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ABSTRACT OF THE DISSERTATION

Mechanisms of Mitochondrial tRNA Regulation: Transcriptional Pausing and RNA Processing

Jubilee Haddasah Murfozvilla

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 5' leader processing, disrupt interactions with the MRPP1/2 processing
complex, and support a directional 5'-to-3' 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.
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Chapter 1 Introduction

1.1 Overview

Eukaryotic cells are presumed to have evolved from an endosymbiotic event in which a
Gram-negative a-proteobacterium was enveloped by a fermentative Asgard archaeal host cell,
roughly 1.5-2 billion years ago!. The o-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 type'. 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)!?. 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 heteroplasmic®*. 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 activity'.

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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Figure 1 | Mitochondrial DNA and the tRNA life cycle | (A) Map of human mitochondrial genome (mtDNA),
with the tRNA™" cluster highlighted in magenta. (B) Life cycle of mitochondrial tRNA starting with transcription
by human mitochondrial RNA polymerase, POLRMT («), nascent RNA folding into a precursor tRNA containing
the 5' leader and 3' trailer (b), pre-tRNA association with by MRPP1/2 (¢, PDB ID: 70NU), 5' leader processing
by MRPP3 (d, PDB ID: 70NU), 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 (4, PDB ID: 2PID), and mature mt-tRNA release (i).

are arranged in tandem (Fig. 1A)*°. 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 5' and 3' end, respectively (Fig. 1B)®!!. 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-
seq'?1*. 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,



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 expression'>. 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 initiation™!6¢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)!%2°. 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 transcription®!'®!*2!, 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 termination!?%23,

Pausing occurs when RNAP encounters specific nucleic acid sequence signals that induce
a catalytically inactive conformation, temporarily preventing nucleotide addition'® (Fig. 2A). In

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

of RNA translational machinery'>?*%_ In eukaryotic nucleic systems, RNAP II has frequent pauses



downstream of the promoter, proposed to occur as a checkpoint to control gene expression, as well
as splicing and chromatin rearrangement>%’. 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

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 | pausing across evolution?®. A
MRPP1 (orange, PDB ID: 70NU) and MRPP2 (Blue, green, indigo,
PDB ID: 70NU) as a protein complex folding and positioning the mt-
tRNA (dark green) for cleavage of the 5' leader and the 3' trailer
sequences (light blue).

roles  for  transcriptional

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 polymerase®®%.

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



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)"1620,

Most mt-tRNAs have their 5' leader (5' 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) 5'
leader®!13%-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 positioning®®. The MRPP1/2 subcomplex is widely considered as a
“maturation platform”, facilitating proper alignment of pre-tRNAs for coordinated and sequential
enzymatic processing steps®>!®!!. In contrast to mitochondrial RNase P, nuclear-encoded pre-
tRNAs are cleaved at the 5' end by the evolutionarily and structurally divergent nuclear riboprotein
RNase P, which is a ribozyme composed of the catalytic RNA and multiple accessory protein
subunits’!. Cleavage of the 3' trailer (3' 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)**3!. 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



to the additional tertiary structural features of nuclear tRNAs that are absent from the “eroded” mt-
tRNAs described below?!.

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 stabilization®!. 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 3'-CCA cap adding protein, TRNT1 (Fig. 2B)*2. Studies further
suggest that MRPP1/2 enforces an ordered 5' leader first, 3' trailer second cleavage hierarchy as
structural work has proposed ELAC2 is prevented from cleaving the 3' trailer when the 5' leader
is still attached due to the steric clash between the 5' leader and one of ELAC2 domains in an
MRPP1/2-engaged pre-tRNA substrate’!-.

Following cleavage of both the 5' leader and the 3' trailer, MRPP1/2 is proposed to remain
associated with the tRNA during addition of the 3'-CCA cap by TRNT1, suggesting coordinated
interactions between processing and maturation proteins (Fig. 1B)*. Addition of the 3'-CCA cap
not only enables aminoacylation, but also acts as an antideterminant for RNase Z, preventing
cleavage of the 3'-added CCA cap and ensuring mt-tRNA maturation progresses unidirectionally>?.
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).



Experimental evidence indicates that unprocessed transcripts containing the 5' leader were
not associated with the mitochondrial ribosome, suggesting that 5' leader processing is a
prerequisite for translation®®. 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 min?. 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 approaches®**3. 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
degradation®. Notably, many of these modifications depend on precise recognition of specific
nucleotide identities, making them particularly sensitive to sequence variations®. 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-tRNAUUR and mt-tRNALY resulting in severely reduced
respective codon recognition and translation, manifesting as mitochondrial encephalopathy and
myoclonic epilepsy™'2.

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 function'*-



1435.36 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 processing®’.

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
tRNAARUCY) (n-Tr20) reduced RNase P cleavage efficiency ~20-fold, despite the substitution
being located distal to the cleavage site*®. Biophysical analysis (tRNA melting profiles and 'H-
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 3%3739 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



accurate cleavage®®. 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 example®®. 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 disease®*!2.
Genetic disruption of key processing enzymes highlights the importance of this pathway. For
example, knockouts of MRPP3 in mice reduced both 5' and 3' cleavage, impaired mitochondrial
ribosome assembly and OXPHOS complex activity!'?'4%, Knockouts of ELAC2 in skeletal and
heart muscles caused premature death in mice due to defective tRNA processing and reduced
OXPHOS function®®. Collectively, these studies demonstrate that precise and coordinated 5' and
3' 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™. 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 mutations*>-%%°. 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-tRNAs*“* Despite this, the mechanistic relationship between mutation
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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 5' and 3' 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 enzymes>. 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
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Figure 4 | LSP2 cluster and pre mt-tRNA™" secondary structure |

(A) Schematic showing the LSP2 cluster containing tRNATY'-
tRNACYS-tRNAA"-tRNAA? (B) Secondary structure of mt-

Tyr o o ) _
tRNA™Y" with the structural variations mapped on the schematic. RNAMet and tRNAHSRNAS-

transcript  include  tRNA"-

tRNAL, while LSP2 drives the synthesis of a tRNATY-tRNAYS-tRNAAtRNAA? cluster (Figs.
1A and 4A). The extent to which mutations in an upstream tRNA affect the processing of

downstream tRNAs remains unknown.
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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 5' leader and 3' 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-tRNA™", 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)*044  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 5' leader cleavage efficiency. In addition, my data support a 5'-to-3' processing model,
demonstrating that ELAC2-mediated 3' trailer cleavage does not occur when the 5' leader remains
uncleaved, e.g., due to a cleavage-compromising mutation, in line with the proposed steric clash
between 5' leader of the pre-tRNA, oriented by MRPP1/2, and the C-terminal region of ELAC23!.
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 isolation!!*!-2,

12



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 5' leader cleavage, unveiling the underlying cleavage defects

previously inferred from mt-tRNA levels in cybrid models but not directly examined™’.

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

tRNAP 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
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Figure 5 | Location of mt-tRNAP"™ on mtDNA and mt-tRNAP"
secondary structure | (A) Map of human mitochondrial genome
(mtDNA), with mt-tRNAP* located and its pausing motif (B)
Secondary structure of mt-tRNAP with the motif in yellow and the
pause site in red.

position m.T616 within the mt-
tRNAP™® transcript (Fig. 5B). 1
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)*%. Introduction of a disease-associated mutation

(m.T616C in mtDNA), which clinically presents as severe epilepsy, abolished this pause, as
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evidenced by the absence of the corresponding transiently accumulating RNA band, linking
sequence variation to altered transcriptional dynamics>!™3.
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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Chapter 2 Pathogenic human mitochondrial tRNA variants impair RNA processing by
compromising 5’ leader removal

Pathogenic human mitochondrial tRNA variants
impair RNA processing by compromising 5’ leader

removal
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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 tRNATY
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’ leader!™. RNase Z consists of the ssme MRPP1/2 proteins as in RNase P,
plus the ELAC2 endonuclease, which cleaves the pre-tRNA 3’ trailer (Fig. 1B)*°. The MRPP1/2
complex is viewed as a “maturation platform”, positioning the pre-tRNA for reactions with the
endonucleases'>°. 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-tRNA™" variants explored in this study | (A) Map of human
mitochondrial genome (mtDNA), with the tRNA™" 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 (¢, PDB ID:
70NU), 5’ leader processing by MRPP3 (d, PDB ID: 70NU), 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 (4, PDB ID: 2PID), and mature mt-tRNA release (7). (C) Zoomed view of
the light strand tRNA cluster with tRNA™" as the pioneer tRNA transcribed. (D) Sequence of mitochondrial pre-

tRNATY 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)>%. Defects in the above mt-tRNA processing steps have been linked to
mitochondrial dysfunction and disease in model systems and patients’-. For example, knockout of
MRPP3 in mice reduces both 5’ and 3’ cleavage, impairing mitochondrial ribosome assembly and
OXPHOS complex activity’. Loss of ELAC2 causes premature death in mice due to defective mt-
tRNA processing and reduced OXPHOS function!®. 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 Gen'!. 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 databases'!.
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 mutations'?', 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 tRNATY-tRNA®® -tRNAA" -tRNA*? (Fig. 1C). Because mt-
tRNATY 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-tRNA™" 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-tRNA™" variants (m.A5889G!>!!
and m.G5835A!617:11) and a deletion variant (m.5884delA) located at or near the acceptor stem, as
well as two “benign” variants (m.C5877T':!® and m.A5843G!"*!?) 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 tRNA™" structure, though their effects on 5'/3' cleavage
remain unknown'®. The m.G5835A variant dramatically reduced steady-state mt-tRNA™" levels
and aminoacylation (~95%) in patient samples, but effects on processing were not assessed'®.
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-tRNA™" 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-tRNA™" 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-tRNA™" as well as the downstream mt-tRNA® 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 pUCI19 vector. Variant
mtDNA sequences containing either the deletion or mutations on mt-tRNA™" 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 pL transcription reaction
containing 0.20 pug of the DNA template, 3.3 mM NTP buffer mix, 2.5 mM DTT, 1 uL of T7 RNA
Polymerase mix and incubated at 37 °C for 15 minutes. In the same tube, 70 pL of milliQ Nuclease
Free water (ThermoFisher Scientific), 10 uL of Turbo DNase 10x buffer, and 2.5 pLL 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 pUCS57 vectors by Bio
Basic with the predicted mitochondrial targeting signals (MTS) of MRPP1 (A1-39), MRPP2 (Al-
11), and MRPP3 (A1-45) 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 (A1-31) ELAC2 sequence with a SUMO
protease cleavable N-terminal 6x His-tag in a pProEXHTB vector. All plasmids were transformed

into E. coli DH5a cells for colony screening and plasmid propagation. Final expression plasmids
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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 pg/ml ampicillin
and 34 pg/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 ug/ml ampicillin and 34 pg/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 pg/ml ampicillin and shaken at 200 rpm at 37 °C until the ODgoo 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 pg/ml benzamidine, 0.5 pg/ml chymostatin, 0.5 pg/ml
leupeptin, 0.1 pg/ml pepstatin, 1.0 pg/ml aprotinin, and 1.0 pg/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 point>>2°. 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 uM 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 NacCl, 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 NacCl, 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 NacCl, 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 pl reactions containing RNA cleavage
assay buffer (25 mM Tris-HCI pH 8.0 at 4 °C, 10 mM MgCl,, 0.1mg ml™' BSA, 70 mM NaCl,
4mM DTT, 20 uM S-adenosine methionine (ThermoFisher Scientific), 1 U/ul Murine RNase
inhibitor (ThermoFisher Scientific) and 63 nM pre-tRNA™" containing the native 38-nt 5 leader
and 24-nt 3' trailer (same for the variants). The pre-tRNA™" (NCBI Reference Sequence:
NC 012920.1, GenelD: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-tRNAT-tRNA®Y* and pre-tRNAT-tRNA®StRNAAST,
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 uM 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 pL 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 pL reaction was carefully

loaded onto 8 M urea 7% polyacrylamide (bis-acrylamide to acrylamide ratio 1:19) denaturing
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gels in 1x Tris-borate-EDTA buffer and run at 100 V for 120 minutes, 130 min (for the pre-
tRNATY-tRNAYS-tRNAA" substrate), or 115 minutes (for the 5’ leaderless pre-tRNATY"). 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-tRNA™T (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 NacCl and either water
or MgCl; 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 (EMSASs)

Each pre-tRNA™" (55 nM final) was incubated with MRPP1/2 in varying concentrations
in binding buffe (50 mM Tris-HCI pH 8.0, 100 mM potassium acetate, 2.5 mM magnesium
acetate, ImM 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 K4 estimated using the
specific binding with Hill slope equation:

y = (Bma*X") (Kd" + X"

where Bmax 1s the maximum specific binding, K 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-tRNATY" (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 MgCl,, 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 ! and Tw values were calculated from first-

derivative plots (dA/dT vs T).

