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ABSTRACT

THE EPITRANSCRIPTOME IN HEAT-LOVING ARCHAEA ENHANCES THERMOPHILY

>170 RNA modifications are known to decorate the transcriptome across all three
Domains of life. The totality of RNA modifications in a cell is called the epitranscriptome.
Modifications expand the form and function of RNA, often invoking new structures, activities,
and interactions. The molecular consequences, fithness impacts, transcriptome-wide distribution,
and genesis of the vast majority of modifications are largely unknown, but more > 100 human
diseases are linked to mutations in the genes that encode RNA modifying enzymes. It is
therefore critical to elucidate the generation and impact of RNA modifications on fitness and

function.

5-methylcytidine (m°C) is one of the most abundant and conserved modifications across
Domains and is generated through the post-transcriptional activities of several RNA m*C
methyltransferases (R5CMTs). RNA modifications, especially m°C, have largely been studied in
the context of abundant rRNA and tRNAs while research into the impact of mMRNA modifications
is lacking due to their low abundance in the cell. Archaeal model organisms have been shown to
incorporate a higher abundance of select modifications compared to Eukarya, proving a new
avenue to resolve fundamental questions regarding the phenotypic consequences of

epitranscriptomic changes.

In the model hyperthermophilic archaeon, Thermococcus kodakarensis, |
comprehensively mapped m°C to the transcriptome. | identified at least five RSCMTs that
site-specifically generate m°C and showed an unprecedented level of m°C incorporation that

includes 10% of unique transcripts, mainly in mRNA. | demonstrated that R5CMTs target



mRNAs for modification with both sequence and structural specificity. Cells lacking m°C exhibit
a severe temperature dependent growth defect, indicating the m°C epitranscriptome is critical
for cellular fitness under heat stress. The extensive m°C epitranscriptome coupled with the large
collection of R5CMTs indicate that T. kodakarensis is the ideal model system to pursue

fundamental questions regarding the epitranscriptome.

Efforts to identify RNA methyltransferases that install m°C led to the discovery of a novel
modification, N4,N4-dimethylcytidine (m*,C) and the enzyme responsible for its in vivo and in
vitro installation. | showed that m*,C is robustly resistant to bisulfite-driven deamination,
potentially indicating that all bisulfite-sequencing datasets may be falsely reporting m°C sites
that are instead occupied by m*,C. | mapped a single m*,C residue to the ribosomal decoding
center in the 16S rRNA and showed that cells lacking m*,C exhibit a severe growth defect at
higher temperatures. Structural studies of the enzyme that generates m*,C, tentatively named
m*,C synthase, demonstrate it adopts a canonical class | Rossman fold at the C-terminal lobe
and a unique N-terminal lobe. | showed that m*,C synthase methylates assembled ribosomes
and defined the catalytic amino acid residue. Taken together, | report a novel writer enzyme and
show that both m*C and m*,C promote hyperthermophilic growth. The dense and chemically
diverse epitranscriptome argues that Thermococcus provides an excellent model system for
further epitranscriptomic studies that probe the impact of both ubiquitous and rare modifications

on core biological processes.
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CHAPTER 1: INTRODUCTION

RNA is modified in all domains of life

Incredibly diverse life forms have emerged throughout earth’s history that thrive across
vastly different environments, and each have earned a designation on the tree of life within one
of the three Domains; Eukarya, Bacteria, and Archaea. Although Bacteria and Archaea both
lack membrane bound organelles, recent discoveries of novel archaeal species have challenged
the three-domain theory as the standard markers of phylogenetic relatedness have led to
blurred lines between the Archaeal and Eukaryotic Domains." Despite the vast differences
observed across the spectrum of life, a perplexingly simple genetic code (DNA) and the
message of that code (RNA) are composed of a minimal set of five nucleosides (A, T, U, C, and
G) that shape all organisms. Perhaps unsurprisingly, organisms have adapted strategies to
expand their genetic capacity by chemically modifying nucleosides to take on new identities and
functions (Figure 1.1).2 Species from all Domains, and even viruses, chemically modify their
genetic material, but the details surrounding how most modifications are generated and their

impact on fitness and function are lacking.
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Figure 1.1 RNA modifications expand the nucleotide code. As a single
example, adenosine can be methylated at position N6, generating a distinct
nucleotide, 6-methyladenosine (m6A).
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The interest in DNA and RNA modifications has led to the emergence of the
epigenomics and epitranscriptomics fields of study, respectively. DNA modifications can expand
sequence composition by at least 17 nucleotides while upwards of 170 unique RNA
modifications have been identified.> DNA modifications generally do not impact Watson-Crick
base pairing and therefore do not directly alter the coding potential of the resulting codons, but
these modified residues do alter protein-DNA interactions and have critical impacts on normal
and adaptive cellular processes.* These interactions have been repeatedly shown to control
gene expression (Figure 1.2), transcription elongation, DNA replication, DNA damage response,
and allow self-recognition of restriction-modification systems that protect from invading DNA.*7
Inosine (the deaminated analog of adenosine) and 8-oxoguanine (the oxidized analog of
guanine) are exceptions that lead to altered base-pairing but are widely regarded as lesions that
elicit a DNA damage response that is quickly repaired through base excision repair pathways.?°
DNA modifications participate in core biological processes, so it is unsurprising that aberrantly
modified DNA can be detrimental to human health, leading to severe disease, impaired
development, and aging.* The epigenome is relatively uncomplicated in model species, and
although there is still much to learn about how the epigenome is dynamically regulated, the the
function of common DNA modifications is well studied.

Q cytidine , 5-methylcytidine

transcription

promoter

Transcription factors

1

silencing

promoter

Figure 1.2 Hypermethylation of cytidine at promoter regions leads to
transcriptional silencing.
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The unbridled complexity, low abundance, and low stoichiometry of most RNA
modifications in model species has resulted in the field of epitranscriptomics lagging behind and
the impacts of the vast majority of RNA modifications having yet to be explored.' The discovery
of new RNA modifications has outpaced the development of methodologies to detect them with
adequate resolution necessary for targeted studies.’® Mass spectrometry approaches have
been critical for the identification of nucleoside analogs from total RNA. These studies have
revealed that some RNA modifications are unique to one or two Domains of life, but many are
conserved across Domains." Stark differences in the modification profile of stable RNAs and
messenger RNAs (MRNASs) has revealed that ribosomal- and transfer-RNAs (rRNA and tRNAS)
are densely modified compared to mRNAs. Stable RNAs are the major components of protein
synthesis machinery and therefore central to cellular function.? Many RNA modifying enzymes
have well-defined structural and sequence motifs, leading to the success of bioinformatics
approaches followed by biochemical experimentation to identify some of the enzymes that
generate the epitranscriptome. For these reasons, many epitranscriptomics studies have
focused on the modification profile of rRNA and tRNA where the impacts and molecular roles of
modifications and modifying enzymes have been pursued in a shared context. Even still, only a
select few RNA modifications, and mainly those abundant in stable RNAs, have been the focus
of sufficient study to define their individual and cellular impacts.

RNA modifications are installed post-transcriptionally by enzymes that site-specifically
target individual residues for conversion. Spontaneous modifications, such as deamination
events, namely that of cytidine and adenosine, or the oxidation of guanosine can also result in
the non-enzymatic production of nucleotide analogs. Cytosine deamination results in its
conversion to uracil while deamination of adenosine results in the distinct nucleoside, Inosine.
Although, dedicated enzymes called adenosine deaminases acting on RNA (ADARs),
site-specifically generate inosine in diverse species.'? Spontaneous deamination events are

rare, non-targeted, difficult to measure in vivo, and their biological relevance is unclear.
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Enzymatic production of modified RNAs is the predominant mechanism for the establishment
and maintenance of the epitranscriptome, and loss or malfunction of RNA modifying enzymes
has shed light on the role of the epitranscriptome to impact health and fitness."

The extraordinary quantity of known modifications and their ubiquity leads to the
reasonable assumption that the epitranscriptome provides tangible benefits to cellular fitness
and overall health. Indeed, over 100 distinct human diseases have been linked to the
epitranscriptome, and mutations in approximately half of known RNA modifying enzymes result
in maladies such as cancer, cardiovascular diseases, birth defects, metabolic diseases,
neurological disorders, infertility, and mitochondrial defects.>'* Although associated diseases
are wide-ranging, neurological diseases are largely overrepresented, likely due to the observed
enrichment of several types of RNA modifications across neuronal tissues.' Emerging
knowledge as a result of advances in RNA-sequencing has revealed that RNA modifications are
widespread and involved in major biological processes including cell differentiation, sex
determination, stress responses, maintaining proteostasis, cellular signaling, translational
control, and DNA damage response.’ RNA modifications support core biological processes, but
large gaps in our understanding remain regarding the molecular and cellular impacts of most

RNA modifications and the fate of RNAs once modified.

Methods for and limitations of detecting RNA modifications

Several methods to detect modifications to RNAs have been developed that differentiate
nucleotides based on their unique chemical properties. Liquid chromatography coupled mass
spectrometry (LC-MS) is a universal approach that allows the detection of modified nucleosides
based on their known retention times and shifts in their mass-to-charge ratio compared to
unmodified nucleosides. Purification of total cellular RNA, selective degradation of rRNAs,
enrichment of mMRNAs, size selection of small RNAs or tRNAs, or gel purification of individual

RNAs provides a means to analyze distinct RNA fractions. RNA fractions can be digested to
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single nucleosides or small oligonucleotides and subjected to LC-MS where each unique
nucleoside can be quantitatively identified. Such methods have demonstrated highly disparate
modification patterns across tRNAs', the exclusion or ubiquity of RNA modifications across the
23S rRNA, 16S rRNA, long and short RNAs, mRNAs, or tRNA "7, and the abundance of some
modifications in one mMRNA isoform over another®. Although LC-MS is extremely sensitive and
provides accurate quantitation within each sample, this method lacks high throughput
site-specificity. Moreover, abundant rRNA and tRNAs are difficult to remove from RNA
preparations and often lead to artifacts in fractions thought to be free of these RNAs."

Thin-layer chromatography (TLC) has also provided a means to differentiate nucleotide
identity through separation of hydrolyzed nucleotides according to their polar properties.'®?°
RNA samples are first enzymatically digested before each nucleotide is radiolabeled and
spotted onto a TLC plate and solvent mobilized, driving their separation. Optionally, the
nucleotides can be further resolved by separation in a second direction using a different solvent
(2D-TLC). The TLC plate is imaged using phosphorimaging and the positions in which each
nucleotide migrates compared to a standard is indicative of nucleotide identity (Figure 1.3). This
method is relatively simple and has been used to define the composition and role of RNA
modifications, such as the impact of tRNA modifications on translation rate?*?' and how
long-non coding RNA modifications influence DNA repair pathways?.

Blotting methods also provide a means to detect whether a modification is presentin a
pool of RNA. Blotting methods entail spotting an RNA sample on a membrane (dot blot) or
separation by gel electrophoresis before transferring to a membrane. An antibody against the
targeted modification is applied to the membrane and can be quantitatively resolved (Figure
1.3). Unlike TLC and LC-MS, blotting methods require oligomerized RNA of length > ~15 nt to
allow the RNA to bind to the membrane with adequate strength to remain bound through
multiple washes. Blotting methods have been heavily utilized to detect the presence of specific

modifications in total or fractionated RNA.?-* Antibody-based methods are quantitative, highly
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Figure 1.3 Technical flowchart of dot blot, 2D-TLC and LC-MS. Adapted from Zhang et.
al., 2022.

sensitive, and also have the added benefit of tracking the size of the modified RNA. These
methods have all been instrumental in detangling the complexities of the epitranscriptome and
all carry the advantages of being quantitative and comprehensive to many different
modifications, but all are limited in throughput and site-specific, transcriptome-wide
identification. These methods are often best-suited for targeted studies where analysis of
purified transcripts or RNA fractions are sufficient to address the research goals.
Transcriptome-wide approaches are ideal for measuring the global distribution and
biological impact of modified residues. Approximately 10 unigue RNA modifications have been
reliably mapped to the transcriptome using next-generation sequencing (NGS) approaches.?
Immunoprecipitation of RNAs using an antibody raised against modified nucleotides followed by
RNA-sequencing has allowed detection and detailed studies of individual RNAs that harbor
such modifications. Although immunoprecipitation-based methods lack quantitative power and

site-specific resolution, this method has been used to generate a detailed map of m6A and
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elucidate its role in RNA processing, nuclear export, and alternative splicing.?*?® Although
RNA-immunoprecipitation followed by sequencing has been instrumental in understanding the
transcriptome-wide distribution and biological impacts of several modifications, antibody
generation against nucleosides is challenging due to modified nucleosides being naturally
present in host species, necessitating the elicitation of an autoimmune response. And, because
nucleosides are small molecules, legitimate concerns regarding antibody specificity to unique
modifications have led researchers to seek alternative methods moving forwards.

Another method aimed at mapping the precise location of modified nucleotides relies on
the inability of reverse transcriptase to incorporate nucleotides at the site of modification,
leading to a truncated cDNA.?” Some modifications are known to stall specific reverse
transcriptases, and sequenced reads will appear to end abruptly at the site of modification. This
method provides a means to site-specifically map modifications with semi-quantitative power,
yet may not be specific for the intended modification, as multiple types of modifications may stall
the same reverse transcriptase. Also, additional sites of modification directly downstream of
where reverse transcriptase stalled may escape detection.

Methods for quantitatively mapping modifications with single-nucleotide resolution have
been developed for m5C%, ac4C?®, and most recently m6A? that rely on misincorporation of
nucleotides during cDNA synthesis. Chemical or enzymatic deamination of modified vs
unmodified nucleosides results in a mismatched base relative to the reference genome. Some
base analogs such as Inosine and 8-oxoG inherently result in misincorporation during cDNA
synthesis, so are also detectable by NGS without a specially tailored protocol. These
misincorporated nucleotides can be precisely mapped to a reference genome, allowing single
nucleotide resolution of the modification.?” Depending on the conversion chemistry, these
methods can be highly quantitative in determining the stoichiometry of the modification at each
position within the transcriptome. Misincorporation-based approaches are widely accepted as

the current gold standard for epitranscriptomics studies® and have led to detailed investigations
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in a wide range of species.

So called “third-generation sequencing” methods, such as those introduced by Oxford
Nanopore Technologies (ONT) and Pacific Biosciences (PacBio), are quickly making their way
into the spotlight. PacBio instruments are able to sequence long reads, and while doing so,
measure the interpulse distance of nucleotide incorporation by Polymerase.®*' Some modified
nucleotides elicit distinct interpulse distances relative to their unmodified counterparts. However,
the RNA library preparation process is arduous and modification detection is limited to a small
set of modifications. Single Molecule Minion sequencing is a promising development that has
the potential to distinguish nucleotide identity based on the unique voltage of each nucleotide as
it passes through a nanopore.®? This method has yet to mature to acceptable standards for
quantitatively detecting a variety of RNA modifications, but has the potential to provide
quantitative detection of multiple types of modifications with single-nucleotide resolution and
within a single experiment. Direct sequencing methods would also have the advantage of being
robust to reverse transcription and PCR bias while also being less arduous to perform.?**
Advances in NGS approaches have permitted the targeted study of the function and enzymatic
generation of select RNA modifications at the molecular level, and continue to revolutionize the
field of epitranscriptomics. Pending the maturation of data analysis methodology,
third-generation sequencing will likely be the next big development in this arena.

Modifications expand the function of RNA

Systematic efforts to generate quantified epitranscriptomic maps across diverse model
species have revealed that some modifications are reversible, dynamically regulated, and
abundantly present in a variety of RNAs inclusive of mRNAs, small RNAs, intergenic RNAs, and
antisense RNAs.°2325283435 The Modomics database is a useful resource concerning the
structure, biosynthetic pathway, localization, and interacting enzymes related to the
epitranscriptome.® Although modifications are distributed throughout the transcriptome, rRNA

and tRNA are known to be densely modified with a plethora of different modifications, adding
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new layers of complexity to otherwise highly conserved sequences and structures. Many unique
modifications have only been described in the context of rRNA and tRNA, which are the most
abundant and stable RNAs in a cell. As such, rRNA and tRNAs have historically served as the
frontier for the discovery and characterization of RNA modifications.'

tRNA modifications

tRNAs are transcribed from the genome to initially produce RNAs that can reach up to
several hundred nucleotides in length before undergoing a maturation process that commonly
reduces the RNA to ~76 nucleotides.*® During the maturation process, tRNAs undergo diverse
chemical modifications that stabilize the secondary and tertiary structures as well as elicit a wide
variety of translation outcomes.*” Some modifications, like isopentenyl adenosine and
wybutosine (yW) occur rarely, while other modifications, such as dihydrouridine (D) or
pseudouridine (W) are virtually ubiquitous across all tRNAs." While more than 100 unique types
of RNA modifications have been mapped to tRNAs, individual tRNAs typically harbor ~11-13
distinct modification sites, each invoking a particular function.™ Although 20 canonical amino
acids are used to synthesize proteins, there are ~300 expressed tRNAs encoded in the human
genome that give rise to isoacceptors and isodecoders. The modification status of tRNAs has
been noted to differ depending on its organellar localization.*® Namely, modifications to
mitochondrial tRNAs sometimes differ from that of a cytoplasmic tRNA. Differential modification
profiles observed within the vast pool of tRNAs only deepen the complexity of these molecules
and provide a model to explore the chemical and functional diversity of RNA.

Nearly all tRNAs adopt a clover-leaf secondary structure (Figure 1.4A) and a tertiary
structure resembling an up-side-down L-shape (Figure 1.4B) that are crucial for maintaining
translation outputs. The secondary structure is represented with four arms and a variable loop.
The tertiary structure is largely achieved due to the interaction between the D- and T-loops.*
The V-loop contains a variable number of nucleotides and that bulges outward to avoid steric

hindrance. This particular structure is maintained, in part, by modifications that are often
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Figure 1.4 tRNA secondary and tertiary structure. Adapted from Jordan Ontiveros et.
al., 2019. (A) Two-dimensional clover-leaf structure and the five domains that make up a
tRNA. TWC-loop and T-loop are synonymous. Specific residues whose modifications are
discussed here. (B) Tertiary, L-shaped structure of tRNA. The color code of the secondary
structure matches with that of the tertiary structure.

essential for maintaining proteostasis.®” 1-methyladenosine (m1A) at the junction between the
D-loop and acceptor stem inhibits base-pairing leading to the proper folding of the clover-leaf
and is critical for the maturation of some tRNAs.*® A variety of methylated guanosine analogs
are often found clustered at the arm-junctions around the D-loop.*® These modification positions
are often conserved across all life as they promote the formation of the internal loop which
keeps the core of the tRNA open enough to allow the L-shaped tertiary structure.
2-methylguanosine (m2G) is energetically identical to guanosine and does not impair
base-pairing with cytidine, while N2,N2-dimethylguanosine (m2,2G) base pairs instead with
adenosine.*’ There are known m2,2G-A interactions in some tRNAs between G26 and A44 that
help to maintain the clover-leaf.*?

Y. an isomer of uridine, has also been shown to induce drastic alterations in the
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structure and function of tRNAs, as this nucleotide base has increased rotational freedom
around the ribose and can form non-canonical base-pairing.” W increases the thermodynamic
stability of tRNAs and greatly increases the stacking ability of bases.** Although W is often not
essential to cellular viability, it is critical for the maintenance of the anticodon loop and proper
binding of the tRNA to ribosome.** The most conserved tRNA modification, Dihydrouridine (D),
simply replaces the C5-C6 double bond with hydrogen bonds in a uracil base. In the D-loop, this
modification promotes secondary and tertiary structure by preventing base-stacking, and has
been shown to destabilize helices and reduce the melting temperature necessary for proper
D-loop folding.*®

5-methylcytidine (m5C) has not been detected in E. coli tRNAs but is present in archaeal
and eukaryotic tRNAs at positions 48 and 49 at the junction between the T- and the V-loops.™'®
At these positions, m5C is known to enhance tRNA stability and protein synthesis. While not
participating in non-canonical base-pairing per se, m5C at position 48 engages in Levitt pairing
with the nucleotide at position 15, assuming a reverse Watson-Crick base pairing geometry that
joins the D- and V-loops.*® m5C has been shown to increase the melting temperature similar to
W 47 but the direct contribution of m5C to tRNA function is largely unknown.

In addition to playing a major role in tRNA structural integrity, modifications to the
anticodon stem and other regions have profound impacts on gene expression by modulating the
rate of amino acid incorporation and frameshifting.*®4° The structures elicity by ¥ and m2,2G as
previously described also have indirect impacts on gene expression. W in the anticodon loop
can help maintaining homeostatic translation levels by strengthening codon-anticodon
recognition and facilitating the rejection of incorrect tRNAs by reducing the rate of protein
synthesis.* Interestingly, a study correlated an increase of m2,2G at position 26 in the D-loop
with a decrease in RNA polymerase Il in yeast and humans, perhaps due to a decrease in the
rate of RNA polymerase |l synthesis by m2,2G-containing tRNAs.>" Modifications to positions

34 and 37 in the anticodon loop are the most varied between tRNAs and have been implicated
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in tRNA maturation, stability, ribose conformation, and decoding potential.’® In addition to
modulation of gene expression levels, modifications also have the potential to directly impact
protein sequence, directly altering the coding capacity of individual tRNAs.

Modifications at position 34, the wobble position, can expand or restrict the decoding
range of a given codon, and a majority of tRNAs harbor modifications at this position. The
codon-anticodon base pairing between mRNAs and tRNAs can accommodate certain
mismatches at the 3rd codon position, although most modifications to the wobble position do not
impact Watson-Crick base pairing®>'® and do not directly affect the anticodon-codon interface.
However, there are several examples of modifications at the wobble position that expand the
wobble recognition repertoire and can result in non-cognate amino acid incorporation.
5-taurinomethylurdine (T5mU) in mitochondrial tRNA"*“ ., and bacterial 2-geranylatedthiouridine
have been shown to stabilize hydrogen bonding and base stacking of adjacent nucleosides and
contribute to the wobble pairing of U and G.*? Modifications at position 37, directly 3’ of the
anticodon, often induce steric hindrance or hydrophobicity that support the anticodon stem-loop
structure and provide stability to the codon-anticodon interaction.' The nucleoside composition
at position 37 has variable impacts on translation efficiency and accuracy. Translational control
through wobble-base pair interactions and structural maintenance may act to fine-tune the
coding potential of individual codons.
rRNA modifications

Ribosomes are composed of approximately 3-4 rRNA fragments and upwards of 80
ribosomal proteins along with various metal cofactors such as magnesium and zinc. These
complex molecules harbor highly conserved sequences and structures that are critical for
translation. At the decoding center, mMRNAs and tRNAs are bound together through a
codon-anticodon interaction during translation elongation. The mMRNA-tRNA complex is
translocated to the P-site where polypeptide bond formation is catalyzed by the rRNA before the

tRNA is ejected through the E-site. Hundreds of modified residues have been mapped to rRNA
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that are mainly concentrated near the decoding center.>®>* Although no single rRNA modification
is essential to cell survival, modified residues confer fitness advantages, especially under
certain growth or stress conditions.?**" There has been speculation that modifications may
play a role in catalytic activity based on their mapped positions near the P-site®®*°, but ultimately,
evidence to support the particular role of individual modified residues to impact peptidyl-transfer
is largely missing.

One well recognized role of some rRNA modification is their ability to confer antibiotic
resistance in bacterial species. In some species, methylated residues are positioned within the
ribosome to prevent the binding of antibiotics that would otherwise prohibit protein synthesis,
thus killing the cell.®-%2 A notable example, adenosine methylation in the bacterial P-site
simultaneously blocks 8 different classes of antibiotics.®® Multidrug resistant infections are a
growing health concern, and clinical research efforts include developing antibiotics that would
target unmodified residues. On the other hand, researchers have taken advantage of this
adaptation by using antibiotic resistance as selectable markers for retention of genetic material,
such as plasmids. However, the vast majority of rRNA modifications have not been shown to
correlate with adaptive responses to environmental insults.

Like tRNA maturation, ribosomal maturation is an intricate process of trimming and
folding different rRNA fragments into their final form. Modifications are installed during all stages
of ribosomal biogenesis, and some even play a role in the maturation process.®*® Several
hypermodified W and 2’0 methylated residues distributed throughout the rRNA have been
shown to increase the efficiency of RNA cleavage.® The nucleolytic cleavages and structures of
pre-rRNA are often dependent on select modifications, and it is therefore hypothesized that
modifications facilitate proper ribosome formation.

The highly structured domains found in rRNA are often supported by various stabilizing
modifications that increase the rigidity or flexibility of certain nucleotides. More than 100 sites of

2’0 methylation can be found in the eukaryotic ribosome, and this modification is known to favor
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a particular conformation of the sugar base while protecting the nucleotide from hydrolysis of the
phosphate backbone.'>®” 2’0O-methylation is perhaps the predominant modification found in
rRNA, and likely plays a significant role in shaping its canonical secondary and tertiary
structures.

The P-site is arguably the most functionally important ribosomal region as it is the
location of nascent peptide bond formation. Maintaining the structural and functional integrity of
this region is critical, and it is therefore unlikely a coincidence that the P-site is the most heavily
modified region in the ribosome. There are approximately 90 W residues mapped to the
ribosome, most of which are clustered in the P-site.®” Studies have shown that WY sites are
collectively essential to translation outputs and healthy cellular growth.5” Mainly, it is speculated
that W facilitates secondary and tertiary structures required for ribosome biogenesis and
protein-RNA interactions.® Despite the abundance of dozens of unique modifications and
disparate modification profiles found in rRNA across Domains of life, relatively little is known
regarding the collective or individual role of most known modifications.
mRNA modifications

Transcriptome-wide mapping of modifications has renewed interest in uncovering the
role of MRNA modifications, beyond traditional capping, polyadenylation, and splicing variants.
In mammalian systems, m6A, m1A, ¥, 2’0O-methylation, and m5C in mRNAs and their
associated enzymes (Figure 1.5) has sparked recent interest. But, detailed studies have mainly
focused on elucidating the role of m6A, as it is highly abundant in mammalian mRNA. Studies
have repeatedly shown that modifications are dynamically regulated in response to
environmental cues.'®%8% Proteins that install modifications, termed writers, are
counterbalanced by eraser enzymes that remove modifications. Proteins that bind to modified
residues are termed readers, and some mRNA modifications have been shown to recruit reader
proteins that alter RNA activity.”>”! Writers and erasers work together to balance regulatory

signals introduced by modifications that impact a wide-range of cellular processes such as
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Figure 1.5 mRNA modifications and their associated reader, writer, and eraser proteins
in humans. Adapted from Jordan Ontiveros et. al., 2019. The 5’ cap structure consists of
m7G, ribose sugar, and the inverse triphosphate linkage. Five internal mRNA modifications
and their structures and their associated proteins are diagrammed. An = poly(A) tail.

translation, half-life, structure, cellular localization, and intramolecular interactions.?%72
Modifications of low abundance mRNAs and low modification stoichiometries lead some
researchers to speculate whether mRNA modifications are resultant of promiscuous activity of
enzymes with true substrate specificity for rRNAs or tRNA. In many cases, it is unclear if mMRNA
modifications are biologically relevant and drive cellular fitness.

Virtually all eukaryotic and some viral mMRNAs are capped with a 5’ inverted,
triphosphorylated guanosine that is methylated at the 7th position. It is common to also observe
adjacent nucleosides be methylated at the 2’OH position (Figure 1.6), where higher eukaryotes

tend to harbor more extensively methylated caps.” Cap structures enhance mRNA stability by
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protecting against degradation by exonucleases, promote nuclear export, stimulate translation
initiation through interactions with initiation factors, and increase alternative splicing accuracy
and efficiency, possibly by facilitating interactions with cap-binding proteins.” At the 3’ terminal,
mRNAs are polyadenylated with hundreds of unmodified adenosines which also impart
protective features and assist in nuclear export and translation initiation. Prokaryotic species do
not contain capped or polyadenylated mRNAs, only simply a 5’ triphosphorylated nucleoside.”
Because the extent of cap methylation becomes more complex as organisms evolve, mMRNA
caps and their level of methylation are one of the characteristics that distinguish eukaryotes
from prokaryotes and higher eukaryotes from lower eukaryotes.” Accordingly, the degree of
methylation on viral MRNA caps mirrors that of the host. Modified 5’ caps are fundamental to
eukaryotic biology, and systemic failure to cap mRNAs is lethal.

The most prevalent modification mapped within eukaryotic mMRNAs is m6A where 1-3
sites are predicted to occur per mRNA."® Several studies have found that m6A affects the
geometry of the adenine base depending on whether the nucleoside is single or double
stranded, indicating this modification induces local structural switches.”"® Researchers would
later show the single stranded geometry of m6A facilitates the binding of reader proteins.”""
mMG6A localizes at splicing junctions within intronic regions, and several m6A writers and erasers
have been shown to impact splicing outcomes.”®#° Deletion of m6A writers results in higher
levels of intron retention and exon skipping while depletion of m6A erasers increases exon
exclusion. An m6A reader protein has also been shown to promote exon inclusion. Taken
together, strong evidence is presented that m6A is dynamically regulated and directly facilitates
alternative splicing of eukaryotic mMRNAs. In addition to pre-mRNA maturation, researchers have
shown that m6A also impacts a wider-range of cellular processes. Studies have shown that
m6A promotes nuclear export of mMRNAs, enhances the recruitment of translation factors, and
destabilizes m6A-containing transcripts as a result of interactions with various reader proteins.®'

The direct impacts of m6A in these contexts are not entirely understood, but the evidence thus
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Figure 1.6 mRNA cap structure. Adapted from Furuichi, 2015. Inverted, triphosphorylated
Guanosine is appended to the 5’ end of mMRNAs a methyl moiety is appended. Two 2'0
methylated nucleosides are incorporated adjacent to the 5’ guanosine.

far suggests m6A allows for short bursts of increased translation by dynamically regulating RNA
levels and isoforms before being quickly degraded.' This modification dominates eukaryotic
mMRNAs and appears to elicit complex levels of gene expression regulation that may be critical
for responding to different physiological events.

A far less abundant modification, m1A is hardly understood due to its rarity in eukaryotic
mRNA. This modified nucleotide is positively charged and mostly occurs in rRNA and tRNAs,
but also appears to be enriched at translation start sites and the first splice junction in mMRNAs.#
Little else is known about m1A other than that writer and eraser proteins have been identified,
indicating m1A is dynamically regulated and therefore likely important for cellular function.

W has been mapped with single-nucleotide resolution in mammalian and yeast mRNA
and is dynamically regulated in response to stress, cellular growth phase, and metabolic
conditions.®*# Due to its ability to impact RNA structure, W may enhance translation initiation,
RNA localization, and RNA interference, but strong evidence is lacking.®® A recent study has

demonstrated that mMRNA W in humans is enriched at splicing regions and has measurable
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impacts on splicing efficiency.®® The ubiquity and abundance of W warrants further study into its
molecular and cellular impacts.

Studies have identified m5C in diverse RNAs, and have established the ubiquity of m5C
across life. The distribution of m5C across model species has placed m5C in eukaryotic and
archaeal mRNAs, tRNAs, and rRNAs, while m5C in Bacteria seems to be exclusive to rRNA."28
Hundreds, and in some studies thousands, of m5C sites have been mapped to human and
mouse mRNAs where differential m5C-profiles are observed across cell and tissue types,
however these studies often lack congruency.*#%#” To date, only one archaeal species,
Sulfolobus solfataricus, has been assessed for m5C in mMRNA where 14 sites are detected.?®

We are only just beginning to uncover the levels and distribution of mMRNA-m5C, and
little is known regarding its functions. Studies have repeatedly correlated m5C with heat stress
across Domains®®°, potentially indicating its role in mitigating thermal insults. m5C does not
impact Watson-Crick base pairing, but it does increase hydrophobicity of the RNA, and therefore
may affect base stacking and overall RNA structure.’ Gene ontology enrichment analysis of
m5C-containing MRNAs tends to correlate m5C with basic cellular and metabolic pathways.>*
Studies have correlated m5C sites with binding sites for RNA regulatory proteins, such as
Argonaute, splicing, and decay factors, suggesting m5C may impact protein activities.*
Correlations have also been drawn between m5C-mRNAs and nuclear export’”® and decreased
translation levels of m5C-containing reporter mMRNAs®. The precise mechanisms by which m5C
impacts molecular processes are currently unknown.

The distribution of m5C in mMRNA depends on the species. In mammalian species, m5C
sites in MRNA tend to be enriched near where the 5’ and 3’ untranslated regions (UTRs) meet
the coding region.®" In Arabidopsis, the evidence is conflicting with several studies placing m°C
in 3’ UTRs, 5’ UTRs or reporting a slight enrichment within coding sequences.®% |n zebrafish
and rice, an enrichment has been observed within coding sequences.?** Positional enrichment

was not detected in S. solfataricus MRNAs.?® These studies would suggest that the position of
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m5C within the mRNA has differential effects on mRNA function. Although few researchers
dispute the presence of m5C in mRNAs, these disparate results bring into question the reliability
of different approaches and highlight the lack of standard data analysis practices geared
towards eliminating false-positive m5C sites. There is still much to learn about the
transcriptome-wide distribution of this highly conserved and ubiquitous modification.
Other non-coding RNA modifications

A subset of small noncoding RNAs (sncRNAs) have been identified in eukaryotes with
important functions in RNA silencing pathways.** sncRNAs are typically < ~200 nt in length, and
in higher eukaryotes, traditionally include microRNAs (miRNAs), short interfering RNAs
(siRNAs), or P-element-induced wimpy testis interacting RNA (piRNAs).*® These sncRNAs form
complexes with and act as guide RNAs for Argonaute family proteins, and provide specificity to
mRNA degradation and translation inhibition pathways.** The 3’ ends of these sncRNAs are
highly heterogeneous, but are sometimes 2’0 methylated, which prevents poly-uridylation, a
signal that would otherwise elicit the degradation of these sncRNAs.*"*8 In addition, 2’0
methylation likely impacts the stability of sncRNAs by modulating their thermodynamic
properties by increasing base stacking and structural rigidity.”® Some miRNAs have been shown
to harbor inosine in their seed sequence, which is generally thought to module target
specificity'®, as inosine is an adenosine analog that instead base pairs with cytosine.
Inosine-containing miRNAs provide tissue specific silencing of enzymes involved in uric acid
production.’ m6A is found in mature miRNA and is essential for miRNA processing, but its
exact role is unclear.’ Taken together, modifications to this subset of sncRNAs have profound
impacts on gene expression across tissue and cell types via RNA silencing pathways.

Small nuclear RNAs (snRNAs) are typically ~150 nt and are major components of the
spliceosome. Some snRNAs are heavily modified, mainly incorporating ¥ and 2’0 methylation,
and nearly all snRNAs contain a 2,2,7-trimethylguanosine cap.'® In vertebrates, snRNA

modification identity and position are highly conserved'®?, demonstrating these modifications
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increase cellular fitness. Moreover, most internal SnRNA modifications are clustered in
functionally important regions relevant to splicing,'%'* suggesting modified nucleotides play a
direct role in the splicing process. Modifications in these RNAs impact RNA-RNA and
RNA-protein interactions in the spliceosome, and directly modulate catalytic splicing
reactions.’® snRNA modifications therefore impact pre-mRNA processing and mRNA isoform
generation, and in-turn, gene expression.

