

lysate was treated with an RNase cocktail (5 U/ml RNase A, 200 U/ml RNase T1, ThermoFisher 

Scientific), incubating at 4 °C and gently rocking for 2 hours. Each protein overexpression’s crude 
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lysate was centrifuged at 30,187 x g for 30 minutes at 4 °C to pellet the cell debris. The supernatant 

was passed through a 0.45 µM filter before being applied to a 7.5 mL bed volume of Ni-NTA resin 

(Gold Bio) equilibrated with the respective lysis buffer and rocked at 4 °C (1 h for MRPP1/2, 30 

minutes for MRPP3 and ELAC2). The resin was washed with 12 column volumes (CV) of high-

salt wash buffer (50 mM HEPES, 1M NaCl, 20 mM imidazole, 10% glycerol, 1x PIC, and 2 mM 

DTT). Column-bound proteins were eluted with 2 CV of the appropriate elution buffer – for 

MRPP1/2: 50 mM HEPES, 300 mM NaCl, 400 mM imidazole, 10% glycerol, 1x PIC, and 1.7 mM 

DTT; for MRPP3: 42.5 mM HEPES, 425 mM NaCl, 317 mM imidazole, 8.5% glycerol, 1x PIC, 

and 1.7 mM DTT; for ELAC2: 42.5 mM HEPES, 255 mM NaCl, 317 mM imidazole, 8.5% 

glycerol, 1x PIC, and 1.7 mM DTT. The eluate was dialyzed overnight (16-20 h) against dialysis 

buffer (50mM HEPES, 200mM NaCl, 10% glycerol, 1x PIC, and 2mM DTT) in the presence of a 

recombinant His-tagged TEV protease (homemade; approximate molar ratio of 1:25 

TEV:MRPP1/2/3) or recombinant ULP1 protease (homemade; approximate molar ratio of 1:500 

ULP1:ELAC2). The dialyzed eluate was applied to the 7.5 mL bed volume of Ni-NTA resin 

equilibrated in each respective dialysis buffer and gently rocked for 20 minutes at 4 °C to allow 

binding of the cleaved His-tag and His-tagged protease. The untagged protein was eluted and 

washed with 1 CV of dialysis buffer, then applied to a 5 mL HiTrap heparin column (Cytiva) 

equilibrated with 3 CV heparin low salt wash buffer (50 mM HEPES, 200 mM NaCl, 10% 

glycerol, 1x PIC, 2 mM DTT) and washed with 5 CV of the heparin low salt wash buffer. Protein 

was then eluted with a gradient of 15-50% v/v heparin high salt elution buffer (50 mM HEPES, 

1.5 M NaCl, 10% glycerol, 1x PIC, and 2 mM DTT). Fractions containing the protein of interest, 

identified by SDS-PAGE and Coomassie staining, were pooled and concentrated using Amicon 

30K (for MRPP1/2/3) or 50K (for ELAC2) MWCO Centrifugal Filter Devices (ThermoFisher 
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Scientific) and stored at −80 °C in storage buffer (50 mM HEPES, 150 mM NaCl, 25% glycerol, 

1x PIC, and 2 mM DTT). 

RNA cleavage assays 

All RNase P cleavage assays were carried out in 15 μl reactions containing RNA cleavage 

assay buffer (25 mM Tris-HCl pH 8.0 at 4 °C, 10 mM MgCl2, 0.1mg ml−1 BSA, 70 mM NaCl, 

4 mM DTT, 20 µM S-adenosine methionine (ThermoFisher Scientific), 1 U/µl Murine RNase 

inhibitor (ThermoFisher Scientific) and 63 nM pre-tRNATyr containing the native 38-nt 5′ leader 

and 24-nt 3′ trailer (same for the variants). The pre-tRNATyr (NCBI Reference Sequence: 

NC_012920.1, GeneID:4579) was incubated with 650 nM MRPP1/2 at 37 °C for initial protein-

RNA binding. After 10 minutes, each endonuclease was added either individually (MRPP3 for 5′ 

processing or ELAC2 without pre-MRPP1/2 for 3′ processing) or as a combination simultaneously 

to the reaction at 100 nM each protein final concentration and incubated for 30 minutes at 37°C. 

For extended substrate assays, such as pre-tRNATyr-tRNACys and pre-tRNATyr-tRNACys-tRNAAsn, 

each substrate was pre-incubated with 650 nM MRPP1/2 for 10 minutes at 37 °C, reactions were 

initiated by the addition of the endonucleases (100 nM each final concentration) and incubated for 

20 minutes. To capture additional tRNA released following initial processing, MRPP1/2 was 

subsequently added to a final concentration of 1.3 µM and reactions were incubated for an 

additional 10 minutes. MRPP3 and ELAC2 were then supplemented to a final concentration of 

200 nM each and reactions were further incubated for 30 minutes. All reactions were quenched by 

the addition of 15 µL of 2x formamide-urea stop buffer (90 mM Tris-borate buffer, 8 M urea, 47.5 

mM EDTA, 50% formamide, and 0.02% of each xylene cyanol and bromophenol blue) and stored 

at 4°C for up to a week without apparent RNA degradation. The full 30 µL reaction was carefully 

loaded onto 8 M urea 7% polyacrylamide (bis-acrylamide to acrylamide ratio 1:19) denaturing 

https://www.ncbi.nlm.nih.gov/gene/4579
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gels in 1x Tris-borate-EDTA buffer and run at 100 V for 120 minutes, 130 min (for the pre-

tRNATyr-tRNACys-tRNAAsn substrate), or 115 minutes (for the 5′ leaderless pre-tRNATyr). After 

electrophoresis, gels were stained with 1x SYBR Gold nucleic acid stain, visualized on a gel 

imaging system (BioRad), and quantified with ImageLab 6.1 software (BioRad). Each experiment 

was performed in 3-5 replicates, and the obtained data was analyzed using Prism version 10.6.1 

(GraphPad) software. 

Native polyacrylamide gel electrophoresis (PAGE) 

Each pre-tRNATyr (2.4 pmol) was unfolded at 95°C for 3 minutes and placed on ice for 5 

minutes before adding RNA folding buffer (25 mM HEPES pH 8.0, 7 0mM NaCl and either water 

or MgCl2 at the indicated final concentrations). After a 30 minute refold at room temperature, 

samples were mixed 1:1 with 2x native loading dye (1% bromophenol blue, 1% xylene cyanol, 

100% glycerol) and run at 4°C on an 8.5% native polyacrylamide gel in 0.5x Tris-borate-EDTA 

buffer at 80 V, 400 mA for 140 minutes. Gels were then stained with 1x SYBR Green II 

(ThermoFisher Scientific) and visualized as previously described. 