Competition assay

Wild-type (wt) pre-tRNA™" (40 nM final) was pre-mixed with increasing concentrations
of pre-tRNATY- tRNA®® in separate tubes prior to the addition of processing proteins, and
reactions were carried out in a total volume of 15 pL as described above. All reactions were
quenched by the addition of 15 pL 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 tRNA™" 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 ELAC?2 individually and MRPP1/2 as a complex and in vitro
transcribed the pre-tRNA™" 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 cleavage>*?*2!, Initial
analysis of 5’ cleavage products revealed a significant reduction in cleavage activity in the
A5889G, 5884delA, and G5835A pre-tRNA™ variants, some reduced cleavage in A5843G, and
wild-type (wt) pre-tRNA™"-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’ leader’. Analysis of 3’ cleavage patterns by ELAC?2 in this context
revealed generally similar processing efficiencies between wt pre-tRNA™' and the variant
substrates (Fig. 2B), although AS5889G 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-tRNAT™Y" substrates pre-bound to the

MRPP1/2 platform. We observed similar 3’ cleavage trends across pre-tRNA™ 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).
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Figure 2 | Sequence variants of mt-tRNA™" impair 5 leader processing by RNase P but not 3’ trailer processing
by ELAC?2 alone | (A) In vitro cleavage gel showing RNase P-catalyzed 5' leader processing differences for the wild-
type (wt) vs variant tRNA™D" precursors. The 5’ processed tRNA product fraction was quantified and plotted. (B) In
vitro cleavage gel showing differences in 3’ trailer removal by ELAC?2 alone on the wt vs variant tRNA™", 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-tRNA ™" variants, we next sought to assay cleavage when both endonucleases (MRPP3 and

ELAC?2) 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-tRNATY" 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 AS889G,
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Figure 3 | Sequence variants of mt-tRNAT" 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 tRNATY"
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 ANOV A 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 ELAC?2 to hydrolyze the 3’ trailer and yield a fully processed mt-tRNA™" (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-tRNA™" 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-tRNATY" substrates containing the 5’ leader and 3’ trailer. Protein-bound RNA was
quantified with increasing MRPP1/2 concentration, plotted and fitted to approximate Kqg values

using a Hill-slope model (Fig. 4, see Methods). The measured wt pre-tRNAT" K4 (~300 nM) was

consistent
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Figure 4 | Mutations and a deletion in mt-tRNA™" 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 (K4) 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 anisotropy”. The C5877T and A5843G
pre-tRNA™ variants exhibited binding affinities akin to the wt pre-tRNA™". The A5889G and
5884delA variants showed moderately increased Kq values indicative of weaker binding, whereas
the G5835A mutant displayed a substantially higher K4 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-tRNA™" and variant pre-tRNAs by
native PAGE. The wt pre-tRNAT" 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-tRNA™Y" mutant to
MRPP1/2, we performed thermal denaturation experiments comparing the stability of wt pre-
tRNADT and G5835A pre-tRNAD™. At lower temperatures (~35-45 °C), a slight shift in the first
transition, associated with tertiary structural elements unfolding unfolding?!, was observed. The
second transition, corresponding to secondary structure melting, showed minimal differences
between wt pre-tRNAT" and the G5835A mutant in first-derivative plots (Fig. S4B), ~60 °C and
62 °C respectively, consistent with previous UV melting data showing reduced peak amplitude of
the derivative maxima in mutant pre-tRNAs?!. This pattern persisted at higher temperatures (~70-
90 °C). We next examined whether Mg®" concentration in solution influenced pre-tRNA
conformational states, given that Mg>* plays a critical role in stabilizing tertiary architecture in
cytosolic tRNAs via a site-specific coordination®”. Native gel analysis of the wt pre-tRNA™ and
the G5835A mutant performed at 0-10 mM Mg?" 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 addition®®. Because the A5843G pre-tRNA™" variant
bound MRPP1/2 with a similar relative affinity to the wt pre-tRNA™" (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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tRNATY" 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-tRNA™" and increasing concentration of the A5843G mutant.
Processing of the 5' leader remained unaffected by the presence of the A5834G pre-tRNA™', even

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

Release of mature mt-tRNAY from the tRNA cluster is dependent on its 5'-proximal mt-
tRNATY" processing

Because tRNA DT and tRNA®® are transcribed in tandem on the light strand of mtDNA and
overlap by one nucleotide (Fig. 1C), we wondered whether the tRNA®Y* processing depends on
the successful processing of the preceding tRNATY". To address this, we in vitro transcribed
extended pre-tRNA substrates consisting of the tRNATY" sequence with its native 38-nt 5’ leader,
the full tRNA®Y and its native 48-nt 3’ trailer, and performed the same 5’ and 3’ cleavage assays
as with the stand-alone pre-tRNA™" (Fig. 3). The tRNA™" variants that showed reduced cleavage
on isolated pre-tRNA™" substrates also displayed substantially decreased release of mature

tRNATT and tRNA®Y in the extended constructs (Fig. 5).
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pre-tRNA processing in a cluster:

u O
o e\“‘ PR
® P S 14 [ '
Cys Q\ <o w & = Pree *xx " P owex 1
— o ] Gy
=] [ ]
< 087
Cys Tyr % .

: - é 0.6 -

3' trailer - . S -
T 04
2 -
g H = *,¢ O

. 29¢

g 0.2 ol o oQ

Cys - - d i re o
> 0 T —t— r '
= & 3 r A (€

+ **miscleavage i N %Q;bq %b(bé (’Q;\’\ 6)%9 @@V

Tyr Cys AR A S

Figure 5 | Processing of mt-tRNA " is influenced by the sequence variation within the preceding tRNA™" | (A)
In vitro cleavage gel showing differences in processing of the 5’ leader and 3’ trailer on the wt vs tRNA™" precursors
containing the tRNAT-tRNA®* extended sequence. ** denotes miscleaved products within the tRNA™". (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 tRNAT-tRNA®S tRNAA cluster, as these
tRNAs belong to the same light-strand transcript. A 31-nt noncoding region separates tRNA®* and
tRNAA (Fig. 1C) the tRNA" processing, thus may not rely on the tRNA®Y release, which itself
in turn depends on its 5’-adjacent tRNA™" processing. Previous work from the Guan lab using
mitochondrial cybrids demonstrated that a tRNA®® mutation decreased mature tRNA® as well
as tRNA™, while tRNA*" levels remained unchanged®. Consistent with these observations,
tRNAMT was efficiently excised from the extended tRNATY-tRNAYS-tRNAA" 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 substrates™°. 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’
cleavage?!*>?* 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-tRNA D"
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 tRNATY-tRNAYS-tRNAARNAAR (RNAT' processing
may regulate downstream maturation of the sequential mt-tRNA release (Fig. 1C). Several disease-
associated sequence variants of mt-tRNA™" have been linked to disorders including myopathy,
neurological deterioration, and chronic progressive external ophthalmoplegia!>!® (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-tRNA™" 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-tRNA" decreased 5’

processing by disrupting the base-pairing at the base of the acceptor stem??. Similarly, the A5889G
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Figure 6 | Interactions of the tRNA™" substrate with RNase P | 3D structure and interactions (black patches) of
mitochondrial pre-tRNA™" within the mitochondrial RNase P complex (MRPP1 gold; MRPP2 gray; MRPP3
endonuclease salmon pink. PDB ID: 70NU). 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-tRNA™" influencing how MRPP3 engages with
the substrate. RNAfold simulations show that the AS889G 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-tRNA™" (Figs. S6A and
S6B). Consistent with the secondary structure predictions, the A5889G variant displays nearly a
two-fold increase in its K4 for MRPP1/2 relative to the wt pre-tRNA™" (Fig. 4), indicating weaker

association with the MRPPI1/2 processing platform. The Koutmos lab observed similar
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compromised MRPP1/2 binding for their pre-tRNA" and pre-tRNA™" containing mutations in
the acceptor stem?!.

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-tRNA™" (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 aminoacylation'®. 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 tRNA™" charging with an
amino acid'®. The predicted secondary structure closely resembles that of the wt pre-tRNA™,
which is consistent with its near-wild-type pre-tRNA™" 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-

tRNATY", 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-tRNA™"
substrate does not inhibit 5’ cleavage of the wt pre-tRNAT" 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 patients®®. Notably, this variant is not classified as pathogenic according to criteria such as
conservation, heteroplasmy, segregation, biochemical defects, and cybrid evidence!'!.

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-tRNA™", in line with our biochemical in vitro findings where this

variant fails to be processed out of the polycistronic transcript'®

. 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-tRNA™Y', 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-tRNA®* variant and parallels behavior seen in mt-tRNA™ and mt-tRNAS®

mutants, where melting temperatures remain similar but the derivative maxima shift*!.
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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
tRNATY" 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 activity®. 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 substrate’. 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 unprocessed'®.
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-tRNA™" 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-loop'*. 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>. Moreover, the miscleavage detected on the wt pre-
tRNATY" 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-tRNA® affected by mt-tRNAT" variants

Our extended-substrate processing assays reveal that mt-tRNA®Y® processing depends
strongly on the successful excision of the upstream mt-tRNA™" (Fig. 5). This is perhaps expected
as tRNATY" and tRNA®* overlap by one nucleotide, meaning release of tRNAY requires accurate
and timely tRNA™" 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 tRNA®Y reduced mature
levels of both tRNA®Y and tRNA™Y, likely as a direct consequence of impaired tRNA®S 3’
processing®’.