There are many more non-coding RNAs that harbor modified residues, such as long
non-coding RNAs (IncRNAs) and tRNA-derived small RNAs (tsRNAs). Although the function
and distribution of modifications in these RNAs are largely unknown. Accumulation of tsSRNAs in
combination with m5C-deficient tRNAs impacts protein expression by exacerbating translation
inaccuracy.''%” IncRNAs regulate transcription and chromatin remodeling, and multiple m6A
sites have been mapped to INcRNAs.'® The role of m6A in these transcripts remains unknown.

Thus far, we have only discussed a select few modifications, but the chemical diversity of
nucleotides that constitute many types of RNA in all Domains is staggeringly complex.
Nucleotide analogs result in altered chemical properties that modulate structure, stability, and
intermolecular interactions of RNAs. In-turn, these often subtle alterations have profound
impacts on biological processes such as cell cycle progression, stress response, DNA damage
response, metabolism, viral-host interactions, apoptosis, cell differentiation, embryonic
development, carcinogenesis and tumorigenesis, and inflammation.?'* RNA modifications are
often essential, dynamic, and reversible, indicating their importance as a regulatory switch in
response to physiological events. These post-transcriptional modifications are site-specifically
generated by writer enzymes, the malfunction of which has been linked to severe human
disease. Mass spectrometry, RNA-sequencing, and biochemical assays have revolutionized our
understanding of RNA modifications, but there are still many unknowns regarding how the

epitranscriptome is generated and the fate of RNAs once modified.
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Writers and erasers of the epitranscriptome

Modifications are not distributed randomly, rather enzymes target specific nucleotides
post-transcriptionally for modification. Eraser enzymes remove the initial modification installed
by the writer enzyme. Together, writers and erasers dynamically maintain the epitranscriptome
and are actively pursued targets for therapeutic intervention.'% Several such enzymes have
been identified, but the genesis of the significant majority of modifications, even those that have
been the focus of intense study, are still unknown. Moreover, the strategies that target many
RNA modifying enzymes to a specific nucleotide are elusive.

Methylation is the most common modification to decorate the transcriptome and is
usually installed by a single enzymatic reaction.> RNA methyltransferases (RMTases) can install
methyl moieties at many different positions on any of the four canonical nucleotides. RMTases
appear to universally prefer S-adenosyl-L-methionine (SAM or AdoMet), likely due to favorable
energetics."® The methyl group is transferred to the substrate by a RMTases resulting in a
covalently methylated substrate and the byproduct, S-adenosyl-L-homocysteine (SAH).
RMTases can be multi-domain and multi-subunit proteins but are minimally composed of the
catalytic site(s), SAM-binding site(s), and RNA recognition site(s). The catalytic and
SAM-binding sites are easily identified using computational approaches, but substrate
recognition sites are far more difficult to discern.”'~""®* DNA MTases recognize distinct sequence
motifs as the primary strategy for site-specificity, but most RMTases have not been shown to
target distinct RNA sequence motifs complex enough for site-specific modification, suggesting
additional factors (i.e. RNA structure, protein-interactions, etc) must contribute to RNA targeting
strategies. Current efforts to identify druggable RMTases often focus on structural
characteristics related to substrate recognition'® and provide opportunities to develop novel
therapeutic routes to treat diseases of the epitranscriptome.

Methyltransferases fall into one of five structural classes (I-V), but most RMTases are
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Figure 1.7 The basic structure of class | Rossmann fold, SAM-dependent
methyltransferases. Adapted from Kozbial and Mushegian, 2005.

characterized by a class | Rossmann fold at its core. Enzymes from class | are comprised of
seven B-strands with a topological switch-point at the center and a reversed 8 hairpin at the
C-terminal end of the sheet (Figure 1.7)."%""® Both sides of the B sheet are typically flanked by
2-3 a-helices, and the overall structure forms an afa sandwich.”* Although some class |
MTases contain variants in this base-structure, most share this highly conserved fold. The other
structural classes are less common, but can be described in a similar light with a B-sheet
flanked or surrounded by a-helices, or some variation thereof. SAM-cofactor and RNA-substrate
binding sites generally constitute two separate cavities that are linked by a short, narrow
channel.'® Dozens of RMTase structures have been experimentally solved and made available
on the Protein Data Bank,"” and although each contain highly conserved structural domains,
their substrate recognition sites are not readily apparent or predictable.

Humans encode a staggering 57 known RMTases, 43 of which ( ~70%) adopt the class |
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Rossmann fold.'® m6A is predominantly installed by the METTL family of RMTases, where
homologs have been identified in mammals, yeast, flies, and plants. METTL RMTases are
known to form complexes with other proteins that regulate cellular levels of m6A."® The
METTL3-METTL14 dimeric complex is responsible for the installation of the majority of the m6A
residues in human mRNA."® METTL3-METTL14 methylates a DRACH nucleotide motif (D = A,
GorT;,R=Ao0rG;H=A, CorU), butonly a fraction of RNAs that contain this sequence are
methylated by the METTL3-METTL14 complex.®’ The UACAGAGAA consensus motif wasfound
to be enriched in substrates targeted by METTL16'"®, and this protein has also been shown to
methylate a particular stem loop structure where the consensus sequence is disjoined (UACAG,
AGAA)'®. These data indicate additional factors beyond sequence contribute to the substrate
targeting strategies employed by these enzymes. FTO and ALKBH5 are m6A erasers. Both are
a-ketoglutarate-dependent oxidases that mediate the demethylation of m6A. First,
N6-hydroxy-methyl-adenosine is generated as an intermediate product before further oxidation
results in N6-formyl-adenosine.”® FTO demethylates m6A and m6Am on mRNA and snRNAs
and m1A on tRNA and does not appear to target a strong sequence motif, but rather prefers
single-stranded RNA .8 ALKBH5 has been reported to demethylate m6,2A in rRNA within a
consensus sequence.® These eraser enzymes are enriched in certain tissues and cell types,
and given their essentiality,®® it would not be surprising if additional cell- or tissue-specific m6A
demethylases are identified.

m5C is installed by a highly conserved family of enzymes across all three Domains. In
humans, m5C is mainly installed by the NOL1/NOP2/sun (NSUN) family and DNA
methyltransferase 2 (DNMT2). DNMT2 was originally thought to install m5C in DNA based on
homology to known DNA methyltransferases, but later studies showed it actually methylates
tRNA."° m5C removal is mediated by ALKBH1 and TET resulting in the oxidative intermediate,
C5-formyl-cytidine.®® In many species, m5C is enriched in G-C rich regions, but a defined

sequence motif has not been identified and strong sequence motifs have not been associated
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Figure 1.8 C/D box and H/ACA box snoRNAs. Adapted from Liang et al., 2019. (A)
snoRNAs contain two conserved sequence elements, named box C, and box D. The
elements upstream of the box D/D' motifs are complementary to substrate RNAs and catalyze
site-specific 2'-O-methylation. (B) H/ACA box snoRNAs contain box H, box ACA, and two
pseudouridylation pockets. Pseudouridylation pockets are complementary to the substrate
RNAs and responsible for pseudouridylation (NW). Red line = substrate RNAs.

with m5C writers.®> As an example, NSUN2 has been shown to target 5’GGGNC at the apex of
a stem-loop structure in mammalian mRNAs.*®* As a 3-4 nucleotide consensus sequence does
not encode enough complexity to target enzymes to specific cytidines to the exclusion of all
other non-targeted sites in the transcriptome, it is likely a consensus structure may also
contribute to substrate recognition. Since m5C is abundant in tRNAs, some suggest that the
consensus structure of m5C writers may resemble that of a stem-loop found in tRNAs."?' Many
m5C writers have been identified and studied, but little else is known about how these enzymes
selectively methylate substrate RNAs nor the molecular functions and cellular impacts of
individual m5C sites.

A much more defined strategy of modification targeting are those guided by small
nucleolar RNAs (snoRNAs) in Eukarya and Archaea, but not Bacteria. snoRNAs are typically
~60-170 nt in length and associate with proteins to form the snoRNA-ribonucleoprotein complex
(snoRNP). snoRNAs include H/ACA and C/D box RNAs (Figure 1.8) and act as a guide
system'?? to target writer proteins mainly to the ribosome for installation of ¥ and 2’0

methylation, respectively.'? Archaea do not encapsulate a nucleus and so sRNAs are
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equivalent to the eukaryotic snoRNAs. C/D box snoRNAs interact with fibrillarin, Nop56, Nop58,
and 15.5kD."® Fibrillarin performs the methylation while Nop56, Nop58, and 15.5kD contribute
to maturation, stability, and localization of the snoRNA."?® Similarly, a set of proteins assemble
with H/ACA box snoRNAs including NHP2, NOP10, GAR1, and pseudouridine synthase
dyskerin. In both cases, the substrate targeting lies in sequence homology between the snoRNA
and the substrate RNA targeted for methylation.'>® snoRNAs have been implicated in a wide
range of cellular processes and aberrant expression of snoRNAs has been correlated with many
different cancers.’®* Research has found that their expression can be detected in bodily fluids
indicating these snoRNAs may potentially be used as cancer biomarkers.'*12°

The epitranscriptome reflects the diversity of life

We now know that the intricate and expanding network of readers, writers, and erasers
establish and interpret with the epitranscriptome and confer a dynamic layer of complexity in
regulating cellular homeostasis. Improvements in mass spectrometry and RNA-sequencing
methodologies continue to yield new discoveries and exciting hypotheses regarding the
biological role of different modifications. The exact consequences of individual modifications are
largely unsolved, but the epitranscriptomic profile across organelles, species, and Domains
present clues about the molecular and fithess impacts of modifications in different contexts.

The impacts of diverse RNA modification profiles is perhaps best understood through the
lens of highly conserved tRNAs. The tRNAmodviz web server'?® is an excellent tool to
interactively visualize tRNA modifications. Although nearly all tRNAs adopt a canonical structure
and are similar in sequence, the tRNA modification profile can differ significantly in composition
and density. Eukaryotic model systems typically modify their tRNAs to a higher extent compared
to bacteria, and mitochondrial and plastid tRNA are among the lowest modified tRNAs."?
Although many tRNA modifications are conserved across life, some modifications are unique to
one or two Domains; about half of tRNA modifications are unique to one Domain, about 1/5 are

conserved in all three Domains, and another 1/5 are conserved in two Domains (Figure 1.9)."
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Figure 1.9 tRNA modifications across Domains of life. Adapted from Lorenz et. al., 2017.

Maintaining tRNA integrity is essential. It is tempting to speculate that different modifications

impart features that perfectly adapt tRNAs to serve their respective environmental context. This

hypothesis provides a rationale for the evolutionary acquisition of distinct tRNA modification

profiles across organelles, species, and Domains. In many cases, different epitranscriptomic

marks are readily apparent. As previously stated, m5C is excluded from bacterial tRNAs but

highly abundant and

often essential in eukaryotic and archaeal tRNAs, where m5C promotes

structural stability, aminoacylation, and codon-anticodon recognition. Archaeosine (G+) is found

in the D-arm and is entirely unique to archaeal tRNAs."?” tRNA nucleotides methylated at the 2’
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OH position are often substrates for additional modification in Archaea but not in Eukarya or
Bacteria." m1A is a common mitochondrial tRNA modification at position 9, and mitochondrial
tRNAs are A- and U-rich, often leading to alternative folds that yield non-functional tRNAs.'®
tRNA-m1A9 strongly contributes to the cloverleaf structure and it is thought to help these tRNAs
avoid misfolded states.'?® Mostly in nematodes but also in humans and yeast, mitochondrial
tRNAs can adopt bizarre forms that lack D- or T-arms but are still functional.’-"*" It is unclear
how these tRNAs retain a sufficient tertiary structure, but strong evidence suggests
modifications play a critical role in forcing an L-shaped structure.®® These are a small few
examples that highlight the presence and function of differential epitranscriptomic profiles that
have emerged to serve in unique contexts. It remains to be discovered how most modifications
holistically impact cellular fitness in diverse RNAs and harsh environments.

Organisms thrive in virtually every environmental niche, even those previously thought to
be inhospitable. Such organisms are classified as extremophiles due to their unique ability to
thrive in environments that are hypersaline, hypotonic, extremely hot or cold, extremely acidic or
basic, or those exposed to high levels of radiation. Archaea are ubiquitous across environmental
niches, but almost all extremophiles are from the archaeal lineage.'®? Although relatively little is
known about these organisms, unique RNA modification profiles are apparent in the select few
archaea that have been studied. The mechanisms that allow most extremophiles to thrive in
such harsh conditions are enigmatic, but likely multifaceted. Regardless, these organisms must
adapt specific mechanisms to protect the integrity of their biomolecules. Modified nucleosides
expand the function of RNA, and given the evidence thus far, it is reasonable to hypothesize
that the epitranscriptome in extremophiles has adapted to accommodate extreme environments
that would otherwise jeopardize critical RNAs.

Characterization of the role of specific modifications is complicated by their low
abundance in Eukarya and Bacteria, while studies have shown higher overall abundance of

select modifications in heat-loving archaea.® Hyperthermophiles, organisms that thrive at
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extremely high temperatures, require adaptations of their biomolecules to prevent thermal
denaturation. Several RNA modifications have already been shown to provide structural stability
and increase the thermal tolerance across Domains of life.8%12713313 Qur preliminary data
demonstrates that RNA modifications are relatively more abundant in hyperthermophiles
compared to their mesophilic counterparts, indicating a role for RNA modifications to enhance
thermophily in these organisms.? Archaea are the progenitors to Eukarya and share much of
the same information processing machinery involved in DNA- and RNA-driven processes, often
to the exclusion of bacteria.>® Studies of archaeal RNA modification systems have a proven
record of identifying eukaryotic factors and processes that underscore snoRNA, rRNA and tRNA
modifications.?*'?? For these reasons, Archaea provide the ideal platform to study how the

epitranscriptome is generated, dynamically maintained, and supports life in the extremes.

Select RNA modifications are abundant in heat-loving archaea

In most other organisms, high temperatures result in denaturation of critical biomolecules
such as DNA, RNA, and proteins. Yet, many hyperthermophiles grow rapidly at physiological
temperatures, indicating these organisms have acquired thermal adaptation to essential
biomolecules. A higher abundance of salt-bridges, disulfide bridges, and hydrophobic
interactions in heat-living organisms likely contribute to protein thermal stability.”** Reverse
gyrase leads to positive supercoiling of DNA and is universally conserved in thermophiles and
hyperthermophiles, leading many to hypothesize this protein’s involvement in stabilizing DNA
against thermal insults."*® However, this gene is non-essential, albeit, cells lacking reverse
gyrase grow poorly. Similarly, distinct epitranscriptomic signatures have proven to promote
thermophily, but the exact rules of thermophily are poorly defined. I hypothesize that select
RNA modifications are abundant in T. kodakarensis and provide a strategy for
hyperthermophilic growth by protecting RNA from thermal denaturation.

The model hyperthermophilic archaeon, Thermococcus kodakarensis, has historically
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served as the flagship platform for empirically defining the rules of thermophily. This is because
T. kodakarensis is genetically tractable and grows at a wide range of temperatures, allowing for
the temperature-dependent impacts of individual genes on cellular growth to be studied.'¥" As
previously discussed, certain tRNA modifications are subject to phylogenetic segregation, and
the tRNA modification profile in hyperthermophilic archaea has been shown to directly
contribute to hyperthermophilic growth. T. kodakarensis is therefore the ideal model species
to address questions concerning the relationship between the epitranscriptome and
thermophily.

A tRNA modification unique to Archaea, G+, contains a large and complex chemical
moiety, and its installation is a multistep, multienzyme pathway.'?” Eukarya and Bacteria partially
encode this pathway which produces a related modification, queuosine (Q), in the anticodon
loop of tRNAs. Its position suggests a role in translation regulation.’® In Archaea, the position in
the D-stem and bulky structure of G+ suggests a role in stabilizing tRNA structure via
electrostatic interactions between the positively charged modification and the negatively
charged RNA backbone."™® Computational analysis indicates a stronger Levitt base pairing in
G+-containing tRNAs, which would theoretically stabilize the tertiary L-structure.™® When the G+
biosynthetic pathway is disrupted resulting in the absence of G+, T. kodakarensis experiences
defective growth with increasing severity at higher temperatures.'” These data suggest G+
provides much needed structural stability to tRNAs in otherwise strongly denaturing
environments. Hypermodified nucleotides, those modified at multiple positions, are common in
archaeal tRNAs, and several studies also indicate their temperature-dependent impact on cell
growth across thermophilic and hyperthermophilic model organisms."

Growth at cold temperatures equally challenges our understanding of biological systems.
Low temperatures increase the rigidity of molecules, and it is common to see adaptations that
improve the flexibility of proteins and membrane lipids in psychrophiles.'' There are no noted

changes in GC content or sequence diversity in most psychrophile tRNAs compared to those
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encoded in mesophiles. Non-aromatic dihydrouridine are shown to increase RNA flexibility, and
an increase in this particular modification is observed in psychrophile tRNAs while thermophilic
organisms contain very low levels of non-aromatic dihydrouridine.™ An intriguing study
correlated the cold response with a marked increase in RNA A-to-| editing in octopus, indicating
the recoding of MRNAs as a mechanism of cold adaptation.'? The epitranscriptome of
cold-loving organisms is poorly understood, and although limited, the noted epitranscriptomic
differences between cold-loving and heat-loving organisms add credence to the proposed role
for RNA modifications in temperature adaptation.

The epitranscriptomic composition in other types of RNAs is much less defined in
extremophiles. In thermophiles and hyperthermophiles, there is a recorded increase in the
number of 2’0 methylated and ac4C residues in the ribosome®**°, and my research also
indicates a substantial enrichment in m5C residues in the T. kodakarensis. My research has
also led to the identification of a novel modification, N4,N4-dimethylcytidine (m4,2C) in the
ribosomal decoding center. In the helix 31 structure of 16S rRNA, m4,2C sits adjacent to m1¥
and 2’0mG. Not only is this a unique epitranscriptomic marker, but also a hypermodified region
compared to Bacteria or Eukarya where only 1 or 2 modified residues are typically present. |
have shown that a single m4,2C residue at C918 in the 16S rRNA and the m5C
epitranscriptome holistically are essential to hyperthermophilic growth, adding a
substantial body of evidence supporting the hypothesis that modifications stabilize RNA
against thermal denaturation.

The thermal stability of tRNAs and rRNAs is undoubtedly supported by the
epitranscriptome, but thermal stability of mMRNAs is also likely critical. The mRNA
epitranscriptome in archaea is nearly entirely unmapped. Until recently, ac4C was the only
modification mapped to T. kodakarensis mRNAs.% A single previous study mapped 14 m5C
sites to the entire Sulfolobus epitranscriptome?®, a hyperthermophilic and acidophilic archaeon,

suggesting m5C is likely rare within crenarchaeota. I reported for the first time m5C in T.
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kodakarensis mRNA, and m5C is abundantly present in coding and non-coding RNAs.
Although m6A is abundant in eukaryotic mMRNAs, | did not detect m6A in T. kodakarensis
mMRNA, rather m6A is exclusive to rRNA and/or tRNA. All ac4C sites are generated by Nat10,
whereas | have discovered that the installation of m5C is dependent on at least 6 enzymes that
potentially share partial redundancy. Enzymes that install m5C are dubbed RNA m5C
methyltransferases (RSCMT). Cells deleted for Nat10% or one of the five RSCMT, and as
previously mentioned, the enzyme that installed m4,2C, experience severe growth defects at
increasing temperatures (unpublished). These data would strongly indicate that RNA
modifications are not universally more abundant in hyperthermophilic models, rather,
RNA modifications are selectively employed in hyperthermophiles and support life in the

extremes.
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CHAPTER 2: THE EXTENSIVE AND DYNAMIC M°C EPITRANSCRIPTOME OF
THERMOCOCCUS KODAKARENSIS IS GENERATED BY A SUITE OF RNA
METHYLTRANSFERASES THAT SUPPORT LIFE IN THE EXTREMES'

Summary

RNAs are synthesized using the four canonical nucleotides yet are often modified to
invoke new structures, activities, and interactions. While many modifications are limited in
frequency, restricted to non-coding RNAs, or present only in select organisms, 5-methylcytidine
(m°C) is abundant across diverse RNAs and fitness-relevant across Domains of life, but the
synthesis and impacts of m°C have yet to be fully investigated. Here, we mapped, then
assessed the impacts of m°C in the model hyperthermophile, Thermococcus kodakarensis. We
demonstrate that m°C is ~25x more abundant in T. kodakarensis than human cells and the m°C
epitranscriptome includes ~10% of unique transcripts. T. kodakarensis rRNAs harbor tenfold
more m°C compared to most Eukarya or Bacteria, and m°C levels dynamically respond to
environmental cues. We identified at least five RNA m°C methyltransferases (R5CMTs) that
modify RNAs in vivo and in vitro. Strains deleted for individual RSCMTs lack site-specific m°C
modifications that limit hyperthermophilic growth. We demonstrate that both RNA sequence and
structure play a role in site-specific methylation and m°C is likely generated through partial
redundancy in target sites among R5CMTs. The complexity of, and requirements for the
extensive m°C epitranscriptome in T. kodakarensis argues that m°C supports biological function

in the extremes.
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Introduction

Studies of the bacterial and eukaryotic epitranscriptomes have shown that RNA chemical
modifications are often abundant and dynamically modulated in response to physiological or
environmental stimuli'=, parasitic-®, pathogen- " or viral-infection®'° or are introduced within
specific cells and lineages'~'3. Modifications to even individual residues in long RNAs are
known to elicit dramatic impacts on structure'°, stability’’~%°, protein-interactions?', cellular
localization?*-%*, translation efficiency'®?-%", half-life?®, nuclear transport®°, mitochondrial*® and
plastid transport®'. Specialized nucleotides within rRNAs and tRNAs often provide essential
stability and importantly, these modified RNAs must be passed to daughter cells, providing a
heritable role for epitranscriptomic modifications. The conserved modification profiles defined for
rRNA and tRNA demonstrate that the distribution of modifications are not random, but rather
that modifications are strategically positioned to impact function at specific nucleotides.*?
Evidence suggests this regulatory paradigm extends to mRNAs and across Domains, with RNA

modifications being essential for all life.3%3*

mMRNAs have been increasingly identified as modification targets. Site-specific, and often
sub-stoichiometric, modification of mMRNA is linked to core biological functions and responses to
environmental changes.*3 Critical questions remain regarding how the epitranscriptome is
generated, how modifications impact mRNA function, and how mRNAs are selected for
modification. Despite increasingly sophisticated methods to site-specifically identify and quantify
a variety of RNA modifications, the low abundance of mRNA transcripts and their low
modification frequency hinders investigations into the regulation imposed by the
epitranscriptome.*® Specific RNA modifications, including archaeosine'® and 4-acetylcytidine?
(ac*C) are critical for life at high temperatures, suggesting that hyperthermophilic species might
harbor greater densities of critical RNA modifications. Many archaea thrive in conditions

inhospitable to most extant life wherein increased RNA stability is essential.>*'® Maintaining
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RNA structure at high temperature, or at extremes of salinity, pressure, or pH is facilitated , in
part, by chemical modifications, and loss of epitranscriptomic modifications is often

lethal 23183738 Multiple RNA modifications are known to be more prevalent in Archaea than in
Eukarya; many RNA modifications have been identified and quantified in the model
hyperthermophilic species Thermococcus kodakarensis, representing an order of magnitude
higher absolute abundance and several orders of magnitude higher frequency than found in
model eukaryotes.?%3° The abundance of RNA modifications in T. kodakarensis, its tractable
genetic system, and the range of growth temperatures permitting robust growth provide an ideal
platform to resolve fundamental open questions regarding the phenotypic consequences of

epitranscriptomic changes, including RNA targeting and RNA modifying enzymes.

m°C is one of the most abundant and conserved modifications that decorates the
transcriptome across Domains.***!' m®C in most species is predicted to be generated through
the coordinated, post-transcriptional activities of several RNA m°C methyltransferases
(R5CMTs)*. Here we established the genesis, phenotypic impact, redundancy, and targeting
mechanisms of the m°C epitranscriptome within T. kodakarensis. T. kodakarensis retains a ~25
fold higher abundance of m°C over human cell lines. With ultra-deep bisulfite sequencing, we
comprehensively mapped m°C sites across the T. kodakarensis transcriptome with
single-nucleotide resolution under different biological conditions. We identified at least 232
unique m°C sites in a diverse set of coding and non-coding RNAs, established that ~10% of all
unique transcripts contain m°C, and that mRNA represents the largest fraction of m*C-modified
RNAs. Moreover, we identified that at least five R5CMTs are responsible for installing individual
m°C sites. Through bisulfite-sequencing of RNA recovered from 17 unique strains, each deleted
for a non-essential, putative RNA methyltransferase (RMTases), we paired specific sites of m*C
with unique R5CMTs, providing clues for targeting preferences of each RSCMT. RSCMT activity

was further validated orthogonally through in vitro methylation assays and mass spectrometry.
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Dynamic changes in the m°C epitranscriptome were observed across distinct biological
conditions. Strains deleted for individual (or pairs of) R5CMTs exhibited impaired growth at
increasing temperatures, demonstrating that m*C modifications support life at high
temperatures. Our results suggest overlap in RSCMT function, with many m°C sites being
targeted for modification by at least two R5CMTs in vivo, indicating a partially redundant network
of enzymes that maintain the m°C epitranscriptome. The combined single-nucleotide,
quantitative mapping of m°C, phenotypic analyses of strains with abrogated m°C-profiles, in vitro
biochemistry with multiple recombinant R5CMTs, and homology of T. kodakarensis R5CMTs
with RNA methyltransferases in each Domain provides a wealth of predictive power for

understanding the impacts of the m°C epitranscriptome in extant life.

Results

m°C is abundant in T. kodakarensis coding and non-coding RNA

The nucleoside pools derived from total and rRNA-depleted RNAs isolated from T.
kodakarensis strain TS559 were quantified and compared to that of 10 human cell lines
(referred to here as the universal human reference (UHR)) by LC-MS/MS (supplementary Figure
A2.1, see Appendix 2 for supplementary items). Total RNA preparations were dominated
(~94%) by ncRNA sequenced reads, while fractions enriched for mRNA through selective
degradation of rRNA and size selection to remove RNAs < 200 nt (see Materials and Methods)
generated nearly ncRNA-free (~99.9%) mRNA sequencing results (supplementary Figure
A2.1A). Within total RNA from the UHR, m°C constitutes ~0.1% (~1:1,000) of cytidines
(supplementary Figure A2.1B). The bulk of total m*C in the UHR is likely present in stable,
abundant rRNAs and tRNAs, and the order of magnitude reduction in m°C levels upon mRNA
selection confirms such. In stark contrast, total RNA preparations from T. kodakarensis revealed

an unprecedented ~2.5% of total cytidines (~1:40) were replaced by m°C (supplementary Figure
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A2.1B). While degradation of T. kodakarensis rRNAs and size exclusion of tRNAs similarly
reduced the levels of m°C nearly-ten fold, the resulting levels of m°C in mMRNAs were still >
6.5-times greater than m°C levels in the UHR mRNA pools. Analysis of small RNA fractions (<

200 nt) indicated that small RNAs are also rich in m°C (supplementary Figure A2.1C).

The extremely high levels of modified cytidines in total, size fractionated, and mRNA
preparations from T. kodakarensis were confirmed to be nearly exclusively m°C, and not
5-hydroxymethylcytidine, 3-methyl cytidine, or 4-methyl cytidine, by comparing retentions times
and mass transitions of corresponding modified nucleosides (data not shown). While m°C levels
are much higher in T. kodakarensis compared to the UHR, RNA modifications are not
universally more prevalent in T. kodakarensis. Analysis of total and rRNA-repleted samples
revealed that m°A is more abundant in the UHR than m°C and that m°A is exceptionally low in T.
kodakarensis total RNA and undetectable in mMRNA (supplementary Figure A2.1B). The
selective employment of m°C over m®A in RNA is likely important for the biological functions of

the T. kodakarensis epitranscriptome.

Bisulfite sequencing reveals abundant, high-confidence, and reproducible m°C

modifications in the T. kodakarensis transcriptome

Sodium bisulfite treatment of RNA results in cytidine deamination, converting
non-modified cytidines to uridines. Cytidines modified at the C-5 position, however, are largely
resistant to bisulfite-driven deamination and retain their cytidine identity. Bisulfite treatment
followed by cDNA synthesis, sequencing, and analysis (supplementary Figure A2.2A) thus
permits quantitative assessment of m*C modification frequencies at single-nucleotide resolution.
The cytidine conversion rates of six bisulfite-sequencing libraries, three from exponential (e1-3)
and three from stationary (s1-3) cultures of strain TS559, ranged from ~ 99.8% - 99.9%

(supplementary Figure A2.2B), confirming near complete cytidine deamination which allows
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accurate identification of m°C sites.

RNA sequencing libraries were prepared for total RNA and mRNA-enriched fractions
from T. kodakarensis TS559 cultures grown to early exponential or stationary growth phase.
Sequenced reads were subjected to rigorous quality control pre- and post-alignment to the
reference genome, and objective parameters were applied to call individual m°C sites
(supplementary Figure A2.2). Initial examination of candidate methylation sites revealed obvious
false-positives likely due to incomplete bisulfite conversion of some reads (i.e., sequencing
reads wherein > 3% of cytidines were not converted), and these reads were removed from
further analysis. To assign a site as modified, we defined parameters for minimum overall
sequencing coverage, minimum m°C coverage (supplementary Figure A2.2C), minimum m°C
modification frequency (supplementary Figure A2.2D), and reproducibility in two of three
biological replicates (supplementary Figure A2.3A). m*C modification frequencies below 10%
approached background levels in all libraries (supplementary Figure A2.2D), and therefore a
10% minimum modification frequency was applied as a requirement. Owing to the depth of
high-quality sequencing, such as that of sites with = 1000x coverage, the acceptable minimum
m°C frequency was lowered to 5%. Total sequencing depth at high-confidence m°C sites
typically ranged from ~100-1000x (supplementary Figure A2.2E), indicating that total coverage
requirements were met for most m°C sites. Low abundance RNAs did not provide significant
statistical representation to accurately define sites with m*C modification; the m°C profile
reported here likely underrepresents the totality of the m°C epitranscriptome in T. kodakarensis.
However, the extraordinarily high sequencing depth achieved as a result of the small genome
(~2 Mbp) and high transcription levels typical for T. kodakarensis improves our ability to detect

low stoichiometric modifications with greater accuracy and comparative power.

The position and frequency of m°C at each site proved to be highly reproducible

between replicates, suggesting minimal false positives within the final data. Linear regression of
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m°C sites between biological replicates revealed Pearson’s correlation coefficients average at
~0.90, indicating high reproducibility of m>C frequencies across the epitranscriptome
(supplementary Figure A2.3A). Although we detected a minor proportion of m°C sites that
appear as outliers among replicates (when the m°C site was present in only two of three
replicates), the vast majority of our reads met our high-confidence thresholds within each
sample; these outliers form the small number of data points seen next to the x- or y-axis. Sites
that were high-confidence in all 3 replicates produced Pearson's correlation coefficients >0.90
(supplementary Figure A2.3B). To account for the discrepancy in reproducibility of some sites,
we present a parallel analysis of datasets that include i) m°C sites of high-confidence in at least
two replicates (Figure 2.1) and ii) m°C sites of high-confidence in all three replicates

(supplementary Figure A2.4).

m°C is highly abundant in a diverse set of RNAs with positional bias

Quantitative analysis of the m°C epitranscriptome revealed a dense modification profile
where shifts in modification sites and frequencies were observed between two biological
conditions: exponentially growing and stationary phase cells (Figure 2.1, supplementary Figure
A2.4). T. kodakarensis encodes just 2,306 open reading frames and an impressive ~1900
unique transcripts (~82%) were expressed at or above our detection threshold. Of those genes
with sufficient expression to meet our statistical thresholds, ~10% (n=188 unique transcripts)
contain at least one m°C site (Figure 2.1A); we identified a total of 232 unique positions that
satisfied our minimum criteria for high-confidence and reproducibility, mapping to 188 unique
transcripts (Figure 2.1B). An identical analysis for sites reproducible in three of three replicates
(supplementary Figure A2.4A), revealed 77 of ~1250 RNAs (~6%) retains at least one site of
m°C modification. The total number of m°C sites, m°C frequencies, and modified transcripts
changed between exponentially growing and stationary phase cells (Figure 2.1B and

supplementary Figure A2.4B), suggesting a dynamic m°C-profile that shifts in response to for
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Figure 2.1 T. kodakarensis has an extensive and dynamic m°C epitranscriptome in a
diverse set of RNAs. (A) Empirical analysis of the T. kodakarensis m°C epitranscriptome. Out
of 1910-1934 expressed RNAs between two biological conditions, 188 contained at least one
m°C site. (B) The number of distinct m°C sites and modified transcripts varied between
exponential and stationary growth phase cells. (C) Number of m°C sites mapping to diverse
RNAs, including some antisense (a-) RNAs. (D) Modification frequencies across RNA types. (E)
Comparison of the observed and expected number of m°C sites in different regions of an mRNA
in exponential and stationary growth phase cells. The ratio (actual/expected) of m°C sites
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equals to 1 if the m°C sites are distributed randomly within the region. (F) Positional bias of m°C
sites when mapped within coding sequences. (G) Positional bias of m°C sites at each codon
position. (H) The number of m°C sites mapped to each codon compared to the number
expected by random chance. Obvious deviations from expectation (actual/expected = 1) were
observed. There were also apparent biases in codons that include more than one cytidine (see
pie chart insets). (I) The actual/expected and (J) difference between actual and expected (actual
- expected = 0 where no bias is detected) number of m*C sites mapping to particular amino acid
codons. (K) Logo sequence analysis of nucleotides adjacent to m°C sites.

minimally two biologically reproducible sites (Figure 2.1C); 77 of 99, ~78% for three biologically
environmental cues. Most m°C sites were detected within coding sequences (185 of 232, ~80%
reproducible sites (supplementary Figure A2.4C)). The 16S and 23S ribosomal RNA fragments
are densely modified, with 21 or 19 m°C sites detected in mature rRNA, in two or three
biological replicates, respectively; no m°C sites were detected in either copy of the 5S rRNA. We
observed only sparse modification of untranslated regions (UTRs), transcripts that mapped
antisense (a-) to mMRNAs, rRNAs, and other non-coding RNAs. Although tRNAs were
size-excluded during RNA library preparation, one or two m°C sites were detected in tRNAs with

3/3 or 2/3 replicates, respectively.

Modification frequencies in mMRNAs ranged from ~5-65% while averaging at ~15-20%,
whereas modification frequencies in rRNA averaged at ~75% (Figure 2.1D and supplementary
Figure A2.4D). mRNA modifications in some model species are typically enriched in UTRs or
near UTR-ORF boundaries.*®*° We observed more m°C sites in 3’'UTRs than expected if
distributed randomly throughout an mRNA (Figure 2.1E), but as no 3’'UTR sites were
reproducibly identified in all three replicates (supplementary Figure A2.4E), it is invalid to
definitively suggest a 3'UTR bias. The distribution of modifications that mapped to coding
sequences did not have an obvious positional bias over the open reading frame (Figure 2.1F

and supplementary Figure A2.4F).