Electrophoretic Mobility Shift Assays (EMSAs) 

Each pre-tRNATyr (55 nM final) was incubated with MRPP1/2 in varying concentrations 

in binding buffe r(50 mM Tris-HCl pH 8.0, 100 mM potassium acetate, 2.5 mM magnesium 

acetate, 1mM DTT, 1x murine RNase inhibitor) for 30 minutes at 37 °C. Glycerol was added to 

5% v/v final concentration and each sample was loaded at 4 °C onto an 8.5% native polyacrylamide 

gel in 0.5x Tris-borate-EDTA buffer and run at 95 V, 400 mA for 106 minutes. Gels were then 

stained with 1x SYBR Green II (ThermoFisher Scientific) and then visualized and quantified as 

described. Each experiment was performed in triplicate, and the obtained data was analyzed using 
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Prism version 10.6.1 (GraphPad) software. Binding curves were fit and the Kd estimated using the 

specific binding with Hill slope equation:  

y = (Bmax*Xh) (Kd
h + Xh)-1 

where Bmax is the maximum specific binding, Kd is the mt-tRNA concentration needed to achieve 

a half-maximum binding at equilibrium, and h is the hill slope which >1.0 and generated a 

sigmoidal curve if there are multiple binding sites with positive cooperativity. 

UV melting experiments 

Each pre-tRNATyr (500 nM, wt or G5835A) was refolded in RNA refolding buffer using 

the method mentioned above and then RNA melting buffer (150 mM NaCl, 1 mM MgCl2, and 20 

mM sodium cacodylate pH 7) was added. The pre-tRNAs melting was monitored on a Cary 100 

UV Spectrophotometer (Agilent). Absorbance was measured at 260 nm as the temperature 

increased from 25 °C to 92 °C at a rate of 1 °C min−1 and Tm values were calculated from first-

derivative plots (dA/dT vs T). 

Competition assay 

Wild-type (wt) pre-tRNATyr (40 nM final) was pre-mixed with increasing concentrations 

of pre-tRNATyr- tRNACys in separate tubes prior to the addition of processing proteins, and 

reactions were carried out in a total volume of 15 µL as described above. All reactions were 

quenched by the addition of 15 µL of 2x formamide-urea stop buffer. After electrophoresis, gels 

were stained with 1x SYBR Gold nucleic acid stain and visualized and quantified as described 

above. Each experiment was performed in triplicate, and the obtained data was analyzed using 

Prism version 10.6.1 (GraphPad) software. 
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RESULTS 

Pathogenically linked variants of the human mitochondrial tRNATyr impair 5′ leader 

processing with minimal effect on 3′ trailer processing. 

To reconstitute human mitochondrial pre-tRNA processing in vitro, we recombinantly 

expressed and purified MRPP3 and ELAC2 individually and MRPP1/2 as a complex and in vitro 

transcribed the pre-tRNATyr substrates (Fig. S1), each containing the native 38-nucleotide (nt) 5′ 

leader and the native 24-nt 3′ trailer. We analyzed the 5′-end processing by first forming an 

MRPP1/2-pre-tRNA complex and then adding the 5′ endonuclease MRPP3. MRPP3 is has been 

documented to require the presence of MRPP1/2 binding to carry out RNA cleavage2,3,20,21. Initial 

analysis of 5′ cleavage products revealed a significant reduction in cleavage activity in the 

A5889G, 5884delA, and G5835A pre-tRNATyr variants, some reduced cleavage in A5843G, and 

wild-type (wt) pre-tRNATyr-like cleavage efficiency in the C5877T variant (Fig. 2A).   

To monitor the 3′ trailer hydrolysis, ELAC2 was added alone to the 5′ leader containing 

pre-tRNA substrates, as previous structural work by the Hillen lab showed that the 5′ leader of the 

MRPP1/2-bound pre-tRNA creates a steric clash with ELAC2, thereby preventing 3′ processing 

in the presence of the 5′ leader5.  Analysis of 3′ cleavage patterns by ELAC2 in this context 

revealed generally similar processing efficiencies between wt pre-tRNATyr and the variant 

substrates (Fig. 2B), although A5889G and 5884delA exhibited reproducible trends toward 

miscleavage, defined here as cleavage within sites of the pre-tRNA other than the cognate 3′ 

cleavage site (Figs. 2B and S2A). 

To verify ELAC2 activity in the context of a fully assembled RNase Z complex, we carried 

out the 3′ hydrolysis reactions using 5′ leaderless pre-tRNATyr substrates pre-bound to the 

MRPP1/2 platform. We observed similar 3′ cleavage trends across pre-tRNATyr variants (Fig. S2B 
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and S2C). Interestingly, the 5′ leaderless substrate cleaved with ELAC2 alone, i.e., in the absence 

of MRPP1/2, also resulted in reproducible miscleaved products (Fig. S2B and S2D). 

 

Figure 2 | Sequence variants of mt-tRNATyr impair 5′ leader processing by RNase P but not 3′ trailer processing 

by ELAC2 alone | (A) In vitro cleavage gel showing RNase P-catalyzed 5′ leader processing differences for the wild-

type (wt) vs variant tRNATyr precursors. The 5′ processed tRNA product fraction was quantified and plotted. (B) In 

vitro cleavage gel showing differences in 3′ trailer removal by ELAC2 alone on the wt vs variant tRNATyr. The 3′ 

processed tRNA fraction was quantified and plotted. A one-way ANOVA was used for statistical analysis 

(****adjusted p-value <0.0001, *adjusted p-value 0.0203). 