To extend the tRNA cluster further, we examined tRNAT-tRNAS-tRNAA" processing.
Variants that impaired cleavage of the tRNATY-tRNA®Y* portion did not significantly impact
release of tRNA™, This is consistent with the presence of a 31-nt non-coding region between
tRNA®®and tRNAA", allowing RNase P to cleave the 5" end of tRNA”" independently of tRNA®Y
release. Prior studies showed that tRNA”*" can be processed by RNase P or ELAC2 alone and that
tRNAA? — which follows tRNA”S" — can be cleaved by MRPP3 independently of MRPP1/2326,
Notably, tRNA”" and tRNA*? 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 fold°. Meng and Jia similarly observed normal tRNA”" abundance in m.C5783T
tRNA®® mutation-containing cybrids?>. 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-tRNATY" 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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Abstract

Human mitochondrial DNA (mtDNA) encodes several components of cxidative phosphorylation responsible for the
bulk of cellular energy production. The mtDNA is transeribed by a dedicated human mitochondrial RMA polymeraze
(POLEMT) that is structurally distinct from its nuclear counterparts, instead closely resembling the single-subunit viral
RINA polymerases (e.g., T7 EINA polymerase). The inttiation of transcription by POLEMT is aided by two initiation
factors: transcription facter A, mitochondrial (TFAM), and transcription factor B2, mitochondrial (TFB2M). Although
many details of human mitochondrial transcription snitiation have been elucidated with in vitro biochemical and
structural studies, much remains to be addressed relating to the mechanism and regulation of transcription. Studies of
such mechanisms require reliable, high-yield. and high-purity methods for protein production, and this protocel provides
the level of detail and troubleshooting tips that are necessary for a novice to generate meaningfil amounts of proteins
for experimental work. The current protocol describes how to purify recombinant POLRMT, TEAM, and TFB2M from
Escherichia coli using techniques such as affinity column chromatography (WNi** and heparin), how to remove the
solubility tags with TEV protease and recover untagged proteins of interest. and how to overcome commonly
encountered challenges in obtaining high yield of each proten.

Key features

*  This protocol builds upon purification methods developed by Patel lab (Ramachandran et al., 2017) and others with
greater detail than previously published works.

*  The protocol requires several days to complete as various steps are designed to be performed overnight.

*  The recombinantly purified proteins have been successfilly used for in vitro transeription experiments, allowing
for finer control of experimental components in a minimalistic system.

Keywords: POLEMT, TFAM, TFE2ML, Protem purification, Bacterial protemn expression, Ni-NTA, Maltose binding protein
(MBF) fusion protein purification, TEV protease, Heparin

This protocol is used in: J. Biol. Chem. (2023), DOI: 10,1016 jbe.2022.101813
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(POLEMIT) and the Initiation Factors TFAM and TFBIM. Bio-protocol 13(23): 24892, DOI: 10.21769/BicProtoc. 4892
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Background

The mitochondrial RINA polymeraze (POLEMT) is a DNA-dependent ENA polymerase (EINAFP) that transeribes
the human mitochondrial DNA (mtDNA), which encodes several protein components of the complexes that carry
out cxidative phosphorylation. POLRMT is structurally similar to other single-subunit RNAPs such as T7 phage
RINAP (Schwinghammer et al., 2013; Sultana et al., 2017), and current models suggest that POLRMT transcribes
short RNA primers used in mtDNA replication instiation (Tan et al., 2022). Considering the central role of POLEMT
in cellular metabolizm and maintenance of mtDINA, it is not surprising that mutations associated with mitochondrial
dysfunction map to POLEMI. such as respiratory chain defects. hypotonia, and global developmental delays
(Oldhova et al, 2021).

To start transcription de novo from a promoter sequence, POLRMT requires two initiation factors: transcription
factor A (TFAM) and transeription factor B2 (TFB2ZM), which aid the melting of the promoter sequence and the
formation of a stable initiation complex (Hillen et al, 2017; Ramachandran et al., 2017). TEAM is also the mtDNA
packaging protein that compacts the mtDINA into structures called nucleoids. While too much TFAM can prevent
proteins involved in transeription and other processes from accessing the mtDINA, TFAM is required to bend the
upstream promoter region to recruit POLEMT to the promoter site; the underlying mechanisms of this process are
vet to be worked out. Published work suggests that post-translational modifications (PTMs) to TFAM, such as
acetylation or phosphorylation. do not compromise its fiunction as a transcription factor but make it easier for
POLEMT to remove TEFAM from DINA, thus increasing transcription processivity through TFAM-compacted DNA
(Reardon and Mishanina 2022).

Thiz protocol describes in detail how to isolate recombinant POLEMT, TFAM, and TFB2M from Ercherichia coli
in high purity and how to overcome the challenges in achieving high protein vield. These protocols build upon the
procedures developed in the Patel lab and others (Yalwbovskaya et al., 2014; Ramachandran et al., 2017) and
describe the steps in greater detail than in amy previously published work to provide access to these resources to a
wider community. The resulting proteins can be used to reconstitute human mitochondrial transcription on promoter
sequences in vitro, as in prier biochemical and structural studies (Bird et al., 2018; Tan et al., 2022). These proteins
can be post-translationally modified to probe the impact of PTMs on their function to fine-tune mitochondrial
transcription output (Reardon and Mishanina, 2022). Finally, the protocols can also be applied to express and purnify
mutant proteins to study the uvnderlying basis of mutations associated with mitochondrial dysfunction.

Materials and reagents

4x Laemmli sample buffer (Bio-Rad, catalog mumber: 1610747)

10> Triz/Glyeine/SDS (Bio-Rad, catalog number: 1610732)

Dithiothreitol (DTT) (Fisher BioReagents, catalog number: BP172-5), see Recipes for preparation

Ethanol (EtOH) (Fisher Scientific, catalog number: 2818500)

Glycerol (Fisher Scientific, catalog number: BP225-1)

HiTrap heparin column (GE Healtheare, catalog number: 17-0407-03)

Hydrochloric acid (HCT) (Fisher Scientific, catalog number: LC149502)

Imidazcle (molecular biclogy grade, > 99%) (Fisher Scientific, catalog number: 03196-300)

Izopropyl-p-D-1-thiogalactopyranoside (IPTG) (Fisher Scientific, catalog number: BP1735100), see Recipes

for preparation

10. LB agar, Miller (Fisher Scientific, catalog number: BP1425-2)

11. LB broth (LB), Miller, granulated (Fisher Scientific. catalog number: BP9723-2)

12. Lysozyme (Fisher Scientific, catalog number: BP333-3)

13. Precision Plus Protein™ All Blue Prestained Protein Standards (Bio-Rad, catalog number: 1610373)

14. Protease inhibitor cocktail (PIC) powder (used in this protocol as 1,000% stock and prepared following
instructions online: hittpsy/www sigmaaldrich comTS/en/product/sigma’p2714) (Sigma-Aldrich, catalog
number: P2714-1BTL)

15, Sodium hydroxide (NaOH) pellets (Fisher Scientific, catalog number: 8318-500)

e i

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,
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16. p-mercaptoethancl (BME) (Fisher Scientific, catalog mumber: AC1234723007)

Part I: POLRMT purification materials and reagents

halit e .

L

o =

Amicon Ultra-15 centrifigal filter units (0K MWCO, 13 mL) (Millipore Sigma, catalog number: UFC205024)
Ammonium sulfate (AS) (Fisher Scientific, catalog number: AT02-3)

Ampieillin (Fisher Scientific, catalog mumber: BP1760-23), see Recipes for preparation

Cytiva Capto™ DEAE chromatography media (Fisher Scientific, catalog number: 45-002-960) or, if using an
FPLC, HiTrap DEAE Fast Flow (Cytiva, catalog number: 17-5154-01)

HisTrap FPLC column (Cytiva, catalog number: 17-3712-06)

Polyethyleneimine (FEL), MIN 60,000 30% (Fisher Scientific, catalog number: AC178571000), see Fecipes for
preparation

Poly-Prep® chromatography columns (Bio-Rad, catalog number: 7311550)

Sodium chloride (NaCl) (Fisher Scientific, catalog mumber: BP338-212, CAS number: 7647-14-5)

Tris base (Fisher BioReagents, catalog number BP152-1)

10. Tween 20 (Fizher BioReagents, catalog number: BE337-100)

Part IT: TEAM purification materials and reagents

Ll I o

1 kb DNA ladder (NEB, catalog number: N32328)

4-{2-hydroxyethnyl)-1-piperazineethanesulfonic acid (HEPES) (Fisher Scientific, catalog mumber: BP310-1)
Amicon Ultra-15 centrifugal filter units (3K MWCO, 13 mL) (Millipore Sigma, catalog sumber: UFC200324)
Ethidium bromide solution, 10 mg/ml (Bio-Rad, catalog number: 1610433)

HizPor Ni-NTA resin (Thermo Scientific, catalog mumber: 88222)

Kanamycin (Fisher Scientific, catalog number: §11290050), see Recipes for preparation

Potassium chloride (KCI) (molecular biology grade) (Fisher Scientific, catalog number: P217-3)

Sodinm chloride (Fisher Scientific. catalog number: BP338-212, CAS number: 7647-14-5)

Part ITI: TFEXM purification materials and reagents

e

4-{2-hydroxyetinyl)-1-piperazineethanesulfonic acid (HEPES) (Fisher Scientific, catalog mumber: BP310-1)
Amicon Ultra-4 centrifugal filter units (10K MWCO, 4 mL) (Millipore Sigma, catalog number: UFCE01008)
HisPur Ni-NTA resin (Thermo Scientific, catalog number: 88222)

Kanamycin (Fisher Scientific. catalog number: §11290050), see Recipes for preparation

Potassium chloride (KCI) (Fisher Scientific, catalog number: P217-3)

Potassium hydroxide (KOH) (Fisher Scientific, catalog number: P230 300)

Biological materials

Plasmids availakle upon request

1. Escherichia coli (E. coli) BL21-CodonPlus (DE3)-RIPL competent cells (Agilent. catalog number: 230280) or
E. coli BL21-CodonPlus (DE3)-RIL competent cells (Agilent, catalog number: 230245)

2. Optional: E. colf ArcticExpress (DE3) competent cells (Agilent, catalog number: 230192)

3. Tobacco Etch Virus (TEV) protease (Kapust et al., 2001; Raran-Kurussi et al_, 2017)

4. POLEMT construct in pPROEXHTb. It contains residues 43—1230 [lacking its N-terminal mitochondrial
targeting sequence (MTS)] with an N-terminal hexahistidine 6x-His-tag

5. TFAM construct in pPROEXHTb. It contains residues 43-246 (lacking its N-terminal MTS) with an N-terminal
6x-His-tag and a TEV protease site

6. TFB2XM construct in pT7TEV-HMBEP4. It contains residues 20-398 with an N-terminal 6x-His-tag, maltose

binding protein (MBF) tag, and a TEV protease site

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,
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Solutions
See Recipes for all solutions.