As m°C sites accumulate within the coding sequence, it is possible that mMRNA

modifications may impact translation dynamics by statistically over impacting specific codons or
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codon positions. We did not observe a significant bias at any codon position relative to what
would be expected if m°C sites were distributed at random (actual / expected = 1, Figure 2.1G
and supplementary Figure A2.4G). The absence of m°C enrichment at the third codon position
likely rules out sole impacts on wobble base-pairing and therefore non-cognate amino acid
incorporation. However, m°C is enriched in select codon sequences (Figure 2.1H and
supplementary Figure A2.4H). We mapped m°C within GCG codons (alanine, n=18) to an extent
that is fourfold higher than expected if by random chance. Modifications to codons GCU
(alanine, n=13), GGC (glycine, n=18), CCG (proline, n=24), and CUG (leucine, n=16) were
similarly enriched. When codons include multiple cytidines, there is a strong bias for which
cytidine is selected for modification. Out of 35 modified GCC codons, 77% of the modifications
were to the third cytidine. (Figure 2.1H, pie chart inset). When considering sites reproducible in
all three replicates, 100% of modifications to this codon occur at the third cytidine
(supplementary Figure A2.4H, pie chart inset). Modifications mapping to leucine and proline
codons indicate a strong bias for one of the four possible codons (CUG and CCG, respectively)
whereas modifications are highly underrepresented at the other 3 codon possibilities. These
data suggest select codons are targeted for modification within mRNAs and may impact the

translatability of those codons.

A similar representation is observed at the amino acid level. m°C occurrences in
particular amino acid sequences indicate 41 more m°C sites in alanine encoded codons than
expected (actual - expected) (Figure 2.1l and J). Codons encoding cysteine and glutamine are
overrepresented with high-confidence m°C sites by two to sixfold (Figure 2.11). We expected to
see 0.38 m°C sites in cysteine codons, but we detected 1. Even though this indicates a
significant fold change (actual / expected) in the number of observations, less than 1 additional
m°C site was detected compared to expected (actual — expected) (Figure 2.1l and J). Therefore,

overrepresentation of modified cysteine codons is not likely biologically relevant. Near identical
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conclusions can be drawn in the analysis of m°C sites reproducible in all 3 replicates
(supplementary Figure A2.4G-J). Taken together, these data indicate a strong positional bias in
m°C sites in particular codon and amino acid contexts, likely indicating m°C impacts the
translatability of these codons. However, there does not appear to be a congruent nucleotide
sequence context that describes all m°C sites (Figure 2.1K). This observation is consistent with
previous studies that failed to identify a single sequence motif associated with m°C
modifications.?>®%5" |t is plausible that the T. kodakarensis m°C epitranscriptome is installed by a
collection of RNA modifying enzymes, each targeting a unique sequence or RNA structure. In
this case, a single nucleotide context would not be anticipated, rather, individual enzymes would

be expected to target unique sequence motifs and RNA structures for the installation of m°C.

T. kodakarensis encodes a suite of RNA modifying enzymes

Publically available annotations of the T. kodakarensis genome revealed 16 ORFs likely to
encode RNA methyltransferases (Table 2.1). Six of the sixteen putative RNA methyltransferase
(RMTase) enzymes were predicted to install m°C based on domain comparisons with known
RMTases in the Modomics Database but none have previously been determined to be bona fide
RNA methyltransferases. Each of the six enzymes predicted to install m*C were also identified
by pBLAST to have domain homology to the human NSUN family of proteins that are known to
install the m°C epitranscriptome in mammals. Upon the deletion of any individual RMTases, any
differences in the m°C epitranscriptome compared to the parental strain (TS559) could be
rationalized to require the activities of the deleted enzyme. Using established techniques*, we
thus attempted to individually, markerlessly delete sequences encoding the entirety of the ORF

for each putative RMTase from the TS559 genome.

We were successful in generating 13 novel strains, each lacking a single putative

RMTase. The sequences surrounding the targeted locus were first confirmed to lack the
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Table 2.1 Putative RNA methyltransferases in T. kodakarensis

Gene ID* Description® Predicted modification® essential
TK0224 class | SAM-dependent Mtase, UbiE/COQ5 family mcm5s2U, mecm5SU no
TK0234 Mtase domain-containing protein mmpN no
class | SAM-dependent RMtase,
TKO360  2smB/NOL1/NOP2/Sun family m5C no
TK0704 class | SAM-dependent Mtase, UbiE/COQ5 family mcm5s2U, mecm5SU no
TK0729 class | SAM-dependent Mtase, UbiE/COQ5 family mcm5s2U, mecm5SU no
TK0872 class | SAM-dependent RMtase, m5C o

RsmB/NOL1/NOP2/Sun family

cmo5U, memo5U, m3C,

TK1273 class | SAM-dependent Mtase, UbiE/COQ5 family m1G no
MTase domain-containing protein,

TKI784  \IETTL16/RImF/DUF890 family m6A no

TK1917  class | SAM-dependent Mtase emo>SU, emosU, m3c, no
class | SAM-dependent RNA Mtase,

TK1935 R smB/NOL1/NOP2/Sun family m5C no
class | SAM-dependent RNA Mtase,

TK2122 RsmB/NOL1/NOP2/Sun family mSC no

TK2241  class | SAM-dependent MTase, UbIE/COQS family ~ 9MO%!, MEmodU, m3C,
class | SAM-dependent RMtase fused to NusB

TK2304 regulator domain, RsmB/NOL1/NOP2/Sun family mSC no

TK0008 Predicted MTase, UPF0020 family m2G yes
class | SAM-dependent

TKI785  RMtase,RsmB/NOL1/NOP2/Sun family (e VES

TK1933 Predicted MTase, METTLS5 family protein family m6A, m2G yes

2 Two predicted methyltransferases (rows highlighted in orange and yellow) are essential and cannot
be deleted from the cell, while 14 are non-essential. It is unclear if TKO008 is essential.

b Gene descriptions are summarizes of information gathered from NCBI, Uniprot, KEGG and InterPro.

¢ Modification predictions are based on sequence and structural similarities to known RMTases from
Modomics
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RMTase encoding sequences by several diagnostic PCRs (Figure 2.2A). Then, we sequenced
the entire genome of each deletion strain (typically at > 15x coverage; Figure 2.2B and
supplementary Figure A2.5) to ensure the lack of second-site modifications. Sequencing of
bisulfite-treated RNA (Figure 2.2C and supplementary Figure A2.5) at ~100x to ~1600x
coverage revealed, in all strains, a lack of transcripts from the loci targeted for deletion. By
repeating our markerless genomic modification procedures, we were further able to construct
double deletion strains wherein two putative RMTases were simultaneously deleted. Despite
exhaustive efforts, two of the targeted putative RMTases (TK1785 and TK1933) could not be
deleted. Attempts to delete gene TKO0O08 yielded mixed results; T. kodakarensis regularly
maintains many copies of its genome®, and while we were able to generate strains that
appeared to lack TKOOO08 via diagnostic PCR and whole genome sequencing, some genomes
containing TKO008 must have been retained within the population that led to repetitive failures
to yield strains that completely lacked TKOO08 sequences after two culture passages. Thus,

TKO0008 was excluded from further analysis.

We collected and bisulfite sequenced RNA from each single or double deletion strain
grown to early exponential or late stationary phase in duplicate. High-confidence and
reproducible m°C sites were identified in each deletion strain (see linear regression analysis in
supplementary Figure A2.6) following the pipeline described in supplementary Figure A2.2 and
compared with m°C sites established in the parental strain, TS559. Differential m°C frequencies
demanded minimally a greater than twofold change and a p-value cutoff of 0.01 to be deemed
statistically relevant. The number of sites identified in parental and deletion strains where m°C
frequencies were completely lost (Table 2.2) or differed sufficiently to meet our stringent criteria
(supplementary Table A2.2) are reported. We identified multiple sites where an absolute loss in
m°C modification frequency (< 2%) was observed in one of five deletion strains; ATK0360,

ATKO0872, ATK1935, ATK2122, and ATK2304 (Table 2.1), indicating these genes encode
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Figure 2.2 The m®°C epitranscriptome supports hyperthermophilic growth. (A) The
deletion of gene TK2304 was initially confirmed by PCR using 4 sets of primers. External
primers (A/B) amplify across the deleted locus and result in a full length amplicon in parent
strain TS559 and an amplicon reduced by the size of gene TK2304 in the ATK2304 strain.
Internal primers (C/D) or a combination of internal and external primers (A/D, C/B) result in
amplification in strain TS559 but not ATK2304. Final confirmation was performed using (B)
Minion whole genome sequencing (DNA-seq) and (C) lllumina RNA bisulfite sequencing
(RNA-seq). Visual inspection of DNA and RNA sequences aligned to the T. kodakarensis
reference genome using Integrative Genomics Viewer show the absence of reads from the
deleted loci. In the DNA-seq windows, black lines connect contiguous reads and indicate a
gapped alignment. The coverage range for each window is listed in brackets. (D)
Head-to-head growth competitions were performed at 65°, 75°, 85°, and 95° C for each strain
deleted for an RSCMT (ATK0360, ATK0872, ATK2122, ATK1935, ATK2304), the double
deletion (ATK1935 ATK2304), and parent strain TS559. (E) The maximum optical density
(Max ODggy) and the rate of growth (doubling time) for each culture is illustrated relative to
parent strain TS559.

Table 2.2 Absolute losses and gains in m°C sites in strains deleted for individual
R5CMTs.

exponential stationary
phase® phase®
abs. abs. abs. abs. #losses/
Gene ID Description® gains losses gains losses gains
class | SAM-dependent RMTase,
TK0360 RsmB/NOL1/NOP2/Sun family S N 0
class | SAM-dependent RMTase,
TKo872 RsmB/NOL1/NOP2/Sun family L U 0 W <
class | SAM-dependent RMTase,
TK1935 RsmB/NOL1/NOP2/Sun family 0 = T . 1Y
class | SAM-dependent RMTase,
Tk2122 RsmB/NOL1/NOP2/Sun family 0 I 0 W A
TK2304 class | SAM-dependent RMTase fused to > 6 0 6

NusB, RsmB/NOL1/NOP2/Sun family

TK1935; .
TK2304 double deletion 4 5 17 4

2 The NCBI description and protein family (Uniprot and InterPro predictions) are provided.

!.

ke BS-seq of individual or double deletion strains identified absolute losses and gains in m5C
sites between exponential and stationary growth phase cells.
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enzymes that likely directly target RNA for m°C installation. Bisulfite-sequencing of RNAs from
the remaining ten single deletion strains did not reveal any absolute losses within the m°C
epitranscriptome (supplementary Table A2.2), suggesting that these enzymes either do not
install m®C or were not active under our experimental conditions; note that RNA transcripts for
each putative RMTase gene targeted for deletion were abundantly present in the TS559 parent
stain, indicating these genes are expressed under our experimental conditions. Our results are
thus consistent with the predicted modification potentials listed in Table 2.1 and pBLAST
homology searches for RSCMTs. To our surprise, certain strains deleted for putative
m°C-specific and alternative RMTase enzymes showed gains in m°C sites or increased
modification frequencies. Sites that show new modification status in deletion strains compared
to the parental strain met our stringent statistical rigors for reproducibility. The m°C gains imply
that the loss of selected m°C sites due to deletion of distinct RMTases from T. kodakarensis
results in compensatory modifications throughout the epitranscriptome. This level of complexity
and intertanglement of enzyme activities reinforces that the epitranscriptome is dynamic and

responsive to changes in gene expression and environmental cues.

A redundant network of R5CMTs likely generates the m°C epitranscriptome.

We detected 232 high-confidence and reproducible m°C sites (Figure 2.1A) and
correlated the absolute loss of ~46 of these sites with the loss of one of five R6CMTs (Table
2.2). Out of 21 sites mapping to mature rRNA, we only identified enzymes likely to install 9 m°C
sites (Figure 2.3). It is possible that essential enzymes from Table 2.1, or enzymes missed by
our annotations of the entire genome, are responsible for the installation of the remaining m°C
sites detected here. Alternatively, multiple R5CMTs may target identical sites for installation of
m°C. To explore the latter possibility, we deleted both TK1935 and TK2304 within the same cell.
Bisulfite sequencing of the double deletion strain (ATK1935 ATK2304) during exponential or

stationary growth phases revealed a synergistic absolute 39 losses in m°C sites compared to
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the 17 and 6 losses identified in the ATK1935 and ATK2304 single deletion strains, respectively
(Table 2.2 and Figure 2.41). This suggests that T. kodakarensis, and perhaps other species, may
generate epitranscriptomes with overlapping and complex activities for distinct RNA

modifications.

The m°C epitranscriptome enhances cellular viability at increasing temperatures

T. kodakarensis grows over a wide temperature range (~50 to ~98°C), with a growth
optimum of 85°C resulting in a ~40-minute doubling time under ideal conditions. When
constructing the single and double deletion R5CMT strains, we noted an obvious growth
impairment of some deletion strains. Growth of the parental and deletion strains were then
monitored at 65°, 75°, 85°, and 95°C to present strains with different environments (Figure 2.2D).
At 65° and 75°C, the growth of strains deleted for one of the five non-essential RSCMTs is
largely comparable to the parent strain TS559 (Figure 2.2D), but deletion strains fared more
poorly at increasing culture temperatures. Notable at 85°C and more obviously at 95°C, each
R5CMT deletion strain displayed significant growth defects compared to the parental strain, and
in many cases exhibit slower growth rates and reduced end-point culture densities (Figure
2.2E). The strain deleted for both TK1935 and TK2304 (ATK2304 ATK1935) experienced a
compounding, growth defect compared to either individual deletion strain, suggesting the m°C

epitranscriptome holistically supports cell viability and survivability at high temperatures.

Growth defects were also observed in strains deleted for the other 10 putative RMTases.
The growth rates for most strains were generally within expectations at 65°, 75°, and 85°C, but
longer doubling times were observed at 95°C in many strains (supplementary Figure A2.7).
Many deletion strains also displayed a lower end-point culture density compared to the parent
strain, and this defect becomes increasingly more apparent at elevated temperatures

(supplementary Figure A2.7). Unsurprisingly, strains deleted for multiple RMTases experienced
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a compounding effect compared to their single deletion counterparts.

The T. kodakarensis ribosome is hypermodified at mRNA decoding regions

Ribosomes across bacterial and eukaryotic model species typically harbor 2-3 m°C sites.
In E. coli, each of the three m°C sites is installed by a unique Rsm MTase®?, whereas human
cells rely on the NSUN family of MTases to install both ribosomal m°C sites®. Surprisingly, we
detected an order of magnitude increase (n=23) in m°C sites mapping to the single T.
kodakarensis 16S-tRNA*2-23S rRNA operon (Figure 2.3A and supplementary Figure A2.7). An
additional m°C site was mapped antisense to the 16S-rRNA, two m°C sites map to the region
between the 16S and tRNA*?, and 21 m°C sites are incorporated into the final 16S (n=12) or
23S (n=9) sequences. There are no noticeable differences in m°C sites or frequencies between
exponential or stationary growth phases, and no m°C residues are detectable in either 5S
fragment (supplementary Figure A2.7A and B). A previous study demonstrated that T.
kodakarensis ribosomes are hypermodified with ac*C, implying that additional modifications
support rRNA function and perhaps ribosome performance at high temperatures.? Our data
provides new evidence that T. kodakarensis ribosome is also hypermodified with m°C, implying

that RNA modifications may support ribosomal function and performance at high temperatures

We were able to correlate 9 m°C sites in the 16S and 23S rRNA fragments with specific
R5CMT activities, based on the absolute losses in m°C sites due to deletion of specific
enzymes. Four of the five identified R5CMTs appear to target rRNAs (Figure 2.3A), to the
exclusion of TK0360. Although tRNA and other small RNAs were largely removed from the
sequencing libraries, TKt41 (tRNA™) persisted through sequencing, and TK0360 was identified
to methylate this transcript. Otherwise, TK0360 mainly targets mRNA transcripts. The m°C sites
mapping to rRNA are generally distributed throughout the 16S and 23S rRNA fragments with a

linear clustering of sites in the 23S fragment. However, when viewed in the atomic structure of
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Figure 2.3 The T. kodakarensis ribosome is densely modified at key functional regions
involved in translation. (A) Each bar represents an m°C site mapped to the 16S-tRNAAIa-23S
operon; bar height represents modification frequency and its color corresponds to the enzyme
responsible for its installation. One m°C site was mapped antisense to the 16S rRNA (black
outline). (B, C) m°C sites (red spheres) are not randomly distributed. 16S subunit (blue), 23S
subunit (nude), 5S subunit (orange), A, P, and E site tRNAs (green), and the mRNA (pink) are
shown at 3 angles rotated at 90°.

the T. kodakarensis 70S ribosome (PDB: 6 TH6), m°C sites obviously crowd the A, P, and E sites
and are positioned along the path where the mRNA is fed into the decoding center (Figure
2.3B). It is therefore clear that m°C sites in fully assembled ribosomes are not randomly

distributed but enriched in highly conserved and functional regions. Further studies are

necessary to detail the impacts of m°C modifications to these key regions on translation.
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R5CMTs display sequence and structural specificity for substrate RNAs

The mechanisms that target MTases to distinct positions in the transcriptome are

unclear. To elucidate the targeting strategies of RSCMTs identified here, we analyzed the sites
where differential m*C modification between deletion and parental strain were detected. A
representative full analysis is shown for the deletion of TK2304 (Figure 2.4) while analysis for
deletions of TK0360, TK0872, TK1935, and TK2122 are recorded in supplementary Figures
A2.8 and A2.9. Deletion of TK2304 resulted in 6 absolute losses and 2 gains in m°C sites.
These sites were mapped mainly to rRNAs, but one m°C site was detected in a single mRNA
(Figure 2.4A and C). Logos sequence analysis indicates some conservation of sequence
contexts for gains and losses, but the totality of sequence context alone is insufficiently complex
to completely explain targeting of these sites. Three definitive nucleotides (CCnnnU) constitute
a partial RNA sequence motif targeted by TK2304, while the two gains in m°C sites follow an
eight nucleotide motif (Figure 2.4B). Gains and losses found within distinct sequence contexts
were identified for all other RSCMTs (supplementary Figure A2.9A-D.II), but in almost all cases,
no sequence context alone would suffice as the sole targeting mechanism for a single RSCMT.
The sole exception, interestingly, identifies more complex sequence motifs targeted by TK1935,
but, surprisingly, the motif varied depending on whether the m°C occurs in rRNA or mRNA
(supplementary Figure A2.8B.1l1). Our analyses suggest that RSCMTs partially rely, to varying
extents, on primary sequence for site-specific methylation. However, three to six nucleotides are
not unique enough to encode the specificity required to target an enzyme without likely
producing thousands of off-target methylation events throughout the transcriptome, even as

small as that of T. kodakarensis.

Modification frequencies in mMRNAs are typically low (~15-20%, Figure 2.1D) and

questions remain regarding whether any biological relevance of substoichiometric mMRNA
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Figure 2.4 TK2304 encodes a bona fide R5CMT with apparent RNA sequence and
structural specificity. (A) Bisulfite sequencing of strains deleted for the gene TK2304 reveals
losses and gains in m°C sites. (B) Logo sequence analysis of adjacent nucleotides
surrounding sites where m°C was lost or gained. (C) The change in modification frequency
between parent strain TS559 and ATK2304 is faceted by growth phase and direction of
regulation. The number of sites (n) is listed within each window and the color corresponds to
RNA type. (D) The methyltransferase assay schematic is shown. Recombinant enzyme
(rTK2304), radiolabeled methyl co-factor (*H-SAM), and RNA substrate are incubated
together. The enzyme will transfer the labeled methyl group to the cytidine target in the
C-RNA but not the U-RNA where the cytidine is replaced with a uridine. (E) The results of the
methyltransferase assays are displayed in counts per minute (CPM) which measures the
B-decay of the radiolabeled methyl group covalently bound to the RNA substrate. (F, G) Mass
spectrometry analysis of RNAs methylated by rTK2304. The 101 nt oligonucleotide was
digested to single nucleosides and the m°C levels were quantified relative to cytidine across
controls. (H) The secondary structures of the 23 nt, 101 nt, and full coding sequence (CDS)
RNAs encoding the gene TK1911 were predicted using the Vienna RNAFold webserver’'. The
arrow points to the cytidine targeted for methylation. The color of each base corresponds to
the base pair (bp) probability, and the minimum free energy (MFE) for each structure is listed.
(1) The number of unique and absolute losses in m°C sites between single and double
deletion strains ATK2304 and ATK1935. (J) The change in modification frequencies between
strains of the 19 m°C sites completely lost (m°C frequency < 2%) in ATK2304 ATK1935. (K)
Logo sequence analysis of the 19 sites uniquely and completely lost in ATK2304 ATK1935. *
p <0.05, ** p <0.01.

modifications are merited given the low modification frequencies. mMRNAs may be intentional
targets of MTases or be occasionally mistargeted by MTases with primary roles in rRNA or
tRNA. To add credence to specific mMRNA targeting, we identified a high-confidence, but low
modification frequency m°C within the TK1911 mRNA that was completely lost due to deletion of
TK2304. During exponential growth, the TK1911 mRNA is modified at a frequency of ~15-18%,
while in stationary phase, modification frequency of the same site drops to just ~8-13% (Figure
2.4C), thus representing a site that minimally but convincingly falls within our stringent criteria
for m*C modification calls. To directly correlate the in vivo loss of m°C sites with enzymatic
activity, we designed an in vitro assay where a recombinant TK2304 enzyme (rTK2304) was
challenged to site-specifically methylate the mRNA encoding TK1911 (Figure 2.4D). When
rTK2304 was provided with a radio-labeled, methyl-donor S-adenosyl-L-methionine (*H-SAM)
and an RNA substrate identical in sequence to TK1911 (C-RNA), an obvious transfer of the

radiolabeled methyl group from SAM to the RNA was detected (Figure 2.4E). Reactions lacking
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SAM, rTK2304, or an RNA substrate displayed background levels of radioactivity recovered on
RNA substrates. As an idealized negative control, we also generated an mRNA with the
sequence of TK1911 that contained a single nucleotide substitution, replacing the C targeted for
m®C modification in vivo with a U (U-RNA) (Figure 2.4D); note that all other cytidines within the
U-RNA were retained. Replacing the native TK1911 RNA (C-RNA) with an otherwise identical
RNA with a single U substitution (U-RNA) resulted in only background levels of methyl transfer,

equivalent to that of no SAM, no enzyme, or no RNA controls (Figure 2.4E).

To elucidate the necessary and sufficient sequences targeting the TK1911 mRNA for
modification by rTK2304, we generated RNA substrates of decreasing lengths (444 nt full length
MRNA, 101 and 23 nt truncated RNAs; Figure 2.4E) with both a C or U at the site of
modification identified in vivo. While rTK2304 is unable to methylate any of the U-containing
RNAs above background levels, rTK2304 methylates all C-RNAs with increasing activity on
longer RNAs. As the sequence immediately surrounding the target cytidine is identical between
substrates, other sequence and structural elements within the RNA must elicit differential activity
of rTK2304. Structural comparisons between the three RNA substrates (Figure 2.4H) adumbrate
that the secondary and tertiary structures between these RNAs may play a role in the substrate
recognition or catalytic activity of rTK2304 in vitro. Our results demonstrate that rTK2304 activity
in vitro is improved by supplying more RNA sequences and structures to guide site-specific
methylation of the TK1911 mRNA and are in contrast to expectations of spurious and

non-biologically relevant recognition and methylation of the TK1911 mRNA by TK2304.

To confirm modification of the TK1911 mRNA at the site predicted based on the loss of in
vivo modification due to deletion of TK2304, the 101 nt substrate containing a C or U at the
central position was mixed with unlabeled SAM and rTK2304 in vitro, purified, then digested to
single nucleosides for LC-MS/MS analysis. We observed 0.37% of m°C/C ratio (or 5% oligo

modification frequency) on the C-containing 101-nt RNA (Figure 2.4F and G). The U-containing
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101 nt RNA did not reveal any mass or m°C/C ratio changes following incubation with SAM and
rTK2304. Intact oligonucleotide mass spectrometry analysis of RNase T1 digested 101 nt
substrate also indicated the presence of a methyl group at the predicted cytidine target site

(supplementary Figure A2.8A and B).

To better understand substrate recognition, we analyzed the activity levels of
recombinant R5CMTs on several RNAs. Like rTK2304, the other R5CMTs were challenged to
methylate different 23 nt RNAs corresponding to sequences identified as likely in vivo targets
based on differential m°C frequencies in parental and deletion strains. Statistically significant,
and often highly disparate activity levels were observed for rTK2122 and rTK1935 on C- versus
U-containing substrates despite all substrates likely lacking base-paired structures
(supplementary Figure A2.9A-D.IV). rTK1935 displayed robust activity on RNAs encoding both
identified sequence motifs (supplementary Figure A2.9B.II and IV). When each 23 nt was
aligned (supplementary Figure A2.9A-D.1V insets), greater sequence consensus was observed
with gapped alignments, which was not captured in the logos sequence analysis. These data
indicate nucleotide sequence does play a role in specificity, and analysis of non-contiguous
sequence contexts may be more appropriate for identifying motifs most ideal for enzymatic

targeting.

In vitro experimentation employing recombinant forms of five R5CMTs with C- and
U-containing RNA substrates demonstrated specific MTase activity for three enzymes. While
methyltransferase activities for rTK2304, rTK1935, and rTK2122 were robust, specific, and
validated by LC-MS/MS (Figure 2.4 and supplementary Figure A2.8), rTK0872 and rTK0360
displayed low and non-specific in vitro methyltransferase activities on a host of substrates
(supplementary Figure A2.9). It is likely that TKO872 and TK0O360 activities are regulated in vivo

by additional factors to ensure faithful modifications within the epitranscriptome.
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Analysis of m°C sites differentially modified in the double deletion strain, ATK2304
ATK1935, indicate that all but one site in ATK1935 and all sites in ATK2304 were likewise lost in
ATK2304 ATK1935 (Figure 2.41). We identified 74 sites with reduced m°C frequencies and 12
sites with increased m°C frequencies (greater than twofold change). Thirty-nine of these sites
exhibited an absolute loss in modification frequency, and 19 of these sites were uniquely lost in
ATK2304 ATK1935; these 19 sites displayed robust methylation frequencies in TS559 and
either single deletion strain, but a complete loss in m°C signal above background is observed
when both enzymes are deleted (Figure 2.4J). All overlapping sites map to coding sequences
and little-to-no logos sequence could be discerned (Figure 2.4K) nor does a sequence
alignment produce a recognition motif. This would indicate the targeting strategies for these
overlapping sites rely on other factors such as RNA structure. Taken together, we have

identified a suite of RSCMTs with partial redundancy that install the m>C epitranscriptome.

Discussion

New and sensitive techniques that combine bioinformatics, biochemistry, next-generation
sequencing, genetic manipulations, mass spectrometry, and evolutionary comparisons continue
to add to our understanding of temporal changes to the epitranscriptome and how these
changes impart phenotype. How m°C residues impact the fate and functions of mMRNAs at the
individual transcript level has been historically challenging to address due to low abundance
RNAs and substoichiometric modification frequencies in conventional model organisms. It
remains contested whether mRNAs are specifically targeted for modification and whether m°C in
coding regions are functionally relevant. Here, we achieved exceedingly deep coverage of the
m°C epitranscriptome and have detected substoichiometric m°C sites with high-confidence and
reproducibility in low abundance RNAs, as well as discovered the enzymes responsible for

modification at many of these sites. As such, we have identified several ideal candidate m°C
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sites for future mechanistic studies.

Using a combination of RNA-bisulfite sequencing and mass spectrometry, we showed
that T. kodakarensis has a densely modified m°C epitranscriptome that includes diverse RNAs.
In bacterial model species, m°C is largely exclusive to rRNA*%%, and unlike eukaryotic models,
we have shown that mMRNAs dominate the pool of m°C-containing RNAs in T. kodakarensis.
Although mass spectrometry analysis indicated that tRNAs are rich in m°C, our sequencing
approach excluded tRNAs and other small RNAs, and since no m°C sites were detected in the
5S rRNA, many additional m°C sites are likely present in the epitranscriptome than what is
presented here. In T. kodakarensis, differential m°C sites were detected across exponential or
stationary growing cells where media nutrients are plentiful or depleted, respectively. These data
would indicate that m°C is likely dynamically responding to metabolic cues. Likely due to
approximately half of T. kodakarensis genes having no annotated function, we were unable to
observe enrichment of any particular gene ontology. However, gene ontology enrichment
analysis of m°C-containing mRNAs in human cell lines tend to correlate m*C with metabolic
pathways®>*¢. Numerous studies have observed shifting m>C-profiles dependent of stress
response®”*8, viral infection®®, cell types and tissues??48¢°%2 and even organellar localization*®?,
repeatedly indicating that the m°C epitranscriptome is highly responsive to external and internal

stimuli.

The regional position of m°C within an mRNA likely has differential effects on its function.
In mammalian species, m°C in mRNA tends to be enriched in 5’ or 3' UTRs.*° In Arabidopsis,
the evidence is conflicting with several studies placing m°C in 3’ UTRs, 5’ UTRs or reporting a
slight enrichment within coding sequences.??5"% In zebrafish and rice, an enrichment has been
observed within coding sequences.®*%® In T. kodakarensis, we observed a slight enrichment in 3’
UTRs. However, this enrichment was only apparent when our strict high-confidence thresholds

were met in at least 2/3 replicates and not when datasets were limited to only include sites
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detected in all 3 replicates. Otherwise, m®C appears to be distributed evenly throughout
mRNAs. We also did not observe a strong bias in codon position, likely eliminating the
possibility of m°C in mRNA having substantial impacts on wobble base pairing. We did observe
an m°C enrichment in select codon sequences, leading us to speculate whether m°C residues
regulate the translatability of select codons. In mice, NSUN2-mediated methylation of mMRNA
encoding interleukin-17a had no observable impact on RNA half-life, but led to increased
translation output, indicating a direct role of m°C to regulate the translatability of
interleukin-17a.5” While the mechanism of m°*C-dependent translatability is unclear, further
research is needed to discern whether the positional distribution of m°C within an mRNA leads

to unique regulatory effects at specific codons or within specific regions.

Previous work has indicated that some m°C sites in eukaryal models increase the
stability of mMRNAs. The exact nature of these stabilizing effects are ill-defined, but studies have
demonstrated that ‘reader’ proteins recognize some m°C sites, leading to specific regulatory
outcomes. It has been shown that these intermolecular partnerships can protect mRNAs from
nucleolytic cleavage®, prolong half-life'” %, relocate mRNAs within a cell?®, and/or increase
protein yield?®. Apart from acting as a substrate for RNA-binding proteins, m°C has inherent
properties distinct from a naked cytidine. m°C does not impact Watson-Crick base pairing, but it
does increase hydrophobicity and the melting temperature of CG hydrogen bonds®, and
therefore may affect base stacking and overall RNA structure. It is possible that m°C residues
strengthen secondary structures which may impact the function and stability of RNAs. High
temperatures are a constant insult to T. kodakarensis, and it is possible if not likely that the

dense m°C epitranscriptome provides much needed stability to RNAs.

Several reports have demonstrated that deletion of genes encoding R5CMTs leads to
hypersensitivity to heat stress in rice and worms.®*¢* T. kodakarensis is a heat-loving archaeon,

but the rules of thermophily are poorly understood. The selective employment of m°C over m°A,
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and its unprecedented abundance would lead us to speculate that m°C may increase the
thermal stability of RNAs. T. kodakarensis encodes at least 5 R5CMTs, and we showed that
deletion of genes encoding one of 5 R5CMTs results in a temperature-dependent growth defect
with increasing severity at 95°C compared to lower temperatures. When multiple R5CMTs were
deleted from the same cell, a compounding growth defect was apparent. These data indicate

that the m°C epitranscriptome supports life at extreme temperatures.

The strategies that grant RNA modifying enzymes specificity for distinct positions in the
transcriptome have yet to be entirely defined. Previous work by us and others have shown some
RNA modifications to have defined sequence contexts surrounding the site of modification.
Nat10 in T. kodakarensis was shown to target GCC motifs for acetylation?, and the R5CMTs
identified here show small ~3-6 nucleotide motifs. Previous studies have also shown that most
m°C sites where the RSCMT has been identified are present in a sequence context of no more
than ~4 nucleotides.??5"%¢7° These short motifs are perplexing, as these sequences do not
encode enough complexity to target an enzyme to a select cytidine in the transcriptome without
producing thousands of off target modifications. Yet, we see highly precise targeting of RNA
modifications in vivo. It is possible that non-contiguous sequences may serve as a better
benchmark for identifying sequence motifs because RNA is flexible to the extent as to allow
nucleotides to bulge out in a way that would permit non-contiguous nucleotides to contact the
enzyme. However, this does not explain why we observed differential enzymatic activity levels
on the same RNA substrate of varying lengths (Figure 2.4E). Further studies should probe the
extent to which structural elements present in RNAs contribute to the specificity of
methyltransferases.

Here we have shown that the extensive m°C epitranscriptome is established and
maintained by a suite of enzymes. We first showed that the individual loss of these 5 enzymes

leads to the in vivo loss of site-specific m°C via RNA BS-seq. Then, we demonstrated the in vitro
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activity of 3 R5CMTs to install m°C using radiolabelling assays and mass spectrometry. Of the >
230 m°C sites detected in the parent strain, and since we were only able to correlate the
installation of a quarter of these sites with an R5CMT, there is likely at least one more R5SCMT
encoded in T. kodakarensis. Two MTases we screened, TK1785 and TK1933, are essential and
could not be deleted. Annotations would strongly suggest TK1785 encodes a R5CMT, and its
essentiality would likewise indicate the essentiality of the m®C epitranscriptome. It is also
possible that cytidines may be redundantly targeted for modification and deletion of all RSCMT
would be necessary to remove all m°C sites. It has long been speculated but sparse evidence
would indicate whether R5CMTs share partial redundancy in target sites. To test this, we
generated a strain deleted for both TK1935 and TK2304, two genes that encode bona fide
R5CMTs (Figure 2.4 and supplementary Figure A2.8). The in vivo data shows vast changes in
the m°>C-profile and many additional losses in m°C sites not detected in either individual deletion
strain, indicating a partially redundant network of RSCMTs with overlapping methylation targets.

We observed hundreds of m°C sites in T. kodakarensis in diverse RNAs and detected
changes in m°C sites in strains deleted for putative RMTases as well as differential m°C-profiles
between growth phases. The dynamic nature of the m®C profile reinforces that the
epitranscriptome is highly responsive to physiological changes. Deletion of RSCMTs result in
temperature-dependent growth defects with increasing severity at higher temperatures,
consistent with the hypothesis that RNA m°C supports hyperthermophilic growth. Taken together
these data suggest that a suite of RSCMTs with partial redundancy maintain the m°C

epitranscriptome and support life at extreme temperatures.

Materials and Methods

Cell growth

All T. kodakarensis strains were grown anaerobically at 85°C in artificial sea-water with
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yeast, tryptone (ASW-YT) and supplemented with agmatine.*? Cultures grown for total
ribonucleoside analysis by LC-MS/MS were grown to mid exponential growth phase (ODggy, =
~0.3) in duplicate before harvested by centrifugation. Culture prepared for bisulfite sequencing
were harvested during early exponential growth (ODgy, 0.1-0.2) and then left to continue
growing before harvesting the remaining culture after two hours after reaching its maximum
optical density (0.6-0.8, stationary growth phase); 300 ml of culture were harvested by
centrifugation during early exponential growth phase and 200 ml of culture were harvested

during stationary phase. Cell pellets were stored at -20°C.