 

Full tRNA excision out of a polycistronic transcript is governed by the efficiency of 5′ leader 

processing 

With the processing enzymes showing varying cleavage efficiencies and patterns across 

the pre-tRNATyr variants, we next sought to assay cleavage when both endonucleases (MRPP3 and 

ELAC2) were present to replicate a physiological scenario. We assayed the one-pot 5′ and 3′ 
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cleavage of both the wt pre-tRNATyr and disease-associated variants by first combing the pre-tRNA 

substrate containing both the 5′ leader and 3′ trailer with MRPP1/2 and then adding MRPP3 and 

ELAC2 simultaneously. The resulting cleavage pattern closely resembled the 5′-only cleavage 

profile generated by RNase P (Fig. 3A, compare to Fig. 2A), with cleavage reduced in A5889G,  

 

Figure 3 | Sequence variants of mt-tRNATyr compromise complete 5′ and 3′ cleavage by RNase P and RNase Z 

| (A) In vitro cleavage gel showing processing differences of the 5′ leader and 3′ trailer for the wt vs variant tRNATyr 

precursors by RNase P and RNase Z. (B) The fraction of tRNA product without the 5′ leader and 3′ trailer was 

quantified and plotted. A one-way ANOVA was used for statistical analysis (****adjusted p-value <0.0001). 

 

5884delA, A5843G, and G5835A and unchanged in the C5877T variant. When we tested different 

protein combinations with the wt pre-tRNA substrate containing both the 5′ leader and 3′ trailer, 

we observed that ELAC2 alone hydrolyzed some of the pre-tRNA (Fig. S3, lanes 3 and 6; 

consistent with Fig. 2B wt lane), whereas no cleavage of the 3′ trailer by ELAC2 occurred when 

the tRNA precursor was pre-bound by MRPP1/2 (Fig. S3, lane 7), in line with the inhibitory effect 

of MRPP1/2 on the ELAC2 enzymatic activity in the presence of the 5′ leader. In contrast, the 

presence of the complete RNase P complex capable of efficiently removing the 5′ leader (Fig. S3, 

lane 2) enabled ELAC2 to hydrolyze the 3′ trailer and yield a fully processed mt-tRNATyr (Fig. S3, 

lanes 4 and 8; Fig. 2A wt lane). Together, these data support the ordered 5′ leader first-then 3′ 

trailer processing of a precursor mt-tRNA. 
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Disease-associated sequence variations lower pre-tRNATyr affinity for MRPP1/2 

To gain insight into what step(s) in pre-tRNA processing the RNA sequence alterations 

impose their effect, we used electrophoretic mobility shift assay (EMSA) to qualitatively assess 

MRPP1/2-RNA binding. For consistency with the RNase-catalyzed cleavage experiments above, 

we used pre-tRNATyr substrates containing the 5′ leader and 3′ trailer. Protein-bound RNA was 

quantified with increasing MRPP1/2 concentration, plotted and fitted to approximate Kd values 

using a Hill-slope model (Fig. 4, see Methods). The measured wt pre-tRNATyr Kd (~300 nM) was 

consistent  

 

Figure 4 | Mutations and a deletion in mt-tRNATyr alter binding affinity for MRPP1/2 | Quantitative analysis of 

pre-tRNAs bound by MRPP1/2. Each symbol represents the mean from three replicates with error bars showing the 

standard deviation. Protein-RNA dissociation constants (Kd) was calculated in GraphPad Prism using a Hill-slope 

model (see Methods). Representative uncropped gel images are in Figure S7. 

 

with previously reported values determined by fluorescent anisotropy5. The C5877T and A5843G 

pre-tRNATyr variants exhibited binding affinities akin to the wt pre-tRNATyr. The A5889G and 

5884delA variants showed moderately increased Kd values indicative of weaker binding, whereas 

the G5835A mutant displayed a substantially higher Kd that exceeded the MRPP1/2 concentration 

range tested, suggesting significantly impaired binding. 
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To assess whether variant pre-tRNAs assumed alternative conformations that may explain 

compromised association with MRPP1/2, we analyzed wt pre-tRNATyr and variant pre-tRNAs by 

native PAGE. The wt pre-tRNATyr displayed two predominant conformers, as evident from the 

two gel bands, and several variants showed a similar migration pattern (Fig. S4A). To further 

investigate the basis for the starkly weaker binding of the G5835A pre-tRNATyr mutant to 

MRPP1/2, we performed thermal denaturation experiments comparing the stability of wt pre-

tRNATyr and G5835A pre-tRNATyr. At lower temperatures (~35-45 ºC), a slight shift in the first 

transition, associated with tertiary structural elements unfolding unfolding21, was observed. The 

second transition, corresponding to secondary structure melting, showed minimal differences 

between wt pre-tRNATyr and the G5835A mutant in first-derivative plots (Fig. S4B), ~60 ºC and 

62 ºC respectively, consistent with previous UV melting data showing reduced peak amplitude of 

the derivative maxima in mutant pre-tRNAs21. This pattern persisted at higher temperatures (~70-

90 ºC). We next examined whether Mg2+ concentration in solution influenced pre-tRNA 

conformational states, given that Mg2+ plays a critical role in stabilizing tertiary architecture in 

cytosolic tRNAs via a site-specific coordination22. Native gel analysis of the wt pre-tRNATyr and 

the G5835A mutant performed at 0-10 mM Mg2+ showed similar migration patterns, with two 

dominant conformers observed once again across all divalent metal ion conditions (Fig. S4C). 

An open question in the field is when in the pre-tRNA life cycle MRPP1/2 releases the 

tRNA with current models proposing that MRPP1/2 remains bound to the tRNA for 5′ leader and 

3′ trailer hydrolysis, as well as 3′ CCA tail addition5,6. Because the A5843G pre-tRNATyr variant 

bound MRPP1/2 with a similar relative affinity to the wt pre-tRNATyr (Fig. 4), yet showed 

decreased cleavage (Figs. 2 and 3), we tested whether the A5843G mutant tRNA precursor could 

act as an MRPP1/2 “sponge” to sequester this protein complex and consequently impair wt pre-
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tRNATyr processing. To model increasing mtDNA mutant loads (heteroplasmy) under 

physiologically relevant conditions, we performed 5′ cleavage assays using a substrate mixture of 

a constant amount of the wt pre-tRNATyr and increasing concentration of the A5843G mutant. 

Processing of the 5′ leader remained unaffected by the presence of the A5834G pre-tRNATyr, even 

when the mutant concentration exceeded that of the wt pre-tRNATyr (Fig. S4D and S4E). 