Part I: POLREMT purification

1. 5% Polyethylenimine (PEI) solution pH 7.0
2. POLEMT Lysis Buffer

3. POLRMMT HisTrap Buffer A

4. POLRMT HisTrap Buffer B

3. POLEMT Heparin No Salt Buffer

6. POLEMT Heparin Buffer A

7. POLRMT Heparin Buffer B

Part II: TFAM purification and activity test

1. TFAM Lysis Buffer

2. TFAMNI-NTA Buffer A

3. TFAMNIi-NTA Buffer B

4. TFAM TEV Cleavage Buffer
5. TFAM Heparin Buffer A

6. TFAM Heparin Buffer B

7. TFAM Storage Buffer (2x)

8. 10= TFAM Binding Buffer
92

TFAM Electrophoretic Mobility Shift Assay (EMSA) Buffer

Part III: TFB2M Purification

1. TFB2M Lysis Buffer

2. TFBIM Ni-NTA Buffer A

3. TFBIMNi-NTA Euffer B

4. TFBIMTEV Cleavage Buffer
3. TFB2M No Salt Heparin Buffer
6. TFBXM Heparin Buffer A

7. TFB2M Heparin Buffer B
Recipes

Common stock solutions
Note: Sterilize all stocks by filtering through a 0.22 um syringe filter, aliquot info I mL portions, and store at -20 °C.
1. 1IMIPTG Stock

238 g of IPTG

Dissolve in Milli-Q) water and bring the final volume up to 10 ml.

*A4dd 200 pL of 1 MIPTG per 1 L of cell culture for a final concentration of 0.2 mM IPTG.

Amp stock (100 mg/'mL)
1 g of ampicillin
Dissolve in Milli-Q) water and bring the final volume up to 10 ml.

[

[re)

Kan stock (25 mg/mlL)
0.25 g of kanamycin
Dissolve in Milli-Q) water and bring the final volume up to 10 mL.

4 1MDTT Stock

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,
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1.34 g of DTT
Dizsolve in Milli-Q) water and bring the final volume up to 10 mL.

Part I: POLEMT Purification

Note: All bugffers (except for 3% PEI) are adiusted to pH 7.9 with HCl or NaOH, sterilized with a 0.22 ym filter, and
stored ait 4 °C. Add BME to the Lysis and His Trap purification buffers and DIT fo the Hilrap heparin purification
bugfers right before use. Prepare cold, filtered Milli-Q H:0 and 20% EtOH to wash and store the FFLC columms
after use.

1. 5% PEI solution

Reagent (stock concentration) Final concentration Quantity
PEI (50%) % 10 mL
Milli-Q H;O nfa 90 mLL
Total 100 mL

Adjust pH to 7.0 with HC1 when the solution 15 cold or on ice. No need to filter.

1. POLRMT Lysis Buffer

Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1 M, pH 7.9) 40 mhI 10 mL
NazC1 (3 M) 400 mh 333ml
Glycerol (100%) 15% wiv 375 mlL
Tween 20 (100%) 0.1% viv 025 mL
EDTA (500 mhI) 1 mM 0.5 mL
BME* (14.3 M) 5 mM See Note
Lyzozyme* 1 mg/ml See Note
PIC (1,000:)* 1= See Note
Mills-Q H;O n'a 168 mL
Total 250 mL

*4dd right before use. Powr 50 mL of the buffer into a conical tube and then add these components (3 mg of
Hesozyme, {7.3 ul of BME, and 50 uL of FIC) to the tube instead of the entive bottle of buffer. PIC was prepared
Jollowing fnstructions orline and is used as 1,000 % stock:
httpsAwww.sigmaaldrich.com/US/en/product sigma’p2 714,

3. POLREMT HisTrap Buffer A

Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1 M, pH 7.9) 40 mh 40 mL
NzCL(3 M) 300 mh 100 mL
Glycerol (100%) 15% wiv 150 mL
Tween 20 (100%) 0.1% viv 1 ml
Imidazcle 20 mh 136g
BME* (14.3 M) 5 mM 350 uL
Milli-Q H:O n'a 707 mL
Total 1,000 mL
*Add BME right before use.

4. POLRMT HisTrap Buffer B

Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1M, pH 7.9) 40 mhL 20 mL
NzCL(3 M) 300 mM 30 mL
Glycerol (100%) 15% wiv 75 mL
Twreen 20 (100%) 0.1% v 0.5 mL

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,
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Imidazcle 500 mhi 1702 g
BME* (14.3 M) 5 mM 175l
Milli-Q H:O nfa 353 mL
Total 500 mL
*Add BME right before use.

5. POLEMT Heparin No Salt Buffer
Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1 M, pH 7.9) 40 mhI 4ml
NaCl (3 M) 0mM n'a
Glycerol (100%%) 153% v 15 mL
Twreen 20 (100%) 0.1% v 0.1mL
EDTA (500 mhi) 1 mM 02ml
DTT* (1 M) 1 mM 100 uL
Milli-Q H;O nfa 81.6mL
Total 100 mL

This buffer is used to adjust the salt concentration of the elution from the HisTrap column. *Add DTT night

before uze.

6. POLRMT Heparin Buffer A

Reagent (Stock concentration) Final concentration Quantity
Tris-HCI (1 M, pH 7.9) 40 mh 40 mL
NaCl (3 M) 150 mM 30 mL
Glycerol (100%) 15% wiv 150 mL
Tween 20 (100%) 0.1% viv 1mlL
EDTA (300 mM) 1mM 2mL
DTT* (1 M) 1mM 1,000 pL
Malli-Q H:O n'a 756 mL
Total 1,000 mL

*Add DTT right before use.

7. POLRMT Heparin Buffer B

Reagent (Stock concentration) Final concentration Quantity
Tris-HCI (1 M. pH 7.9) 40 mh 20 mL
NaCl (3 M) 1,000 mM 167 mL
Glycerol (100%) 15% wiv 75 mL
Twreen 20 (100%) 0.1% /v 0.3 mL
EDTA (300 mM) 1mM 1 mlL
DTT* (1 M) 1mM 300 uL
Milli-Q H;O n'a 236 mL
Total 500 mL

*Add DTT night before use.

Part IT: TFAM purification

Note: All buffers are adjusted to pH 7.5 with HCI or NaOH, sterilized with a 0.22 um filter, and stored at 4 °C.

Prepare cold, filfered Milli-Q H:0 and 20% EtOH to wash and store the FPLC columms after use.

1. TFAM Lysis Buffer
Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1 M, pH 7.5) 20 mhI 4ml
NazC1 (3 M) 200 mh 1333 ml
Glycerol (100%) 15% viv 30 ml.

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,
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Imidazcle

BME* (14.3 M)

Lysozyme®

Protease inhibitor cocldail® (1,000:=)

Malli-Q HzO
Taotal

10 mM
5 mM
1 mg'mL

n'a

0136 g
See Note
See Note
See Note
15247 mL
200 mL

*Add right before use. We only need 30 mL of the buffer in a conical tube; then, add these components (3 mg
of Iysozyme, 17.3 uL of BME, and 30 pL of PIC) to the tube instead of the entire bottle of buffer.

2. TFAM Ni-NTA Buffer A*

Reagent (stock concentration) Final concentration Quantity
Tris-HCI (1M, pH 7.3) 20 mh 20 mL
NazCl(3 M) 200 mh 66.65 mL
Glycerol (100%) 15% wiv 150 mL
Imidazcle 10 mM 068l g
BME®* (14.3 M) 3 mM 350 uL
Milli-Q H:O n'a 762.35 mL
Total 1,000 mL

*This buffer is the same as the TEAM Lysiz Buffer without lysozyme and PIC. Add BME night before use.

3. TFAM Ni-NTA Buffer B

Reagent (stock concentration) Final concentration Quantity
Tris-HCL(1 M, pH 7.3) 20 mh 20 mL
N=zC1(3 M) 200 mhI 66.65 ml
Glycerol (100%4) 15% v 150 mL
Imidazcle 300 mh 3404 g
BME* (14.3 M) 3mM 350 ul
Milli-Q H:O n'a 76235 mL
Total 1,000 mL

*Add BME right before use.

4. TFAM TEV Cleavage Buffer

Reagent (stock concentration) Final concentration Quantity
Tris-HCL(1 M, pH 7.3) 20 mh 40 mL
NazCl1 (3 M) 300 mhd 200mL
Glycerol (100%) 15% wiv 300 mlL
BME* (14.3 M) 3 mM 700 uL
Milli-Q H:O n'a 1,439 ml
Total 2,000 mL

*Add BME right before use.

5. TFAM Heparin Buffer A

Reagent (stock concentration) Final concentration Quantity
Tris-HCI(1 M, pH 7.3) 20 mh 20 mL
NazC1 (3 M) 200 mh 66.67 ml
Glycerol (100%) 15% wiv 150 mL
DTT* (1 M) 1 mM 1,000 pl.
Milli-Q H:O n'a 76233 mL
Total 1,000 mL

*Add DTT right before use.
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6. TFAM Heparin Buffer B

Reagent (stock concentration) Final concentration Quantity
Tris-HCI(1 M, pH 7.3) 30 mhI 30mL
NzCL(3 M) 1500 mM 300 ml
Glycerol (100%) 15% wiv 130 ml
DTT* (1 M) 1 mM 1,000 uL
Milli-Q H:O n'a 318 ml
Total 1,000 mL
*Add DTT right before use.

7. TFAM Storage Buffer (2x)

Reagent (stock concentration) Final concentration Quantity

Tris-HCI (1 M, pH 7.3) 80 mM 16 mL

NaCl (3 M) 200 mM 1333 mL

DTT* (1 M) 2 mM 400 pL

Milli-Q HzO n'a 17027 mL

Total 200 mL
*Add DTT night before use.

8. 10x TFAM Binding Buffer
500 mM Tris-HC1 pH 8.0
1 MEKC1
50 mM MgClz
1 mM DTT (add right before use)

9. TFAM EMSA Running Buffer
50 mM Tris-acetate pH 8.0
2.5 mMEDTA

Part ITI: TFBZM purification

Note: All buffers are adiusted to pH 8.0 with HCl or EOH, sterilized with a 0.22 um filter, and stored af 4 °C. Lze
BME for the Lysis and His Trap buffers and DIT for the Hilvap Heparin columm and Storage buffers. Prepare cold
Siltered Milli-Q H.O and 20% EtOH to wash and store the FPLC columns affer use.

1. TFBIM Lysis Buffer

Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M, pH 8.0) 20 mM 6ml
KCI(3 M) 1M 100 mL
Glycerol (100%) Faviv 15 ml
Imidazcle 10 mM 0204 g
BME* (14.3 M) 5 mM See Note
Lysozyme® 1 mg/mL See Note
Protease inhibitor cocktail* (PIC, 1.000=) 1= See Note
Milli-Q H;O n'a 179 mL
Total 300 mL

*Add right before use. We only need 30 mL of the buffer in a conical tube: then, add these components (3 mg
of Iysozyme, 17.53 ul of BME, and 30 pL of PIC) to the tube instead of the entire bottle of buffer.

2. TFBIM Ni-NTA Buffer A

Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M., pH 8.0) 20 mM 20 mL
KCI(3 M) 300 mh 100 mL

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
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Glycerol (100%) 3% viv 50 mL
Imidazole 20 mM 136g
BME* (143 M) 5 mM 350 uL
Milli-Q HzO n'a 230 mL
Total 1,000 mL

*Add BME right before use.

TFEIM Ni-NTA Buffer B
Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M, pH 2.0) 20 mM 10mL
ECI(3 M) 300 mM 50 mL
Glycerol (100%) 3% viv 25 mL
Imidazole 300 mM 1702 g
BME* (143 M) 5 mM 175yl
Milli-Q HzO n'a 415 mL
Total 500 mL

*Add BME right before use.