Strain construction

For each putative RMTase, the gene and ~700 bp up and downstream were PCR
amplified from genomic DNA and gel purified (Qiagen, cat# 28706X4). Primers were modified
to include 13 bp terminal extensions with homology to pTS700 at Swal. All primer sequences
can be made available upon request. pTS700 was linearized with Swal (NEB, cat# R0604S)
before the insert was cloned into pTS700 by ligation independent cloning. The coding sequence
of the target gene was then removed from the plasmid using QuickChange site directed
mutagenesis Agilent cat# 200516). Regions where the target gene overlapped with other
genomic elements (i.e. other genes or known promoter sequences) were retained in the
plasmid. Deletion-plasmid sequences were confirmed using sanger sequencing. Procedures for

generating deletion plasmids are previously reported in Hileman et al. (43).

Procedures for generating deletion strains are published in Gehring et al. (44). For each
RMTase gene targeted for deletion, the corresponding deletion-plasmid was transformed into T.
kodakarensis strain TS559 and cells were plated on agmatine-free, rich medium. After 2-5 days
of growth at 85°C, transformants were picked into rich liquid media lacking agmatine and grown

overnight. For each isolate, genomic DNA was extracted from 1 ml of fully grown culture by
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phenol/chloroform/isoamyl alcohol (25/24/1; v/viv) followed by alcohol precipitation in an equal
volume of ethanol. Plasmid integration into the genome was confirmed by PCR using two primer
pairs, with one primer from each pair having homology to the genome and the other primer to

the plasmid. This ensures that the amplicon originates from a genomically integrated sequence.

Isolates where the plasmid had integrated at the predicted loci were plated on minimal
medium with the counter selectable marker, 6-methyl purine, and grown anaerobically for 2-5
days at 85°C. Colonies were then picked into rich liquid media and grown overnight. Genomic
DNA was purified from each strain and screened for deletion of the target loci. Candidate
deletion strains were identified via PCR using four sets of primers. First, PCR using primer pairs
that flanked the deletion loci (A/B primers) resulted in a reduced amplicon size equivalent to the
size of the deleted region compared to the parent strain. Primer sets both with homology to a
region internal to the deletion loci (C/D primers) resulted in PCR amplification in the parent
strain but not the deletion strain. Two combinations of external and internal primers (A/D and
C/B primer pairs), which should not produce an amplicon in the deletion strain were used to
ensure the deletion loci was absent in the deleted strain. Candidate deletion strains where PCR

indicated a successful deletion were confirmed via whole genome sequencing.

To ensure the region targeted for deletion was correctly excised and to ensure no
off-target genome modifications were present, each candidate strain was screened by whole
genome sequencing on a Minlon platform. Each strain was grown anaerobically overnight in 5
ml of rich medium with agmatine at 85°C. Cultures were pelleted and genomic DNA purified
using the Monarch Genomic DNA Purification kit (NEB, cat# T3010S). Library preparation for
each strain was completed using the Rapid Barcoding kit 96 (ONT, cat# SQK-RBK110.96).
Sequencing was done on the Minlon Mk1C with the R9.4.1 flow cell. Fast5 files were converted
to Fastq files using Guppy default settings. Fastq files were aligned to the TS559 reference

genome using MiniMap2 and alignment files were compared to the reference genome using
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Medaka Variant Calling Pipeline via Neural Networks. Visual inspection of the deletion loci on
Integrated Genomics Viewer confirmed deletion of the loci. As a third confirmatory measure, the
bisulfite sequencing of RNA (described below) was checked for RNA that aligned to the deleted
loci. For all libraries, we observed virtually zero coverage at the deleted loci, fully indicating the

gene had been cleanly deleted.

RNA preparation

The universal human reference (UHR) RNA (Agilent, cat# 740000) was generated by
pooling 10 cell lines to reduce cell type bias. T. kodakarensis cells were resuspended in 1 mL
TRIzol and 200 uL chloroform with a 5-10 minute incubation at room temperature proceeding
each reagent. Cellular debris were removed via centrifugation at 15K RPM for 15 minutes. The
aqueous phase was alcohol precipitated in 2.7x the volume of 100% ethanol and incubated at
-80°C for 30 minutes. RNA pellets were collected via centrifugation at 15K RPM for 30 minutes
at 4°C. RNA was resuspended in nuclease free water and treated with DNasel (NEB, cat#
MO0303) for 30 minutes in 1X DNase buffer at 37°C. RNA from each sample was purified using
the Monarch RNA Clean Up kit (NEB, cat# T2040S or T2030S) or the Zymo RNA Clean and
Concentrator kit (Zymo, cat# R1017). A fraction of total RNA was depleted for tRNAs using the
Zymo RNA Clean and Concentrator Kit following the manufacturer's protocol for selective

recovery of RNA > 200 nt.

rRNA was depleted from a fraction of the RNA samples using reagents provided in the
NEBNext rRNA Depletion Kit (NEB, cat# E6310) and custom DNA oligos.*> The manufacturer’s
protocol was followed with the following changes: The NEBNext rRNA Depletion Solution
provided in the kit was substituted for a mixture of 85 oligonucleotides at 1 yM concentration for
each oligo whose sequences were complementary to T. kodakarensis rRNA. All volumes for the

probe hybridization, RNase H treatment and DNase | treatment sections of the protocol were
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scaled up 2-fold and 24 yl of 62.5 ng/pl T. kodakarensis RNA was used as the starting material.

LC-MS/MS

Cellular total RNA, rRNA-depleted samples and RNA substrates for the in vitro
methyltransferase assays (see below) were digested to nucleosides at 37°C overnight using
Nucleoside Digestion Mix (NEB, cat# M0649S). Tandem liquid chromatography-mass
spectrometry (LC-MS/MS) analysis was performed by injecting digested RNAs on an Agilent
1290 Infinity Il UHPLC equipped with a G7117A diode array detector and a 6495C triple
quadrupole mass detector operating in the positive electrospray ionization mode (+ESI). UHPLC
was carried out on a Waters XSelect HSS T3 XP column (2.1x100 mm, 2.5 um) with a gradient
mobile phase consisting of methanol and 10 mM aqueous ammonium acetate (pH 4.5). MS data
acquisition was performed in the dynamic multiple reaction monitoring (DMRM) mode. Each
nucleoside was identified in the extracted chromatogram associated with its specific MS/MS
transition (m°C precursor ion m/z: 258.1; product ion m/z: 126.1). To resolve m*C and m°C
positional isomers, 0.1% formic acid was used as aqueous mobile phase. The abundance of
each nucleoside derived from the digested samples were quantified based on chromatogram
peak integration standard curves. Relative abundance of each modified nucleoside was
determined by further dividing the peak integrations of modified and unmodified nucleosides (for

example: m°C/C).

For site-specific analysis of the 101 nt rTK2304 substrate, the fragment was instead
digested with RNase T1 (Thermo, cat# EN0542) at 37°C for 1 hour and subject to an Eclipse
Fusion Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with a Vanquish UHPLC
(Thermo Fisher Scientific). Digested oligonucleotides were separated in a mobile phase
gradient consists of buffer A (1% hexafluoroisopropanol (HFIP), 0.1% N,N-diisopropylethylamine

(DIEA), 1 uM EDTA) and buffer B (90% Methanol, 10% water, 0.075% HFIP, 0.0375% DIEA, 1
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MM EDTA) on a C18 column (Waters ACQUITY Premier Oligonucleotide, 1.7 ym, 2.1 x 100
mm). The obtained chromatogram peaks were deconvoluted by a ProMass HR software

package (Novatia LLC, USA).

RNA library preparation and bisulfite sequencing

Frozen cell pellets were resuspended in a total volume of 7.5 ml TRI reagent RT (MRC
Inc. Cincinnati, OH), vortexed and incubated at room temperature for 5-10 min prior to cooling
on ice. 375 pl of 4-bromoanisole (MRC Inc.) was added and tubes were mixed by inversion prior
to centrifugation at 12,000 g for 15 min at 4°C. The aqueous layer (~4.5 ml) was removed, 6.75
ml of 100% isopropanol was added, tubes were mixed by inversion and the centrifugation step
was repeated for 30 min. Liquid was removed from the tubes, each pellet was washed with 75%
ethanol and the centrifugation was repeated for 10 min. The 75% ethanol was removed and
pellets were air dried for 5 min or less. Pellets were resuspended in 450 ul nuclease free water
(ThermoFisher), 50 ul DNase | buffer, 5 yl DNase | (NEB, cat# M0303) and incubated at 37°C
for 30 min. An equal volume of acid-phenol:chloroform, pH4.5 with IAA 125:24:1
(ThermoFisher) was added, tubes were mixed by inversion, centrifuged and aqueous layer
removed and precipitated similarly as above. After the 75% ethanol wash step, each pellet was

dissolved in nuclease free water and stored at -80°C.

The rRNAs- and tRNA-depletion was performed as described above. Bisulfite treatment
of RNA recovered from rRNA depletion or 400-750 ng of total RNA was carried out using an EZ
RNA Methylation Kit (Zymo Research Irvine, CA) with a 65°C for 120 min incubation in place of
the 54°C for 45 min incubation in the protocol. Eluted RNA was either immediately used for
construction of sequencing libraries or stored at -80°C. Libraries for sequencing were prepared
using the NEBNext® Ultra™ or Ultra™ Il Directional RNA Library Prep Kit for lllumina® (NEB,

cat# E7420 or E7760) using the “protocol for use with purified mMRNA or rRNA depleted RNA”.
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The recommended fragmentation conditions for partially degraded RNA were used in the
fragmentation step. Bisulfite-treated libraries were sequenced on one of three lllumina
platforms, Replicate 2 of strain TS559 and replicate 1 of all single deletion strains were
sequenced on the Next-Seq, with the exception that both replicate 1 and 2 for single deletion
strains ATK0360 and ATK1784 were all sequenced on the Nova-seq. Replicate 3 of strain
TS559, replicate 2 for single deletion strains and all double deletion strains were sequenced on

the Nova-seq.

Bisulfite sequencing fastq files have been deposited into NCBI Sequence Read Archive

(SRA) under BioProject PRINA937301.

Raw data processing

Fastq reads were subjected to adapter trimming and quality control using Trimmomatic
v0.39 using the following command: PE <samplelD>_R1.fastq.gz strain_RZ2.fastq.gz
ILLUMINACLIP:adapters.fa:5:15:10 SLIDINGWINDOW:1:20 MINLEN:20. Reads where any
base was sequenced with a PHRED score < 20 were removed from further analysis. Reads less
than 15 nt were also removed. Using the custom python3 script, BSfilter.py, fastq reads with >
3% cytosine retention (# cytosines / read length) were removed. Fastq files for each pair end
were independently mapped to our custom reference genome (Thermococcus kodakarensis
strain TS559) using BSseeker2 v2.1.8. Fastq reads for pair R1 were reverse complemented
prior to mapping using the following command: python2 /BSseeker2/Antisense.py -i
strain_R1_C.fastq -0 <samplelD>_R1_CA.fastq. Mapping was completed using the following
command: python2 bs_seeker2-align.py -i <samplelD>_R1_CA.fastq -g
TS559 reference _genome.fasta --temp_dir=/tmp -m 2 --XS=0.03,3 --bt2--mm --bt-p 10
--aligner=bowtie2 -p /bowtie2/. For mapping, bowtie2 v2.2.14 was used to support BSseeker2.

Two mismatches per alignment were allowed (excluding C-to-T mismatches). Bam files for each
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pair end were merged using samtools v1.17. Using samtools, alignments were removed from
bam files where MAPQ score was < 20 and when detected as a PCR duplicate using the
following series of commands: samtools view -h -b -q 20 <samplelD>_unsorted.bam | samtools
sort -n -0 <samplelD>_mapq_nsorted.bam; samtools fixmate -rm strain_mapq_nsorted.bam;
<samplelD>_fixmate.bam; samtools sort <samplelD>_fixmate.bam >
<samplelD>_fixmate_csorted.bam; samtools markdup -r <samplelD>_fixmate_csorted.bam
<samplelD>_rmdup.bam. To reduce file size and retain as much data as possible prior to
generating CGmaps, each bam file was pseudoreplicated (split) into 10 bam files using the
custom python3 script, pseudoreplicate_paired_samfile.py and the following command: python3
pseudoreplicate _paired_alignment _file.py -r 10 -b -s <strainlD> -i <sample/D>_rmdup.bam. For
each strain, the seed (-s) corresponds to the 4 digit TK gene ID (i.e. TS559, 2304, etc).
CGmaptools v0.1.2 was used to obtain CGmaps where C/T coverage and C coverage are
calculated at each genomically encoded cytidine where total coverage > 0. The following
command was used to generate CGmaps for each pseudoreplicate: cgmaptools convert
bam2cgmap -b <samplelD> rmdup_split10.bam -g TS559 genome.fasta --rmQOverlap -o
<samplelD>_rmdup_split10. Pseudoreplciate CGmaps were then merged into a single CGmap
using the following command: cgmaptools mergelist tosingle -i
<samplelD>_rmdup_split1.CGmap.gz,<sample/D>_rmdup_split2.CGmap.gz...<sample/D>_rmd

up_split10.CGmap.gz -o <samplelD>.CGmap.gz.

R software

CGmaps were then analyzed using R v4.2.2 software. Jupyter notebooks are provided
for analysis and figure generation. The tidyverse v2.0.0 collection of packages include dplyr
v1.1.0, readr v2.1.4, forcats v1.0.0, stringr v1.5.0, ggplot2 v3.4.1, tibble v3.1.8, lubridate v1.9.2,

tidyr v1.3.0, and purrr v1.0.1.
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Custom R and python scripts and associated files are provided at:

https://aithub.com/kscott94/The m5C-epitranscriptome of Thermococcus kodakarensis.

Power calculations for coverage requirements

Statistical power was calculated using the R software and the pwr v1.3.0 library
(one-sample t test with effect size (d) = 0.5). Effects sizes were estimated with a significance
level of 0.01. For comparison of m°C frequencies where a 2X fold change is observed between
parent and deletion strains, a total coverage of 47X is needed to achieve an 80% power. We
therefore required all candidate m°C sites to have a total coverage of greater than or equal to 47

reads.

Cytosine deamination ratio

The data analysis pipeline for detection of high-confidence and reproducible m°C sites
was written using R software and the Tidyverse collection of packages. CGmaps provide
coverage information at all genomically encoded cytidines and were the initial input into the
pipeline. We first calculated total cytidine conversion across all sequenced cytosines. We
gueried the total T or C coverage at all cytidine positions in the reference genome and divided T
coverage by C+T coverage (T/(C+T)) at all genomically encoded cytidines, which gave us
conversion rates = ~99.8% for all libraries (Figure 2.2B). These metrics indicate that cytidines

were adequately deaminated.

High-confidence m°C detection

Three metrics were implemented to call high-confidence m°C sites; total coverage, m°C
coverage and m°C frequency. Based on a power calculation, a total coverage of 47X at
individual sites of modification were necessary for adequate m°C frequency comparisons

between strains. In addition to total coverage, m°*C coverage (cytidine coverage) was
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parameterized based on m°C conversion rates at each genomically encoded cytosine and is
therefore different for each library. Cytidine coverage at each reference cytosine was to
calculate the 99% percentile for cytosine coverage (visually represented as a histogram in
Figure 2.2C), and as most sites have very few remaining cytidine due to bisulfite conversion to
uridine, we required that for a true modification site, m°C coverage must be > the 99%
percentile. Across 6 parent strain libraries, the minimum m°C coverage was calculated to be
between 5X and 18X, depending on the library. A minimum m°C frequency was also applied to
capture high-confidence and biologically relevant modifications. Modification frequency was
calculated by dividing cytidine coverage by cytidine + thymidine coverage (C/(C+T)). From
modification sites that met both total and m°C coverage minima, m°C frequencies were
visualized via histogram (Figure 2.2D). Visual inspection indicates that modification frequencies
level-off at ~10%, indicating many modifications with a frequency below 10% may be
false-positives. We determined that a high-confidence m°C site must reach a 10% modification
frequency. For sites with exceedingly high total coverage = 1000X, we lowered the modification
frequency minima to 5%. These three criteria define high-confidence m°C sites and were

applied to all libraries.

Reproducible m°C detection

The reproducibility of m°C sites was also considered. Our main analysis includes sites
that met our high-confidence thresholds in at least 2 replicates. Parallel analysis was performed

for sites that were determined to be high-confidence in all 3 replicates.

Linear regression of m°C frequencies

We performed linear regression on modification frequencies between replicates where
sites were high-confidence in at least 2 or 3 replicates (supplementary Figure A2.2A and B),

using R software; the function geom_smooth(method = “Im”) was used to visualize modification
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frequencies across replicates. Pearson’s correlation coefficients were calculated in R using

cor(x,y method=c(“person”)) where x and y are modification frequencies between replicates.

Gene expression threshold

To determine the proportion of unique transcripts with and without modification as
represented in Figure 2.3A, we calculated the number of genes with expression levels at or
above the expression threshold required for total m°C coverage. As such, genes with an
average expression of = 47x at each base were considered to be expressed at or above our
thresholds. The expression threshold was applied for at least 2 replicates for m°C sites
reproducible in > 2 replicates (Figure 2.3A) or 3 replicates for m°C sites reproducible in all 3

replicates (supplementary Figure A2.4A).

m°C site annotation

The complete annotation of each m®C site was performed using the two custom python
scripts; annotation_pipeline.py and helpers.py. In addition, the reference genome for T.
kodakarensis strain TS559 and its corresponding gtf annotation file as well as the wildtype
KOD1 reference genome were queried. All sites where a m°C modification was detected were
recorded in a text file, each separated by a new line. This line separated file was inputted into
annotation_pipeline.py where the complete annotation for each site was generated. All

additional analysis and figure generation were performed using R software.

Amino acid and codon bias

The transcriptome-wide occurrence of each codon sequence and amino acid identity
were queried using a custom python script, amino_acid_probability.py. Probability of each codon
or amino acid were calculated from known or suspected open reading frames for strain TS559.

These calculations are recorded in supplementary file 2.

86



m®C mRNA distribution

Modifications sites that mapped to mRNAs were assigned to a region: CDS, 5 UTR* or
3’ UTR (unpublished, or within 20 nt of the gene end when not indicated). To determine the
enrichment of m°C sites in each region, the number of m°C sites in each region was divided by
the average length of each region; 5’UTRs average 17 nt, 3’UTRs average 33 nt, and coding
sequences average 1000 nt. When a m°C site maps within a coding sequence, the percent
position within the transcript was determined by calculating distance from the transcription start
site and divided by the length of the gene. The percent position in the transcript was graphed via

histogram in R using geom_density().

Logos sequence analysis

A 41 nt region surrounding each m°C site was queried using the annotation pipeline
described above. The RNA sequences were analyzed in R using geom_logo() and
theme_logo() from the third party package, ggseqglogo v0.1. Sequence alignments as illustrated
in supplementary Figure A2.8 were performed using the Clustal Omega Webserver hosted by

EMBL-EBI.

Gene ontology enrichment analysis

Gene ontology (GO) analysis of m°C-containing mRNAs was performed using the
PANTHER bioinformatics database*’. GO terms with p value of less than 0.05 were considered

as statistically significant. No enrichment was detected.

Phenotypic growth analysis

Individual cultures were passages at least twice before inoculated into 10 mL rich
medium with agmatine and sulfur in triplicate. Cultures were grown at 65°, 75°, 85°, or 95° C in

a water or oil bath. The optical density at 600 nm (ODgy) was measured for each culture every
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60 (85°/95°) or 120 (65°/75°) minutes using UV-Vis spectroscopy. The ODgy, and the standard
error was plotted in R using geom_smooth(method = ‘loess’, SE=TRUE). The maximum ODggy,
of each of the three replicates was divided by that of the average maximum ODg,, of the control
TS559 strain to graph the relative proportion to the control. The doubling time of each replicate
was calculated using the following equation: (Atime * In(2) ) / In(final ODgy / initial ODggy).
Generally, the initial ODgy, was taken where the OD first doubled (~ 0.05) and the final ODgy,
was taken where the ODgy, was that of half the maximum ODgg, (~0.3 - 0.4). This ensures
calculation of the quickest doubling time of the culture. The doubling time of each culture was
averaged across 3 replicates, divided by that of the control TS559 strain, and graphed as a

relative proportion to the control.

Recombinant protein expression and purification

The gene sequences for each RNA MTase were PCR amplified from the T. kodakarensis
genome using primers with 17 bp terminal extensions homologous to the expression vector. The
coding sequences along with an E. coli ribosome entry site were cloned into a pQES80
expression vectors at the EcoRI restriction site using Infusion cloning (Takara Bio., Cat #
638910). For genes where the start codon is GTG in T. kodakarensis, we exchanged the start
codon for ATG for expression in E. coli. Gene sequences were C-terminally tagged with 6
histidines (6xHis) to aid in affinity purification. Transcriptional expression is controlled by the /ac
promoter, and the plasmid confers ampicillin resistance. Expression vectors were transformed
into the Nico21 E. coli cell line (NEB, cat# C2529H). We additionally transformed the pRARE
plasmid (confers chloramphenicol resistance) into the Nico21 cell line to overcome the codon
bias between T. kodakarensis and E. coli. Cells were grown on ampicillin (100 pg/mL)- and
chloramphenicol (25 pug/mL)-containing solid LB medium. A single colony was picked into liquid
broth containing the necessary antibiotics for plasmid retention and grown overnight. Overnight

cultures were used to inoculate larger cultures in a 1:100 ratio and grown at 37°C with shaking.
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At an ODyg, of 0.3-0.5, cultures were spiked with isopropyl B-d-1-thiogalactopyranoside (IPTG,
200-400 uM final concentration) to induce protein expression and D-sorbitol (2-3% w/v final
concentration) to improve protein solubility. Cultures were shaken at 37°C for an additional 3

hours before they were harvested via centrifugation. Cell pellets were stored at -20°C.

Cell pellets were thawed and resuspended in buffer A (25 mM Tris-HCI pH 8.0, 500 mM
NaCl, 10% glycerol) and sonicated on ice for 30 minutes to lyse the cells. Cellular debris were
removed by centrifugation at 15K RPM for 15 minutes. The supernatant was heated to 65°C for
15 minutes to remove most of the E. coli proteins before centrifugation at 15K RPM for 15
minutes. The 6xHis-tagged protein in the heat-treated supernatant was purified on an AKTA
system using a HiTrap Chelating HP column (Cytiva Life Sciences, cat# 17040901). The column
was charged with Ni?* before passing through the head-treated cell lysate. After the protein
bound to the column, the column was washed with buffer A until the UV spectra returned to
base-line, indicating the removal of unbound E. coli proteins. The column was then washed in
20-40 mM imidazole to further remove non-specific proteins. The protein was eluted from the
nickel at increasing concentrations of buffer B (25 mM Tris-HCI pH 8.0, 100 mM NacCl, 10%
glycerol, 200 mM imidazole). Protein elution typically peaked at 165 mM imidazole. Elution
fractions were analyzed by SDS-PAGE (BioRad, cat# 5678095) under denaturing conditions
followed by western blot with antibodies against the 6xHis tag. Fractions where the target
protein was cleanly eluted were pooled and dialyzed into storage buffer (25 mM Tris-HCI pH 8.0,

100 mM NaCl, 50% glycerol v/v), and diluted to a 10 uM concentration in storage buffer.

Generation of RNA substrates for in vitro methyltransferase assays

RNA substrates used in methyltransferase activity assays were selected where the RNA
was modified in vivo, but the m°C was lost in a strain deleted for an RSCMT. All 23 nt RNA

substrates were ordered from IDT and resuspended in nuclease-free water (ThermoFisher
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Scientific, cat# AM9932). Full length TK1911 mRNA (TK1911 coding sequence without UTRS)
was amplified from the T. kodakarensis genome by PCR with primers
5’-atttaggtgacactatagATGACTGACAAGAAGAAGC and 5-TTATCCCTCACTGCCCCTAAG. The
equivalent U-RNA (where the target cytidine is substituted for a uracil) was purchased from
Twist Biosciences and PCR amplified using the same primers. The forward primer is tailed with
the Sp6 Polymerase promoter sequence. The PCR reaction was run on a 1% TBE agarose gel
and gel purified (Quiagen, cat# 28706X4). 500 ng of DNA amplicon was used in an in vitro
transcription reaction according to the manufacturer's protocol for the HiScribe Sp6 RNA
synthesis kit (NEB, cat# E2070S). Reactions were quenched with 2x volume of TRizol reagent
(ThermFisher Scientific, cat# 15596026) and a 1:5 ratio of chloroform (ThermoFisher Scientific,
Inc). Reactions were mixed by pulse vortex and separated by centrifugation at 15K RPM for 1
minute. The aqueous layer was taken into 1 uL GlycoBlue (ThermoFisher Scientific, cat#
AM9515) and 3x the volume of 100% ethanol. RNA samples were incubated at -80°C for 30
minutes then pelleted by centrifugation at 15K RPM for 30 minutes. Reactions were aspirated
completely, resuspended in nuclease free water (ThermoFisher Scientific, caté AM9932) and
quantified using the Qubit RNA broad range kit (Thermofisher Scientific, cat# Q10210). RNA

samples were concentrated by alcohol precipitation or diluted to 10 uM in nuclease free water.

Methyltransferase activity assay

To confirm the suspected methyltransferase activity of RSCMTs, we performed
enzymatic reactions with the recombinantly expressed and purified enzyme and RNA substrates
generated in vitro or purchased from IDT. Complete reactions were done in a 20 pyL volume with
1 UM enzyme in storage buffer, 1 uM RNA, ~1 uM [*H-methyl]-SAM (PerkinElmer, cat#
NET155V001MC) and 1x MTase buffer (25 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM DTT).
Negative control reactions where 1 reaction component was excluded in place of water or the

U-RNA was substituted in place of the C-substrate were performed in parallel. Reactions were
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incubated at 95°C for 30 seconds to denature the RNA and then 65°C for 15 minutes to facilitate

enzymatic activity. All reactions were completed in biological triplicate.

Reaction temperatures were lowered to 4°C before 15 L of each reaction was spotted
onto cut 1"x1” squares of Hybond-N+ paper (Cytiva, cat # RPN2020B), where the RNA strongly
binds to the membrane. The squares were left to dry for 10 minutes before submerged in 200
mL 5% w/v Trichloroacetic acid (TCA, ThermoFisher Scientific, cat# 421455000) for 5-10
minutes with rocking. The TCA was exchanged for fresh TCA 5 times to wash away reaction
components while *H-methylated RNA remained bound to the membrane. After 5 TCA washes,
the squares were air dried for 20 minutes, then placed in a scintillation vial containing 5 mL of
liquid EcoScint scintillation fluid (FisherScientific, cat#50-899-90184). The B-decay of each
reaction was measured in counts per minute (CPM) using the Liquid Scintillation counter
TRI-CARB 2900TR (Pickard). CPMs between reactions with C- and U-RNA were compared and
p-values were calculated using a two-sample unpaired t-test. Comparisons resulting in a p-value

<0.05 earned one star (*) while p-values <0.01 earned two stars (**).

RNA structural analysis

RNA secondary structures and minimum free energies were computed using Vienna
RNAfold 2.4.18 webserver or the Vienna RNAfold package v2.4.14. RNA fold predictions for in
vitro RNAs were done at 65°C, while in vivo RNA folds were predicted at 85°C. For local RNA
folds, a 41 nt region surrounding the target cytidine was queried from the full length fold.
Nucleotides that are base paired are represented by a | symbol while single stranded

nucleotides are represented by periods in Supplementary File 1.
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CHAPTER 3: A NOVEL N4,N4-DIMETHYLCYTIDINE STABILIZES THE ARCHAEAL
RIBOSOME?

Summary

Thermal denaturation of translation machinery is lethal in all extant life, but how heat-loving
organisms protect ribosome integrity at extreme temperatures is poorly defined. rRNA is among
the most densely modified RNAs in the cell, and distinct modification profiles reported in
hyperthermophilic ribosomes are known to promote thermophily. Here, we described a unique
epitranscriptomic marker in the 16S rRNA helix 31 that is hypermodified and critical for
hyperthermophilic growth in Thermococcus kodakarensis. In the H31 loop, we mapped
N4,N4-dimethylcytidine (m*,C) with single nucleotide resolution using bisulfite-sequencing
(BS-seq) and LC-MS/MS. Bisulfite-driven deamination of cytidine was previously thought to only
be resistive by modifications at C5, however we report that m*,C is robustly resistant to
deamination. We identified the bona fide writer (m*,C synthase) that generates m*,C in vivo and
in vitro. Structural studies demonstrate m*,C synthase adopts a Rossman fold and a unique
N-terminal domain. We then demonstrated that m*,C synthase methylates assembled
ribosomes but not naked or endogenously modified 16S rRNA and defined the catalytic motif.
Taken together, we report a novel writer enzyme and epitranscriptomic marker in the ribosomal

decoding center that enhances thermophily.

Introduction

In addition to the five canonical bases (A, U, T, C, G), nucleotides can be enzymatically

modified and take on new forms and functions. Ribosomal (rRNA) and transfer (tRNA) RNAs

2This work was completed by the following contributors: Kristin A. Fluke, Ryan T. Fuchs, Yueh-Lin Tsai,
Victoria Talbott, Liam Elkins, Hallie P. Febvre, Nan Dai, Eric J. Wolf, Ryan Czarny, Jackson Schiltz, G.
Brett Robb, P. Shing Ho Ivan R. Corréa Jr., Thomas J. Santangelo. (2023)
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are among the most densely and diversely modified RNAs across Domains where modifications
have wide-ranging impacts on translation outcomes."? The function of the vast majority of RNA
modifications and the writer enzymes that generate modified nucleotides have yet to be
discovered, but recent investigations have shown that some hyperthermophilic archaea modify
RNA at unprecedented levels compared to Eukarya and Bacteria.>* These studies have
demonstrated that archaeal ribosomes are abundantly modified in some hyperthermophilic
archaea, and the epitranscriptome is essential to hyperthermophilic growth, suggesting a role

for RNA modifications in cellular thermophily.

Ribosomal RNA is decorated with a plethora of modifications concentrated in structurally
conserved regions and are known to impact the structure, function, and molecular interactions
of rRNA.%® At the decoding center, tRNAs bind to and decode mRNAs, resulting in the
incorporation of amino acids into a nascent polypeptide in the P-site. Amino acid
misincorporation occurs at a basal rate of 103-10, where a steep decline in translational
accuracy is apparent at increasing temperatures.”® The physiological consequences of
sustained mis-translation are often devastating.®®'° It is therefore unsurprising that the decoding
center is a hot-spot for modified residues that likely contribute to the stability and overall integrity

of translation machinery.

The strategies employed by hyperthermophiles to maintain optimal translation accuracy
under harsh denaturing conditions is unclear, but likely multifaceted. It has been shown that the
model hyperthermophile, T. kodakarensis, is enriched for 4-acetylcytidine (ac*C),
5-methylcytidine (m°C), and 2’-O methylation, and an obvious increase in ac*C sites dispersed
throughout the ribosome is apparent at increasing culture temperatures.** In Chapter 2, |
showed that the decoding center and A, P, and E sites are specifically enriched for m®*C. The
loss of either ac*C or m°C results in a temperature-dependent growth defect with increasing

severity at rising temperatures. It is likely that rRNA modifications support translation under
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thermal insults by fortifying ribosome structure and function. How disparate modification profiles
are generated and contribute to ribosome function in diverse species and thermophily in

heat-loving archaea are only just beginning to be uncovered.

The ribosome has a highly conserved sequence, structure and function across all life,
but different species have adopted distinct rRNA modification profiles.>'-'® Essential nucleotides
in the helix 31 (H31) stem-loop of the small subunit rRNA jut into the P-site. H31 directly
contacts the P-site tRNA, translation initiation factors, and ribosomal associated proteins, and
structural and biochemical studies have suggested the importance of H31 nucleosides in
cellular viability and translational fidelity.'* There is an incredible diversity in the modification
profile of this conserved region across model species. In eukaryotes, a highly modified uridine
analog, such as 1-methyl-3-a-amino-a-carboxyl-propylated pseudouridine (m'acp®¥) in humans,
is typically present at the apex of the H31 loop. The loss of m'acp®W in H31 has a strong
correlation with more than 22 distinct cancers, including colon cancer.' The extent and
complexity to which this uridine is modified varies depending on species. In contrast, all Bacteria
bear an entirely conserved 2-methylguanosine (m?G) and m°C in the H31 loop." In Haloferax
volcanii, a moderate thermophilic archaeon with a growth optimum of 45°C, acp®V sits in the
H31 loop.' Little else has been reported regarding the modification profile of this region in other
archaea, nor have there been reports of this nature in hyperthermophiles. The modification
profile of H31 has apparent benefits to translation, but the advantages conferred by select
modifications are hitherto unaddressed. Further research is required to elucidate the factors that
drove the evolution of variable modification profiles in this otherwise highly conserved region in

the ribosomal decoding center.

Here, we report for the first time the modification status of the H31 stem-loop in the
hyperthermophilic archaea, T. kodakarensis. We have demonstrated a unique modification

signature in the ribosomal recoding center. The H31 loop harbors two adjacent nucleosides,
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C1-methylpseudouridine (m'W) and N4,N4-dimethylcytidine (m*,C). To our surprise, we found
that m*,C is largely resistant to chemical deamination by sodium bisulfite, and we have mapped
a single m*,C residue to H31 using bisulfite-sequencing (BS-seq). The identity of this modified
nucleotide and surrounding nucleosides was validated using liquid chromatography coupled
tandem mass spectrometry (LC-MS/MS). We demonstrated the in vivo and in vitro activity and
solved the atomic structure of m*,C synthase, the writer enzyme that generates m*,C. To our
knowledge, this is the first study to map any m*,C residue with single nucleotide resolution or
identify the bona fide enzyme responsible for its installation. Strains lacking m*,C exhibit a
growth defect with increasing severity at higher temperatures, suggesting the single m*,C

residue enhances thermophily and likely impacts translation outcomes under thermal insults.

Results

A unique m*,C residue sits in the H31 loop

In an effort to investigate the thermophilic attributes of m°C, we bisulfite sequenced RNA
from T. kodakarensis collected during exponential or stationary growth phase. Cytidines
modified at the C5 position are resistant to bisulfite-driven deamination and retain their cytidine
identity while unmodified cytidines or those modified at different positions in the nucleotide are
converted to uridine and sequenced as thymine. cDNA synthesis followed by next-generation
sequencing allows comprehensive and quantitative mapping of m°C sites with single nucleotide
resolution where cytidine is retained. We additionally sequenced RNA from strains uniquely
deleted for a putative RNA methyltransferase in an attempt to correlate a loss in site-specific
modifications with the loss of the enzyme responsible for its installation. In parallel, we
sequenced the parent strain TS559 and a strain deleted for gene TK2045, a candidate RNA

m®C methyltransferase. The deletion of TK2045 was confirmed using whole genome Minion
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sequencing (Figure 3.1a, DNA-seq). The deletion locus was also largely void of bisulfite

sequenced RNA reads (Figure 3.1a, RNA-seq).