 

Release of mature mt-tRNACys from the tRNA cluster is dependent on its 5′-proximal mt-

tRNATyr processing 

Because tRNATyr and tRNACys are transcribed in tandem on the light strand of mtDNA and 

overlap by one nucleotide (Fig. 1C), we wondered whether the tRNACys processing depends on 

the successful processing of the preceding tRNATyr. To address this, we in vitro transcribed 

extended pre-tRNA substrates consisting of the tRNATyr sequence with its native 38-nt 5′ leader, 

the full tRNACys and its native 48-nt 3′ trailer, and performed the same 5′ and 3′ cleavage assays 

as with the stand-alone pre-tRNATyr (Fig. 3). The tRNATyr variants that showed reduced cleavage 

on isolated pre-tRNATyr substrates also displayed substantially decreased release of mature 

tRNATyr and tRNACys in the extended constructs (Fig. 5).  
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Figure 5 | Processing of mt-tRNACys is influenced by the sequence variation within the preceding tRNATyr | (A) 

In vitro cleavage gel showing differences in processing of the 5′ leader and 3′ trailer on the wt vs tRNATyr precursors 

containing the tRNATyr-tRNACys extended sequence. ** denotes miscleaved products within the tRNATyr. (B) The 

fraction of tRNA product without the 5′ leader and 3′ trailer was quantified and plotted. A one-way ANOVA was used 

for statistical analysis (****adjusted p-value <0.0001, ** adjusted p-value 0.0031). 

 

We next examined the processing of the tRNATyr-tRNACys -tRNAAsn cluster, as these 

tRNAs belong to the same light-strand transcript. A 31-nt noncoding region separates tRNACys and 

tRNAAsn (Fig. 1C) the tRNAAsn processing, thus may not rely on the tRNACys release, which itself 

in turn depends on its 5′-adjacent tRNATyr processing. Previous work from the Guan lab using 

mitochondrial cybrids demonstrated that a tRNACys mutation decreased mature tRNACys as well 

as tRNATyr, while tRNAAsn levels remained unchanged23. Consistent with these observations, 

tRNAAsn was efficiently excised from the extended tRNATyr-tRNACys-tRNAAsn transcript in our 

assays (Fig. S5). 

DISCUSSION 

Human mitochondrial pre-tRNA sequence variants and their effect on the early stages of the 

tRNA life cycle   

Recent advances in visualizing high-resolution 3D structures of the mitochondrial RNase 

P and RNase Z complexes engaged with a tRNA precursor have beautifully illuminated how these 

enzymes recognize and cleave pre-tRNA substrates5,6. The impact of nucleotide variation within 
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the pre-tRNAs on these processing steps, however, remains poorly understood. 60% of mutations, 

deletions and insertions in mt-tRNAs are associated with mitochondrial dysfunction, yet a 

systematic understanding of how these sequence changes influence the 5′ and 3′ processing of the 

tRNA is lacking. Earlier studies demonstrated that some individual variants perturb either 5′ or 3′ 

cleavage21,23,24, but little is known about dual-end processing, the effects of deletions, or how 

processing of one tRNA influences excision of adjacent tRNAs within the same transcript. Here, 

we expand upon these prior findings by defining how specific variations within human mt-tRNATyr 

alter enzyme recognition, cleavage efficiency, and downstream maturation within the multi-tRNA 

transcriptional unit.  

Some human mt-tRNAs are transcribed as a cluster without separation by rRNA or mRNA. 

In the light-strand cluster containing tRNATyr-tRNACys-tRNAAsn-tRNAAla, tRNATyr processing 

may regulate downstream maturation of the sequential mt-tRNA release (Fig. 1C). Several disease-

associated sequence variants of mt-tRNATyr have been linked to disorders including myopathy, 

neurological deterioration, and chronic progressive external ophthalmoplegia15-19 (Fig. 1D). 

However, the mechanistic connection between early tRNA transcript processing and these disease 

phenotypes has remained unclear. Our analysis provides evidence that the impact of these variants 

depends on their location within the mt-tRNA and proximity to enzyme interaction surfaces, 

offering a framework for understanding how early processing alterations may contribute to 

mitochondrial disease. Here we show how the specific nucleotide substitutions – along with a 

single-nucleotide deletion – within the mt-tRNATyr negatively influence its 5′ leader processing by 

RNase P, with minimal effects on the 3′ trailer processing by RNase Z. The A5889G and 5884del, 

both located in or proximal to the tRNA acceptor stem, produced the largest reduction in 5′ 

cleavage, likely due to their proximity to the MRPP3 catalytic site (Figs. 2 and 6).  A previous 
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study found that the A4269G mutation in the acceptor stem of human mt-tRNAIle decreased 5′ 

processing by disrupting the base-pairing at the base of the acceptor stem22. Similarly, the A5889G  

 

Figure 6 | Interactions of the tRNATyr substrate with RNase P | 3D structure and interactions (black patches) of 

mitochondrial pre-tRNATyr within the mitochondrial RNase P complex (MRPP1 gold; MRPP2 gray; MRPP3 

endonuclease salmon pink. PDB ID: 7ONU). Protein-RNA interactions for the representative variants with impaired 

5′ leader cleavage are shown in the insets. Majority of protein interactions are with the phosphate-sugar backbone, 

except for m.A5843 (uracil in the RNA) where MRPP1 lysine and the carbonyl of the uracil ring form base-specific 

hydrogen bonding interactions (inset c).   

 

substitution may disrupt base-pairing in the pre-tRNATyr, influencing how MRPP3 engages with 

the substrate. RNAfold simulations show that the A5889G centroid structure – the average 

structure from all potential structures – disrupts acceptor-stem base pairs and widens the overall 

tRNA architecture, in contrast to the cloverleaf structure of the wt pre-tRNATyr (Figs. S6A and 

S6B). Consistent with the secondary structure predictions, the A5889G variant displays nearly a 

two-fold increase in its Kd for MRPP1/2 relative to the wt pre-tRNATyr (Fig. 4), indicating weaker 

association with the MRPP1/2 processing platform. The Koutmos lab observed similar 
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compromised MRPP1/2 binding for their pre-tRNAIle and pre-tRNALeu containing mutations in 

the acceptor stem21. 

The 5884delA deletion shortens the distance between the acceptor stem and the D-stem, 

potentially creating a more constricted substrate that hinders access of MRPP3 to the 5′ leader 

(Fig. S6C). MRPP1/2 binding to this variant is also impaired, though to a lesser extent than in 

A5889G (Fig. 4). This may be because the anticodon region, which MRPP1/2 engages with most 

extensively, remains largely intact in 5884delA, whereas A5889G disrupts interactions more 

globally (Figs. 6 and S6C). 