TFEIM TEV Cleavage Buffer
Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M, pH 8.0) 20 mM 40 mL
ECI(3 M) 300 mM 200 mL
Glycerol (100%) 3% viv 100 mL
BME (143 M) * 5 mh 6293 ul
Milli-Q H:O na 1,659.3 mL
Total 2,000 mL

*Add BME right before use.

TFBIM No Salt Heparin Buffer
Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M, pH 8.0) 20 mM 4ml
Glycerol (100%) 3% wiv 10 mL
EDTA (300 mM) 1 mh 0.4 mL
DIT(1M)* 1 mM 0.2mL
Milli-Q H;O n'a 1834 ml
Total 200 mL

*Add DTT right before use.

TFEIM Heparin Buffer A
Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M. pH &) 20 mM 20mL
ECI(3 M) 200 mM 66.67 mL
Glycerol (100%) 3% wiv 50 mL
EDTA (300 mM) 1 mh 2ml
DIT (1M * 1 mM 1mL
Milli-Q Hz0 n'a 26033 mL
Total 1,000 mL

*Add DTT right before use.

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
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T

TFE2M Heparin Buffer B
Reagent (stock concentration) Final concentration Quantity
HEPES-KOH (1 M., pH 8.0) 20 mM 10mL
KCI(3 M) LM 250 mL
Glycerol (100%) 3Mwiv 25 mL
EDTA (500 mhi) 1 mh{ 1mlL
DTT (1 M) * 1 mh 0.5mL
Milli-Q H:O n'a 2135 mL
Total 500 mL

*Add DTT right before use.

SDS-PAGE sample recipes

Note: These recipes make 20 ulL of each SDS-PAGE sample. Boil sanples for 5 min at 95 °C before rioming and

Inad 9-12 uL per lane. All POLRMT samples can be run on 8%6—10% SDS-FAGE. For TFAM and TFB2M 10%—
2%% SDS-PAGE would be suitable. We run the gels in I % Iris/Glyeine/SDS byffer and stain with Coomassie.

1

[

[re)

Uninduced, induced, pellet, Iysate, PEI pellet, PEI supematant, AS pellet, Ni-NTA or HisTrap flowthrongh,
and wash samples

1.3 pL of zample or scrape a small amount of pellet directly into the microfige tube

13.5 pL of Milli-Q water

5 pL of 4» Laemmli buffer

Ni-NTA Elution samples, AS supemnatant
7.3 uL of zample or small piece of pellet
7.3 pl of Milli-Q water

5 pL of 4= Laemmli buffer

TEV-cleaved sample, HisTrap, and Heparin column fractions

Note: Load as much as possible (af least 12 uL per lane) to visualize very diluted samples
10 uL of sample or small piece of pellet

5 pL of Milli-Q water

5 pL of 4= Laemmli buffer

Laboratory supplies

1. 17 mm x 100 mm culture tubes, 14 mL [VIWE, catalog number: 50818-689)

2. ED disposable syringe, 50 mL (Fisher Scientific, catalog number: 13-689-8)

3. Biotix 10 uL tips (Fisher Scientific, catalog number: 12-111-021)

4. Femsbach culture flasks. 2.8 L (Fisher Scientific, catalog number: 09-352-359)

5. Membsane filters. 0.22 pm pore size, 47 mm diameter (Fisher Scientific, catalog number: 09-719-2B)

6. Petri dishes (Fisher Scientific. catalog number: FB03735713)

7. Pipette tips, microfuge tubes, and low-retention tubes (Genesee Scientific, catalog numbers: 24-282, 23-150FL,
23-163FL, 28-103, 22-251LE)

8. Serological pipettes, 3. 10, and 25 mL (VWRE, catalog numbers: 73816-094, 73816-100, 73816-090)

9. Syringe filters (0.22 pm pore size, 25 mm diameter) (VWE, catalog number: 76479-024)

Equipment

1. 1L centrifuge bottles with sealing closure (Thermo Scientific, catalog number: 31411006)

5

o

4 L capacity centrifuge (Thermo Scientific. Sorvall LYNX 4000 Superspeed Centrifuge, catalog number:

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
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Benchtop centrifuges (Eppendorf, 3910 R, 5425)

Benchtop incubator shaker (Eppendorf, model: New Brunswick Benchtop Incubator Shaker 124)
BioSpectrometer Basic (Eppendorf)

Dialysis tubing, 14,000 MWCO (Sigma-Aldrich, catalog number: DO777-100FT)

Fast protein liquid chromatography (FPLC) system (Bio-Fad, NGC Quest 10 Chromatography System, catalog
number: 78800013

Gel imager (Bio-Rad, model: Gel Doc EZ Imager)

Glass column for Ni-NTA resin (Bio-Rad, Econo-Column Chromatography Column, catalog mumber: 7371512)

10. Hiot plate stirrer (VWE, catalog number: 97042-674)

11. Magnetic stir bar (Fisher Scientific, catalog number: 14-513-31)

12. Reusable bottle top filter unit {Thermo Scientific, Nalgene, catalog number: DS0320-2333)
13. SDS-PAGE running system (Bio-Rad, Mini-PROTEAN Tetra System)

14. Sonicator (Qsonica, CL-18 Sonicator Probe)

Software and datasets

1. Bio-Rad Image Lab (https://worwbio-rad.com/en-us/product/image-lab-software ID=KRESPSESZ)
2. Imagel version 1.53e (hitps:/image] net/ij/index html)
Procedure

Part I: POLRMT Purification

A. Overexpression of recombinant POLRMT in E. coli

1. Transform the plasmid into BL21-CodonPlus (DE3)-RIFL and plate on LB agar plates containing

ampicillin (or the appropriate antibiotic). Incubate inverted overnight at 37 °C.

Note: This transformation can also be done with BL2 I -CodonPlus-RIL. This step can be skipped if glvcerol

stocks of cells carrying the POLRMT-coding plasmid have been made previousiy.

Get an autoclaved flask with 30 mL of autoclaved LE media and add 50 pL of Amp stock (100 mg/mL,

see Recipes).

Pick five separate colonies from the plate with a sterile pipette tip or stick for inoculation (or add a small

piece of glycerol stock).

4. Once inoculated, start incubating the cultures in the afternoon around 5 pm at 28 °C and shake overnight
(14-17 k) at 200 rpm (zee General note 2 for temperature and oversaturation of cells).

5. In four flasks (2.8 L Femsbach culture flasks), prepare 1 L each of autoclaved LB media and add 1 ml of
Amp stock per liter of media.

6. Add 10mL of inoculum per liter of LB media with ampicillin (see General note 3 for how to make glycerol
stocks).

7. Incubate the inoculated flasks at 37 ®C with shaking at 200 rpm. Check cell density by measuring the
0Dy after 34 b to see if it 13 between 0.4 and 0.6

8. Once in the above OD range, lower the shaker temperature to 18 *C. Withdraw a 1 mL sample (label as
“Uninduced™) into a microfuge tube and tape it on the side of the flask to let it continue shaking.

9. Cool down the flasks to 18 °C from 30 min to 1 h before adding IPTG (0.2 mM final concentration) to
induce POLEMT expression. To do this, add 200 pL of 1 M IPTG stock (zee Recipes) per 1 L of LB (zee
General note 4 for cooling flasks).

10. Continue growing overnight {16-20h) at 18 *C at 200 rpm_

11. Withdraw a 1 mL sample at the end of the induction period (“Induced™) and remove the “Uninduced™

[ =]

Lad
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sample tube off the side of the flask (see Recipes for SDS-PAGE samples). Fun out samples on a 10%
SDS-PAGE gel and Coomassie stain to visualize POLEMT overexpression.

12. Harvest the cells by centrifugation at 2,991% g for 30 min at 4 C in 1 L centrifuge bottles.

13, Safely dispose of the supernatant with 10% bleach and scrape the pellets into a 50 mL conical tube. Store
the combined pellet at -80 °C (flash freezing 15 not necessary) or proceed with the next step.

B. Lysis of POLRMT overexpression pellet by sonication

Note: All steps below should be done at 4 °C or on ice unless noted otherwise.

1. Thaw the pellet by putting the tube in tap water. Scrape out the cells with a spatula into a metal beaker and
add 50 mL of cold Lysis Buffer with BME, lysozyme, and PIC. Optional: Stir on a stir plate with a stir
barat 4 °C for 1 hto let the lysozyme break down cells.

2. Put the beaker in an ice bucket and sonicate cell suspension for 30 min at 4 °C (30 5 on and off, 60%

amplitude). Check that the suspension has become less viscous and slightly darker at this point.

Centrifuge the suspension at 30,000= g for 1 hat 4 °C.

4. Pour supernatant (“Lysate™) into a cold beaker on ice and record the volume.

5. Take samples to run on an SDS-PAGE gel: Pellet and Lysate (zee Recipes). There will be more POLEMT
ith the pellet than in the lysate, but we will use the soluble POLEMT in the Iysate for purification (Figurs

Lis

1B).
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Figure 1. Mitochondrial ENA polymerase (POLEMT) purification flowchart and polyethyleneimine
(PEI) and ammonium sulfate (AS) precipitation. (A) Expression construct containing the nucleotide
sequence for POLEMT residues 43-1.230 (Uniprot: 000411) and an N-terminal 6x-His-tag. (B) 10%
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SDS-PAGE analysis of samples from the sonication step, PEI precipitation, and AS precipitation steps. (C)
Schematic of POLEMT purification including sonication. PEI precipitation, AS precipitation, a DEAE
column, a HisTrap column, a HiTrap heparin column, and concentration.

C. POLRNMT PEI precipitation

1

b

With the Iysate in a cold glass beaker on ice or at 4 °C, add a stir bar and check that it gently stirs the
solution while on a stir plate.

Slowly add cold 3% PEI (see Recipes) dropwise into the lysate to get 0.3% PEI final concentration. To
caleulate how much 3% PEL we need. find 6% of the volume of the lysate:

mL of 3% PEI to be added = mL of lysate = 0.06

Cover the top of the beaker with aluminum foil and keep stirring gently at 4 *C for an additional 30 min.
Centrifuge at 30,000 g for 10 min at 4 °C.

Take out samples for gel analysis [PEI pellet, PEI supematant (see Fecipes)] and run them out on a 10%%
SDS-PAGE gel. POLEMT should be in the supernatant (Figure 1B).

D. POLRMT AS precipitation

1.

Add AS powder slowly (for a period of 30 min) to the supematant to get 53% saturation.
For example, 35% saturation of 100 mL of lysate requires 33.1 g of AS.
ml lysate » 3.51 g/ml = grams AS to be added
Cover the top of the beaker with aluminum foil and gently stir at 4 C for 1 h (or overnight) to dissolve
AS and precipitate proteins.
Centrifuge at 30,000+ g for 10 min at 4 °C. The POLEMT protein i in the pellet.
Take out samples for gel analysis: AS pellet, AS supernatant (see Recipes). On an 3DS-PAGE gel. vou
should see POLEMT (~140 kDa) in the AS pellet and not in the AS supernatant (Figure 1B).
Record the weight of the pellet in grams and store 1t at -80 °C.
Pause point: The AS pellet can be stored for a few months before moving on to FPLC purification.

E. POLREMT DEAE gravity column and overnight HisTrap column

Note: One coluwmn volume (CV) corvesponds to 5 ml for the HisTrap column (Cyiiva)l. The DEAE gravity
columm can be replaced by wiing a Hilrap DEAE Fast Flow column (Cviiva) aftached in tandem with the
HisTrap colwmn.