In Chapter 2, | showed that bisulfite sequencing revealed more than 230 sites of cytidine
retention, and presumably sites of m°C in diverse RNAs. Here, | show that stains deleted for
gene TK2045 exhibited a single loss in cytidine retention that maps to C918 in the 16S rRNA
fragment corresponding to an essential nucleotide in the H31 loop (Figure 3.1b). In our parent
strain, the modification appears to occur in ~60% of the 16S rRNAs where a sequencing depth
of >10,000 was achieved in three biological replicates and across two growth conditions (Figure
3.1¢). In ATK2045 strains, the modification frequency drops to zero regardless of growth phase,
suggesting the enzyme encoded by gene TK2045 is responsible for modifying C918. No other
losses in modified cytidines were detected in the transcriptome. This data would suggest that
TK2045 is a writer enzyme that modifies C918 in the T. kodakarensis 16S rRNA, and this

modified cytidine is resistant to bisulfite-driven deamination.

To further investigate the modification status of H31, we collected total RNA and excised
the fragment of rRNA that includes H31 (Figure 3.1d). We applied DNA oligonucleotides with
complementarity to the sequences flanking the H31 region and RNaseH digestion the
hybridized RNA. We excluded the DNA oligos complementary to the H31 region, leaving intact a
60 nt fragment. The H31 fragment was then hybridized to a complementary, biotinylated DNA
oligonucleotide and purified using streptavidin-coated magnetic beads (Figure 3.1¢e). The H31
fragment was further fragmented using RNase T1 or RNase 4, and the resulting subfragments
were analyzed by LC-MS/MS (Figure 3.1f and h). In the fragment purified from the parent strain,
we did not detect m°C, rather we detected a mass shift consistent with N4,N4-dimethylcytidine
(m*,C) (Figure 3.1g). No modifications were detected at C918 in H31 subfragment derived from
ATK2045 or an unmodified in vitro transcribed RNA, indicating a complete loss of m*,C in

strains deleted for gene TK2045. Interestingly, we did not detect any traces of unmodified
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Figure 3.1 Bisulfite-sequencing reveals a single m*,C residue in the 16S rRNA helix 31
loop and the novel enzyme responsible for its installation. a, Genomic deletion of gene
TK2045 was confirmed using whole genome sequencing (DNA-seq) and RNA-bisulfite
sequencing (RNA-seq). Black lines that connect gray bars represent single reads with a
gapped alignment. b, Bisulfite sequenced RNA collected from TS559 or ATK2045 was
aligned to a reference genome where all cytidines were replaced with thymines, and
visualized using Integrative Genomics Viewer. Sites of modification are indicated where a
cytidine is retained (red) within a sequenced read. ¢, The frequency of cytidine retention
(modification frequency) in TS559 and ATK2045 at position C918 in the 16S rRNA. d,
Purification schematic to isolate the H31-containing fragment from ribosomal or total RNA. e,
The supernatant (wash) and streptavidin capture fractions were analyzed on an agarose gel.
Only when the biotinylated DNA oligo was included was the H31-containing fragment purified
(arrow). f, LC-MS/MS analysis of the H31 fragment and unmodified in vitro transcribed (IVT)
RNA. g, The nucleoside structure of m*,C. h, The modification status of the H31 region. The
colors of subfragments are consistent with those illustrated in panel f. The H31 sequence is
underlined.

cytidine at C918 in TS559, indicating a virtually completely modified cytidine. This contrasts with
the ~60% modification frequency measured by BS-seq. Where m°C is virtually completely

resistant to bisulfite deamination, m*,C appears to be partially resistant to the deamination
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chemistry. Taken together, these data would strongly indicate that the m*,C is robustly
detectable by BS-sequencing and gene TK2045 encodes an m*,C writer, which we have

tentatively named m*,C synthase.

The H31 region in model species is highly conserved in sequence, structure and
function, but its modification status is divergent between Domains and species.'> We detected
several other modifications in the T. kodakarensis H31 fragment (Figure 3.1h); directly adjacent
to m*,C, we detected m'W in the loop, and 2'O-methylguanosine in the stem. The atomic
structure of the T. kodakarensis 70S ribosome was recently released (PDB: 6TH6) and the
nucleotide modifications in the structure appear to be largely consistent with the modifications
we identified by LC-MS/MS. In eukaryotic models and H. volcanii, a single uridine nucleoside in
H31 is modified while in bacteria, two modified nucleosides are present. Not only did we detect
a unique modification signature in an essential stem-loop structure, it is unusual to observe 3
modifications in this region, indicating helix 31 is hypermodified in T. kodakarensis compared to

eukaryotic and bacterial model species.

m*,C synthase methylates assembled ribosomes

The in vivo, site-specific loss of m*,C upon deletion of TK2045 strongly suggests the
enzyme encoded by TK2045 is directly responsible for modifying C918. Although m*,C synthase
is bioinformatically predicted to encode a methyltransferase domain, it is possible that the loss
of m*,C is the outcome of downstream reguatory impacts resulting from the deletion of TK2045.
Although no potential intermediate modifications were detected by LC-MS/MS at this site, it is
also possible that m*,C is installed through the cooperation of multiple enzymes, and m*,C
synthase could be installing one of the two methyl moieties or a different modification that is

later replaced with m*,C.

To better understand the role of m*,C synthase in the generation of m*,C, we first sought
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to demonstrate its bona fide activity in vitro. rRNA fragments of varying lengths ranging from 201
nt to 966 nt were synthesized using in vitro transcription, resulting in unmodified RNA fragments
(supplementary Table A2.1). We also purchased unmodified 23 nt and modified 46 nt fragments
where the adjacent modifications we detected in H31 (Figure 3.1h) are present. Recombinant
m*,C synthase (rTK2045) (Figure 3.2a) was challenged to transfer a radiolabeled methyl group
from the common methyl cofactor, S-adenosyl-L-methionine (*H-SAM), to the RNA substrate.
We did not detect SAM-dependent methylation activity on modified or unmodified substrates
(data not shown). These data may indicate that the strategies for substrate recognition or

enzymatic activity extend beyond RNA sequence and secondary structure.

Since methyltransferase activity of m*,C synthase is not apparent on in vitro synthesized
RNA, we speculated that substrate recognition may rely on additional features only present in
fully assembled ribosomes or just the small 30S subunit. We purified fully assembled ribosomes
from parent strain TS559 and ATK2045 (Figure 3.2b) and challenged m*,C synthase to
methylate either ribosome species under low magnesium conditions where the large and small
ribosomal subunits largely dissociate. Ribosomes derived from TS559 contain m*,C and cannot
be modified further at C918, whereas ribosomes derived from ATK2045 will have an unoccupied
C918 available for m*,C installation (Figure 3.2c). Site specific activity of m*,C synthase should
therefore only be apparent in substrates derived from ATK2045. We also purified rRNA from
these ribosomes, generating substrates that are fully modified excluding m*,C918. We detected
robust SAM-dependent methyltransferase activity of m*,C synthase on ribosomes derived from
ATK2045 but not TS559 or rRNA regardless of its source (Figure 3.2d). Reactions lacking
®H-SAM or enzyme displayed background levels of radioactivity recovered on RNA substrates.
To ensure that m*,C synthase is methylating RNA rather than ribosomal proteins, we performed
a series of reactions where each reaction was quenched with ProteinaseK or RNaseA to

remove all proteins or RNA from the reaction. We demonstrate that reactions treated with
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Figure 3.2 Mature ribosomes are the primary substrate of m*,C synthase. a, SDS-PAGE
of recombinant m*,C synthase (rTK2045, ~34 KDa). b, SDS-PAGE and agarose gel
electrophoresis analysis of ribosomes purified from parent strain TS559 or ATK2045.
M=marker. ¢, In vitro methyltransferase activity assay schematic. d, SAM-dependent
methyltransferase activity of rTK2045 on ribosomes and rRNA purified from TS559 or
ATK2045. **p=0.001-4

ProteinaseK retain full activity recovered on rRNA while no activity was recovered from
reactions treated with RNaseA (supplementary Figure A3.1), indicating that methylation is to the
RNA. Taken together, these data show that m*,C synthase is directly involved in the methylation

of C918, and ribosomes are the preferred substrate.
H31 is hypermodified in T. kodakarensis

The sequence, structure, and function of the ribosome is conserved across all life, and
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although many positions of modification are often conserved, the frequency and identity of
modified residues can be highly divergent.®'? Sequence comparisons of the H31 region across
common model species demonstrate that this region has high sequence similarity within and
across Domains (Figure 3.3a). We compared 16 nucleotides in H31 and an additional 10
nucleotides up and downstream of H31. We show that 22 of the 36 nucleotides (~61%) share
sequence identity (Figure 3.3a, stars). Decades of structural studies have also demonstrated
that H31 adopts a helical, stem-loop structure. The sequence and structural conservation of
H31 across evolutionary lineages and its essentiality are highly suggestive that H31 is

biologically important, but the exact role of modified nucleotides in H31 is unclear.

Despite high sequence and structural conservation, there is an incredible diversity in the
modification profile of H31 across Domains and species (Figure 3.3b). For the first time, we
report the modification status of H31 nucleotides in a hyperthermophilic archaea. We detected 3
modified residues in T. kodakarensis H31 (Figure 3.1h) including m'¥ and m*,C at U917 and
C918, respectively. The modification status of H31 in eukaryotic model species is diverse, but
typically includes a uracil analog at the position equivalent to T. kodakarensis U917. The only
report in archaea indicates that H. volcanii includes acp®U at 910 in the H31 loop. In contrast, all
bacterial species bear a highly conserved m?G and m°C (at G966 and C967, respectively) in the
H31 loop. These data would argue that T. kodakarensis hypermodifies H31 compared to what is

currently known for model species.

m*,C918 enhances thermophilic growth

Previous reports indicate that the H31 loop directly contacts the P-site tRNA." When
viewed in the T. kodakarensis 70S ribosome structure (PDB 6TH6, unpublished) the electron
density of H31 nucleotides is largely consistent with the modifications reported here (Figure

3.3c), further confirming the identity of these nucleotides. Although the atomic structure depicts
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Figure 3.3 Chemical modifications decorate H31 across Domains and are fithess-relevant
in T. kodakarensis. a, Sequence alignment of the H31 region across Domains (Eu.=Eukarya,
Ar.=Archaea, Ba.=Bacteria). Green and blue highlighted nucleotides correspond to H31. The
position of the last nucleotide depicted (3'-most nucleotide) in the small subunit rRNA is listed.
Stars indicate conserved nucleotides within the alignment. b, Modifications to H31 nucleotides
across Domains. ¢, The structure and composition of H31 in the atomic structure of the T.
kodakarensis 70S ribosome (PDB 6TH6). d, The approximate distance measured between H31
nucleotides and the anticodon loop of the P-site tRNA. e, Head-to-head growth competition
between the parent strain TS559 and ATK2045. Confidence intervals in the regression model
are represented by + 1 standard error (SE).

m°U at U917, it is likely that cryoelectron microscopy often lacks sufficient resolution to
distinguish between the isomerization of the uracil base. Our mass spectrometry results suggest
this nucleotide is m'¥, not m°U. When viewed with respects to the A, P, and E site tRNAs,
m'W917 and m*,C918 interface with the anticodon loop of the P-site tRNA (Figure 3.3d). The
interface between H31 modifications and the P-site tRNA likely indicates a direct impact on how

tRNAs dock and translocate through the ribosome.

The position of m*,C in the ribosome could indicate this modification is important for
regulating translation dynamics and cellular fitness.™ To better understand the phenotypic
impact of m*,C, we performed head-to-head growth comparisons between parent strain TS559
and ATK2045. T. kodakarensis grows over a wide temperature range (~50 to ~98°C), with a
growth optimum of 85°C. We tracked the growth of ATK2045 at 65, 75, 85, and 95°C over 20-40
hours. A slight growth impairment was noted at 65, 75, 85°C and a severe growth defect at 95°C
(Figure 3.3e). These data indicate that this single m*,C residue imparts massive fitness benefits

under heat stress, and is critical for hyperthermophilic growth.

m*,C synthase adopts a canonical Rossman fold

Since m*,C synthase is a newly discovered enzyme, we first used computational
approaches to predict important residues. We then sought to solve its atomic structure by X-ray

crystallography to better understand the enzymological strategies of catalysis, SAM binding, and
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substrate recognition. The atomic structure was solved at ~2 A and revealed two distinct
domains (Figure 3.4a and b). The C-terminal lobe (red, yellow, and blue) adopts a canonical
class | Rossman fold, and bioinformatic predictions indicate a highly conserved domain that
contains the methyltransferase and SAM binding residues (red and yellow). The structure nor
sequence of the N-terminal lobe is suggestive of its purpose. The surface structure (Figure 3.4c)
clearly depicts a hollow core within the C-terminal lobe where cytidine and SAM binding
residues are predicted. The electrostatic potential (Figure 3.4d) shows a highly negatively
charged pocket where SAM binds and several positively charged residues near the cytidine
binding site. The outer surface is highly positively charged on one side opposite of the SAM and

cytidine binding pocket.

TGS1 ( PDB: 3GHD), a human methyltransferase that dimethylates guanosine at N2,
and shares significant structural homology to m*,C synthase. The atomic structure of TGS1 was
solved while bound to guanosine and SAH. Alignment of these TGS1 and m*,C synthase
allowed us to dock the approximate position of SAM and cytidine. These data indicate that SAM
and cytidine sit within the hollow core of m*,C synthase, where the SAM binding residues are

predicted to occupy (Figure 3.4e).

RNA m°C methyltransferases typically encode a DAPC motif, where aspartic acid acts
as the catalytic residue.’® While exocyclic amino methylating enzymes typically adopt a DPPY
motif, we instead identified a DPPR motif common to many RNA m®U methyltransferases.®
Extensive research conducted over recent decades leads us to speculate that the aspartic acid
(D) shares two hydrogen bonds with the cytidine at N4 and N3, and the carboxyl group linking
the two prolines (P) hydrogen bond with cytidine at N4 (Figure 3.4f). Since any two amino acids
would produce a carboxyl group available to hydrogen bond with cytidine, the importance of
either proline is unclear, as is that of the 4th arginine. The first three amino acids of this motif

(DPP) are entirely conserved within the 100 closest homologs (Figure 3.5), indicating these
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Figure 3.4 Structural and enzymological characterization of m*,C synthase. a, Atomic
structure of m*,C synthase at 2 A. The N- and C-termini, a-helices, B-sheets, and SAM are
labeled. b, Linear representation of m4,2C synthase. The N-terminal lobe (magenta), C-terminal
lobe (blue, red, yellow), methyltransferase domain (yellow, red), and SAM binding residues
(yellow) are labeled. Amino acid residues of interest are annotated. ¢, Surface structure and d,
electrostatic potential of m*,C synthase. e, Cytidine and SAM docked into the active site. f,
proposed interaction between cytidine and the DPPR motif. g, Approximate distance between
D205 and cytidine. h, SDS-PAGE analysis of recombinant m*,C synthase wild type and variant
proteins. i, Methyltransferase activity of each enzyme variant relative to wild type protein. j, Time
course methyltransferase assay.
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residues are likely important for catalytic function and are a shared signature of enzymes that
generate m*,C. To better gauge the impact of individual amino acid residues to the overall
activity of m*,C synthase, we recombinantly expressed and purified 8 m*,C synthase variants
(Figure 3.4h). The function of the N-terminal lobe is entirely elusive, and so a mutant lacking
amino acids 2-76 was generated (the start codon was retained). Additional mutants included
single alanine substitutions at residues of the DPPR motif, as well as positively charged
residues that may interact with negatively charged RNA substrates. All mutant and wild type
enzymes showed little-to-no activity on TS559-derived ribosomes, indicating none of these
mutations lead to substrate promiscuity (Figure 3.4h). The D205A mutant (suspected catalytic
residue within the DPPR motif) did not show activity above background, strongly indicating it is
in fact the catalytic residue (Figure 3.4h-j). The enzyme lacking the N-terminal lobe retains
approximately 20% activity compared to wild type enzyme (Figure 3.4h-j), indicating this domain
is not required but highly important for methylation. To our surprise, the amino acid identity of
P206 and R208 residues within the DPPR motif do not appear to be essential for catalysis, and
the R208A substitution actually results in slightly higher midpoint activity levels compared to wild
type enzyme (Figure 3.4i). Two additional mutants, R103A and R106A, were predicted to bind to
the RNA due to their positive charges, however, both of these mutants showed ~3-fold higher
midpoint activity levels. Time-course assays demonstrate that R103A, R106A, and R208A
results in markedly faster activity rather than higher endpoint activity (Figure 3.4j). It is possible
that single amino acid substitutions that reduce binding affinity to the substrate or SAM cofactor
lead to faster release of the methylated product and therefore faster reaction times while

retaining tight substrate specificity.

The N-terminal lobe is essential for in vivo m*,C installation

Although the C-terminal lobe of m*,C synthase is highly conserved, the N-terminal lobe

lacks homology to any protein with a known function. Unique N- or C-terminal lobes of unknown
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function are not uncommon in RNA methylating enzymes, and researchers speculate that these
unique domains likely participate in substrate recognition. We demonstrated in vitro that the
N-terminal lobe is not required for site-specific methylation and enzymes lacking the N-terminal
lobe retain ~20% activity levels (Figure 3.4j). To further probe the impact of this domain, we
measured the in vivo modification frequency at C918 in strains lacking nucleotides A4-231 of
TK2045 (supplementary Figure A3.2a). Bisulfite sequencing of RNA isolated from this strain
indicates a complete loss in modification at C918 (supplementary Figure A3.2b). If this mutant
protein retains 20% activity, we would expect to see a ~12% maodification frequency when
accounting for a ~60% deamination resistance. However, we were unable to detect any retained
cytidines at this position at over 13000X coverage, indicating the N-terminal lobe is essential for

in vivo installation of m*,C.

m*,C is not restricted to Archaea

To better understand the distribution of m*,C across Domains, we performed total
nucleoside analysis of RNA isolated from a variety of species. In the archaea, we detected a
robust signal for the presence of m*,C in two hyperthermophiles, Methanocaldococcus
jannaschii and Thermococcus sp. AM4 (data not shown). BlastP searches through KEGG reveal
obvious m*,C synthase homologs in these species encoded by genes MJ_1233 and
TAM4_1357, respectively. We did not detect m*,C in the hyperthermophile Sulfolobus
islandicus, the thermophile Halobacterium salinarum, or the mesophile Methanococcus
maripaludis (data not shown). Homologs were likewise not detected within these species or their
respective genera. Previous studies have indicated the potential presence of m*,C in
eukaryotes, bacteria, and some human viruses, however we failed to detect m*,C in human cell
lines, yeast, or E. coli, nor did we detect homologs in these species (data not shown). A BlastP
search for the top 100 KEGG homologs reveal close homologs spanning all domains of life

(Figure 3.5a). Although not all heat-loving species generate m*,C, all close, archaeal homologs
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Figure 3.5 Predicted domain and species distribution of m*,C synthase. a, Distribution of
the top 100 KEGG homologs by domain. b, Distribution of the top 100 KEGG homologs by
genus. Genera are colored by growth temperature. ¢, Phylogenetic comparison of KEGG
homologs where one representative species from each genus is included. The gene ID
corresponding to each m*,C synthase homolog is provided. Branches are colored by Domain
and organism by growth temperature. d, Sequence alignment of KEGG homologs. Redundant
genera were removed. Red residues represent highly conserved amino acid positions and blue
residues have lower conservation. A linear representation of the protein (from fig.4b) is included
for reference. tgrowth optimum unknown. e, Conserved residues within non-redundant KEGG
homologs (red) mapped to the atomic structure of m*,C synthase, including cytidine (green) and
SAM (pink). f, Percent of archaeal (Ar.) and bacterial (Ba.) species in the COG database that
encode m*,C synthase orthologs. g, Sequence alignment of COG orthologs. Redundant genera
were removed.

identified here are in hyperthermophilic or thermophilic species (Figure 3.5b). Seventy-seven
KEGG homologs are from Archaea (Figure 3.5a), but this protein is not solely restricted to the
archaeal domain, nor heat-loving species. Two close homologs are from the mesophilic
eukaryotes Chlamydomonas reinhardltii (algea) and Emiliania huxleyi (protist). The 21 homologs
from Bacteria are divided among psychrophilic, mesophilic, thermophilic, and hyperthermophilic
species and are from both gram-positive and gram-negative organisms. m*,C synthase is highly
conserved across the Thermococcus, Pyrococcus, and Mathanocaldococcus genera, yet absent
from the Sulfolobus and Methanococcus genera (Figure 3.5b). Phylogenetic comparison of a
representative homolog from each genera largely demonstrates that archaeal homologs share
more similarity to each other than other Domains, with the expectation of a single homolog from
a Thaumarchaeota, Ca. Caldiarchaeum subterraneum, which clusters near the eukaryotic
homolog in E. huxleyi (Figure 3.5c). Sequence alignment of representative homologs from each
genera indicates that the amino acid positions within the C-terminal lobe are highly conserved
across all homologs. The N-terminal lobe is largely conserved within most other homologs, but
distinctly missing from many bacterial and both eukaryotic homologs (Figure 3.5d). Within
non-redundant genera, 21 amino acids are entirely consvered within the KEGG homologs

(Figure 3.5e). These positions are located within the core of the C-terminal lobe and include

DPP of the DPPR motif, where the aspartic acid (D) is likely the catalytic residue.
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The Clusters of Orthologous Genes (COG) database, which currently include 1187 and
122 bacterial and archaeal genomes, respectively, indicate that 4.3% (57/1309) of these
organisms encode an ortholog of m*,C synthase. Eukaryotic genomes have not been cataloged
in COG and therefore the distribution of orthologs within eukaryotes can not be known. Gene
TK2045 belongs to COG2521 and arCOG00054, and is annotated as a ‘predicted archaeal
methyltransferase’. Within the COG catalog, m*,C synthase orthologs appear in 21% (26/122) of
archaeal organisms and 2.6% (31/1187) of bacterial organisms (Figure 3.5f). Similar to our
analysis by sequence homology, predicted orthologs appear to be specific to heat-loving
archaea, but in bacteria there is no growth temperature bias. Bacterial orthologs are rather
divergent and most lack homology to the N-terminal lobes present in archaeal orthologs (Figure
3.5g). We did not detect orthologs in the Sulfolobus and Methanococcus genera, nor in any
halophiles. Although most extremophiles are of archaeal lineage, archaea thrive across all
environmental niches, and there is a clear temperature bias within the archaea that include
m*,C synthase. Taken together, this analysis indicates that m*,C synthase homologs are
encoded within all Domains of life, but it is relatively rare and has largely been retained by

heat-loving archaea.

Discussion

Investigations into archaeal epitranscriptomes have lagged compared to those in
bacterial and eukaryotic model organisms. Several recent reports have probed the
epitranscriptomic makeup of hyperthermophilic archaea and have shown that T. kodakarensis
abundantly and extensively modifies coding and non-coding RNAs at unprecedented levels.
Thermococcus ribosomes are particularly hypermodified with ac*C® and m°C (Chapter 2), so it
is not surprising that H31 is likewise hypermodified. We report here a unique epitranscriptomic
marker in the H31 loop. The exact molecular function of modified nucleotides in H31 is

unknown, but it has been consistently demonstrated that the Thermococcus epitranscriptome
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confers a fitness advantage under heat stress. We show that m*,C is no exception. The dense
and chemically diverse epitranscriptome argues that Thermococcus provides an excellent
model system for further epitranscriptomic studies that probe the impact of both ubiquitous and

rare modifications on core biological processes.

BS-seq is currently the gold standard for quantitative and comprehensive mapping m°C
in DNA and RNA. Bisulfite-driven deamination of cytosine begins with sulfonation at C2 followed
by hydrolysis of the exocyclic N4 amino group, resulting in the generation of uracil sulfonate and
ultimately uracil. While cytosines are readily deaminated, the deamination of C5-modified
cytosines is very slow, taking approximately 12-16 hours."” C5-modified cytosines are resistant
to the initial conversion step of sulfonation, but m*C is highly susceptible to bisulfite-driven
deamination.” We showed that m*,C is ~60% resistant to deamination. It is unclear why a
doubly methylated but not singly methylate cytosine at N4 would be resistant to deamination. It
is possible that m*,C is readily sulfonated while being largly resistant to hydrolysis at N4,
resulting in the retention of cytidine. Hundreds of BS-seq datasets that purport m°C have been
published. It is unclear how widespread m*,C is, but its robust resistance to deamination
potentially indicates that existing datasets may be falsely reporting m°C sites that are actually
occupied by m*,C. Future studies that rely on bisulfite deamination should dedicate efforts to
orthogonally validating nucleoside identity when reporting the modification status of individual

nucleotides.

Several known modifications include the installation of two methyl moieties onto a single
nitrogen, but the mechanism by which an enzyme can produce a doubly-methylated product is
unclear. A similar enzyme, TGS1, has been shown to deposit two methyl groups into the N2
position of the m’G mRNA-cap resulting in a hypermodified G-cap.'® The atomic structure of
TGS1 bound to SAH and in vitro investigations indicate a single site for SAM binding within

TGS1 and results in the installation of both methyl moieties.?’ In the ATK2045 strain, we did not
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detect m*C in vivo or any other potential intermediates indicative of a multienzyme pathway.
Although this class of enzymes is not well studied, previous studies and bioinformatic
predictions would lead us to speculate that m*,C synthase first installs m*C, releases SAH
before binding a new SAM molecule and installing the second methyl group to N4. Only after

m*,C is generated does m*,C synthase dissociates from the ribosome.

Methylation is the most common chemical modification to RNAs?', but the mechanisms
that dictate the chemistry of methyl transfer are only well understood for a small subset of
methylation events. Endocyclic modifications (modifications within the nucleotide ring) are
common, and are often catalyzed by 1 or 2 cysteine residues within well defined RNA binding
and catalytic motifs.'®?2 RNA m°C methyltransferases typically require two cysteine residues,
one configured in a DAPC motif and another in a TCS motif, to coordinate methyl transfer.
Similarly, RNA m°U methyltransferases usually encode DPPR and SCN motifs for catalysis.
However, some exocyclic amino methyltransferases have been shown to encode a DPPY motif
while lacking catalytic cysteine residue(s). Here we show that m*,C synthase encodes a DPPR
catalytic motif, reminiscent of RNA m°U methyltransferases, and we failed to detect a
cysteine-containing motif seen in other methyltransferases. It is tempting to speculate that m*,C
methyltransferases are evolutionarily related to m°U methyltransferases where the DPPR motif
was exapted. The loose conservation of the fourth arginine may adumbrate that it is an

evolutionary remnant rather than an essential residue.

Materials and Methods

Cell growth

All T. kodakarensis strains were grown anaerobically at 85°C in artificial sea-water with
yeast, tryptone (ASW-YT) and supplemented with agmatine.® Cultures grown for total

ribonucleoside analysis by LC-MS/MS were grown to mid exponential growth phase (ODgy =
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~0.3) in duplicate before harvested by centrifugation. Culture prepared for bisulfite sequencing
were harvested during early exponential growth (ODgy, 0.1-0.2) and then left to continue
growing before harvesting the remaining culture after two hours after reaching its maximum
optical density (0.6-0.8, stationary growth phase); 300 ml of culture were harvested by
centrifugation during early exponential growth phase and 200 ml of culture were harvested

during stationary phase. Cell pellets were stored at -20°C.

Strain construction

Procedures for generating deletion plasmids are previously reported in Hileman et al.
(24). Briefly, the TK2045 genomic loci and ~700 bp up and downstream were PCR amplified
from genomic DNA and gel purified (Qiagen, cat# 28706X4). Primers were modified to include
13 bp terminal extensions with homology to pTS700 at Swal. All primer sequences can be made
available upon request. pTS700 was linearized with Swal (NEB, cat# R0604S) before the insert
was cloned into pTS700 by ligation independent cloning. The coding sequence of the target
gene or just the N-terminal sequence (nucleotides 4-231) were then removed from the plasmid
using QuickChange site directed mutagenesis Agilent cat# 200516). In parallel, HA-6xHis tags
were inserted into the plasmid at the C-terminal end of either the TK2045 or TK2045-NA
plasmids. Regions where the target gene overlapped with other genomic elements (i.e. other
genes or known promoter sequences) were retained in the plasmid. Deletion-plasmid

sequences were confirmed using sanger sequencing.

Procedures for generating deletion strains are published in Gehring et al. (25). The
deletion-plasmid was transformed into T. kodakarensis strain TS559 and cells were plated on
agmatine-free, rich medium. After 2-5 days of growth at 85°C, transformants were picked into
rich liquid media lacking agmatine and grown overnight. For each isolate, genomic DNA was

extracted from 1 ml of fully grown culture by phenol/chloroform/isoamyl alcohol (25/24/1; viviv)
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followed by alcohol precipitation in an equal volume of ethanol. Plasmid integration into the
genome was confirmed by PCR using two primer pairs, with one primer from each pair having
homology to the genome and the other primer to the plasmid. This ensures that the amplicon
originates from a genomically integrated sequence. The C-tagged plasmids were transformed

into ATK2045 strains following the same protocol.

Isolates where the plasmid had integrated at the predicted loci were plated on minimal
medium with the counter selectable marker, 6-methyl purine, and grown anaerobically for 2-5
days at 85°C. Colonies were then picked into rich liquid media and grown overnight. Genomic
DNA was purified from each strain and screened for deletion of the target loci. Candidate
deletion strains were identified via PCR using four sets of primers. First, PCR using primer pairs
that flanked the deletion loci (A/B primers) resulted in a reduced amplicon size equivalent to the
size of the deleted region compared to the parent strain. Primer sets both with homology to a
region internal to the deletion loci (C/D primers) resulted in PCR amplification in the parent
strain but not the deletion strain. Two combinations of external and internal primers (A/D and
C/B primer pairs), which should not produce an amplicon in the deletion strain were used to
ensure the deletion loci was absent in the deleted strain. Candidate deletion strains where PCR

indicated a successful deletion were next confirmed via whole genome sequencing.

To ensure the region targeted for deletion was correctly excised and to ensure no
off-target genome modifications were present, each candidate strain was screened by whole
genome sequencing on a Minlon platform. Each strain was grown anaerobically overnight in 5
ml of rich medium with agmatine at 85°C. Cultures were pelleted and genomic DNA purified
using the Monarch Genomic DNA Purification kit (NEB, cat# T3010S). Library preparation for
each strain was completed using the Rapid Barcoding kit 96 (ONT, cat# SQK-RBK110.96).
Sequencing was done on the Minlon Mk1C with the R9.4.1 flow cell. Fast5 files were converted

to Fastq files using Guppy default settings. Fastq files were aligned to the TS559 reference
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genome using MiniMap2 and alignment files were compared to the reference genome using
Medaka Variant Calling Pipeline via Neural Networks. Visual inspection of the deletion loci on
Integrated Genomics Viewer confirmed deletion of the loci. As a third confirmatory measure, the
bisulfite sequencing of RNA (described below) was checked for RNA that aligned to the deleted
loci. For all libraries, we observed virtually zero coverage at the deleted loci, fully indicating the

gene had been cleanly deleted.

RNA preparation for MS

The universal human reference (UHR) RNA (Agilent, cat# 740000) was generated by
pooling 10 cell lines to reduce cell type bias. T. kodakarensis cells were resuspended in 1 mL
TRIzol and 200 uL chloroform with a 5-10 minute incubation at room temperature proceeding
each reagent. Cellular debris were removed via centrifugation at 15K RPM for 15 minutes. The
aqueous phase was alcohol precipitated in 2.7x the volume of 100% ethanol and incubated at
-80°C for 30 minutes. RNA pellets were collected via centrifugation at 15K RPM for 30 minutes
at 4°C. RNA was resuspended in nuclease free water and treated with DNasel (NEB, cat#
MO0303) for 30 minutes in 1X DNase buffer at 37°C. RNA from each sample was purified using
the Monarch RNA Clean Up kit (NEB, cat# T2040S or T2030S) or the Zymo RNA Clean and
Concentrator kit (Zymo, cat# R1017). A fraction of total RNA was depleted for tRNAs using the
Zymo RNA Clean and Concentrator Kit following the manufacturer's protocol for selective

recovery of RNA > 200 nt.

rRNA depletion

rRNA was depleted from a fraction of the RNA samples using reagents provided in the
NEBNext rRNA Depletion Kit (NEB, cat# E6310) and custom DNA oligos.?® The manufacturer’s
protocol was followed with the following changes: The NEBNext rRNA Depletion Solution

provided in the kit was substituted for a mixture of 85 oligonucleotides at 1 yM concentration for
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each oligo whose sequences were complementary to T. kodakarensis rRNA. All volumes for the
probe hybridization, RNase H treatment and DNase | treatment sections of the protocol were

scaled up 2-fold and 24 pl of 62.5 ng/ul T. kodakarensis RNA was used as the starting material.

RNA library preparation and bisulfite sequencing

Frozen cell pellets were resuspended in a total volume of 7.5 ml TRI reagent RT (MRC
Inc. Cincinnati, OH), vortexed and incubated at room temperature for 5-10 min prior to cooling
on ice. 375 ul of 4-bromoanisole (MRC Inc.) was added and tubes were mixed by inversion prior
to centrifugation at 12,000 g for 15 min at 4°C. The aqueous layer (~4.5 ml) was removed, 6.75
ml of 100% isopropanol was added, tubes were mixed by inversion and the centrifugation step
was repeated for 30 min. Liquid was removed from the tubes, each pellet was washed with 75%
ethanol and the centrifugation was repeated for 10 min. The 75% ethanol was removed and
pellets were air dried for 5 min or less. Pellets were resuspended in 450 ul nuclease free water
(ThermoFisher), 50 ul DNase | buffer, 5 yl DNase | (NEB, cat# M0303) and incubated at 37°C
for 30 min. An equal volume of acid-phenol:chloroform, pH4.5 with IAA 125:24:1
(ThermoFisher) was added, tubes were mixed by inversion, centrifuged and aqueous layer
removed and precipitated similarly as above. After the 75% ethanol wash step, each pellet was

dissolved in nuclease free water and stored at -80°C.

The rRNAs- and tRNA-depletion was performed as described above. Bisulfite treatment
of RNA recovered from rRNA depletion or 400-750 ng of total RNA was carried out using an EZ
RNA Methylation Kit (Zymo Research Irvine, CA) with a 65°C for 120 min incubation in place of
the 54°C for 45 min incubation in the protocol. Eluted RNA was either immediately used for
construction of sequencing libraries or stored at -80°C. Libraries for sequencing were prepared
using the NEBNext® Ultra™ or Ultra™ Il Directional RNA Library Prep Kit for lllumina® (NEB,

cat# E7420 or E7760) using the “protocol for use with purified mMRNA or rRNA depleted RNA”.
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The recommended fragmentation conditions for partially degraded RNA were used in the
fragmentation step. Bisulfite-treated libraries were sequenced on one of three lllumina
platforms; replicate 1 and 2 of strain TS559 and replicate 1 of ATK2045 were sequenced on the
Next-Seq. Replicate 3 of strain TS559, replicate 2 of ATK2045 and both replicates of

TK2045-NA were sequenced on the Nova-seq.