With the C5877T mutation located in the D-loop, the cleavage efficiency of its 5′ leader 

and binding to MRPP1/2 closely matched wt pre-tRNATyr (Figs. 2, 4, S7A and S7D). Consistent 

with these observations, the predicted secondary structure shows only minimal changes due to this 

substitution (Fig. S6A and S6D). A previous study using chemical and enzymatic probing, 

however, showed that this nucleotide substitution contributes to the structural destabilization of 

the tRNA D-arm and a 40-fold reduction in aminoacylation13. This residue may participate in 

transient tertiary interactions, potentially corresponding to the weaker, less stable conformer 

detected in our native gels and does not have direct interactions with the MRPP1/2 or endonuclease 

surface residues (Figs. S4A, S6, and S7D).    

The A5843G mutation in the T-loop was also characterized by Bonnefond et al. for 

aminoacylation and showed only a modest (2-fold) reduction in the tRNATyr charging with an 

amino acid13. The predicted secondary structure closely resembles that of the wt pre-tRNATyr, 

which is consistent with its near-wild-type pre-tRNATyr binding to MRPP1/2 (Figs. 4 and S7E). 

Nevertheless, the 5′ cleavage efficiency of this mutant by MRPP3 was lower than for the wt pre-

tRNATyr, possibly due to altered interactions between the mutated T-loop region and non-catalytic 
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surfaces of MRPP1/2 or MRPP3. The T-loop is positioned closer to these enzyme interfaces than 

the D-loop, having interactions with both MRPP1/2 and each endonuclease, which could explain 

the drop in 5′ processing (Fig. 6). Our competition assays showed that the A5843G pre-tRNATyr 

substrate does not inhibit 5′ cleavage of the wt pre-tRNATyr even at elevated concentrations of the 

mutant competitor (Figs. S4D and S4E), suggesting that this variant would likely impact 

physiology only at high mutant mt-DNA levels, consistent with the >70% heteroplasmy reported 

in patients20. Notably, this variant is not classified as pathogenic according to criteria such as 

conservation, heteroplasmy, segregation, biochemical defects, and cybrid evidence11. 

The final mutation, G5835A, located in the T-stem, affected both the 3′ trailer processing 

and 5′ leader cleavage – unlike all other variants, which primarily compromised 5′ leader 

processing (Fig. 2). This variant showed severe defects in binding to MRPP1/2 (Figs. 4 and S7F), 

consistent with the near absence of cleavage. Patient cell lines harboring this mutation lacked 

mature and aminoacylated mt-tRNATyr, in line with our biochemical in vitro findings where this 

variant fails to be processed out of the polycistronic transcript16. RNAfold predicts a large unpaired 

region following the D-loop, which may destabilize or break hydrogen-bonding interactions (Fig. 

S6F). Thermal denaturation analyses showed that although the first melting transition of the 

G5835A variant (~60 °C) was similar to the wt pre-tRNATyr, the maximum of the first-derivative 

curve was markedly lower, suggesting an altered structural ensemble with reduced stabilizing 

interactions (Fig. S4B). At higher temperatures, resolution of transitions became more difficult, 

likely due to the presence of two structural conformers, visible on native gels that unfold differently 

(Fig. S4C). The ~2 °C difference in melting temperature for the first curve resembles observations 

from a T-stem mt-tRNACys variant and parallels behavior seen in mt-tRNAIle and mt-tRNASer 

mutants, where melting temperatures remain similar but the derivative maxima shift21,23. 
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Interestingly, the nucleotides do not appear to have apparent interactions with MRPP1/2, MRPP3, 

or ELAC2 (Fig. 6). Definitive determination of the structural differences imposed by the G5835A 

tRNATyr mutation will require future RNA structure-probing experiments. 

The role of MRPP1/2 in the sequential 5′-to-3′ mitochondrial pre-tRNA processing pathway 

Our data suggest a model where full maturation of mt-tRNAs depends primarily on 

successful 5′ processing. This idea is consistent with observations from a study that knocked out 

MRPP3 in mice, which resulted in reduced 5′ and 3′ mt-tRNA cleavage and led to defects in the 

mitochondrial ribosome assembly and OXPHOS activity9. Structural studies from the Hillen lab 

also indicate that the 5′ leader creates a steric clash within the ELAC2 active  site when MRPP1/2 

is bound to the pre-tRNA, implying that RNase P-mediated 5′ cleavage is required before ELAC2 

can properly engage with the substrate5. This does not mean that ELAC2 cannot function 

independently as we also observed 3′ cleavage when ELAC2 acted alone, without the MRPP1/2 

maturation platform (Fig. 2B). This aligns with findings from the Churchman lab showing that 

some mt-RNAs possess 3′ adenylated tails even when 5′ leaders remain unprocessed14. 

Nonetheless, we observed MRPP1/2 inhibition of ELAC2 catalysis when the 5′ leader was present 

(Fig. S3B). Together, these studies indicate that ELAC2 has independent catalytic activity, but 

MRPP1/2 dictates the correct order of cleavage events. 

We additionally observed miscleavage by ELAC2 in wt pre-tRNATyr when MRPP1/2 was 

absent (Fig. S2A, S2B, and S2D). ELAC2 is known to have broad substrate tolerance, but its 

accuracy on mt-RNA substrates is less understood – particularly because many mt-tRNAs cannot 

form the canonical tertiary “elbow” architectures due to lacking key nucleotides in the D-loop and 

T-loop14. Prior studies suggested that mitochondrial RNase P components help orient non-

canonical substrates for cleavage, and our data support this idea as miscleavage was detected when 
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ELAC2 acted alone but disappeared when MRPP1/2 was included or when the 5′ leader was 

removed (Fig. 2B, Fig. S2A, Fig. S3B)2,3,5,6,25. Moreover, the miscleavage detected on the wt pre-

tRNATyr was not observed in full 5′ leader and 3′ trailer removal assays, further reinforcing the 

sequential model of mt-tRNA maturation (Fig. S2C).  