1

Start by attaching the 5 ml HizsTrap column and loading POLEMT HisTrap buffers (zee Recipes) onto the
FPLC.

Wash and equilibrate the column (2 ml /min for five CV each of filtered Milli-() water, HizTrap Buffer B,
and then HisTrap Buffer A).

Resuspend the AS pellet in the HisTrap Buffer A by adding 4 mL of cold buffer per gram of pellet. Stir
gently uatil dissolved.

Note: The following steps with the DEAE column can be downe af room temperature as long ar all the
buffers are cold and the samples are kept on fee.

Prepare the DEAE by placing 10 mL of the DEAE resin suspension info a clean gravity column. Once the
resin settles, you should get approximately 5 ml of bed resin.

Wash the DEAE with 5 bed volume of cold filtered water and cold HisTrap Buffer A.

Note: This DEAE column can be washed with water and stored in 20% EfQH for reuse.

With the stopper on the gravity column closed, pour the dissolved AS pellet into the column and gently stir
with a spatula. Optional: Incubate for 15 min at 4 °C with gentle rocking.

Elute into a clean comtainer on ice and then add 10 mL of HisTrap Buffer A to ensure all POLRMT i=
washed out.

Filter the eluent with a 0.22 um syringe filter and prepare to load it on the HisTrap column on the FPLC.
Use these settings for the FPLC run while monitoring eluent absorbance at 280 nm (Azs0) and collect all
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flowthrough/eluent for a later SDS-PAGE analysis (Figure 2B):

»  Sample application: 0.3 mL/min (for running overnight).

»  Column wash with Buffer A: 0.5 mL/min (for maning overnight). Wash the column until the Az
trace returns to baseline (approximately five CV or 23 mL). After reaching baseline, continue to wash
for at least 20 ml.

o Protein elution: 1 ml/min_ collect 3 ml fractions.
Eluticn program:
(—30% Buffer B gradient for 40 CV (200 mL). Optional: Wash the column with Buffer B. No need
to collect samples from these steps.
70% Buffer B for five CV (25 mL)
100% Buffer B for five CV (23 mL)

»  Wash the column with five CV of water and five CV of 20% EtOH (use a lower flow rate of 1 mL/min)
and store the columns.

Note: POLRMT elutes in a small broad peak and is very dilute. Do not let the fractions sit for longer than

one day, as the more concentrated fractions of POLRMT will start precipitating (see General note 3).

x
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Figure 2. Mitochondrial RNA polymerase (POLRMT) HisTrap chromatography (A) Chromatogram
for the elution phase of the HisTrap column run on the FPLC and (B) 8% SDS-PAGE analysis of the
collected fractions.

9. Take out samples of the HisTrap fractions and run them on a 10% SDS-PAGE gel alongside a protein
ladder. POLRMT appears around 140 kDa on an SDS-PAGE gel and 1s more concentrated roughly around
fractions #4-22 (Figure 2B). (To save time, start preparing the filters and concentrate while the gel is
running; see step below:)

10. Equilibrate two 30K MWCO Amicon filters at 4,000 g and 4 °C.

11. Concentrate POLEMT by centrifuging the Amicon filtration units at 1.900= g. Pipette solution gently
every 5—10 min to avoid precipitation. Stop when the total volume becomes less than 25 ml (see General
note 6 about this concentration step).

12. Add an equal volume of No Salt Heparin Buffer to the concentrate to bring the final NaCl concentration
to 130 mM (see General note 7).

F. POLRMT overnight HiTrap heparin column

1. Wash and equilibrate the 5 ml. HiTrap heparin column in Buffer A on the FPLC (2 mL/min for five CV
each of filtered Milli-Q water, Heparin Buffer B, and then Heparin Buffer A).

2. Load your protein sample that has been diluted with the No Salt Heparin buffer.

3. Raun the following FPLC program:
»  Sample application: 0.3 mL/min (for running overnight).

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze 14
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»  Column wash with Buffer A: 0.3 mL/min (for maning overnight). Wash the column until the Az
trace refurns to baseline (approximately five CV or 23 mL). After reaching baseline, contitue to wash
for at least 20 ml.

*  Protein elution: 2 ml/min, collect 3 mL fractions.
0-50% Buffer B gradient for 20 CV (100 mL).
35% Buffer B for five CV or 25 mL (POLEMT elutes here!).
70% Buffer B for five CVor 23 mL.
100% Buffer B for five CVor 25 mL.

»  Wash the column with five CV of water and five CV of 20% EtOH (use a lower flow rate of 1 mL ‘min)
for storage of the columns.

G. Concentration and storage of POLRMT

Run a 10% SDS-PAGE gel of the fractions (zee Recipes) and pool together the fractions with POLEMT
(Figure 3B).
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Figure 3. Mitochondrial ENA polymerase (POLRMT) Hilrap Heparin chromatography (A)
Chromatogram for the elution phase of the HiTrap Heparin column run on the FPLC and (B) 10% SDS-
PAGE analysis of the collected fractions.

Equilibrate the membrane of a S0K MWCO Amicon filtration unit with 150 mM NaCl Heparin Buffer by
spinning in the centrifuge for 3 min Add pooled POLEMT fractions to the umit.

Start centrifuging at 2, 500 g at 4 °C and gradually decrease the speed to 1,300+ g, ptpetting gently from
the bottom of the membrane and checking concentration frequently until at least 7 ph POLEMT will
easily precipitate out. so if you notice preciprtate forming or if the concentration in the solution is not
increasing, stop concentrating (see General note 8).

Measure and calcolate protein concentration using these parameters by the Protparam tool
(https:/'web.expasv.org/protparam):

6x-His-POLEMT: 137.7 ¥Da or 137.700 mg/mole

Molar extinction coefficient: 143,700 L (cm®M)” (assuming all cys reduced)

Abs 0.1% = 1.043 (assuming all cys reduced)

Add sterile glycerol to get a final concentration of 23% glycerol.

Aliquot 10 pL into low-retention tubes, flash freeze in liquid nitrogen, and store at -80 °C.
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Part II: TFAM purification

A, Overexpression of recombinant TFAM in E. coli

—

[FEI )

10.
11.

Transform BL21-CodonPlus(DE3)-FIPL cells using ~200 ng of ProEX Htb TFAM plasmid and plate on
LE agar plates contaming ampicilling Incubate inverted overmight at 37 °C.

Grow 5 % 5 mL starter cultures overnight in LB supplemented with ampicillin, one colony per tube.

In the moming, spin down the 5 mL starter cultures at 2,782 g for & min and pour off the media. Carefully
resuspend the cells in a total of 1 mL of LB, transferring the 1 ml to resuspend all the cells from the five
tubes.

Add ampicillin to LB media (1 mL of 100 mg/ml. ampicillin stock: per 1 L of LB). Evenly split the 1 mL
cell suspension between the 1 LLB flasks.

Incubate at 37 °C at 200 rpm. Check the ODe after 4—3 h to see if it is between 0.4 and 0.6

Once in the above OD range. withdraw a 1 mL sample (“oninduced™) into a microfuge tube, tape the tube
on the zide of the flask, and lower the shaker temperature to 16 *C.

Cool down the flasks before inducing with TPTG (0.2 mM final concentration; add 200 uL of 1 MIPTG
stock per 1 L of LB).

Continue shaking overnight at 16 °C (~16-20 h) at 200 rpm.

Take a sample at the end of the indoction period (“Induced™) and run it alengside the “Uninduced™ sample
(zee Fecipes) on an SDS-PAGE gel to visualize protein expression.

Harvest the cells by centrifuging at 2,991 g for 15 min at 4 C.

Dizpose of the supernatant and scrape the pellets into a 30 mL conical tube. Store the combined pellet at -
80 °C or proceed with the cell Iysis.

B. Cell lysis: lysozyme treatment and sonication

Note: All steps below should be done at 4 °C or on ice unless noted otherwise.

L

Lh = L b

Thaw cells if frozen. Add 40 mL of TEAM Lysis Buffer (with lysozyme, BME, and PIC: see Recipes) to
the pellet (10 mL of lysis buffer per liter of expressed culture) and resuspend the pellet until homogencous.
Incubate for 1 hat 4 °C.

Sonicate cell suspension for 20 min at 4 *C (20 2 on and off, 60% amplitude).

Centrifuge at 30,000+ g for 1 hat 4 *C.

Save ~10 pL of “Cell Pellet™ and “Lysate”™ samples (see Recipes) for SDS-PAGE gel analysis.

C. TFAM Ni-NTA resin #1

Note: This is Ni-NTA by centrifugation method af 4 °C.

1.

[P O]

Prepare a 5 mL Ni-NTA resin bed in a 30 ml conical tube according to the manufacturer’s instruction and
wash three times with Ni-NTA Buffer A by resuspending the resin in the buffer, spinming it down at 363 «
g for 3 min at 4 °C, carefully decanting the buffer, and repeating the process.

Add the supernatant and incubate overnight at 4 *C with gentle agitation.

Spin down the resin, collect the supernatant as “Sample Application” into a conical tube, and begin resin
washing steps by adding 5 ml. of Ni-NTA Buffer A to the resin, gently mixing, and spinming the sample at
1932« gat4 "C.

Collect the supemnatant as “Wash 17 and repeat washes to wash 210,

Beginning with wash #10, check the absorbance of the sample at 280 nm and continue the washes until the
absorbance 1s close to 0.

Elute the proteins by adding 5 ml of Ni-NTA Buffer B and spinning as before. Collect the sample as
“Elution 17 and repeat this 33 times, keeping “Elution™ supernatants separate.

Run a 10% or 12% SDS-PAGE gel with collected samples from the cell Iysis, sample application, washing,
and elution (see Recipes). A TFAM band just above 25 kDa should be obvious but some contaminants will
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still be present (Figure 4B).
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Figure 4. Transcription factor A, mitochondrial (TFAM) purification flowchart, Ni-NTA and HiTrap
Heparin chromatography, and TFAM DNA-compaction test (A) Schematic of TFAM purification
including Ni-NTA Resin purification, cleavage by TEV protease, a second Ni-NTA resin step, a HiTrap
Heparin column, and concentration. (B) 12% SDS-PAGE analysis of Ni-NTA #1 results including washes
(W) and elution steps (E). (C) 12% SDS-PAGE analysis of TEV protease cleavage of TFAM and Ni-NTA
resin step. (D) Chromatogram for the elution phase of the HiTrap Heparin column run on the FPLC and
the SDS-PAGE analysis of the collected fractions. (E) Electrophoretic mobility shift assay (EMSA) to test
TFAM ability to compact plasmid DNA

D. Dialysis and TEV cleavage of the His tag on TFAM

1.

Add 2 L of ice-cold TFAM TEV Cleavage Buffer to a large beaker.

2. Place the elution samples with significant TFAM content into dialysis tubing and add TEV protease at a

1:30 TEV:TFAM protein molar ratio. (Estimate TFAM content using the absorbance of the pooled elution
samples at 280 nm. See step G for protein mass and extinction coefficient.)

Allow the sample to dialyze in Cleavage Buffer and cleave overnight at 4 °C with gentle stirring.

Check the success of TEV cleavage on a 12% SDS-PAGE gel by comparing the sample before and after
dialysis. If cleavage is complete, continue to the next step. If not, add more TEV protease and continue
dialysis (Figure 4C).