Raw data processing

Fastq reads were subjected to adapter trimming and quality control using Trimmomatic.
Reads where any base was sequenced with a PHRED score < 20 were removed from further
analysis. Reads less than 15 nt were also removed. Reads with > 3% cytosine retention (#
cytosines / read length) were removed using the custom python script, BSfilter.py. Fastq files
were then mapped to the reference genome (Thermococcus kodakarensis strain TS559) using
BSseeker2. Two mismatches per alignment were allowed (excluding C-to-T mismatches). Using
samtools, alignments were removed where MAPQ score was < 20 and when detected as a PCR
duplicate. CGmaptools was used to obtain CGmaps where C/T coverage and C coverage are
calculated at each genomically encoded cytosine where total coverage > 0. Methods for calling

high confidence and reproducible modification sites are reported in Chapter 2.

Cytosine modification rate

The data analysis pipeline for detection of high confidence and reproducible m°C sites
was performed using R software and the Tidyverse collection of packages. CGmaps provide
coverage information at all genomically encoded cytidines and were the initial input into the data
analysis pipeline. We first calculated total cytidine conversion across all sequenced cytosines.
We queried the total T or C coverage at all cytidines in the reference genome and divided T
coverage by C+T coverage (T/(C+T)) at all genomically encoded cytidines, which gave us

conversion rates = 99.8% for all libraries. These metrics indicate that cytidines were adequately
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deaminated.

Excision and purification of the H31 fragment

The H31 fragment was purified from total RNA or ribosomes methylated in vitro (see
below) using the rRNA-depletion method described above but only included DNA oligos flanking

the H31 fragment.

LC-MS/MS

Cellular total RNA and RNA substrates for the in vitro methyltransferase assays (see
below) were digested to nucleosides at 37°C overnight using Nucleoside Digestion Mix (NEB,
cat# M0649S). Tandem liquid chromatography-mass spectrometry (LC-MS/MS) analysis was
performed by injecting digested RNAs on an Agilent 1290 Infinity Il UHPLC equipped with a
G7117A diode array detector and a 6495C triple quadrupole mass detector operating in the
positive electrospray ionization mode (+ESI). UHPLC was carried out on a Waters XSelect HSS
T3 XP column (2.1x100 mm, 2.5 ym) with a gradient mobile phase consisting of methanol and
10 mM aqueous ammonium acetate (pH 4.5). MS data acquisition was performed in the
dynamic multiple reaction monitoring (DMRM) mode. Each nucleoside was identified in the
extracted chromatogram associated with its specific MS/MS transition. The abundance of each
nucleoside derived from the digested samples were quantified based on chromatogram peak
integration standard curves. Relative abundance of each modified nucleoside was determined
by further dividing the peak integrations of modified and unmodified nucleosides (for example:

m°C/C).

For site-specific analysis of the 60 nt H31 fragment, the fragment was digested with
RNase T1 (Thermo, cat# EN0542) or RNase4 (NEB, Inc.) at 37°C for 1 hour and subject to an
Eclipse Fusion Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with a Vanquish

UHPLC (Thermo Fisher Scientific). Digested oligonucleotides were separated in a mobile phase
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gradient consists of buffer A (1% hexafluoroisopropanol (HFIP), 0.1% N,N-diisopropylethylamine
(DIEA), 1 uM EDTA) and buffer B (90% Methanol, 10% water, 0.075% HFIP, 0.0375% DIEA, 1
MM EDTA) on a C18 column (Waters ACQUITY Premier Oligonucleotide, 1.7 ym, 2.1 x 100
mm). The obtained chromatogram peaks were deconvoluted by a ProMass HR software

package (Novatia LLC, USA).

Phenotypic growth analysis

Individual cultures were passages at least twice before inoculated into 10 mL rich
medium with agmatine and sulfur in triplicate. Cultures were grown at 65°, 75°, 85°, or 95° C in
a water or oil bath. The optical density at 600 nm (ODgy) was measured for each culture every
60 or 120 minutes using UV-Vis spectroscopy. The ODgy and the standard error was plotted in

R using geom_smooth(method = ‘loess’, SE=TRUE).

Recombinant protein expression and purification

The gene sequences for TK2045 and variant sequences were designs such that each
end included 17 nt of homology to the expression vector. The 5’ end also included an E. coli
ribosome entry site (AGGAGATAATTAA) before the start codon, and the 3’ end included 6x
Histidine tag (6xHis, CACCATCACCATCACCAT) to aid in affinity purification. Each insert was
cloned into a pQEB8O0 expression vector at the EcoRI restriction site using Infusion cloning
(Takara Bio., Cat # 638910). Expression vectors confer ampicillin resistance and were
transformed into the Rosetta2 E. coli cell line (..., cat # ...). We note here that the pRARE
plasmid in Rosetta2 cells, which overcomes codon bias, is required for the expression of
TK2045 and confers resistance to chloramphenicol. Cells were grown on ampicillin (100 ug/mL)-
and chloramphenicol (25 ug/mL)-containing solid LB medium. A single colony was picked into
liquid broth containing the necessary antibiotics and grown overnight. Overnight cultures were

used to inoculate larger cultures in a 1:100 ratio and grown at 37°C with shaking. At an ODgy, of
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~0.3, cultures were spiked with isopropyl B-d-1-thiogalactopyranoside (IPTG, 400 uM final
concentration) to induce protein expression and D-sorbitol (3% w/v final concentration) to
improve protein solubility. Cultures were shaken at 37°C for an additional 2 hours before cells

were harvested via centrifugation at 8K RPM for 10 minutes. Cell pellets were stored at -20°C.

Cell pellets were thawed in buffer A (25 mM Tris-HCI pH 8.0, 500 mM NaCl, 10%
glycerol), completely resuspended, and sonicated on-and-off on ice for 30 minutes to lyse the
cells. Cellular debris were removed by centrifugation at 4K RPM for 30 minutes. The
supernatant was heated to 65°C for 15 minutes to denature most of the E. coli proteins before
centrifugation at 4K RPM for 30 minutes. The 6xHis-tagged protein in the heat-treated
supernatant was purified on an AKTA system using a 1 mL HiTrap Chelating HP column (Cytiva
Life Sciences, cat# 17040901) charged with Ni**. The column was washed with 50 column
volumes of 80% buffer A and 20% buffer B (25 mM Tris-HCI pH 8.0, 100 mM NaCl, 10%
glycerol, 200 mM imidazole) to remove non-specific proteins retained in the column. The protein
was eluted from at increasing concentrations of buffer B. Protein elution typically peaked at 165
mM imidazole. Elution fractions were analyzed by SDS-PAGE (BioRad, cat# 5678095) under
denaturing conditions followed by western blot with antibodies against the 6xHis tag. Fractions
where the target protein was cleanly eluted were pooled and dialyzed into protein storage buffer

(25 mM Tris-HCI pH 7.5, 100 mM NacCl, 50% glycerol v/v) and stored at -20°C.

In vitro Generation of RNA substrates

Unmodified 23 nt RNA substrates were purchased from IDT and modified 23 nt
substrates were purchased from TriLink. Longer substrates (200 nt, 300 nt, 400, and 966 nt)
were generated using in vitro transcription using an Sp6 system (NEB cat# E2070S). Reactions
were DNasel treated according to the manufacturer's protocol, purified in 2x the volume of

TRIzol reagent, and precipitated in 3x the volume of 100% ethanol. RNA pellets were

129



suspended in nuclease-free water and stored at -20°C. Sequences for each RNA substrate are

provided in supplementary Table A3.1.

Purification of ribosomes and rRNA

Ribosomes were purified from TS559 of ATK2045. Cultures were grown in 1L artificial
sea water with yeast, tryptone, and pyruvate (ASW-YTP), supplemented with agmatine and
sulfur and grown anaerobically to an ODgy, of ~0.5. ATK2045 was also grown up in a 40 L batch
in media lacking sulfur using a fermenter. Tightly coupled ribosomes were purified following the
protocol outlined in Mehta et al. 2012 (?"). Briefly, cells were resuspended in ribosome buffer 1
(10 mM MgCl,, 20 mM TrisHCI pH7.5, 300 mM NH,CI, 0.5 mM EDTA, 6 mM B-mercaptoethanol)
and stored at -20°C. The cell resuspension was subjected to 3 freeze-thaw cycles at -80°C and
50°C to lyse cells in the presence of DNase |. Cellular debris were removed by centrifugation at
15K RPM for 15 minutes. The supernatant was then centrifuged at 40K RPM for 1 hour to pellet
the crude ribosome fraction. Crude ribosomes pellets were gently washed and resuspended in
ribosome buffer 1 and then layered onto a 30% sucrose cushion (ribosome buffer 1 with 30%
(w/v) sucrose). The sample was centrifuged at 40K RPM for 18 hours and the supernatant was
poured off. The ribosome pellet was resuspended in ribosome buffer 2 (1 mM MgCl,, 20 mM

TrisHCI pH7.5, 300 mM NH,CI, 0.5 mM EDTA, 6 mM B-mercaptoethanol) and stored at -20°C.

A portion of each ribosome preparation was subjected to organic extraction using
phenol/chloroform/isoamylalcohol (PCl, 25/24/1). 50% volume of PCI was added to the
ribosome preparation and mixed vigorously. Samples were centrifuged at 15K RPM for 5
minutes, and the aqueous phase taken into 2.5x the volume of 100% ethanol. Samples were
mixed well by shaking and incubated at -20°C for a minimum of 30 minutes before centrifugation
at 15K RPM for 30 minutes. rRNA pellets were decanted, washed with 100% ethanol, aspirated

completely, and air dried for no more than 5 minutes before resuspended in nuclease free water.
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rRNA preparations were stored at -20°C.

Methyltransferase activity assay

Activity of recombinant m*,C synthase (rTK2045) to methylate in vitro generated RNA,
rRNA or ribosomes was measured in vitro. Data represented in Figure 3.2d and supplementary
Figure A3.2 performed such that reactions in 20 uL volume include 6 or 3 ug RNA, respectively.
Also included were 1 uM enzyme, ~1 uM [*H-methyl]-SAM (PerkinElmer, cat# NET155V001MC)
and 1x MTase buffer (25 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM MgCl,, 1 mM DTT).
Negative control reactions where one reaction component was excluded in place of water were
performed in parallel. Reactions were incubated at 65°C for 45 minutes in biological triplicate
before 15 uL of each reaction was transferred to a 1 in? positively charged nylon
membrane(Cytiva, cat # RPN2020B). Midpoint and time course assays (Figure 3.4) were
performed in quadruplicate, and a 1:20 enzyme-to-substrate ratio was achieved using 50 nM
enzyme and 1 yM substrate. Time course assays were performed in 80 uL of total volume and

10 uL of each reaction were drawn at each time point.

Each membrane was air dried and washed in 300 mL 5% trichloroacetic acid (TCA) for
20 minutes to wash away free *H-SAM while *H-methylated RNA remained bound to the
membrane. The wash was performed 5 times, each time replacing the TCA. Membranes were
air dried and transferred to individual vials containing 3-4 mL Ecoscint scintillation cocktail fluid.
The B-decay of each reaction was measured in counts per minute (CPM) using the Liquid
Scintillation counter TRI-CARB 2900TR (Pickard). CPMs between reactions were compared and
p-values were calculated using a two-sample unpaired t-test. Comparisons resulting in a p-value
<0.05 earned one star (*) while p-values <0.01 earned two stars (**). Comparisons where the

p-values were greater than 0.05, are denoted “ns”.

X-ray Crystallography
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Recombinant protein was dialyzed into crystallography buffer (25 mM Tris-HCI pH 8.0,
50 mM NaCl, 1 mM DTT), concentrated to 2 mg/mL and screened at Hauptman-Woodward
Medical Research Institute Crystallization screening center. The mother liquor that resulted in
crystal growth contains 0.5 M AMPD pH 9.3 and 15% (v/v) PEG 3350. Crystal growth was
recapitulated using the hanging drop vapor diffusion method in a 24-well plate where AMPD and
PEG concentrations were varied. Crystals were collected from wells with 0.5 M AMPD pH
ranging from 9.2 to 9.3 and PEG 3350 ranging from 10% to 20% (v/v). Crystals were stored in
liquid nitrogen and diffraction data collected at the HHMI Beamline at the ALS Berkeley.

The atomic structure was solved using molecular replacement and the AlphaFold
predicted structure. The side chains were removed from the AlphaFold structure and only
included the backbone. Side chains were later manually replaced in the solved structure. The
final atomic structure was solved at ~2 A.

Structure analysis

The m*,C synthase protein structure in pdb format was analyzed using pymol. The
function of amino acid residues and domains were annotated using EMBL-EBI InterPro
webserver (?®). The docked position of cytidine and SAM were predicted based on homologous
positions of GTP and SAH in TGS1 (PDB: 3GHD), using the “align” function in pymol.
Electrostatic potential was visualized using the pymol plugin, APBS Electrostatic.

Homology and orthology

The amino acid sequence corresponding to TK2045 was subject to a sequence similarity
search using the BLASTP function through the Kyoto Encyclopedia of Genes and Genomes
(KEGG) web database. The top 100 queries were cataloged as close homologs and met an e
value of = 1e-47. A phylogenetic tree was generated on KEGG of the closest match from each
unique genera. Within the Clusters of Orthologous Genes (COG) and arCOG databases,
TK2045 corresponds to COG2521 and arCOG00054, respectively. Each ortholog was

cataloged. Alignments of non-redundant homologs and orthologs were performed using
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BLASTP multiple sequence alignment through NCBI and visualized on NCBI MSA viewer.
Amino acids are colored according to the “conservation” method which highlights highly
conserved and less conserved amino acid positions based on the relative entropy threshold of
the residue. Only alignment positions with no gaps are colored. Red indicates highly conserved

positions and blue indicates lower conservation.
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CHAPTER 4: THE IN VIVO CELLULAR AND MOLECULAR IMPACTS OF THE M5C
EPITRANSCRIPTOME?

Summary

In chapter 2, | demonstrated that RNA m°C is highly abundant in T. kodakarensis
compared to human cells and showed that the m°C epitranscriptome enhances thermophily.
Most RNA modifications are known to stabilize RNA, and our preliminary data support that the
structural and functional maintenance of RNA in extreme temperatures is facilitated, in part, by
dynamic regulation of the epitranscriptome. We detected > 230 high confidence and
reproducible m°C sites throughout the T. kodakarensis transcriptome. The distribution of m°C
places most modified residues within mRNA, but the molecular details surrounding the fate of
these RNAs once modified is unknown. It is possible that m°C stabilizes RNA in extreme heats
and prolongs its degradation. It is also possible that m°C sites may impact the translatability of
MRNA, leading to more favorable translation outcomes. The densely modified epitranscriptome
coupled with the known collection of writer enzymes provide an ideal platform to investigate the
impacts of m°C on RNA driven processes. We aim to determine the in vivo impact of
individual m®C sites on mRNA and protein levels, and the holistic impact of the m°C
epitranscriptome on hyperthermophilic growth and cellular fitness. The results generated

from this work will provide fundamental insights into the in vivo role of the m°C epitranscriptome.

Background

>170 distinct RNA modifications are known and result in RNAs with unique biochemical

properties."? Although individual RNA modifications might be predicted to have small overall

3 This work was progressed by the following contributors: Kristin A. Fluke, Victoria Talbott, Liam Elkins,
Jackson Schiltz, and Thomas J. Santangelo. (2023)
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impacts, defects in generating select RNA modifications result in human diseases.® rRNAs and
tRNAs are heavily modified, and increasing evidence suggests that modifications to mMRNAs are
critical for stability and translatability. Major gaps remain regarding how individual modified

residues impact the fate of RNA once modified.

5-methylcytidine (m°C) is one of the most abundant modifications to decorate the
transcriptome in Eukarya and Archaea.’® We demonstrated that m°C is ~25x more abundant in T.
kodakarensis compared to human cell lines and the m°C epitranscriptome includes ~10% of
unique transcripts. Using ultradeep bisulfite-sequencing (BS-seq), we mapped > 230 high
confidence and reproducible m°C sites with single nucleotide resolution in our parent strain and
strains individually deleted for a unique, putative RNA methyltransferase (RMTase). We
identified five RNA m°C methyltransferases (R5CMTs) that modify coding and non-coding RNAs
in vivo and three R5CMTs that modify RNA in vitro. Strains lacking individual or multiple
R5CMTs lack site-specific m°C modifications that restrict hyperthermophilic growth,
demonstrating a requirement for m°C for hyperthermophily. But, the molecular mechanism

underlying the conferral of thermophily by m°C has yet to be discovered.

Characterization of the role of specific m°C sites is complicated by low abundance in
Eukarya, whereas RNA modifications are typically more abundant in some model archaea.®”’
Many archaea thrive in conditions inhospitable to most extant life wherein increased RNA
stability and fidelity of core biological processes are essential. We have found hundreds of
modifications in total RNA from T. kodakarensis, representing an order of magnitude higher
abundance and frequency than observed in model eukaryotes.®® The abundance of RNA
modifications and their multiplicity of potential roles to regulate RNA in environmental extremes
indicates that archaea provide the ideal model to pursue fundamental questions regarding
epitranscriptomic changes, the role of m°C, and to generate a suite of thermostable enzymes

that provide site- and modification-specific writing activities for manipulation of RNAs.
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In this chapter, | will describe the future direction of the m°C study presented in Chapter
2. We aim to investigate the holistic impact of the m*C epitranscriptome on hyperthermophilic
growth and cellular fitness. | will additionally propose a preliminary study to explore the
molecular consequences of individual m®C residues to impact mMRNA and protein levels in vivo.
These results will elucidate the extent to which m*C confers thermophily and will elucidate how

m°®C residues alter the molecular behavior of RNA.

Results

The contribution of the m5C epitranscriptome to cellular fitness and thermophily

Our preliminary data suggests that cells lacking select m°C sites experience growth
defects that become increasingly more pronounced with rising temperatures. We now know that
a collection of at least 5 writer enzymes generate the m°C epitranscriptome, but we have yet to
measure the impact on cells completely lacking RNA m°C. To better understand the holistic
impact of the m°C epitranscriptome on hyperthermophilic growth, we will generate a collection of
strains deleted for multiple and all known R5CMTs and perform phenotypic analysis. Genes that
encode R5CMTs include TK0360, TK0872, TK2122, TK1935, and TK2304. The cellular fitness
of strains lacking multiple or all known R5CMTs will be assessed using head-to-head growth
comparisons at a range of temperatures (65-95°C) and compared to a control strain wherein all
m°C writers are present. | anticipate that cells lacking multiple R5SCMTs will exhibit a severe
growth defect at increasing temperatures while strains lacking all or nearly all RSCMTs will not
be viable. These results will indicate the extent to which the m°C epitranscriptome promotes
survival under heat stress and its essentiality. Strain construction progress in pursuit of this aim
are detailed in Table 4.1. Final confirmation of precise genome modifications include whole
genome sequencing (Figure 4.1), but most of these strains have not yet been sequenced.
Current efforts include continued strain construction, whole genome sequencing of most strains,

and phenotypic analysis when all strains have been successfully generated.
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Table 4.1 Strain construction progress.

Strain genotype Trans.? Interm.” XYZPCR® Finals? I/EPCR® Clean WGS?
ATK2304 A1935 X X X X X X X
ATK2304 A1935 A0872 X X X X X X
ATK2304 A1935 A2122 X X X X X X
ATK2304 A1935, p0360B X X X X X

ATK2304 A1935 A0872,

p2122B X X X X

ATK2304 A1935 A0872,

p0360B

ATK2304 A1935 A2122,

p0360B X X X X

ATK2304 A1935 A2122,

p0872B X X X X X

2 Trans. = B-plasmid (deletion plasmid) has been transformed into the parent strain.

b Interim. = Intermediate colonies where the plasmid has “pop’ed in” to the genome at the target loci are
cultured.

¢ XYZ PCR = PCR confirmation of the intermediate genome.

4 Finals = Candidates that have “pop’ed out” the plasmid are cultured.

¢ I/E PCR = PCR confirmation of the final genome.

* Clean = Final strains where the target loci has been deleted are monocultured and wildtype genomes
are not present.

% WGS = Whole genome sequencing confirms the correct genotype.

ATK1935 ATK2304 - Whole genome sequencing

[0-a2] ‘ [0-31]
y > y y y ' < < < < (1
TK1934 TK1935 TK1936 TK2303 TK2304 TK2305

Figure 4.1 Whole genome sequencing confirms the double deletion of TK1935 and
TK2304. DNA sequences aligned to the T. kodakarensis reference genome were visualized
using Integrative Genomics Viewer. In each window, the coverage and read tracks are stacked.
Reads absent from the deleted loci indicate markerless removal of the loci encoding the target
gene. Black lines connect contiguous reads and indicate a gapped alignment, further confirming
the target DNA region is removed. The boundaries of each gene and their TK gene IDs are
represented by blue bars, and white arrows illustrate the direction in which the gene is
transcribed. The coverage range for each window is listed in brackets.
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The in vivo role of m°C to impact stability and translation of mRNAs

We have introduced precision modification to the T. kodakarensis genome to alter coding
sequences such that the resultant mRNA lacks the cytidine targeted for m°C modification (C—T
mutation) and contains a C-terminal epitope- and affinity- tag (C-tag) (Figure 4.2). These
transcripts will not be modified as the target cytidine is no longer present. Strains of this nature
are referred to as K-strain and are paired with C-strains that encode the target cytidine and a
C-tag (Table 4.2). m*C-containing mRNAs selected for in vivo studies are based on the criteria
that the C->T mutation at the target cytidine would introduce a silent mutation and therefore not
alter the protein sequence, the mRNA is expressed as sufficient levels to produce protein at
measurable levels, and the m°C modification frequency is at or above 20% in vivo. The
molecular impact of the m°C on RNA and protein levels will be compared to a control strain
where the m°C site is retained (Figure 4.3A, B). | hypothesize that modified RNAs will be more
abundant than unmodified RNAs, indicating a role for m°C in RNA stability. Alternatively, it is
also possible that modified RNAs will be translated more efficiently, resulting in higher protein

levels compared to translation of RNAs lacking m°C.

TKO0183K - Whole genome sequencing Figure 4.2 Whole genome

C-tag gsemon C—’lmUtation sequencing of a representative K
strain, TK0183K. TK0183 (encoded
on the non-reference strand) was
tagged at the C terminus resulting in a
41 nt insertion (purple) corresponding
to the 6xHis and HA sequences. A
C—T mutation (green) is apparent at
the cytidine known to be methylated.
In each window, the coverage and
read tracks are stacked. The
boundaries of each gene and their TK
gene IDs are represented by blue
bars, and white arrows illustrate the
- - - - - = direction in which the gene is
TK0182 TKO0183 transcribed. The coverage range is
listed in brackets.

[0-45] |
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Figure 4.3 (A) Genomic C- and K-strain constructs (in series 1) and the resultant RNA. Blue

sequence represents an epitope- and affinity-tag. Genome modifications are in a parent/control
strain background. (B) Data shown is theoretical. Total RNA and protein sourced from C and K
strains will be comparatively assessed for abundance of the target RNA or protein by digital
droplet PCR (ddPCR) and quantitative western blotting (qWestern), respectively.

For many sequence confirmed strains listed in Table 4.2, total protein (Table 4.3) and
total RNA (Table 4.4) has been purified from cultures in triplicate. Efforts to visualize each
tagged protein with the ideal signal demonstrate that 1-10 ug of total protein load is sufficient to
detect the protein by western blotting (Table 4.3). Initial efforts have focused on quantifying
protein levels encoded by gene TK0183. Strains TK0183C and TK0183K were grown to mid
exponential phase at 85°C and total protein collected. In technical and biological replicate, 10 ug
of total protein as well as 0-1000 ng of the HA-standard (TK2304-6xHis-HA) were analyzed by
SDS-PAGE (Figure 4.4A). When the intensity of the HA standard protein is graphed by linear

regression, the R? value is 0.97, but linearity is lost at higher loads (Figure 4.4B). Repeated

143



efforts have demonstrated that optimal linearity is achieved at protein loads up to 600 ng (R? =

0.99, Figure 4.4C). Quantification of the TK0183 C- and K-proteins across biological triplicates

indicate that methodology should be improved to achieve consistency between replicates

(Figure 4.4D). These data suggest that on average more TK0183 protein is present in the

C-strain compared to the K-strain, indicating the loss of m°C results in lower protein yield (Figure

4.4E). It is possible that the loss of m°C results in reduced levels of mMRNA, leading to lower

protein levels. Future efforts will address whether RNA levels differ between the C- and

K-strains.

Table 4.2 Series 1 K-strain constructs and progress.

Strains code Candidate Confirmed interim. Candidate WGSP
Interm.? Interm. push final Finals
0183C A1 160, 161, 162 160, 161, 162 160 180-183 183
0183K B1 160, 161, 162 160, 161, 162 160 180-183 182
0186C C1 160, 161, 162 160, 161, 162 160 180-183 183
0186K1 D1 160, 161, 162 160, 161, 162 160
0186K2 E1 160, 161, 163 160, 161, 163 160 680-694 694
0186K1:2 F1 160, 161, 162 160, 161, 162 160 380-394 380
0494C G1 160, 161, 162 160, 161, 162 160 180-183 180
0494K H1 160, 161 160, 161 160 384386 384, 386
1046C H2 260, 261, 262, 263 260, 261, 262, 263 260
1046K1 A2 160, 161, 162 160, 161, 162 160 182 182
1046K2 B2 160, 161, 162 160, 161, 162 160 180, 280, 280
281
1046K1:2 C2 160, 161, 162 160, 161, 162 160 280, 281 280
1736C F2 160, 161, 162 160, 161, 162 160 180-183 180
1736K G2 160, 161, 162 160, 161, 162 160 280-283 283
1984C vl vl vl | vl
1984K E2 160, 161, 163 160, 161, 163 160 280 280
0895C 160 160 160
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0895D
0895K1
0895K2
0895K1:2

2 Interim. = Intermediate colonies where the plasmid has “pop’ed in” to the genome at the target loci are
cultured.
- WGS. =Whole genome sequencing.

Table 4.3 Optical density of series 1 K-strain cultures at time of harvest and optimal
total protein load

Strain replicate oD@75°C OD@85°C OD@95°C

recommended
protein load
0183C 1 0.393 0.554 0.415 10 ug
2 0.427 0.524 0.328
3 0.367 0.551 0.354
0183K 1 0.327 0.373 0.359 10 ug
2 0.311 0.355 0.189
3 0.306 0.426 0.262
0186C 1 0.362 0.531 0.338 10 ug
2 0.47 0.479 0.283
3 0.453 0.495 0.286
0186K2 1 0.472 0.47 0.387 10 ug
2 0.452 0.523 0.334
3 0.384 0.51 0.32
0186K1:2 1 0.439 0.563 0.489
2 0.479 0.672 0.505
3 0.39 0.523 0.4
0494C 1 0.414 0.557 0.476
0494K 1 0.385 0.502 0.391
1046K1 1 0.341 0.516 0.525
1046K2 1 0.477 0.604 0.509
1046K1:2 1 0.281 0.513 0.442
1736C 1 0.157 0.428 0.258 1ug
2 0.17 0.466 0.309
3 0.181 0.435 0.25
1736K 1 0.265 0.457 0.461 1ug
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2 0.295 0.368
3 0.283 0.391 0.193

1984C 1 0.253 0.441 0.622 1 ug
2 0.233 0.566 0.519
3 0.266 0.428 0.505

1984K 1 0.534 0.312 1 ug
2 0.358 0.492 0.343
3 0.322 0.319

Table 4.4 Series 1 K-strain RNA purification and ddPCR progress

Strain RNA DNA-free cDNA 2nd strand ddPCR
RNA synthesis synthesis

0183C X X

0183K X X

0186C X X

0186K1 X X

0186K2 X X

0186K1:2 X X

0494C X X

0494K X X

1046C

1046K1 X X

1046K2 X X

1046K1:2 X X

1736C X X

1736K X X

1984C X X X

1984K X X X

Previously described were series 1 K-strains. In series 1 K-strains, the enzymes that
install the selected m°C sites are unknown, so all mutations are introduced into a parent
background. Series 2 K strains include introducing a C-tag and C— T mutation into the parent
strain and a strain deleted for the R5CMT (Figure 4.5, Table 4.5). The C-tag is appended to the
open reading frame where the resultant wildtype RNA is destined to be methylated with a known

R5CMT. In C—T mutants (T-mutants), the RNA will not be methylated due to the loss of the
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Figure 4.4 m°C impacts translation outcomes. (A) Western blot against the HA epitope of
total protein from TK0183 C- and K-strains in technical and biological triplicate. (B, C) Band
intensity of the HA-standard at increasing protein load. (D) Quantification of protein intensity

within each biological replicate and (E) the average intensity across replicates (x SD).

%:strain ARSCMT éstrain AR5CMT

genome L C L C L T L T
C-strain (S2) K-strain C-strain-Tmut. (S2) K-strain-Tmut.
CIH3
mRNA C C T T

Figure 4.5 Second series C- and K-strain constructs and the resultant mRNA.
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target cytidine. It is important to note that in strains deleted for RSCMTs, ribosomes and tRNAs

will also have reduced levels of m*C modification, and this is likely to have substantial impacts

on translation outcomes regardless of the modification to the target mMRNA. RNA and protein

levels will be compared between all strains. A comparison between the C-tagged gene that is

either a wildtype or T-mutant sequence in the R5CMT deletion strain will demonstrate whether

the modification results in differential RNA or protein levels.

Table 4.5 Series 2 K-strain constructs and progress

Strain name parent genotype Conf. Conf. WGS
Interm. Finals
TK0136C TS559 TK0136C
ATKO0872:TK0136C ATKO0872  ATKO0872; TK0O136C
TKO0136C-Tmut TS559 TKO0136C-Tmut
ATK0872:TK0136C-Tmut ATK0872  ATKO0872; TKO136C-Tmut
TK1034C TS559 TK1034C
ATKO0872:TK1034C ATKO872  ATKO0872; TK1034C
TK1034C-Tmut TS559 TK1034C-Tmut
ATK0872:TK1034C-Tmut ATK0872  ATKO0872; TK1034C-Tmut
TK0112C TS559 TK0112C
ATK1935:TK0112C ATK1935 ATK1935; TKO112C
TK0112C-Tmut TS559 TKO0112C-Tmut
ATK1935:TK0112C-Tmut ATK1935 ATK1935; TKO112C-Tmut
TK1152C TS559 TK1152C
ATK1935:TK1152C ATK1935 ATK1935; TK1152C
TK1152C-Tmut TS559 TK1152C-Tmut
ATK1935:TK1152C-Tmut ATK1935 ATK1935; TK1152C-Tmut
TK1911C TS559 TK1911C
ATK2304:TK1911C ATK2304 ATK2304; TK1911C
TK1911C-Tmut TS559 TK1911C-Tmut
ATK2304:TK1911C-Tmut ATK2304 ATK2304; TK1911C-Tmut
TK1259C TS559 TK1259C
ATK2122:TK1259C ATK2122 ATK2122; TK1259C
TK1259C-Tmut TS559 TK1259C-Tmut
ATK2122:TK1259C-Tmut ATK2122  ATK2122; TK1259C-Tmut
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TK1170D TS559 TK1170D
ATK2122:TK1170D ATK2122  ATK2122; TK1170D
TK1170D-Tmut TS559 TK1170D-Tmut
ATK2122:TK1170D-Tmut ATK2122  ATK2122; TK1170D-Tmut

Discussion

Several reports have demonstrated that deletion of genes encoding R5CMT leads to
sensitivity to heat stress in rice and worms.%** Molecular studies have shown that m°C
increases the stability of mMRNAs through interactions with reader proteins that recognize and
bind to m®C."%"1213 m5C also has inherent properties that result in increased hydrophobicity and
melting temperature of CG hydrogen bonds*, and therefore m°C likely strengthens secondary
structures and overall stability. High temperatures are a constant insult to 7. kodakarensis, and it
is likely that the dense m°C epitranscriptome provides much needed stability to RNAs.

mMRNAs have been increasingly identified as modification targets. Site-specific, and even
sub-stoichiometric, modification of mMRNA is linked to core biological functions, responses to
environmental changes, and human disease."® How m°C residues impact the functions of
MRNA at the transcript level has been historically challenging to address due to low abundance
RNA and substoichiometric modification frequencies in conventional model organisms. It is
unclear how low frequency mRNAs modifications can be biologically relevant. Critical questions
remain regarding how the epitranscriptome impacts cellular fitness and how modifications
impact mRNA function.

| demonstrated that the m°C epitranscriptome is extensive in T. kodakarensis and
identified a collection of candidate m°C sites ideal for detailed mechanistic studies. Efforts to
introduce silent mutations at the m®C site and produce RNAs that lack m°*C have largely been
successful. Current efforts are focused on preparing RNA and protein from these strains for

analysis of their abundance. If m*C impacts RNA stability, we will likely see reduced levels of the
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RNA that now lacks m°C, and subsequently reduced translation of that mRNA. It is possible that
m°C directly impacts translatability, and we may see differential protein level but unchanged
RNA abundance. These strains will facilitate investigations beyond what is proposed here, into

the molecular consequences of individual m°C residues on the fate of RNA once modified.

Materials and Methods

Strain construction

Procedures for generating strains are published in Gehring et al. (14) and Appendix 1 of
this dissertation. For each gene targeted for modification or deletion, a plasmid containing the
modification with an additional ~700 nt of up and downstream homology to the genome was
purchased from Twist Bioscience. Each plasmid was transformed into 7. kodakarensis strain
TS559 and cells were plated on agmatine-free, rich medium. After 2-5 days of growth at 85°C,
transformants were picked into rich liquid media lacking agmatine and grown overnight.
Intermediate candidate strains are given a numerical identifier between 160-177, 260-277, etc.
For each isolate, genomic DNA was extracted from 1 ml of fully grown culture by
phenol/chloroform/isoamyl alcohol (25/24/1; viviv) followed by alcohol precipitation in an equal
volume of isopropanol. Plasmid integration into the genome was confirmed by PCR using two
primer pairs, with one primer from each pair having homology to the genome and the other
primer to the plasmid. This ensures that the amplicon originates from a genomically integrated

sequence.

Isolates where PCR indicated that the plasmid had integrated at the predicted loci were
plated on minimal medium with the counter selectable marker, 6-methyl purine, and grown
anaerobically for 2-5 days at 85°C. Colonies were then picked into rich liquid media and grown
overnight. Candidate final strains were given the numerical identifier, 180-199, 280-299, etc.

Genomic DNA was purified from each strain and screened for the deletion or C-tag at the target
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loci. Candidate strains were identified via PCR. To confirm the presence of the C-tag, we used a
set of primers that flank ~150 bp of the C-tag. Candidate strains where PCR indicated a ~40 nt
increase in amplicon length were or will be confirmed via whole genome sequencing. For gene
deletions, we used primer pairs that flanked the deletion loci (external primers) and resulted in a
reduced amplicon size equivalent to the size of the deleted region. Primer sets both with
homology to a region internal to the deletion loci (internal primers) resulted in PCR amplification
in the parent strain but not the deletion strain. Two combinations of external and internal
primers, which should not produce an amplicon in the deletion strain, were used to ensure the

deletion loci was absent in the deleted strain.

To ensure the region targeted for modification or deletion was correctly modified and to
ensure no off-target genome modifications are present, each candidate strain was/will be
screened by whole genome sequencing on a Minion platform. For strains that have been
sequenced, each strain was grown anaerobically overnight in 5 ml of rich medium with agmatine
at 85°C. Cultures were pelleted and genomic DNA purified using the Monarch Genomic DNA
Purification kit (NEB, cat# T3010S). Library preparation for each strain was completed using the
Rapid Barcoding kit 96 (ONT, cat# SQK-RBK110.96). Sequencing was done on the Minlon
Mk1C with the R9.4.1 flow cell. Fast5 files were converted to Fastq files using Guppy default
settings. Fastq files were aligned to the TS559 reference genome using MiniMap2 and
alignment files were compared to the reference genome using Medaka Variant Calling Pipeline
via Neural Networks. Visual inspection of the modified loci on Integrated Genomics Viewer

confirmed the deletion or correct insertion of the C-tag and/or C—T mutation.