Processing of downstream mt-tRNACys affected by mt-tRNATyr variants 

Our extended-substrate processing assays reveal that mt-tRNACys processing depends 

strongly on the successful excision of the upstream mt-tRNATyr (Fig. 5). This is perhaps expected 

as tRNATyr and tRNACys overlap by one nucleotide, meaning release of tRNACys requires accurate 

and timely tRNATyr 3′ cleavage. Such a model is supported by a prior study which showed using 

mitochondrial cybrids that the m.C5783T mutation on the T-stem of tRNACys reduced mature 

levels of both tRNACys and tRNATyr, likely as a direct consequence of impaired tRNACys  3′ 

processing23. 

To extend the tRNA cluster further, we examined tRNATyr-tRNACys-tRNAAsn processing. 

Variants that impaired cleavage of the tRNATyr-tRNACys portion did not significantly impact 

release of tRNAAsn. This is consistent with the presence of a 31-nt non-coding region between 

tRNACys and tRNAAsn, allowing RNase P to cleave the 5′ end of tRNAAsn independently of tRNACys  

release. Prior studies showed that tRNAAsn can be processed by RNase P or ELAC2 alone and that 

tRNAAla – which follows tRNAAsn – can be cleaved by MRPP3 independently of MRPP1/25,26. 

Notably, tRNAAsn and tRNAAla are among the few mt-tRNAs predicted to adopt canonical 

cytosolic-like tertiary structures, as they retain the nucleotide features required for the classical D-

T loop tertiary fold5. Meng and Jia similarly observed normal tRNAAsn abundance in m.C5783T 

tRNACys mutation-containing cybrids23. Together, the published results and our current work 

suggest that downstream RNA processing defects are likely only when a tRNA relies directly on 
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the release of its upstream neighbor. If no such dependency exists (such as having a non-coding 

spacer), processing proceeds normally as long as the relevant enzymes can recognize the pre-tRNA 

substrate. 

 

CONCLUSIONS 

We found that mutations and a single-nucleotide deletion within the precursor tRNA can 

impair mitochondrial tRNA processing, often by altering local structure in ways that reduce 

MRPP3, ELAC2, or MRPP1/2 accessibility and binding. These defects likely arise from local 

changes in base-pairing or overall pre-tRNA conformation, each of which can disrupt recognition 

by the RNA processing machinery. Our work also supports a key role for MRPP1/2 in maintaining 

RNA processing order in human mitochondria. Variants in the pre-tRNATyr acceptor stem 

produced some of the strongest defects, with further investigation needed to fully distinguish 

contributions from binding vs catalytic positioning. Moreover, the question of whether multiple-

nucleotide deletions disrupt processing to the same extent as single-nucleotide deletions remains 

to be explored. Finally, our data shows that mutations in and upstream mt-tRNA can affect 

processing of downstream tRNAs in a tRNA cluster, but only when the downstream mt-tRNA 

relies directly on accurate 3′ processing of the upstream tRNA, e.g. due to sequence overlap. This 

principle may explain why some disease-associate variants disrupt only a subset of tRNAs within 

a polycistronic transcript, helping to connect molecular processing defects with patient 

phenotypes. 
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Chapter 4 Transcriptional Pausing during the Synthesis of Mitochondrial tRNAPhe 

 

In this chapter, I describe foundational unpublished findings on mitochondrial 

transcriptional pausing, the effect on pausing of a disease-linked mutation within the mitochondrial 

tRNAPhe coding sequence, and outline troubleshooting strategies and outcomes to support future 

continuation of this work. 

4.1 Introduction 

Over 80% of individuals with mitochondrial diseases like MELAS (Mitochondrial 

Encephalopathy, Lactic Acidosis, and Stroke-like episodes) harbor mutations within their mt-

tRNAs, yet the molecular mechanisms by which these mutations lead to mitochondrial dysfunction 

remain poorly understood1-5. Defining how disease-linked mt-tRNA mutations disrupt 

mitochondrial gene expression is critical for understanding and potentially combatting 

mitochondrial disease pathology. 

Mitochondrial genes are transcribed by a single-subunit mitochondrial RNA polymerase 

(POLRMT in humans) which is 

structurally divergent to multi-

subunit bacterial and eukaryotic 

RNA polymerases6-8. In bacterial 

and eukaryotic systems, 

transcriptional pausing or stalling 

has been observed to facilitate 

ribosome binding and RNA 

folding9-13. However,transcriptional 

pausing in mitochondrial systems remains poorly understood. Previous work by Dr. An Hsieh, in 

 
Figure 1 | POLRMT elemental consensus pause and mt-tRNAPhe 

structure | (A) The previously published POLRMT pause motif 

demonstrated on a scaffold template. (B) Secondary structure of 

himan mt-tRNAPhe, where the m.T616C mutation site is colored red, 

and the residues located within the pause motif are highlighted in 

yellow.  
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the Mishanina lab, identified a consensus sequence motif (Fig. 1A) within mtDNA that drives 

POLRMT to pause (5'-R-10NNNNNNNGT-1G+1-3', where -1 is the 3' nascent RNA nucleotide in 

the POLRMT active site, +1 is the incoming NTP to be added to the nascent RNA, R is A or G, 

and N is any base8. In addition, an mtDNA genome-wide analysis of 12 precision run-on 

sequencing (PRO-seq) data sets from 4 different human cells (including primary cells) revealed 

over 400 POLRMT pauses across mtDNA, with most of these occurrences in light strand 

transcripts9,14. A potential reason for the larger pause abundance on these light strand transcripts 

could be the much higher prevalence of guanine-quadruplexes (G-quadruplexes) within the 

nascent RNA forming upstream of and in close proximity to the actively transcribing POLRMT, 

which may act as a structural barrier temporarily holding POLRMT back9,14. Nascent RNA 

structure is well-documented to modulate pausing by multi-subunit RNAPs15-17. Dr. Hsieh’s 

studies showing high sensitivity of POLRMT pausing to the transcribed sequence inspired me to 

investigate whether variations in the mt-tRNA coding stretches of mtDNA may alter 

transcriptional pausing.  

In this Chapter, I investigated a disease-associated mutation (m.T616C) located within 

mitochondrial phenylalanine tRNA (mt-tRNAPhe, (NCBI Reference Sequence: NC_012920.1, 

GeneID:4558, Fig. 1B). I found that this mutation localized to the 3ꞌ nucleotide of the nascent RNA 

at a POLRMT pause site, disrupting POLRMT recognition of the pause. This compromised 

pausing may be altering RNA folding and modification, thereby impairing downstream processing 

and function.    