Note: The version of TEV protease used in our lab is ~26 kDa in size. This means it will look a lot like
uncleaved TFAM on the SDS-PAGE gel.
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TFAM Ni-NTA resin #2

L3 bd e

Prepare a 3 mL resin bed of Ni-NTA resin as before (see step CI).

Add the dialyzed sample to the resin and incubate overnight at 4 °C as before with gentle agitation.

Spin down the resin as before (1.932x= g at 4 °C) and collect the supernatant [“Sample application”™ (this
will have the TEV-cleaved, now untagged TFAM])].

Add 5 mL of Ni-NTA Buffer B to the resin, mix, and spin to collect “Elution 1. You want to collect this
to be sure the TEV protease was bound by the Ni resin.

Repeat the elution 23 times.

Run a 10% or 12% SDS-PAGE gel to be sure that TFAM is in the “Sample application”™ (Figure 2C).

TFAM concentration and HiTrap heparin column

Note: An alternative fo the first conceniration step is io adiust the salf concentration by adding a version of the
Ni-NTA Buffer A without avy salt. Adjust the salf to <200 mAM for wse on the Hilvap heparin coluwmn.

L

(=]

L3

L3 bl e

Wash and equilibrate the 5 mL HiTrap heparin column (Cytiva) on the FPLC with five CV of heparin
Buffer B and then Buffer A
Add elution fractions from Ni-NTA resin #2 to a 50 mL conical tube and begin buffer exchanging the
sample by adding it in 15 mL volumes to a 3K MWCO Amicon filter and spinning at 3.434x gat 4 °C.
Stop concentrating when the buffer exchange sample 1= down to 2 ml..
When the entire protein sample has been added and spun down to approximately 2 mL. fill the 3K MWCO
Amicon filter with Heparin Buffer A and continue to spin. Continue to add Heparin Buffer A and spin until
~30 ml has flown through the filter and you are left with 2-3 ml.. This lowers the salt concentration from
300 mM to 200 mM to ensure binding to the HiTrap Heparin column.
Load the buffer-exchanged protein sample onto the prepared HiTrap Heparin column.
Run using these settings:
»  Sample application: 1.0 mL/min.
»  Column wash: 1.0 mL/min until Az reaches ~0.
»  Elution: 2.5 mL/min with 2 ml fractions.

0—100% Buffer B gradient over 10 CV (50 mL).
»  Wash the column with five CV of water and five CV of 20% EtOH (1 m[/min) for storage.

Concentration and storage of TFAM

Run a 10% or 12% SDS-PAGE gel of the fractions and pool together the fractions with TEAM (Figure 4D)
Concentrate as before using a fresh 3K MWCO Amicon filter.

When all the pooled fractions have been concentrated to a small volume (0.3-1 mL), add 2= Storage Buffer
to fill the filter and continue to centrifige. Repeat this process to pass two full volumes of Storage Buffer
through the filter to exchange the buffer. Stop when the second full pass of 2 Storage buffer has reached
~2 mL and begin measuring the absorbance at 280 nm for TFAM concentration while continuing to
centrifuge.

Measure and calcolate protein concentration using these parameters from the protein sequence by the
Protparam tool (https://web expasy. org/protparam):

TFAM after TEV cleavage: 24.4 kDa or 24,400 mg/mole.

Molar extinction coefficient: 35410 L {cm*M)! (assuming all cys reduced).

Abs 0.1% = 1.45 (assuming all cys reduced).

When the desired concentration has been reached (100-200 mM), move the sample from the Amicon filter
to a conical tube and add an equal volume of filtered 30% glycerol for a final concentration of 23% glycerol.
Aliguot 20 mL per tube, flash freeze, and store at -80 *C.
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H. Testing TFAN DNA-compaction activity with electrophoretic mobility shift assay (EMSA)

Note: To kmow if the purified TRAM iz active, it it best fo run an electrophoretic mobility shift assay. TFAM can
bind DNA non-specifically, so any plasmid DNA can be wsed. [f the bands shift upwards in the assay, the TFAM
is active ad will work with transcription assavs. In our assays, we use the Pucl9 plasmid

1.

-

L

[= BRI SN VE]

Prepare a 1% agarose EMSA gel using TEAM EMSA Running Buffer

Prepare reactions with 1» TFAM Binding Buffer, add ~200 ng of plasmid DNA, and add TFAM in
increasing amounts to the plasmid. These reactions are typically done in total volumes of 20-30 mL.
Incubate samples at 37 °C for 30 min.

Add filtered glycerol to 10% in the samples and load onto the EMSA gel along with a 1 kb DNA ladder.
Fun the EMSA gel at 70 V for 63 min at room temperature in TFAM EMSA Running Buffer.

Stain the gel with gentle agitation using ethidium bromide for 30 min at room temperature and image using
UV light on a Bio-Rad Gel Doc EZ Imager system or equivalent (Figure 4E).

Part III: TEB2M purification

A. Expression of TFB2ZM

1

Transform the plasmid containing TFB2M (Figure 3) into BL21-CodonPlus (DE3)-RIPL and spread on
Kan-containing (25 pg/ml, see Recipes) plates. Incubate inverted overnight at 37 *C.

Note: The transformation step can be skipped if ghicerol stocks have been previowsly made. E. coli strain
ArcticExpress (DE3) could also be used for transformation.

A
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-
win o e
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aneds® o
Pt
e

:
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i v

TFB2M Storage in Glycerol

Figure 5. Transcription factor B2, mitochondrial (TFB2M) purification flowchart (A) Expression
constroct containing the noclectide sequence for TFB2M, corresponding to residues 21-396 (Uniprot:
QUHS5Q4). This plasmid has an N-terminal 6x-His-tagged Maltose-binding protein (MBP) sclubility tag
connected to TFB2ZM with a TEV-cleavage site. (B) Schematic of TFB2M purification including protein
expression, Ni-NTA #1 Resin purification, cleavage by TEV protease, Ni-NTA #2 Resin step, a HiTrap
Heparin column, and concentration.

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze

19

(POLEMT) and the Initiation Factors TFAM and TFBIM. Bio-protocol 13(23): e4592, DOI: 1021769/ BioProtoc. 4552,

72



o
bio-protocol Published: Oct 20, 2023

Y

Add five colonies or a small chunk of the frozen glycerol stock to 3-10 mL of LB culture with Kan (25
pg/ml). Grow overnight while shaking at 28-37 °C; avoid letting the starter culture become oversaturated
(see General note 2 for POLEMT purification).

In the moming, add primary culture (2.3-3ml) to 1 L of LE culture.

Grow at 37 °C at 200 rpm until ODgy, reaches 0.7-0.8 (approximately 33 h).

Once in the OD range, cocl down the shaker to 14 *C and withdraw a 1 mL sample (“unmnduced™) before
inducing the rest of the culture with 0.2 mM final IPT'G (refer to Recipes). Continue to shake for 16-20 h
at 14 °C.

Take a 1 mL sample (“Induced”) at the end of the induction period to run on an SDS-PAGE gel.

Harvest the cells by centrifuging at 2991 g for 15 min at 4 °C.

Store cell pellet at -80 =C.

B. Sonication

Note: All steps below should be done at 4 °C or on ice unless noted otherwise.

1

Add 40 mL of Lysis Buffer (with lysozyme, BME, and PIC, see Fecipes) to 4 L-worth of cell pellet (10
mL of lysis buffer per liter of expressed culture) and stir the pelletat4 *Cfor 1 b

In the cold room, sonicate for 20 min at 60% amplitude, 30 s on and off.

Centrifuge at 30.000= g for 1 h at 4 °C to remove cell debns.

C. Ni-NTA Resin #1

10.
11

Set up a gravity column by clamping it onto a stand and pipette 10 mL of Ni-NTA resin solution into the
colomn to get 5 ml bed volume.

Wash the resin with filtered, cold Milli-() water three times and then wash once to equilibrate with your
NiBuffer A

Note: The volume of each wash should be five times the bed volume of the resin.

Pour the cell Iysate onto Ni-NTA resin and gently stir with a metal spatula to promote the binding of your
His-tagged protein. Securely close the column/vial and rock gently for 1 hat 4 °C.

Clamp the column again on the stand and collect your sample application flowthrough. Label the sample
as “Ni flowthrough™ for SDS-PAGE.

Prepare the following mixtures of Buffer A and B to perform the wash and elution steps:

One CV =3 ml bed resin.

Wash 1, 2, and 3: 0% B, five CV: prepare three tubes containing 50 ml of Buffer A each.

Wash 4: 3% B, five CV: one tube containing 47.5 mL of Buffer A and 2.5 mL of Buffer B.

Elution 1: 40% B, two CV: one tube containing & mL of Buffer A and 4 mL of Buffer B.

Elution 2: 50% B, two CV: one tube containing 3 mL of Buffer A and 5 mL of Buffer B.

Elution 3: 100% B, two CV: one tube with 10 mL of Buffer B.

Keep them on ice or at 4 °C before vse.

Note: The washes and elution can be done af room temperature if all the byffers ave cold and samples are
kept on ice. Aveid drying out the resin.

Wash the resin with Wash 1. Collect and label the flowthrough as “W1.”

Repeat with Wash 2 and Wash 3.

Wash a final time with Wazh 4 (which contains 3% vy of Buffer B in Buffer A). Save the flowthrough as
4

Elute TFBIM with Elution 1. Collect and label the elution as “E1.”

Repeat with Elution 2 and 3.

Pool elution 1, 2, and 3 together and estimate the protein concentration with the spectrophotometer:
6x-His-MBP-TFB2M: 87.7 kDa or 87,691 mg/mole.

Molar extinction coefficient: 117,230 L (cm-M)™ (assuming all cys reduced).

Abs 0.1% = 0.00134 (assuming all cys reduced).
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D. Overnight TEV cleavage

1. Estimate the amount of TFBZM vsing the absorbance of the pooled elution samples at 280 nm:

Amount of total TFB2M (spectrometer reading) = mg/ml
Total volume=__ mL
Total amount of protein = mg (assume it is all TFB2M)
We need a molar ratio of 1:23 TEV:TFBIM
Amount of TEVto be added=_ mg
Concentration of your TEV protease stock=_ mg/ml
Volume of TEVto beadded=_ ml.
2. Add 2L ofice-cold TEV Cleavage Dialysis Buffer to a large beaker with a large stir bar.
3. Add TEV to the same tube as your Ni-resin eluted TFB2M, gently mix, and then transfer into the dialysis
tubing (see General note 9).
4. Allow the sample to dialyze in the TEV Cleavage Buffer for 19-20 h overnight at 4 °C with gentle stirring.
5. Check the completion of TEV cleavage of TFB2M on a 10% or 12% SDS-PAGE gel by comparing the

TFB2M band size before (~88 kDa) and after dialysis (~43 kDa). If cleavage is complete, continue to the
next step. If not, add more TEV protease and continue dialysis (Figure 6).
Note: The MBP tag (42 kDa) will be similar in size to TFB2M and the band may be more intense. The
version of purified TEV protease used in owr lab is approximately 26 kDa in size.
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Figure 6. Transcription factor B2, mitochondrial (TFB2ZM) Ni-NTA chromatography. (A) Flowchart
of the Ni-NTA #1, TEV cleavage, and Ni-NTA #2 steps. (B) SDS-PAGE of TFB2M expression, the first
Ni-NTA purification step, the TEV cleavage process, and TFB2M presence in Ni-NTA #2 wash.