Cell growth

All T. kodakarensis strains were grown anaerobically at 65, 75, 85, or 95°C in 10-15 mL

artificial sea water with yeast, tryptone, pyruvate, sulfur, and agmatine.' All cultures were grown
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to mid exponential growth phase (ODgy = ~0.4 - 0.5) in triplicate before harvest by
centrifugation. Cell pellets were stored at -20°C. Total RNA or total protein were then collected

from each cell pellet.

RNA collection

Cell pellets were resuspended in 1 mL TRIzol reagent and incubated at room
temperature for 5 minutes before the addition of 200 pL of chloroform. Samples were mixed
vigorously by scraping on a microcentrifuge block and incubated at room temperature for 5
minutes before centrifugation at 15K rpm for 15 minutes. The aqueous phase was taken into
2.7X the volume of Ethanol and 2 uL glycoblue. Samples were mixed vigorously by shaking and
incubated at -20°C for at least 30 minutes before centrifugation at 15K rpm for 30 minutes. RNA
pellets were aspirated, washed with 100% Ethanol, dried for no more than 5 minutes, and
resuspended in DNase solution (1X DNasel buffer and 3 yL DNasel in a 20 uL volume), and
incubated at 37°C for 1.5 hours. RNA was purified using the monarch RNA clean and
concentrator kit (NEB, cat# T2030S or T2030L), quantified using the Qubit Broad Range RNA
kit, and concentrated to 1 ug/pL.
Protein collection

Cell pellets were resuspended in 150 uL buffer A2 (1 M NaCl, 25 mM TrisHCI pH 7.5,
10% glycerol) and 2% SDS. Cell suspensions were incubated at room temperature for 5
minutes and sonicated ~10 seconds on/off for 5 minutes. Samples were quantified using the
Qubit protein kit and concentrations normalized to 1 mg/mL. Samples were stored at -20°C.
Western blot

Protein from TK0183 C-strain and K-strain pairs were analyzed using a 4-20% criterion
stain free SDS-PAGE (BioRad, cat# 5678094) in technical and biological triplicate. The amount
of total protein needed to visualize the HA-tagged protein is listed in Table 4.3 (recommended

protein load). The Kaleidoscope marker (BioRad, cat# 1610375EDU) and 0-1000 ng of the HA
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standard (TK2304-6xHis-HA) were also loaded on the same SDS-PAGE and run at 170V for 42
minutes. Gels were imaged and transferred to a Trans-blot membrane (BioRad, cat# 1704157)
using a Trans-blot Turbo Transfer system. All incubations were performed at room temperature
with rocking. Membranes were soaked in 5% BSA for 1 hour and the BSA removed. The
membrane was then incubated in the 10mL primary antibody solution (mouse anti-HA, diluted
1:10,000 in 1X TBST) then washed in 1X TBST for 10 minutes 3 times to remove the primary
antibody. 10 mL of the secondary antibody solution (goat ant-imouse, 1:1000 dilution in 1X
TBST) was applied to the membrane for 2 hours. The membrane was briefly washed with 1X
TBST and then washed with Buffer W2 (1X Maleic Acid, 0.3% Tween) for 15 minutes. The
membrane was then soaked in detection buffer (1 M TrisHCI pH 9.5, 1 M NaCl) for 5 minutes.
The detection buffer was poured off and ~5 mL of NBT/BCIP (ThermoScientific, cat# 34042)
was applied to the membrane. The membrane was incubated in the dark for ~15 minutes, then
briefly washed with DI water, air dried overnight, and the blot quantified with ImageQuant

software.
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APPENDIX 1: THERMOCOCCUS KODAKARENSIS PROVIDES A VERSATILE
HYPERTHERMOPHILIC ARCHAEAL PLATFORM FOR PROTEIN EXPRESSION*

Summary

Hyperthermophiles, typically defined as organisms with growth optima = 80°C, are
dominated by the Archaea. Proteins that support life at the extremes of temperatures often
retain substantial biotechnological and commercial value, but the recombinant expression of
individual hyperthermophilic proteins is commonly complicated in non-native mesophilic hosts
due to differences in codon bias, intracellular solutes and the requirement for accessory factors
that aid in folding or deposition of metal centers within archaeal proteins. The development of
versatile protein expression and facilitated protein purification systems in the model,
genetically-tractable, hyperthermophilic marine archaeon Thermococcus kodakarensis provides
an attractive platform for protein expression within the hyperthermophiles. The assortment of T.
kodakarensis genetic backgrounds and compatible selection markers allow iterative genetic
manipulations that facilitate protein overexpression and expedite protein purifications.
Expression vectors that stably replicate both in 7. kodakarensis and Escherichia coli have been
validated and permit high-level ectopic gene expression from a variety of controlled and
constitutive promoters. Biologically relevant protein associations can be maintained during
protein purifications to identify native protein partnerships and define protein interaction
networks. T. kodakarensis thus provides a versatile platform for the expression and purification

of thermostable proteins.

4 This chapter was published in July 2021 under the same title.

Scott KA, Williams SA, Santangelo TJ. Thermococcus kodakarensis provides a versatile
hyperthermophilic archaeal platform for protein expression. Methods Enzymol. (2021).
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Introduction

Well-regulated and robust bacterial- and fungal-based recombinant gene expression
systems are commonly employed to overproduce and, ultimately, purify proteins in large
quantities for biochemical and structural characterization."? In choosing a recombinant
expression system, parameters such as cost, yield and ease of purification are considered.
Additional parameters, including the assembly of metal-cluster binding sites, proper
post-translational modifications, introduction of disulfide-linkages, protein secretion,
post-translation N- and C-terminal processing, intein excision, the availability of specific
chaperones, unique genetic codes, insertion into membranes of specific compositions and the
availability of essential cofactors limit the choice of production host or demand overexpression
in the native host.>* Protein expression systems have been widely established and
commercialized in several mesophilic species, including Escherichia coli, yeasts and insect cells
(with baculoviruses). While these systems often permit production of cross-species, and
occasionally cross-Domain recombinant protein expression, there remain instances wherein the
canonical protein expression platforms fail to retain the necessary parameters for optimal
protein expression. An increasing class of such proteins originate in the Archaea, wherein
proteins often meant to survive the extremes of pressures, temperature, salinity and pH have
unique expression and folding requirements that are not easily replicated outside of the
archaeal Domain.

The dearth of genetic systems for most archaeal lineages limits controlled protein
overexpression in most archaeal clades, but a few systems have been established that permit
the controlled overexpression of proteins in archaeal cell lysates or whole cells.>®
Archaeal-derived in vitro translation systems, often-linked to in vitro transcription systems,
provide a route to produce archaeal proteins in minute quantities but are impractical for

moderate- or large-scale protein production. Many efforts have thus focused on the few
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genetically-tractable clades of Archaea to develop techniques to aid in protein overexpression
and to facilitate rapid and efficient purification of the desired protein products.” Controlled and
inducible expression systems have long been established in halophilic (salt-loving) archaeal
species,®® but the near-saturating intracellular salinities often impair protein folding of
non-halophilic proteins and impede downstream protein processing in almost all cases. Several
methanogenic archaeal lineages have been manipulated to provide controlled and inducible
protein expression platforms,’™ but none have been developed at scale, as the growth rates and
complicated growth conditions of many methanogens limit the scale of culture growth. The
remaining archaeal cell-based expression systems are found in species that grow at high (>
60°C, thermophilic) or very high (> 80°C, hyperthermophilic) temperatures. The thermophilic
protein-expression systems established for the Sulfolobales’ and the hyperthermophilic protein
expression systems established for the Thermococcales®'?-"* provide unique platforms for
expression of thermostable proteins with a broad range of applications.

Hyperthermophilic archaea have significant potential as host systems to invigorate new
biotechnological innovations and conversion chemistries.'®? Protein expression in
hyperthermophilic archaeal systems motivates both basic and industrial efforts for greener
chemistries, particularly towards the production of enzymes that survive the high temperatures
common to many manufacturing processes. Microbial contamination is reduced or effectively
eliminated by carrying out enzymatic conversions at high temperatures, and the increased
half-life of thermotolerant or thermostable enzymes often reduces total enzyme requirements
and costs.?"?? Thermostable enzymes, particularly amylases and xylanases, are employed in
bulk in biomass degradation and processing?? as well as in pulp and fiber productions? and
starch liquefaction processes®. Thermostable proteases are in high-demand for bulk addition to
laundry detergents, for leather processing, as rennins for cheese-making, as meat-tenderizers’
and for baking and brewing platforms. Thermostable lipases are employed in high-temperature,

low-water-content solvent systems for hydrolysis activities, transesterification and ester
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synthesis. Thermostable enzymes are more diversely used in smaller scale molecular studies,
including PCR, next-generation sequencing techniques and manipulations of nucleic acids.
Finally, many thermostable proteins are stably folded and display reduced long-range
intramolecular dynamics at ambient and/or mesophilic conditions, properties that often aid or
inform structural or biophysical studies.

Thermococcus kodakarensis has emerged as a common model species for the study of
biological processes at high temperatures and as an expression platform for thermostable
enzymes.?® T. kodakarensis is an ecologically pervasive, fast-growing, anaerobic, heterotroph
first isolated from a solfatara on Kodakara island, Japan®?’ that can be grown to high cell
densities with economical media requirements. The development of highly reproducible,
accurate genomic and ectopic manipulation strategies for T. kodakarensis permits rational and
iterative strain construction,?-3° controlled protein overexpression,®® and the introduction of
protein tags or epitopes®~* that aid in rapid and cost-effective protein purifications. T.
kodakarensis thus provides a readily available and versatile platform for the expression of
thermostable proteins for functional studies’ and a relatively untapped source of thermostable
enzymes. Here, we outline current methodologies for expression and purification of native and
recombinant proteins which have been developed for T. kodakarensis. These procedures take
advantage of the natural competency of T. kodakarensis cells, reliable culturing techniques and
commercialized approaches for affinity chromatography. We first introduce the general
procedures that permit genetic manipulation of T. kodakarensis, then detail genomic-, then

plasmid-based protein expression and purification systems.

2. Genetic systems for Thermococcus kodakarensis

The Thermococcales family is distributed globally and represents a well-studied branch
within the Euryarchaeota that includes a growing list of species divided among three genera: the

Pyrococcus, Paleococcus and Thermococcus.® T. kodakarensis was initially classified as
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Pyrococcus kodakaraensis strain KOD1 but was reclassified as T. kodakarensis strain KOD1
after genome re-sequencing and phylogenetic analysis of the 16S ribosomal RNA (note that the
original species designation was also changed from kodakaraensis to kodakarensis).* T.
kodakarensis is naturally competent and, through homologous recombination, readily integrates
exogenous DNA into the genome.?®% The natural competency of T. kodakarensis contributes to
its utility as a platform for protein expression. Transformation procedures are not arduous and
clonal populations can be selected and maintained on a variety of media using a range of
selectable markers.” Specialized strains (Table A1.1) permit selections based on the restoration
of prototrophy?®-3°3" and resistance to toxic nucleotide analogs?**° (Table A1.2). Complementary
counter-selective pressures permit unlimited reuse of selective markers and iterative strain
constructions, inclusive of both genomic modifications and plasmid retention.?®* While T.
kodakarensis is not known to harbor any naturally-occuring plasmids, cryptic mini plasmids from
related members of the Thermococcales have been modified to stably replicate in T.
kodakarensis.>'® The development of genetic techniques has led to the emergence of T.

kodakarensis as a versatile host for protein expression.

2.1 Genetic backgrounds and selectable markers

The choice of selection strategy and host genotype dictate initial plans for protein
expression and purification within T. kodakarensis. When using T. kodakarensis strains with WT
or near WT genotypes, only two validated selection markers exist that do not require specialized
genotypic backgrounds. The first is based on hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase activity that is essential for archaeal isoprenoid-based lipid biosynthesis.** HMG-CoA
is inhibited with simvastatin or mevinolin (a simvastatin analog)* and overexpression of the P.
furiosus HMG-CoA reductase via a constitutive promoter provides T. kodakarensis strains
resistance to ~8 uM simvastatin*® and >30 yM mevinolin*'. The second universal selective

pressure is based on amino acid auxotrophies. Unlike many other Thermococcus species, T.

160


https://paperpile.com/c/XVEXme/pmr1D
https://paperpile.com/c/XVEXme/KCh0c+g3gHE
https://paperpile.com/c/XVEXme/ObyXi
https://paperpile.com/c/XVEXme/YThiv+CYhja+g3gHE+QqCSc
https://paperpile.com/c/XVEXme/g3gHE+CYhja
https://paperpile.com/c/XVEXme/jkaIJ+g3gHE
https://paperpile.com/c/XVEXme/cDwVE+pAv9R
https://paperpile.com/c/XVEXme/meY3M
https://paperpile.com/c/XVEXme/skjWK
https://paperpile.com/c/XVEXme/skjWK
https://paperpile.com/c/XVEXme/JDnN5

kodakarensis lacks an arginine biosynthetic pathway and requires arginine supplementation for
growth.?”%” The P. furiosus genes PF0207 and PF0208 encode argininosuccinate synthase and
argininosuccinate lyase, respectively, which together catalyze the synthesis of arginine from
citrulline or aspartate.”*? T. kodakarensis strains that incorporate and express donor DNA
carrying both PF0207 and PF0208 can grow with citrulline or aspartate in the absence of
arginine in minimal medium.*? These selection markers are compatible with all known strains;
however, counter selection strategies independent of genotypic background have not yet been
developed.

It is far more common to direct protein expression in one of several strains (Table A1.1)
that have been constructed to allow auxotrophic—prototrophic selection of genomic integration of
donor DNA by homologous recombination or retention of autonomously replicating
plasmids.®>'54* Auxotrophic strains that incorporate donor DNA restoring prototrophy provide
positive selection strategies. Counter selection strategies lead to the excision or loss of donor
DNA, as the activity of counter selectable markers result in death of all cells still containing the
counterselectable marker. KU216 lacks the orotidine-5-phosphate decarboxylase (pyrF) gene
and displays uracil auxotrophy in minimal medium.?*® KU216 also confers resistance to
5-fluoroorotic acid (5-FOA), allowing counter selection for cells that have excised pyrF encoded
donor DNA. Building from KU216, stains KUW1 and KUWH1 additionally lack anthranilate
synthase (TK0254), encoded by the trpE locus, conferring tryptophan auxotrophy.?®* KUWH1
further lacks hisD, providing histidine auxotrophy. Strain KW128 lacks pyrF and the trpE locus is
replaced with pyrF, leading to tryptophan auxotrophy.?® The absence of the amino acid
corresponding to the induced auxotrophy provides a positive selection strategy based on the
restoration of prototrophies provided in the donor DNA.

Multiple strains derived from KU216 were constructed to allow for sequential selection
and counter selection of genomically integrated DNA. Such strains are useful for genetic

manipulations via markerless allelic exchange (MAE) and are the backbone of genetic
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techniques in T. kodakarensis. Strain TS517 is genotypically similar to KW128 but with an
additional deletion of hypoxanthine/guanine phosphoribosyltransferase (TK0664), a purine
scavenging protein.*® Strain TS559 additionally lacks the pyruvoyl-dependent arginine
decarboxylase (TK0149) which leads to agmatine auxotrophy. Integration of donor DNA
encoding TK0149 results in agmatine prototrophy. Similar to TS517, ejection of donor DNA
carrying TK0664 is selected for by isolating mutants resistant to 6MP.** Lastly, strain TS900 was
derived from TS559 and is cleanly deleted for pyrF (unpublished). Selection and counter
selection of transformants in TS900 are identical to that of TS559. The strains described here
and their compatible selection strategies allow targeted mutagenesis of chromosomal DNA.
2.2 Targeted mutagenesis of chromosomal DNA

T. kodakaraensis is naturally competent for DNA uptake and incorporates donor DNA
into its genome by homologous recombination,?2° allowing targeted chromosomal mutations for
increased protein expression,® placement of extracellular secretion signals,® gene deletions,***°
epitope- or affinity-purification,®'*2 or allelic substitutions.*” Genome manipulations are currently
possible using MAE where transformation with plasmid DNAs that carry a positive selection
marker (i.e.: TK0254 (trpE), TK2276 (pyrF) or TKO149 (pdaD)) are integrated into the genome
resulting in tryptophan, uracil and agmatine prototrophic transformants, respectively (Figure
A1.1).223043 After selection and confirmation of the intermediate genotype, growth of confirmed
intermediate-genome containing cells in the presence of tryptophan, uracil, or agmatine permits
a small percentage of cells to spontaneously remove the integrated plasmid sequences via
homologous recombination.? These unique cells containing the desired final genotypes are now
able to survive in the presence of 5-FOA or 6MP due to the loss of the counterselectable
marker.?®*" MAE, sometimes referred to as pop-in/pop-out, permits a tailored approach to
expression and purification of proteins in a hyperthermophilic system.

Targeted chromosomal alterations are achieved by transforming a vector containing the

desired modification flanked by several hundred bases (i.e.: > 500 bp) of up- and downstream
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Table A1.1 T. kodakarensis strains and compatible selection strategies.

Medium Available selection
Strain Genotype requirements strategies Reference(s)
Morikawa et
rich or minimal HMG-CoA reductase and al. 1994, Fukui
KOD1 wild type medium citrulline. et al. 2005
HMG-CoA reductase and
citrulline. Transformation with
rich or minimal DNA encoding pyrF confers Sato et al.
KU216  ApyrF medium with uracil uracil prototrophy. 2005

HMG-CoA reductase and
citrulline. Transformation with
DNA encoding pyrF or trpE
minimal medium with  confers uracil or tryptophan Sato et al.
KUW1 ApyrF; AtrpE uracil and tryptophan  prototrophy, respectively. 200

HMG-CoA reductase and
citrulline. Transformation with
DNA encoding pyrF, trpE, or
minimal medium with hisD confers uracil,
ApyrF; uracil, tryptophan and tryptophan, or histidine Sato et al.
KUWH1  AtrpE; AhisD histidine prototrophy, respectively. 2005

HMG-CoA reductase and
citrulline. Compatible with

()]

rich medium or MAE using tryptophan
ApyrF; minimal medium with  (selection) and 5-FOA Sato et al.
KW128  AtrpE::.pyrF tryptophan (counter-selection). 2005

HMG-CoA reductase and
citrulline. Compatible with

ApyrF; rich medium or MAE using tryptophan

AtrpE::pyrF; minimal medium with (selection) and 6MP Santangelo et
TS517 AHPRT tryptophan (counter-selection). al. 2010

rich medium with HMG-CoA reductase and

ApyrF; agmatine or minimal  citrulline. Compatible with

AtrpE::pyrF; medium with MAE using agmatine

ApdaD; tryptophan and (selection) and 6MP Santangelo et
TS559 AHPRT agmatine (counter-selection). al. 2010

HMG-CoA reductase and
citrulline. Compatible with

rich medium with MAE using (i) agmatine
ApyrF; agmatine or minimal  (selection) and 6MP
AtrpE; medium with (counter-selection); (ii) uracil
ApdaD; tryptophan and (selection) and 5-FOA
TS900 AHPRT agmatine (counter-selection). unpublished
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Figure A1.1 Sequential homologous recombination events permit modifications of
chromosomal DNA, A vector designed for genomic integration (A) includes replication and
selection elements for E. coli (black) but only selection (orange) and counter selection (blue)
elements for T, kodakarensis, Regions of up (green) and downstream (pink) homology to the
target locus sequences (yellow, with red modification) permit the vector to integrate adjacent to
the target locus. Possible genomic modifications including (B) gene deletion(s), promoter
exchange and allelic substitutions can be generated using identical pop-in/pop-out technigques.
Genomic integration is mediated by either the region of upstream or downstream homaology
(C)., and the first recombination event (pop-in) is selected for using a positive selection marker
(D). In this example, the region with upstream homology (green) is the recombination point.
The intermediate genome is verified using primers pairs that have homology to the genome
and the plasmid separately (primers A and F and primers R and B). The second recombination
event, wherein the plasmid is ejected from the genome (pop-out), is selected for using a
counter selectable marker (E); there is an equal probability of recombination at the green or
pink loci. In this example, recombination between the green loci yields the parent genome
while recombination between the pink loci results in the desired modification. Depending on
the modification, the final genome can be verified using PCR and amplicon or whole genome
sequencing.of the final genotype can be achieved through PCR analysis and/or Sanger
sequencing of the target loci.* Whole genome sequencing should be considered as off target
recombination events are possible. While modification of promoter or expression sequences
(i.e.: Shine-Delgarno sequences) may alter protein expression, many changes to chromosomal
coding sequences are specifically designed to retain native protein expression. Ectopic shuttle
vectors which stably replicate in T. kodakarensis and E. coli are often more practical for high
level protein expression.

homology (Figure A1.1A).** Routine modifications including N- or C-terminal epitope- or
affinity-tag additions, promoter exchange, gene deletions and allelic substitutions (Figure A1.1A,
B) are encoded on a vector that has both a selectable and counter selectable marker
compatible with MAE in T. kodakarensis (Figure A1.1A and Table A1.2). Components for
autonomous replication and selection in E. coli are included; however, no T. kodakarensis origin
of replication (ori) is necessary, as the plasmid is expected to integrate into the genome. After
vector transformation, either the up- or downstream regions homologous to the target loci will
integrate into the genome (Figure A1.1C). Prototrophic selection of plasmid integration (pop-in)
via homologous recombination is mediated by the positive selectable marker (Table A1.2). The
intermediate genome is confirmed via PCR using two primer sets (primers A/R and primers F/B,

Figure A1.1D). Primers A and B are external to the site of plasmid integration and are not
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homologous to any region on the integrative vector, while primers F and R have homology to the
plasmid. Spontaneous recombination of the plasmid out of the genome (pop-out) is selected for
using a counter selectable marker (Figure A1.1E and Table A1.2) and has a ~50% chance of
reverting to the parent genome (Figure A1.1E, green) or including the modification (Figure
A1.1E, pink). Confirmation of the final genotype can be achieved through PCR analysis and/or
Sanger sequencing of the target loci.*® Whole genome sequencing should be considered as off
target recombination events are possible. While modification of promoter or expression
sequences (i.e.: Shine-Delgarno sequences) may alter protein expression, many changes to
chromosomal coding sequences are specifically designed to retain native protein expression.
Ectopic shuttle vectors which stably replicate in T. kodakarensis and E. coli are often more
practical for high level protein expression.
2.3 Autonomously replicating plasmids

Plasmids that autonomously replicate and express selectable markers in both T.
kodakaraensis and E. coli can be easily manipulated and confirmed in E. coli, then transferred
to T. kodakaraensis where manipulation of plasmids is more complicated. Shuttle vectors, when
modified to encode expression cassettes under the control of a variety of constitutive promoters
(Table A1.3 and Figure A1.2, purple), provide a mechanism for high levels of ectopic
expression. The cell surface glycoprotein (csg, TK0895) is a highly expressed gene in T.
kodakarensis, and therefore the Pcsg promoter, among others, can direct high level expression
when inserted into the multiple cloning site (Figure A1.2, green).*® Where an exogenous
promoter is prefered, the Phmtb promoter from Methanothermobacter thermautotrophicus is
compatible with T. kodakarensis expression machinery.*' In the related species, Pyrococcus
furiosus, some level of inducible expression can be achieved from the PcipA promoter.*® With
the exception of a riboswitch-mediated expression system, no single-gene controlled expression
system currently exists in T. kodakarensis."* The endogenous Pfbpase promoter can be

activated by the addition of elemental sulfur (S) but like the PcipA promoter, such large scale
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Table A1.2 Selectable markers for T. kodakarensis.

Genetic Selection Compatible
Selection background requirements strains Reference(s)
KUW1,
AtrpE Minimal medium lacking KUWH1, Sato et al. 2003,
tryptophan (ATKO0254) tryptophan. KW128 Sato et al. 2005
None. Requires
overexpression of Matsumi et al. 2007
simvastatin, HMG-CoA reductase Santangelo et al.
mevinolin None (PF1848). Any strain 2008
Minimal or rich medium Fukuda et al. 2008;
ApdaD lacking agmatine Santangelo et al.
agmatine (ATKO0149) supplementation. TS559, TS900 2008
AhisD Minimal medium lacking
histidine (ATKO0244) histidine. KUWH1 Sato et al. 2005
6-methyl AHPRT Minimal medium TS517, TS559, Santangelo et al.
purine (6MP) (ATK0664) containing 6MP. TS900 2010
Minimal medium lacking KU216,
uracil, uracil and KW128,
5-fluororatic  ApyrF supplemented with TS517, TS559,
acid (5-FOA) (ATK2276) 5-FOA, respectively. TS900 Sato et al. 2003
+argG
citrulline, (PF0207), Minimal medium lacking
aspartate +argH (PF0208) citrulline or aspartate.  Any strain Atomi et al. 2004

changes to growth conditions alter the expression of many genes. Select changes to the
ribosome binding site (RBS, 5-AGGTGA) can act as another point to control protein expression
levels.®> No naturally occurring plasmids exist in T. kodakarensis.*® All T. kodakarensis—E. coli
shuttle vectors (Table A.4) rely on one of two plasmids isolated from close relatives in the
Thermococcales for replication (Figure A1.2, red). The cryptic mini plasmid pTN1 isolated from
T. nautilus encodes a rolling-circle replication initiator protein (Rep74) and a p24 protein,
although p24 is not essential.®’ The fusion of pTN1 to E. coli vectors provide the minimal
replicative sequences for both species and selectable markers for E. coli, but not T.
kodakarensis.®> Analogous to pTN1, pTP2 from Thermococcus prieurii contains five putative

open reading frames, one of which encodes a rolling circle replication gene that also supports
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Figure A1.2 Autonomously replicating expression vectors permit stable replication and gene
expression in T. kodakarensis and E. coli. Constitutive or inducible prometers (purple) drive high
levels of ectopic gene expression of sequences cloned into the multiple cloning site (MCS, green).
Selections in T. kodakarensis (orange) rely on restorations of prototrophies (agmatine, tryptophan,
arginine, uracil), statin resistance {mevinelin, simvastatin) or resistance to foxic nucleoside analogues
(BMP, 5-FOA). Expression vectors retain either a pUC or p15A origin (o) and an antibiotic selection
cassette(s) for replication in E. coli (blue): bia (ampicillin resistance); cat (chloramphenicol resistance);
neo (kanamycin resistance). The entire pTN1 or pTP2 plasmid sequences (red) permit autonomous
replication in T. kodakarensis.
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Table A1.3 Promoters compatible with gene expression in T. kodakarensis.

Gene
Promoter ID Origin Description Reference(s)
Methanothermobacter Santangelo et al.
Phmtb MT0254 thermautotrophicus Constitutive; Histone B. 2007
Thermococcus Constitutive; CDP-alcohol Rodrigues et al.
Pcap TK2279 kodakarensis phosphatidyltransferase. 2007
Thermococcus Constitutive; Glutamate Santangelo et al.
Pgdh TK1431 kodakarensis dehydrogenase. 2008
Thermococcus Constitutive; Cell surface Takemasa et al.
Pcsg TKO895 kodakarensis glycoprotein. 2011
Inducible;
Fructose-1,6-bisphosphatase.
Involvement in central
Thermococcus metabolism hinders tight
Pfbpase TK2164 kodakarensis regulation. Sato et al. 2004
Inducible; membrane-bound
glycoprotein, cold-induced
protein A. Induction via
heat/cold shock or other
stress has significant
PcipA PF0190 Pyrococcus furiosus biological effects. Basen et al. 2012
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Table A1.4: T. kodakarensis - E. coli shuttle vectors.

T. T.
Size kodakarensis E. colicopy kodakarensis E. coli Genetic
Plasmid (bp) copy number number selection(s) selection(s) Description background Ref.
PTNT + Santangel
ampicillin, pCR2.1-TOPO::Pcap AtrpE oetal.
pLC64 9034 ~3/chromosome ~500-700/cell tryptophan kanamycin -TrpE (ATK0254) 2008
pTN1 +
pCR2.1-TOPO::Pcap Santangel
statins, ampicillin, -TrpE; AtrpE o et al.
pLC70 10495 ~3/chromosome ~500-700/cell tryptophan kanamycin Pgdh-HMG-CoA (ATKO0254) 2008
pTN1::Ap24 +
pCR2.1-TOPO::Pcap Santangel
statins, ampicillin, -TrpE; AtrpE o et al.
pLC71 9190 ~3/chromosome ~500-700/cell tryptophan kanamycin Pgdh-HMG-CoA (ATKO0254) 2008
pTN1 + Santangel
ampicillin, pCR2.1-TOPO::Phmt ApdaD oetal.
pTS543 8196 ~3/chromosome ~500-700/cell agmatine kanamycin B-PdaD (ATKO149) 2010
pTP2 +
chloramphenic pBAD33::Pgdh-HMG Catchpole
pTPTK1 5489 ~50/cell ~20-30/cell  statins ol -CoA Any strain et al. 2018
chloramphenic pTP2 + AtrpE Catchpole
pTPTK2 5444 ~50/cell ~20-30/cell  tryptophan ol pBAD33::Pcap-TrpE (ATK0254) et al. 2018
pTP2 +
chloramphenic pBAD33::Ppdad-Pda ApdaD Catchpole
pTPTK3 4710 ~50/cell ~20-30/cell agmatine ol D (ATKO0149) et al. 2018
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plasmid replication in T. kodakarensis.”® Both pTN1- and pTP2-based plasmids can be
maintained within the same cell, providing two distinct and simultaneous means of selection. T.
kodakarensis is polyploid, retaining ~7-19.%2 pTN1-based plasmids have been measured to exist
at a copy number of ~3 copies per chromosome® while pTP2-based plasmids have been
observed at ~50 copies per cell®® (Table A.4). Stable replication of plasmids in E. coli is
dependent on a pUC or p15A origin (Figure A.2, blue), with a copy humber of ~500-700 and
~20-30 per cell, respectively (Table A.4).5195455

Naturally occurring replicative plasmids (i.e.: pTP2 and pTN1; Figure A.2, red) have
been modified to contain cassettes for expression of selection markers in both T. kodakaraensis
and E. coli (Table A1.4). Ampicillin, chloramphenicol and kanamycin resistance genes (bla, cat
and neo, respectively; Figure A.2, blue) have previously been used for selection in E. coli, while
a variety of prototrophic and statin-resistance strategies have been validated in T. kodakarensis
(Figure A.2, orange).>' The pLC plasmid series (e.g.: pLC64, pLC70, pLC71 and pTS543) can
provide statin resistance or restore tryptophan or agmatine protoprophy to transformants.53:%
The pLC64 plasmid was constructed by ligating together pTN1 and the commercially available
pCR2.1-TOPO. pLC64 contains the trpE gene under control of the constitutive promoter, Pcap.?’
Plasmids pLC70 and then pLC71 were derived by adding HMG-CoA from P. furiosus under the
T. kodakarensis Pgdh promoter, providing an additional mechanism for statin resistance.
Several restriction enzyme sites are available for digestion at the MCS (Figure A.2, green).

The pTPTK plasmid series (e.g.: pTPTK1, pTPTK2, pTPTK3) are a result of the ligation
of pTP2 and pBAD33 and have been modified to enable statin-resistance or restore tryptophan
or agmatine prototrophy under a native or constitutive promoter (Figure A.2, purple).'®
Restriction enzyme recognition sites are present in the multiple cloning site; however, Stul and
Sall digestion should be avoided in pTPTK2 as their recognition sequences are present in the
trpE cassette. With the exception of agmatine prototrophy, all other prototrophic selection

strategies require cells to be grown in minimal medium. Use of all prototrophic selective markers
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requires a mutant genetic background that induces auxotrophy for the selection nutrient.?-3041

3. Purifying proteins and identifying protein interactions

Recombinant protein expression in a genetically accessible, native hyperthermophile
such as T. kodakarensis provides access to protein production and research applications in a
novel setting. Hyperthermophilic protein expression can produce thermostable proteins in their
native state, with biologically relevant associations and modifications (e.g.: in complex and/or
containing post-translational modifications). Protein purifications via liquid chromatography (LC)
can be applied (1) to purify proteins at industrial scale (typically from ectopic vectors) or (2) to
describe native-level protein expression or identify protein—protein partnerships at research
scale.
3.1 Protein production and purification

Ectopic expression vectors permit easy introduction and expression of heterologous
genes and are commonly used for applications involving large-scale protein production. T.
kodakarensis cultures grow rapidly at 85°C, doubling every ~40 minutes and will achieve a final
cell density of ~10%° cells/mL in rich media. Optical density (OD) at 600 nm provides a
convenient method to monitor cell growth with cultures reaching ~1.0-1.3 absorbance units at
maximum cell densities. T. kodakarensis strains harboring the expression vector(s) may be
cultured at a range of temperatures (~65-95°C) and in media containing the necessary
nutritional and selectable components using batch fermentation to yield large quantities of
biomass. Growth conditions (e.g.: temperature) and media additives should be selected for the
specific strain (Table A1.1) and the compatible genetic markers (Table A1.2). Industrial-scale
protein purifications typically require greater culture volumes, and pilot trials at small scale are
recommended for process development. Larger culture volumes (>10 L) are ideally grown within
a bioreactor. Protein production in minimal medium is possible, although culture yields are

dramatically reduced resulting in minimal biomass. Cultures that have reached late exponential
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or early stationary growth phases are rapidly cooled and harvested, and the biomass is
processed for protein purification. Cell pellets can be stored at -80°C indefinitely prior to
processing.

Cell lysis to separate cytoplasmic from membrane-bound or extracellular products is
achieved by sonication in physiologically relevant buffers followed by centrifugation to pellet
membranes, while retaining cytoplasmic proteins in the supernatant. Purification of the desired
protein can be obtained by liquid chromatography, and conditions specific to the protein of
interest should be considered (e.g.: a protein bound strongly to DNA may require elution at
higher salinity or unique pHs). Reverse phase, ion exchange, size exclusion or affinity
chromatography can be employed for a variety of purification techniques. Purification efficacy
can be assessed by SDS-PAGE and western blotting, if respective antibodies are available. The
addition of epitope tags, such as the hemagglutinin epitope (HA) to the protein of interest can be
utilized for immunodetection if protein-specific antibodies are not available. Tags which include a
cleavage site can be used for structure specific applications (e.g.: crystallography).

3.2 Native protein-expression and retention of in vivo protein partnerships

Purification of tagged-protein complexes and retention of native protein interactions
established in vivo permits identification of associated protein partnerships. Chromosomal MAE
techniques can be used to introduce sequences to the genome that encode affinity- (Hisg) and
epitope- (HA) tags to protein targets and result in retention of native promoters and native levels
of target proteins within T. kodakarensis. Steady-state protein levels retain protein partnerships
that can be identified through the rapid, gentle, co-purification of the tagged-target protein in
association with its natural protein partners.