4.2 Attempt at an in vitro promoter-initiated transcription  

Human mtDNA (NCBI Reference Sequence: NC_012920.1) was isolated from HEK293T 

cells to generate template DNA containing the heavy strand promoter (HSP) followed by the mt-
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tRNAPhe sequence, mirroring the native genomic arrangement in mt-DNA. After sequence 

verification, the templates were purified to ensure consistency across experiments.  

Using POLRMT and transcription factors TFB2M and TFAM detailed in Chapter 3, I 

assembled the initiation complex in vitro and attempted to perform de novo-initiated transcription 

assays in the presence of an -phosphate radiolabeled NTP to visualize POLRMT pauses. The 

resulting RNA products were analyzed on denaturing gels to locate bands that accumulate and 

gradually diminish over transcription time, indicative of a pause site. My initial experiments 

showed a radioactive run-off “product” migrating between 147-160 bp, larger than the expected 

full-length 105-nucleotide transcript (data not shown). A series of control experiments, including 

protease treatment, phenol RNA extraction, and heat protein denaturation, failed to alter the band’s 

position. These results suggest that the anomalous band reflects an alternative nucleic acid product 

rather than a protein-bound complex of my desired full-length RNA.  I further investigated this 

species by altering the cross-linking ratios of the gel, which improved resolution of nucleic acid 

species, but did not change this band’s migration. Coincidentally, Dr. An Hsieh, in the lab at the 

time, determined that POLRMT can “label” the ends of a linear piece of DNA by incorporating an 

[-32P] NTP, by an unknown mechanism, suggesting that my band was likely the radiolabeled 

DNA, rather than RNA8. Due to these limitations in promoter-based assays, I transitioned to an 

established scaffold-based transcription system, which utilizes a pre-assembled DNA-RNA 

scaffold to skip de novo transcription initiation altogether and interrogate pausing during RNA 

elongation directly. 
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4.3 Scaffold-based studies of transcriptional pausing on mitochondrial tRNAPhe 

Initial experiments using physiological NTP concentrations (1.5 mM CTP, 1.5 mM GTP, 

4 mM ATP, 100 µM UTP, final) resulted in rapid production of the run-off product, preventing 

resolution of intermediate transcript lengths. Reducing NTP concentration tenfold (150 µM CTP, 

150 µM GTP, 400 µM ATP, 10 µM UTP, final) slowed transcription sufficiently to observe RNA 

extension over time, although signal intensity remained low. To optimize detection sensitivity, 

radiolabeled ATP levels were adjusted empirically, increasing or decreasing input based on 

observed signal intensity. 

Using recombinantly prepared POLRMT as detailed in Chapter 3 and synthetic DNA 

scaffolds encoding tRNAPhe (NCBI Reference Sequence: NC_012920.1, GeneID: 4558), in vitro 

 

Figure 2 | Comparing pausing activity of m.T616 vs m.T616C | (A) 12% 8MUrea-acrylamide gel showing 

time-course assay of m.T616 and a plotted graph of quantified band intensity percent over time. Three 

replicates for each sample are plotted with a representative curve of the average plot.. (B) 12% 8MUrea-

acrylamide gel showing time-course assay of m.T616C and plotted graph of quantified band intensity percent 

over time. Three replicates for each sample are plotted with a representative curve of the average plot. 
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transcription assays revealed a distinct and reproducible transcriptional pause during elongation 

(Fig. 2A). With an RNA sequencing ladder prepared in house on the same DNA transcription 

template but in the presence of chain-terminating 3'-deoxyNTPs, I mapped the pause site to 

position m.T616 on the mt-tRNAPhe transcript. Quantification of the pause-associated RNA band 

intensity as a fraction of total signal in the lane over time demonstrated accumulation and 

subsequent decay at this position, consistent with transient pausing behavior (Fig. 2A).  

This pause site sequence contains the elements of the consensus pause signal motif 

previously identified in mitochondrial transcription (Fig. 1A), specifically a 3ꞌ UMP and an 

incoming GTP. In addition, these results validate scaffold-based transcription as a reliable system 

for resolving POLRMT pausing on mt-tRNA sequences.  

4.4 The effects of mitochondrial-disease related mutation on transcriptional pausing 

Previous literature reported that the m.T616C mutation is associated with MELAS and 

clinically presents as severe epilepsy18-20. Additionally, the corresponding uridine at this position 

is typically modified into a pseudouridine, a modification which may be necessary for a 

biologically functional tRNA structure2. This may suggest that sequence variation may play a role 

in disrupting transcriptional pausing, post-transcriptional modification, and tRNA structure.  

Introduction of the m.T616C mutation into the transcription template reproducibly resulted 

in an abolishment of the observed paused, as indicated by the absence of the corresponding pause 

RNA band on the gel (Fig. 2B). This finding demonstrates that disease-associated mutations can 

directly compromise transcriptional pausing, linking sequence variation to altered transcriptional 

dynamics. These observations suggest that transcriptional pausing may represent an early 

regulatory checkpoint in the mt-tRNA life cycle that is disrupted by disease-associated mutations. 
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4.5 Conclusion and Final Thoughts 

I demonstrated that disease-associated mutations within mt-tRNAPhe can abolish 

transcriptional pausing, supporting a sequence dependent mechanism for POLRMT pausing. 

These findings extend previous work on pausing motifs and reveal that disease-linked mutations 

can disrupt mt-tRNA life cycle at an earlier stage than previously appreciated. 

In addition, I established and documented a scaffold-based transcription system for 

analyzing POLRMT pausing on mt-tRNAs, providing a foundation for future mechanistic studies. 

Together, this work identifies transcriptional pausing as critical and previously underexplored 

regulatory step in mitochondrial RNA biology, linking sequence variation to downstream defects 

in RNA processing and function.  
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Chapter 5 Summary and Conclusions 

 

In this dissertation, I demonstrate how variations in mt-tRNA sequences influence both 

transcription of those sequences and the polycistronic transcript maturation. Although mt-tRNAs 

comprise only ~10% of the mitochondrial genome, they house over 50% of pathogenic mutations, 

highlighting their disproportionately large impact on mitochondrial function. While previous 

studies established the biological associations between mt-tRNA mutations and mitochondrial 

disease, the biochemical basis for many processing defects remained unclear – a gap filled in part 

by this dissertation work as summarized below. Understanding how mutations disrupt the mt-

tRNA life cycle provides critical insight into the molecular origins of mitochondrial disease and 

identifies stages at which targeted therapeutic intervention may be most effective.  