E. Ni-NTA Resin #2

Nete: This is fo remove His-tagged TEV profease and other contaminanis from the cleaved TFE2M, which is
now missing its His-tag. TRBZM will be in the flowthrough instead of the elution (Figure 64).

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,

74

21



bio-protocol Published: Oct 20, 2023

b

Using the same Ni-NTA column from the previous step, wash the column with 5> bed volume of Buffer
B to remove all the bound proteins, and then wash with Buffer A to equilibrate the column.

Before applying your cleaved TFB2M sample onto the Ni-NTA resin. add Buffer B to the TFB2ZM solution
to bring the imidazole concentration to 20 mM (matching that in Buffer A):

(20 mM imidazole needed) (__ mL of cleaved TFB2M sample) = (300 mM itmidazole in Buffer B) (x
mlL Buffer B needed)

Note: Infroducing a small (20 mM) amount of imidazole ensures that most af TFB2M does not bind fo the
resine. The other protein contamingnis like the His-MBP-tng and His-tagged TEV protease will stay bownd
to the NI-NTA.

Add the sample to the Ni resin and rock gently for 30 min at 4 °C.

Collect the flowthrough (or “wash™) containing TFB2M and run a 10% or 12% SDS-PAGE gel to be sure
that TFB2M iz present in the flowthrough (Figure 6B).

Note: What remains bound to the column ave the His-MBF tag and His-tagged TEV profease. Be aware
that the His-MBF tag is similar in size fo wntagged TFBIM (approximately 42 kDa), and its band is often
more infense on a gel.

F. Overnight heparin column

1. Wash and equilibrate a 3 mL HiTrap heparin column (Cytiva) on the FPLC.
2. Dilute the TFBZM sample (currently in 300 mM KC1 buffer) with the No Salt Heparin Buffer to get a final
salt concentration between 73 and 130 mM ECL
Note: The lower the salt, the more TFB2M binds fo the heparin colummn. Do not concentrate TFBIM before
loading it on the column or it will precipiiate ouf.
3. Fun using these settings:
Note: One column volwne (CV) is 5 mL for the Hilrap Heparin column (Cytiva).
»  Sample application: 1 ml/min_
»  Column wash: 0.5 mL/min (for munning overnight) for five CV.
»  Protein elution: 0.5 mlL/min, collect 2 mI fractions. Elution program:
0-T70% gradient for 10 CV (50 mL total)
100% for one CV
»  Wash the column with five CV of water and five CV of 20% EtOH (1 mL /‘min) for storage.
4. Collect fractions and run a sample on a 10%—12% SDS-PAGE to determine which fractions contain
TFB2M (Figure 7B).
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Figure 7. Transcription factor B2, mitochondrial (TFBIM) HiTrap Heparin chromatography. (4)
Chromatogram for the elution phase of the HiTrap Heparin column run on the FPLC and (B) a 12% SDS-
PAGE analysis of the collected fractions.
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G. TFB2M concentration

[

Pool together the fractions containing TEB2M.

Equilibrate a 10K MWCO Amicon membrane in a centrifuge for 3 min with the Heparin Buffer A

Start centrifuging the TFB2M sample at 2,500 g and graduvally decrease the speed to 1,300 g if
precipitate starts forming. Stop the centrifuge every 10 min and gently pipette TFB2M solution up and
down with a pipette to mix. If vou notice precipitate forming or if the concentration in the solution is not
increasing, stop concentrating.

Measure and caleulate the protein concentration using these parameters from the protein sequence by the
Protparam tool (hitps-/fweb expasy.org/protparam/):

TFBIM after TEV cleavage: 43.403 kDa or 43 403 mg/mole.

Maolar extinction coefficient: 49,390 L (cm-M)* (assuming all cys reduced).

Abs 0.1% = 1.138 (assuming all cys reduced).

Add sterile glycerc] to get a final concentration of 25%, aliquot 13 pL into low-retention tubes, flash freeze
in liguid nitrogen, and store at -80 *C (see General note 10 for estimating salt concentration in TFB2M

zamples).

Data analysis

To assess the purity of the proteins, run the purified samples on an SDS-PAGE gel (see Figure 8A below). Protein
band intensity can be analyzed using Bio-Rad Image Lab and Image] software.
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Figure §. Validation of POLEMT, TFAM, and TFBIM purification. (A) SDS-PAGE analysiz of punfied
POLEMT. TFAM, and TEB2M. (B) Validation of POLEMT activity on a nucleic acid scaffold. The size of a weakly
radiolabeled RINA was increased by POLRMT-catalyzed incorporation of [a-**P]NTP to produce a 15-nt RNA. (C)
TFB2M activity was validated in a promoter (LSP)-initiated transcription assay. The reaction was stopped at 19 nt
with the incorporation of 3'-dCTP. The two lanes are the same sample loaded in increasing amounts.

To evaluate the expression of the proteins, a western blot can be run using an anti-His antibody. POLEMT can be
identified this way after the purification as it still retains its Hiz-tag. For TEAM and TFB2M, which will lack their
His-tag after purification, performing the TFAM functional assay described above and performing an in vitro
transcription assay will confinm the activity of the proteins.

Validation of protocol

1. The protocol was used to purify the POLRMT, TFAM, and TFB2M used for an in vitro transcription initiation
assay in Figure 5D of our paper (Reardon and Mishanina, 2022).

Cite as: Hzieh, A. H. et al, (2013). Expreszion and Purification of Recombinant Human Mitochondrial ENA Polymeraze 23
(POLEMT) and the Initiation Factors TFAM and TFBIZM. Bio-profocel 13(23): e4592, DOI: 10.21769BioProtoc. 4891,

76



.
bio-protocol Published: Oct 20, 2023

]

)

POLEMT activity was validated by performing an in vitro transeription assay (Figure 2B) on 2 nucleic acid
scaffold designed by Schwinghammer et al | 2013 (Supplementary Figure 1 in the paper). This assay indicated
that POLEMT was able to add the incoming nucleotide to the starting RNA.

TFB2M activity was validated by performing an in vitro transcription initiation assay (Figure 8C) following
the protocel by Ramachandran et al., 2017 (Figure 1 in the paper). The template contained the light strand
promoter (LSP) sequence of miDINA, which requires TFB2M and TFAM for transcription to ocour

General notes and troubleshooting

[

)

This protocol deseribes how to Iyse cells with a sonicator, but a French press could be used instead. Similarly,
a peristaltic pump could be used to generate buffer gradients instead of an FPLC.

For POLEMT expression: the goal is to prevent oversaturation of the cells. The lower the temperature, the
longer the colonies can be left growing overnight, so any temperature between 23 °C and 37 *C will work. If
colonies are oversaturated, the growth will be extremely slow, most likely because the leaky expression of
POLEMT is toxic to E. coli cells.

Glycerol stocks could alzo be prepared at this time by storing 1 ml of the inoculum in 25% glycercl at -80 °C.
We usually vortex 500 pL of inoculum with 300 pL of 30% sterile ghycerol before freezing.

Lower temperatures will slow down translation and promote proper folding of the protein. To cool down the
flasks, we leave them shaking on the incubator while they cool or put the flasks in large buckets of ice. The
OD)ggq can be checked again but inducing in the range of 0.6-1.0 works fine.

We have tried to change the method to get more concentrated POLRMT in fewer fractions, but POLEMT ended
up precipitating out very quickly, so it is not recommended.

We concentrate the HisTrap elution in the Amicon filter down to 23 mL (step 10) because 30 mL is a convenient
volume that we can load onto cur Bio-Rad NGC FPLC via a sample pump. If your system can handle a larger
loading volume, you can add an equal volume of the No Salt Heparin buffer and skip the concentration step.
Because the HizTrap Buffer B has 300 mM NaCl, we need to bring the salt concentration down to the same as
in the Heparin Buffer A to have POLRMT bind to the Heparin column. The Heparin column does not greatly
increase purity but removes endogenous bound nucleic acids from the protein.

Previous attempts at buffer exchange resulted in increased POLRMT precipitation and are thus not
recommended. We vsually concentrate POLEMT to 6 or 7 uM before we start losing protein to precipitation.
The goal of the dialysis is to remove imidazole from the buffer, which inhibits TEV protease activity. It is also
important to keep the salt concentration above 300 mM KCI to prevent TEV protease from crashing out. There
iz no EDTA in the TEV buffer because EDTA inhibits TEV activity.

10. Optional for downstream transcription experiments where salt concentration could be an issue: we can estimate

the salt concentration of the purified TFBIM by the % Buffer B line at the time of TFB2M eluticn on the FPLC
trace and calculate based on the kmown salt concentrations of Buffers A and B:

Yo ofbuffer B:

% of buffer A- 100% - % buffer B =

Volume of that fraction collected: _ mlL

Volume of buffer B: Vol of fraction * Yo buffer B=_ ml

Wolume of buffer A: Vol of fraction * % buffer A= ml

Moles of B ="Vol Buffer B (1.5 mol)/(1,000 mL)=x mol KCI

Moles of A ="Vol Buffer A (0.200 mol)/(1,00 0mL)= x mol KCI1

Salt concentration of fraction = (Moles A+-Moles By (Volume of fraction collected (mL)) = (1,000 mL){(1L) =
% M salt concentration
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Chapter 4 Transcriptional Pausing during the Synthesis of Mitochondrial tRNAPhe

In this chapter, 1 describe foundational unpublished findings on mitochondrial
transcriptional pausing, the effect on pausing of a disease-linked mutation within the mitochondrial
tRNAP™ 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 understood!”. 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
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ribosome binding and RNA

pausing in mitochondrial systems remains poorly understood. Previous work by Dr. An Hsieh, in
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the Mishanina lab, identified a consensus sequence motif (Fig. 1A) within mtDNA that drives
POLRMT to pause (5'-R.joNNNNNNNGT.G+i-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 base®. 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
transcripts”!#. 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 back”!*. Nascent RNA
structure is well-documented to modulate pausing by multi-subunit RNAPs'>'7. 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-tRNAP'*, (NCBI Reference Sequence: NC 012920.1,
GenelD:4558, Fig. 1B). I found that this mutation localized to the 3' 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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tRNAP™ 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 a-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
[a-*?P] NTP, by an unknown mechanism, suggesting that my band was likely the radiolabeled
DNA, rather than RNA®. 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.

81



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 uM UTP, final) resulted in rapid production of the run-off product, preventing
resolution of intermediate transcript lengths. Reducing NTP concentration tenfold (150 uM CTP,
150 uM GTP, 400 uM ATP, 10 uM 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.
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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.

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

scaffolds encoding tRNAP" (NCBI Reference Sequence: NC_012920.1, GenelD: 4558), in vitro
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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-tRNAP 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 3' 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 epilepsy'®2°. Additionally, the corresponding uridine at this position
is typically modified into a pseudouridine, a modification which may be necessary for a
biologically functional tRNA structure?. 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-tRNAP* 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 5' 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 3' processing of one tRNA is often coupled to 5' 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 5' 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 5'
leader remains attached, consistent with a 5'-to-3' 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 5' 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 5' 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-tRNAP,
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

89



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.
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