To maintain the greatest number of protein interactions, cultures should be chilled rapidly
in an ice-water bath to preserve as many interactions in their native conformational state as
possible. Subjecting cultures to dry ice-mediated cooling is an alternative when exceptionally

delicate interactions (e.g.: protein—-RNA associations) are of interest. Pelleted and resuspended
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cells can be sonicated briefly to disturb membranes while maintaining protein—protein
interactions. The downstream chromatography must be completed as rapidly as possible to
preserve the maximum number of protein partnerships. Purified fractions can be assessed for
the presence of the tagged protein by SDS-PAGE and western blotting. Fractions containing the
protein of interest are typically pooled, quantified for total protein and trypsin digested for
peptide analysis on liquid chromatography tandem mass spectrometry (LC-MS/MS). The
high-confidence peptide identification and low-input requirements offered by LC- MS/MS
provides a simple and economical route to establish protein interactions in complex protein
mixtures.3'3?

In contrast to large-scale protein production strategies (section 3.1), a single liter or less
of T. kodakarensis culture grown in rich medium to mid-exponential phase is typically sufficient
to identify protein-protein interaction networks. Meaningful interpretation of proteomics data
requires reproducibility and biochemical validation. Repeated identification of target and
co-purifying proteins, with a minimum of two unique peptides per protein, in multiple biological
replicates (three are recommended) provides a high level of confidence in bona fide in vivo
partnerships.3' Reciprocal pulldowns or known protein associations (e.g.: established protein
complexes) can be used to confirm interactions in vivo. Given that a minor number of T.
kodakarensis proteins have a natural affinity for some purification matrices, care should be
taken to ensure that co-purifying proteins are not present in identical purifications from near
isogenic control strains (e.g.: the parental strain grown and processed under the same

conditions).

4. Reagents, recipes and equipment

A list of reagents, recipes and equipment are provided for use in the protocols outlined in
section 5.

4.1 Reagents
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

S; elemental sulfur; flowers of sulfur
Agmatine

Gelzan (Sigma-Aldrich)
6-methylpurine (Sigma-Aldrich)
Cysteine

Glutamic acid

Glycine

Arginine

Proline

Asparagine

Histidine

Isoleucine

Leucine

Lysine

Threonine

Tyrosine

Alanine

Methionine
Phenylalanine

Serine

Tryptophan

Aspartic acid
Glutamine

Valine

NiSO,

EDTA
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27. Guanidine HCI

4.2 Recipes

1. Trace minerals (1,000x; 1 L)
a. 0.5gMnS0O,H,0O
b. 0.1 g CoCly*6 H,0O
c. 0.192ZnS0O,7 H,O
d. 0.01 g CuSO,*5 H,0
e. 0.01 g AIK(SO,),*12 H,O
f. 0.01 gH;BO;
g. 0.01 g Na,Mo0QO,2 H,O
2. Artificial sea water containing yeast extract and tryptone (1.0x ASW-YT; 1 L)
a. 5gtryptone
b. 5 g yeast extract
c. 20 gNaCl
d. 3 g MgCly6 H,0O
e. 6gMgS0O,7 H,0O
f. 800 mg (NH,),SO,
g. 160 mg NaHCO,
h. 240 mg CaCl,*2 H,0
i. 400 mg KClI
j- 336 mg KH,PO,
k. 40 mg NaBr
I. 16 mg SrCl,*6 H,0O
m. 8 mg Fe(NH,),(SO,),*6 H,O

n. 5 mL trace minerals
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0. 5 g pyruvate (Optional)
3. Polysulfides (500x; 15 mL)

a. 10 g Na,S*9 H,0

b. 3 g sulfur

* See Note 1.

4. KOD1 Vitamins (200x; 1 L)

a. 0.2 g niacin

b. 0.08 g biotin

c. 0.2 g pantothenate

d. 0.2 g lipoic acid

e. 0.08 g folic acid

f. 0.2 g p-aminobenzoic acid

g. 0.2 g thiamine
h. 0.2 g riboflavin
i. 0.2 g pyridoxine
j- 0.2 g cobalamin
5. 20 amino acid mix (20x; 1L)
a. 1gcysteine
b. 1 g glutamic acid
c. 1gglycine
d. 500 mg arginine
e. 500 mg proline
f. 400 mg asparagine
g. 400 mg histidine
h. 400 mg isoleucine

i. 400 mg leucine



400 mg lysine
400 mg threonine

400 mg tyrosine

. 300 mg alanine

300 mg methionine
300 mg phenylalanine
300 mg serine

300 mg tryptophan
200 mg aspartic acid
200 mg glutamine
200 mg valine

* See Note 2.

6. Solid-media plates (prepared for each transformation)

a.

b.

C.

d.

50 mL 2x media formulation (e.g.: ASW-YT), autoclave

50 mL water with 1 g Gelzan, autoclave

Following separate autoclaving, immediately mix components a and b, 100 pL
KOD1 vitamins, 200 pL polysulfides and any additional necessary components
(i.e.: strain TS559 transformants rely on the absence of agmatine for positive
selection)

Mix anaerobically and pour ~25 mL into each of 4 glass petri dishes

7. Lysis buffer (Buffer A)

10 mM Tris-HCI, pH 8
0.5 M NaCl

10% (v/v) glycerol

8. Elution buffer (Buffer B)

10 mM Tris-HCI, pH 8
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0.1 M NaCl
0.5 M imidazole

10% (v/v) glycerol

4.3 Equipment

1. Microcentrifuge and microcentrifuge tubes

2. Floor model centrifuge, compatible rotors and centrifuge tubes

3. Heating block

4. Anaerobic chambers (Coy Laboratory Products)

5. 85°C incubator

6. Anaerobic microbiology culturing equipment

a.

b.

Glass serum bottles
Septa

Aluminum crimp seals
Glass petri plates

*See Note 3.

7. Sonicator

8. AKTA or similar liquid chromatography system

9. HiTrap chelating column (Cytiva)

10. SDS-PAGE equipment

a.

b.

C.

d.

Gels
Running buffer
Apparatus

Compatible protein stains

11. Western blotting equipment

a.

Membrane
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b. Transfer system
c. Primary antibody (Invitrogen HA Tag Monoclonal Antibody, 26183)
d. Secondary antibody

e. Imaging system

5. Protocols

5.1 Targeted mutagenesis of chromosomal DNA
Markerless-modifications of T. kodakarensis chromosomal DNA typically rely on integration of a
non-replicative plasmid harboring the desired modification into the genome, followed by excision
of most plasmid sequences from the genome to yield a strain with a modified genomic
sequence. Detailed instructions for the construction of integrative plasmids have been provided
elsewhere**; herein we focus on the steps for transformation and confirmation of genomic
modifications. All procedures are carried out anaerobically. For simplicity, we do not detail the
specific selective and counter-selective procedures nor the exact media formulations of solid or
liquid mediums, as the multitude of genetic techniques for T. kodakarensis provide many options
depending on the host strain employed (Tables 1 and 2).
Transformation and selection for plasmid integration into the genome
1. Grow an MAE-compatible T. kodakarensis strain (Table A1.1) at 85°C for 12 hours in
ASW-YT medium supplemented with S, KOD1 vitamins and any necessary additives.
Harvest via centrifugation and resuspend cells in 3 mL of 0.8X ASW, transfer to a
microcentrifuge tube, and place on ice.
2. Add ~2 ug of plasmid DNA (in < 15 pL) to a 200 pL aliquot of concentrated cell
suspension and incubate on ice for 30 minutes.
3. Heat shock the cell and plasmid mixture at 85°C for 45 seconds using a heating block,
then immediately incubate on ice for an additional 30 minutes.

4. Plate transformed cells on a selection medium and grow anaerobically at 85°C for ~2-5
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days.

Confirmation of appropriate plasmid integration and intermediate genome formation

5.

7.

Colonies resulting from transformations are anticipated to have integrated the plasmid
sequences into the genome. Cells from distinct colonies should be picked and inoculated
in 5 mL ASW-based medium containing KOD1 vitamins while ensuring maintenance of
the positive selection(s) employed.

5 mL cultures are grown overnight anaerobically at 85°C to yield sufficient biomass for 1
mL genomic DNA preparations following established procedures.*?

Perform diagnostic PCRs using genomic DNA.

* See Note 4.

Counter selection, confirmation of plasmid excision and final genome confirmation

8.

10.

5 mL ASW-based medium grown cultures of confirmed intermediate strains,
supplemented to permit spontaneous excision of the selective and/or counterselective
makers, should be grown overnight and the resulting cells spread on solid-medium
containing the appropriate counter-selective pressures and allowed ~4 days of anaerobic
growth at 85°C.

Resulting colonies are anticipated to have spontaneously excised the plasmid from their
genomes and either retained the desired modification or reverted back to the parental
genome (Figure A.1E). Cells from distinct colonies should be picked, inoculated in 5 mL
ASW-based medium and grown anaerobically overnight at 85°C to yield sufficient
biomass for 1 mL genomic DNA preparations following established procedures.*
Amplicons generated from primers pairs complementary to genomic sequences permit
diagnostic confirmation of the desired final genotype. Depending on the desired
modification, PCR followed by gel electrophoresis can be used for size discrimination of
the target region. If the modification produces a size difference that is difficult to discern

via PCR (i.e.: short sequences encoding affinity- or epitope-tags), differential restriction
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digestion patterns of the PCR amplicon originating from the region of interest may assist
in identifying desired genotypes. When diagnostic PCRs indicate the presence of the
desired modification, genotypes should be confirmed via Sanger sequencing of PCR
amplicon(s) that span the target loci or whole genome sequencing (e.g.: Oxford
Nanopore Sequencing).

5.2 Transformation of T. kodakarensis—E. coli shuttle vectors
* See Note 5.

1. Grow an MAE-compatible T. kodakarensis strain (Table A1.1) at 85°C for 12 hours in
ASW-YT medium supplemented with S, KOD1 vitamins and any necessary additives.
Harvest via centrifugation and resuspend cells in 3 mL of 0.8X ASW, transfer to a
microcentrifuge tube, and place on ice.

2. Add ~2 ug of plasmid DNA (in < 15 pL) to a 200 pL aliquot of concentrated cell
suspension and incubate on ice for 30 minutes.

3. Heat shock the cell and plasmid mixture at 85°C for 45 seconds using a heating block,
then immediately incubate on ice for an additional 30 minutes.

4. Spread transformed cells on a solid-medium compatible with the selection marker(s)
(Table A1.2). Incubate the plated cells anaerobically for ~2-6 days at 85°C.

5. Pick cells from a discrete colony into 10 mL of the appropriate ASW-based medium
required for the chosen selectable marker(s). Allow the culture to grow anaerobically at
85°C overnight.

*See Note 6.
5.3 Ectopic protein expression

1. Inoculate 1 L of ASW-based medium supplemented with S, KOD1 vitamins and any
necessary additives with a 10 mL overnight culture.

*See Note 7.

2. For expression reliant on constitutive promoters, cells should be harvested via

182



centrifugation immediately prior to entry into the stationary phase to maximize cell
density. For expression reliant on inducible promoters, culture conditions should be
altered to permit protein expression when the optical density has reached ODgq, =
0.2-0.3, and cells should be harvested via centrifugation prior to stationary phase.

*See Note 8.

5.4 Large-scale single protein purification

* See Note 9.

Cell lysis

1.

Cell pellets are thawed (if frozen) and resuspended with ~3 mL per g of biomass in lysis
buffer (Buffer A).

Sonicate the cell suspension on ice at half-maximal output for 10 seconds on/30
seconds off for a total of ~5-60 minutes. Suspension will be grey and homogenous when
cells are sufficiently lysed. Avoid unnecessary sonication.

Generate a clarified cell lysate (CCL) by centrifugation (9,000 x g for 20 minutes) to
pellet membranes while retaining cytoplasmic proteins in the supernatant.

*See Note 10.

Purification via affinity chromatography

1.

Prepare the AKTA chromatography unit (or similar) by ensuring all tubing is flushed and
a fraction collector is prepared.
Charge HiTrap chelating column with 1 M NiSO,.
Clean flow paths and HiTrap column with 5 column volumes of Buffer B followed by 5
column volumes of Buffer A.
Load CCL.
*See Note 11.
Wash the column with 5 column volumes of Buffer A.

*See Note 12.
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6. Elute the target protein with an imidazole gradient and collect the eluant in small (~1 mL)

fractions. Aliquots of each fraction can be resolved via SDS-PAGE and/or western
blotting to identify fractions containing the target protein.

*See Note 13.
Flush the entire chromatography system with 5 column volumes Buffer B, followed by 10
column volumes of ultra-pure H,O. To regenerate the chelating column, first remove any
remaining proteins with 5 column volumes of 6 M guanidine HCI, then flush the column
with H,0O, and finally strip the bound Ni** from the column with 2 column volumes 0.5 M

EDTA. Store the chromatography apparatus and HiTrap column in 20% ethanol.

5.5 Rapid and gentle purification to identify protein partnerships

*See Note 14.

Identification of in vivo protein partnerships

1.

Chromatography fractions containing the tagged protein of interest are pooled,
quantified, precipitated and trypsin-digested prior to the separation and identification of
peptides via LC-MS/MS.

Peptides are identified using multidimensional protein identification technology (MuDPIT)

and mapped to the T. kodakarensis proteome as described.?"*2

6. Advantages and future perspectives

T. kodakarensis has emerged as a model species for the study of biological processes at

high temperatures and as an expression platform for thermostable enzymes, owing mainly to

the development of highly reproducible, accurate genomic and ectopic manipulation strategies.?

While numerous advantages of a native hyperthermophilic expression system are evident, the T.

kodakarensis platform could be improved.

Although genomic manipulation strategies in T. kodakarensis are simple and sufficiently

straightforward to allow many researchers to generate large numbers of unique strains, genome
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modification systems that use CRISPR/Cas are not yet available for T. kodakarensis. Most
archaeal species (including the Thermococcales) encode CRISPR elements® and efforts to
establish a thermostable CRISPR/Cas system for use in T. kodakarensis may accelerate strain
construction. The development of additional cost-effective selection strategies, particularly
non-prototrophic selections that could be universally deployed regardless of host genotype,
would speed strain construction and add to the versatility of genetic techniques for T.
kodakarensis. One of the most important tools for exploiting 7. kodakarensis as an expression
platform will be the development of a tightly-controlled, inducible promoter system. Available
riboswitch-mediated regulatory expression systems are useful and are commonly employed
within the T. kodakarensis research community'*’ but lack the dynamic range desired for rapid
and efficient control of protein expression.

Despite the challenges imposed by high temperature environments, the rapid
development of tools for genetic manipulation for T. kodakarensis have provided the scientific
community with a versatile protein expression platform conducive to the production and study of
thermostable proteins. The combination of autonomously replicating ectopic expression
systems, controlled protein overexpression and the ability to introduce genomic modifications
makes T. kodakarensis a versatile platform for the expression of thermostable proteins and the
evaluation of in vivo protein partnerships.

Notes
1. The powder is mixed with up to 15 mL H,O and heated until the solution is
homogeneous and free of particulates.
2. Individual amino acids can be excluded to allow prototrophic selections.
3. Many plasticware items melt upon extended incubation at hyperthermophilic
temperatures.
4. Amplicons generated from primer pairs complementary to genomic and integrated

plasmid sequences permit diagnostic confirmation of the desired intermediate
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10.

1.

12.

genotype(s). It is imperative that the primer sets used in the diagnostic PCRs include
one primer that is complementary to genomic DNA sequences and a second primer
complementary to sequences of the integrated plasmid (Figure A.1D). Such pairing
ensures that resulting amplicons originate from a genomically integrated plasmid.
Depending on how the plasmid integrated into the genome (either upstream or
downstream to the modification site) two intermediate genomes are possible.*
Whenever possible, identification of separate strains containing each potential
intermediate genotype is desirable as each intermediate strain can yield the desired final
genotype.

Methodologies for generating a T. kodakarensis—E. coli shuttle vector with selectable
phenotypes and replicative origins are outlined elsewhere.>'®

Maintenance of a retained plasmid can be confirmed by growth on selective media,
PCR, or by plasmid purification and transformation back into E. coli.

Cultures should be started with a 1:100 inoculum.

Secreted protein targets can be recovered from the culture media.

Both purification strategies (5.4 and 5.5) are reliant on genetically modified strains
encoding affinity and epitope tags on the protein of interest. Six-histidines (Hisg;
affinity-tag) at the N- or C-terminus allow for protein purification using a chelating column
charged with nickel. Bound proteins are eluted using an imidazole gradient. A
hemagglutinin sequence (HA; epitope-tag) is encoded between the Hisg and protein
coding sequence to allow for easy identification of the target protein via western blotting.
The following procedures should be done at 4°C.

The CCL can be stored at 4°C but should not be frozen if protein structure or function is
of interest.

The Hisgtagged protein will bind to the Ni**-charged column.

The tagged protein should not be in the wash.
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13. Subsequent purifications to increase protein purity may be required. Size exclusion often
complements affinity chromatography and is recommended.

14. Epitope and affinity (HA and Hisg) tagged proteins can be rapidly purified through
single-step chromatography to retain and identify in vivo protein partnerships. Cultures,
clarified cell lysates and protein fractions are processed as described in section 5.4 with
care given to reducing sonication time, using gentle centrifugation, and proceeding as

quickly as possible through all steps.?'?
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Figure A2.1 m°C dominates the epitranscriptomic landscape in T. kodakarensis. (A) RNA
was collected from cells and the rRNA and tRNAs depleted. Total RNA includes ~6% mRNAs
whereas virtually all post-depletion RNA is mRNA. (B) Methyl-5 cytidine without phosphate
groups has a retention time of ~2.65 min. Mass spectrometry analysis of total and depleted RNA
from a Universal Human Reference (UHR) and T. kodakarensis indicate m°C is 25 fold more
abundant in total RNA and 13 fold more abundant in mRNAs in T. kodakarensis. In contrast,
m°®A is much more abundant in human cells and excluded from T. kodakarensis mRNAs. (C)
Total, large and small fractions of RNA from T. kodakarensis indicate that m°C is highly
abundant in rRNA and tRNAs.
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Figure A2.2 Bisulfite sequencing of RNA permits comprehensive detection of high
confidence and reproducible m°C sites. RNA was collected from cells grown to exponential
or stationary growth phase and bisulfite-sequenced on an lllumina platform. (A) Reads
sequenced with low quality were removed and adapters trimmed. A custom python script was
used to remove reads where cytidine constituted >3% of the nucleotides. The reads were then
mapped to the reference genome using BSseeker2 where C to T conversions are not counted
as mis-matched bases. The aligned reads were further filtered where low MAPQ scores, PCR
duplicates, and alignments with > 2 non-C-to-T mismatches were removed. Cytidine retention at
single nucleotide resolution was quantified using CGmaptools. Finally, CGmaps were analyzed
using R software. (B) The library-wide cytidine conversion ratio was quantified for three
replicates from each biological condition. (C) For each sequenced library, we calculated the 99"
percentile for m°C coverage (listed in red text) for all genomically encoded cytidines. (D) A
histogram illustrates the m°C frequency of all candidate m°C sites. A sharp decline followed by a
steady pattern of m°C frequencies are observed at ~10% modification frequency. (E) The m°C
coverage at all high-confidence and reproducible m°C sites is extraordinarily high in all
sequenced libraries, ranging from 100-1000X coverage on average.
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Figure A2.3 Linear regression of m°C frequencies indicated highly reproducible

modification frequencies. Linear regression and Pearson’s correlation coefficients (cor. coeff)
were used to compare the site-specific modification frequencies of high confidence and
reproducible m°C sites in each replicate. The analysis was performed for sites reproducible in

(A) 2/3 and (B) 3/3 replicates. The analysis was performed using R software.
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Figure A2.4 Analysis of m°C sites present in 3/3 replicates reveal largely similar
conclusions compared to m°C sites present in at least 2/3 replicates. Parallel analysis of
the context in which m°C is found throughout the transcriptome was performed for m°C sites
found in all three replicates. (A) We detected 1234-1314 RNAs with expression at or above the
thresholds set for the minimum coverage required to call m°C sites in all three replicates.
Between two biological conditions, 6% of expressed transcripts contained at least one m°C site.
(B) The number of m°C sites and unique transcripts were calculated in two biological conditions,
and distinct m°C-epitranscriptomic profiles were observed between exponential and stationary
growth phases. (C) m°C are similarly distributed throughout a diverse set of RNAs and (D)
average modification frequencies are nearly identical when compared to analysis of m°C sites
present in at least 2/3 replicates. (E) We compared the actual number observed and the
expected number of m°C sites in different regions of an mRNA. We expect the actual / expected
number of m°C sites to be equal to 1 if the m°C site is distributed throughout the transcriptome
randomly. Unlike m°C sites present in at least 2/3 replicates, there were no sites mapped to
3'UTRs, so we did not observe an enrichment in this region when only analyzing sites present in
all 3 replicates. (F) When m°C mapped to coding sequences, there was no apparent positional
bias, (G) nor did we observe a strong bias in codon position. (H) The number of m°C sites
mapped to each codon was compared to the number expected by random chance. Obvious
deviations from expectation (actual / expected = 1) were similarly observed between sites
present in 2/3 or 3/3 replicates. (I) The actual / expected and (J) difference between actual and
expected (actual - expected = 0 where no bias is detected) number of m>C sites mapping to
particular amino acid codons was calculated and indicate clear bias in m°C positioning in select
amino acid contexts. (K) Logos sequence analysis of nucleotides adjacent to m°C sites do not
reveal a strong RNA sequence context.
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Figure A2.5 Genes encoding putative RMTases were genomically deleted. Genomic
deletions were initially screened using PCR for preliminary confirmation (data not shown), and
final confirmation was performed using Minion whole genome sequencing (DNA-seq) and
lllumina RNA bisulfite sequencing (RNA-seq). Visual inspection of DNA and RNA sequences
aligned to the T. kodakarensis reference genome using Integrative Genomics Viewer. In each
window, the coverage and read tracks are stacked. The RNA-seq alignments are displayed
using bisulfite-mode. Reads absent from the deleted loci indicate markerless removal of the loci
encoding the target RMTase. In the DNA-seq windows, black lines connect contiguous reads
and indicate a gapped alignment, further confirming the target DNA region is removed. The
boundaries of each gene and their TK gene IDs are represented by blue bars, and white arrows
illustrate the direction in which the gene is transcribed. The coverage range for each window is
listed in brackets.
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Figure A2.6 Linear regression of modification frequencies between replicates in strains
deleted for putative RMTases. Linear regression and Pearson’s correlation coefficients (cor.
coeff) were used to compare the site-specific modification frequencies of high confidence and
reproducible m°C sites in each strain across replicates and growth phases. The analysis was

performed for sites reproducible. The analysis was performed using R software.
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Figure A2.7 Phenotypic analysis of 10 putative RMTases indicate a role for the
epitranscriptome in thermophily. (A) Head-to-head growth competitions were performed at
65°, 75°, 85°, and 95° C for each strain deleted for a single of 2 putative RMTase and parent
strain TS559. (B) The maximum optical density (Max ODg(,) and the rate of growth (doubling
time) for each culture is illustrated relative to parent strain TS559.
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Figure A2.8 Mass spectrometry analysis RSCMTs demonstrate bonafide MTase activity.
(A) RNase T1 digestion results in the modified fragment AACCUUAUAG being released from
the 101 nt oligonucleotide. The underlined C is the anticipated target cytidine for modification by
rTK2304. The mass spectra of the substrate fragments incubated with or without rTK2304
enzyme are shown. (B) Mass deconvolution of TK2304-treated 101nt substrate RNaseT1
Product (AACCUUAUAGpP, 3207.4265 Da) indicates a mass shift consistent with a methyl group
(~14 Da) at the expected cytidine. The relative methylated product abundance is 5.85%.
Analysis of a 23 nt RNA substrate modified by (C) rTK2122 or (D) rTK1935 indicate a mass shift
consistent with m°C.
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Figure A2.9 Four additional RSCMTs contribute to the maintenance of the
m°3C-epitranscriptome in T. kodakarensis. Genes encoding (A) TK2122, (B) TK1935, and (C)
TKO0872 exhibit both gains and losses (subfigures 1) in m°C sites upon gene deletion. Sites
where losses or gains were detected are defined within sequence contexts (subfigures Il). The
change in modification frequencies of individual sites between the parent and deletion strains
are illustrated (subfigures Ill). Methyltransferase activity assays were completed for each
enzyme using RNA substrates identified in vivo to be methylated by the select enzyme
(subfigures 1V). Methyltransferase activity is measured in counts per minute (CPM). The
substrates used are 23 nt oligonucleotides with the target cytidine at the center in the C-RNA.
Sequence alignments between the two 23 nt substrates are displayed with stars denoting a
match. * p < 0.05, **p < 0.01, not significant (n.s.).
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Table A2.2 Differential m°C sites detected in strains deleted for putative RMTase, not thought
to install m°C.

exponential stationary
phase®? phase®
rel. rel. rel. rel. # losses/
Gene ID Description? gains losses gains losses gains
class | SAM-dependent MTase,
TK0224 UbiE/COQS5 family 3 0 0 0 0
TK0234 MTase domain-containing protein 3 0 0 0 | 5 |
class | SAM-dependent MTase,
TKO704 UbiE/COQS5 family 0 0 0 0 10
class | SAM-dependent MTase,
TKO729 UbiE/COQ5 family 1 0 0 0 .
class | SAM-dependent MTase,
TK1273 UbiE/COQ5 family 0 0 0 0
predicted SAM-dependent MTase,
TK1784 DUF890 family 1 10 34 0
TK1917 class | SAM-dependent MTase 1 0 0 0
TK2241 class | SAM-dependent MTase, o 0 20 0

UbIiE/COQS5 family

TK0234; .
TK0224 double deletion 10 5 1

TK0234;

TKO729 double deletion 7 3 12 0

2 The NCBI description and protein family (Uniprot and InterPro predictions) are provided.

be BS-seq of individual or double deletion of non-essential RMTases, we identified relative
losses and gains (= 2X fold change) in m5C sites between exponential and stationary
growth phase cells.
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Table A2.2 RNA substrates analyzed by LC-MS/MS

Recombinant RNA substrate name RNA substrate sequence?®

Enzyme

rTK2304 TK1911_23nt_C UAGCGAAGAACCUUAUAGUUGCU

rTK2304 TK1911_23nt_U UAGCGAAGAACUUUAUAGUUGCU
AGGGCAAGGAGCAGGGCCUUCGUGACAGGUCGGAGAUGAUAGCG

rTK2304 TK1911_101nt_C AAGAACCUUAUAGUUGCUGGAAAAAUUGAGCCUGAGGGGACAUC
UAAAAAGGUUGAG
AGGGCAAGGAGCAGGGCCUUCGUGACAGGUCGGAGAUGAUAGCG

rTK2304 TK1911_101nt_U AAGAACUUUAUAGUUGCUGGAAAAAUUGAGCCUGAGGGGACAUC
UAAAAAGGUUGAG

rTK2122 TK1259_23nt _C ACCGUGAUACCCGAUUAUGAUGC

rTK2122 TK1259 23nt _U ACCGUGAUACCUGAUUAUGAUGC

rTK1935 TK1152_23nt_C CUAUAAAGAUGCUGACCGGGGCA

rTK1935 TK1152_23nt_U CUAUAAAGAUGUUGACCGGGGCA

2 The cytidine targeted for methylation or the uridine substitution are underlined and bolded.
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APPENDIX 3: CHAPTER 3 SUPPLEMENTARY ITEMS

Table A3.1 RNA substrates for in vitro methyltransferase assays.

sequence

description length
target cytidine at 23 nt
center

target cytidine

substituted for uracil 23 nt
target cytdine at 46 nt
center

target cytidine 46 nt

substituted for uracil

partially modified,
target cytdine at 46 nt
center

modified, target

cytdine at center 46 nt
target cytdine at 201 nt
center

target cytidine

substituted for uracil 201 nt
target cytdine at 301 nt
center

target cytidine

substituted for uracil 301 nt
target cytdine at 401 nt

center

UUAAUUGGAUUCAACGCCGGGAA

UUAAUUGGAUUUAACGCCGGGAA

GGAGCG [U] GCGGUUUAAUU [G] GAU [U] CAACGCCGGGAACCUCACCGGGG

GGAGCG [U] GCGGUUUAAUU [G] GAU [U] UAACGCCGGGAACCUCACCGGGG

GGAGCG [¥] GCGGUUUAAUU [G] GAU [m1¥] CAACGCCGGGAACCUCACCGGGG

GGAGCG [¥] GCGGUUUAAUU [m1G] GAU [m1¥] CAACGCCGGGAACCUCACCGG
GG

CGUUAAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUU
GGCGGGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUCAACGCCG
GGAACCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGG
ACACGCCGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUA

CGUUAAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUU
GGCGGGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUUAACGCCG
GGAACCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGG
ACACGCCGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUA

CGGGCUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGAGGGAAGCCGUU
AAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUUGGCG
GGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUCAACGCCGGGAA
CCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGGACAC
GCCGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUACCGUGAGGCGUCCACUUAA
GUGUGGUAACGAGCGAGACCCGCGCCCCCAG

CGGGCUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGAGGGAAGCCGUU
AAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUUGGCG
GGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUUAACGCCGGGAA
CCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGGACAC
GCCGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUACCGUGAGGCGUCCACUUAA
GUGUGGUAACGAGCGAGACCCGCGCCCCCAG

AGGGGAGCGAACCGGAUUAGAUACCCGGGUAGUCCUGGCUGUAAAGGAUGCGGG
CUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGAGGGAAGCCGUUAAGC
CCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUUGGCGGGGG
AGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUCAACGCCGGGAACCUC
ACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGGACACGCCG
AGAGGAGGUGCAUGGCCGCCGUCAGCUCGUACCGUGAGGCGUCCACUUAAGUGU
GGUAACGAGCGAGACCCGCGCCCCCAGUUGCCAGUCCUCCCCGCUGGGGAGGAG
GCACUCUGGGGGGACCGCCGGCG
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target cytidine
substituted for uracil

401 nt

target cytidine at -46 966 nt

target cytidine
substituted for uracil

966 nt

AGGGGAGCGAACCGGAUUAGAUACCCGGGUAGUCCUGGCUGUAAAGGAUGCGGG
CUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGAGGGAAGCCGUUAAGC
CCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAAAGGAAUUGGCGGGGG
AGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUUAACGCCGGGAACCUC
ACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUGAAGGUCUUGCCGGACACGCCG
AGAGGAGGUGCAUGGCCGCCGUCAGCUCGUACCGUGAGGCGUCCACUUAAGUGU
GGUAACGAGCGAGACCCGCGCCCCCAGUUGCCAGUCCUCCCCGCUGGGGAGGAG
GCACUCUGGGGGGACCGCCGGCG

AUUCCGGUUGAUCCUGCCGGAGGCCACUGCUAUGGGGGUCCGACUAAGCCAUGC
GAGUCAUGGGGCGCGCUCUGCGCGCACCGGCGGACGGCUCAGUAACACGUCGGU
AACCUACCCUCGGGAGGGGGAUAACCCCGGGAAACUGGGGCUAAUCCCCCAUAG
GCCUGAGGUACUGGAAGGUCCUCAGGCCGAAAGGGGCAUCUGCCCGCCCGAGGA
UGGGCCGGCGGCCGAUUAGGUAGUUGGUGGGGUAACGGCCCACCAAGCCGAAGA
UCGGUACGGGCCAUGAGAGUGGGAGCCCGGAGAUGGACACUGAGACACGGGUCC
AGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCCGCAAUGCGGGCAACCGCGAL
GGGGGGACCCCCAGUGCCGUGGCAUAGCCACGGCUUUUCCGGAGUGUAAAAAGC
UCCGGGAAUAAGGGCUGGGCAAGGCCGGUGGCAGCCGCCGCGGUAAUACCGGCG
GCCCGAGUGGUGGCCGCUAUUAUUGGGCCUAAAGCGUCCGUAGCCGGGCCCGUA
AGUCCCUGGCGAAAUCCCACGGCUCAACCGUGGGGCUUGCUGGGGAUACUGCGG
GCCUUGGGACCGGGAGAGGCCGGGGGUACCCCUGGGGUAGGGGUGAAAUCCUAU
AAUCCCAGGGGGACCGCCAGUGGCGAAGGCGCCCGGCUGGAACGGGUCCGACGG
UGAGGGACGAAGGCCAGGGGAGCGAACCGGAUUAGAUACCCGGGUAGUCCUGGC
UGUAAAGGAUGCGGGCUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGA
GGGAAGCCGUUAAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAA
AGGAAUUGGCGGGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUC
AACGCCGGGAACCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUG

AUUCCGGUUGAUCCUGCCGGAGGCCACUGCUAUGGGGGUCCGACUAAGCCAUGC
GAGUCAUGGGGCGCGCUCUGCGCGCACCGGCGGACGGCUCAGUAACACGUCGGU
AACCUACCCUCGGGAGGGGGAUAACCCCGGGAAACUGGGGCUAAUCCCCCAUAG
GCCUGAGGUACUGGAAGGUCCUCAGGCCGAAAGGGGCAUCUGCCCGCCCGAGGA
UGGGCCGGCGGCCGAUUAGGUAGUUGGUGGGGUAACGGCCCACCAAGCCGAAGA
UCGGUACGGGCCAUGAGAGUGGGAGCCCGGAGAUGGACACUGAGACACGGGUCC
AGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCCGCAAUGCGGGCAACCGCGAC
GGGGGGACCCCCAGUGCCGUGGCAUAGCCACGGCUUUUCCGGAGUGUAAAAAGC
UCCGGGAAUAAGGGCUGGGCAAGGCCGGUGGCAGCCGCCGCGGUAAUACCGGCG
GCCCGAGUGGUGGCCGCUAUUAUUGGGCCUAAAGCGUCCGUAGCCGGGCCCGUA
AGUCCCUGGCGAAAUCCCACGGCUCAACCGUGGGGCUUGCUGGGGAUACUGCGG
GCCUUGGGACCGGGAGAGGCCGGGGGUACCCCUGGGGUAGGGGUGAAAUCCUAU
AAUCCCAGGGGGACCGCCAGUGGCGAAGGCGCCCGGCUGGAACGGGUCCGACGG
UGAGGGACGAAGGCCAGGGGAGCGAACCGGAUUAGAUACCCGGGUAGUCCUGGC
UGUAAAGGAUGCGGGCUAGGUGUCGGGCGAGCUUCGAGCUCGCCCGGUGCCGGA
GGGAAGCCGUUAAGCCCGCCGCCUGGGGAGUACGGCCGCAAGGCUGAAACUUAA
AGGAAUUGGCGGGGGAGCACUACAAGGGGUGGAGCGUGCGGUUUAAUUGGAUUU
AACGCCGGGAACCUCACCGGGGGCGACGGCAGGAUGAAGGCCAGGCUG
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Figure A3.1 Quenched methyltransferase activity assay. Methyltransferase activity of m*,C
synthase retained on substrates after selective degradation of protein or RNA.
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Figure A3.2 The N-terminal lobe is essential. a, Genomic deletion of the N-terminal region of
TK2045 was confirmed using whole genome sequencing (DNA-seq) and RNA-bisulfite
sequencing (RNA-seq). Black lines that connect gray bars represent single reads with a gapped
alignment. b, Bisulfite sequenced RNA collected from TS559 or TK2045-NA was aligned to a
reference genome where all cytidines were replaced with thymines, and visualized using
Integrative Genomics Viewer. Sites of modification are indicated where a cytidine is retained
(red) within a sequenced read.
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