My work shows that an mt-tRNA mutation located within a “consensus elemental pause” 

sequence abolishes RNA polymerase pausing during transcription of the mt-tRNA gene. While the 

precise functional role of such pauses remains unclear, their disruption highlights an early stage in 

the tRNA life cycle that is sensitive to sequence variation. Additionally, my findings demonstrate 

that mt-tRNA variants located within the acceptor stem can directly compromise recognition and 

cleavage by the mitochondrial RNase P complex, impairing 5ꞌ leader excision – the first required 

step in mitochondrial RNA processing – thereby stalling mt-tRNA maturation. These defects can 

also propagate to downstream tRNAs within clusters, particularly when tRNAs are directly 

adjacent, as 3ꞌ processing of one tRNA is often coupled to 5ꞌ maturation of the next. Together, 

these findings demonstrate that disease-associated mutations disrupt multiple, mechanistically 

linked stages of the mt-tRNA life cycle. 

In Chapter 2, I demonstrate that sequence variations within the acceptor stem, including a 

deletion that shortens the tRNA and disease-associated point mutations, impair downstream tRNA 
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processing by disrupting recognition by mitochondrial RNase P, resulting in defective 5ꞌ cleavage. 

Although pathogenic mt-tRNA variants have long been associated with defects in RNA 

maturation, the specific processing step affected remained unclear. I showed that mt-tRNA 

sequence variants not only altered interactions with the MRPP3 endonuclease, but also reduced 

binding affinity for the MRPP1/2 subcomplex, which is responsible for stabilizing and orienting 

the tRNA for processing and serves as a platform on which RNA processing factors exchange. 

This stabilizing and positioning role is particularly critical given that the majority of mt-tRNAs 

lack canonical structural features required for stable tertiary folding. I further showed that 

MRPP1/2 enforces directional processing by preventing ELAC2-mediated 3′ cleavage when the 5ꞌ 

leader remains attached, consistent with a 5ꞌ-to-3ꞌ maturation pathway. Although ELAC2 alone 

can cleave pre-tRNAs, its activity is less efficient and prone to miscleavage in the absence of 

MRPP1/2. In contrast, MRPP1/2-dependent processing ensures both efficiency and accuracy of 

cleavage, and my work revealed a previously unknown quality control role for MRPP1/2 in 

preventing miscleavage. Additionally, I demonstrate that defects in an upstream “leader” tRNA 

impair processing of downstream tRNAs within clusters, but only when these tRNAs are directly 

adjacent, indicating that physical continuity contributes to coordinated maturation. Although prior 

studies have observed these cluster effects from mt-tRNA level measurements in mitocybrid 

systems, they were unable to determine the mechanistic basis for these effects. My work 

demonstrated that defective 5ꞌ processing of an upstream tRNA can stall release of downstream 

tRNAs within a cluster, providing novel biochemical insights into coordination of processing 

events across adjacent transcripts. My work showed that impaired 5ꞌ cleavage is a major 

consequence of acceptor-stem variants and can serve as the initiating defect disrupting subsequent 
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maturation events, demonstrating a propagation of processing defects beyond the mutated tRNA 

itself. 

In Chapter 3, I optimized a purification protocol for key components of the mitochondrial 

transcription machinery, including POLRMT, TFB2M, and TFAM. This work improved protein 

yield and purity relative to previous methods and resulted in a robust and reproducible protocol. 

The method has since been validated through its use by other research groups to investigate 

mitochondrial transcription mechanisms. Thus, this contribution provides a valuable technical 

foundation for advancing studies of mitochondrial gene expression. 

In Chapter 4, I build upon previous work in mitochondrial transcription by investigating 

transcriptional pausing and its sensitivity to tRNA sequence variation. Initial promoter-based 

transcription assays presented technical limitations, including unintended incorporation of 

radiolabeled nucleotides into the DNA (instead of RNA) and challenges in resolving transcription 

intermediates. By systematically identifying and documenting these limitations, I establish a 

framework for future methodological improvements. Transitioning to a synthetic scaffold-based 

transcription system enabled characterization of POLRMT pausing behavior on mt-tRNAPhe. 

Using this approach, I demonstrate for the first time that a disease-associated mutation (m.T616C) 

abolishes transcriptional pausing at a defined site. This finding provides direct evidence that 

sequence variation can disrupt transcriptional dynamics at an early stage of the tRNA life cycle. 

My results identify transcriptional pausing as a mutation-sensitive regulatory step in mitochondrial 

gene expression. 

Collectively, this work integrates transcriptional and post-transcriptional mechanisms to 

provide a comprehensive view of how mt-tRNA variants disrupt mitochondrial gene expression. I 

demonstrate that mutations can impair tRNA maturation at multiple stages, including RNA 
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synthesis, RNA enzymatic processing, and coordinated RNA cluster maturation. Importantly, my 

work shows that defects arise earlier in the tRNA life cycle than previously understood and may 

propagate through multiple downstream processes.  

While my doctoral work establishes a foundation for understanding the interplay between 

transcriptional pausing and tRNA processing, several questions remain. In particular, the 

functional role of transcriptional pausing in mitochondrial RNA biology and its direct impact on 

tRNA folding and modification require further investigation, such as studying protein-protein 

interactions between modifying enzymes and POLRMT during the transcription process. 

Additionally, integration of transcription and processing assays in vitro remains technically 

challenging due to the complexity of the system, the number of required components, and the 

complications/inefficiency of starting transcription de novo from promoter sequences.  Continued 

methodological development will be necessary to fully reconstitute these processes and define 

their mechanistic relationships. 

In conclusion, this dissertation identifies transcriptional pausing and tRNA processing as 

interconnected and pinpoints mutation-sensitive steps in the mt-tRNA life cycle. My work also 

adds to the existing body of evidence for a model in which pathogenic mt-tRNA variants disrupt 

processing by altering substrate architecture and enzyme recognition rather than solely through 

sequence changes at cleavage sites. This extends principles established in nuclear tRNA processing 

to the mitochondrial system and provides a framework for understanding the molecular basis and 

linking mtDNA sequence variation to mitochondrial dysfunction. These findings not only advance 

fundamental knowledge of mitochondrial gene expression but also highlight early stages of mt-

tRNA maturation as potential targets for therapeutic intervention in human mitochondria. 




