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Abstract
Structural Divergence and Adaption in Prokaryotic Ribosomes
By
Amos James Nissley
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Jamie H. D. Cate, Chair

Ribosomes are macromolecular machines that catalyze cellular protein synthesis. While
ribosome structure is well understood in model organisms, we lack a holistic understanding of how
ribosome structure and adaptation has changed across divergent organisms. This thesis investigates
structural changes in ribosomes and ribosome-binding proteins across prokaryotic species. Chapter
1 reviews our current understanding of ribosome structure, function, and adaption and their
relevance in ribosome engineering.

Chapter 2 examines rare rRNA sequence variation in the A loop, the binding site for the
A-site tRNA in the LSU, found in a subset of hyperthermophilic archaea. In organisms from the
archaeal phylum Thermoproteota, two highly conserved uridines in the A loop are instead
cytosines. Substitution of these two positions with cytosines in the E. coli ribosome globally
increased the stability of the LSU compared to wild type (WT), without affecting the activity of E.
coli ribosomes. This sequence variation provides a strategy to stabilize the ribosome for future
ribosome engineering efforts.

Chapter 3 identifies and addresses a folding defect in ribosomes caused by a common
rRNA tagging strategy in the LSU. Insertion of an MS2 tag into 23S rRNA helix H98 disrupts a
key tertiary RNA contact, destabilizing the LSU. Guided by this insight, we designed a modified
MS?2 tag that restores H98 tertiary contacts. An analysis of ribosome structures revealed that many
bacterial species form tertiary contacts between 23S rRNA helices near the 5’ and 3’ ends, which
likely aid the stability of ribosomes across species.

Chapter 4 explores divergent peptidyl transferase center (PTC) sequences in archaeal
ribosomes. We found that archaeal PTC sequences are less conserved than those of bacteria. We
determined the cryo-EM structure ribosomes from an archaecon with a divergent PTC,
Pyrobaculum calidifontis. This structure revealed how divergent PTC sequences are
accommodated, enabled by differences in bacterial and archaeal rProteins. We also identified a
previously undescribed ribosome hibernation factor bound to the P. calidifontis ribosome, which
we named Dri. Dri comprises a family of archaeal-specific ribosome hibernation factors distributed
across multiple archaeal phyla.

Chapter 5 continues the investigation of archaeal ribosome hibernation factors. We
investigated divergent Dri homologs from the methanogenic archaecon Methanosarcina
acetivorans. In the M. acetivorans genome, there are four archaeal ribosome hibernation factors
encoded by adjacent genes and named them SriA-D. Cryo-EM structures of the M. acetivorans
ribosome showed that SriA and SriB bind to the LSU and SriC and SriD bind to the SSU to
inactivate the ribosome. A phylogenetic analysis revealed that Sri proteins broadly co-occur across
archaea phyla.



Finally, Chapter 6 presents the conclusion and outlines future directions for ribosomal
structural biology across the tree of life.
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Chapter 1: Introduction

1.1 Overview of ribosome structure and function

The ribosome is the universally conserved translator of the genetic code. Ribosomes are
large ribonucleoprotein complexes responsible for synthesizing proteins from messenger RNAs
(mRNA). The ribosome consists of two subunits, the large ribosomal subunit (LSU) and the small
ribosomal subunit (SSU). The ribosomal catalytic center, called the peptidyl transferase center
(PTC), is in the LSU and catalyzes peptide bond formation during translation elongation. The SSU
binds to the mRNA and contains the mRNA decoding center (DC), where mRNAs are decoded by
the ribosome using cognate transfer RNAs (tRNA). The ribosome is unique among
macromolecular complexes as both of its functional sites, the PTC and the DC, are formed
primarily from ribosomal RNA (rRNA) rather than ribosomal proteins (rProteins). This
observation inspired the hypothesis that the ribosome is an ancient machine that formed in the
“RNA-world” during the emergence of life on early Earth.! Under this hypothesis, early ribosomes
were small ribozymes that evolved through accretion of RNA elements and rProteins.> Modern
ribosomes share a nearly universal core, but also include a wide array of diverse rRNA expansions
and rProteins, which provide platforms for specialized functions and regulation.’*

Ribosomes facilitate translation by binding to mRNAs, tRNAs, and protein translation
factors. They contain three canonical tRNA sites, called the aminoacyl (A), peptidyl (P), and exit
(E) sites. Protein translation proceeds through three phases: initiation, elongation, and termination.
Translation initiation is the process through which ribosomes and initiation factors recognize and
assemble a 70S ribosome at the start codon of an mRNA. The mechanism of translation initiation
is not conserved and occurs via different pathways in Bacteria®, Archaea, and Eukaryotes’. Here,
I will briefly highlight the common features of translation initiation across Prokaryotes.
Recognition of the start codon during translation initiation occurs mainly through one of two
pathways: Shine-Dalgarno (SD)-dependent initiation and leaderless initiation.® In SD-dependent
initiation, the mRNA sequence upstream of the start codon, called the SD-sequence, forms a
duplex with the 3'-end of the 16S rRNA in the SSU, called the aSD-sequence. This interaction
places the start codon in the P site of the SSU. Some prokaryotic mRNAs, termed leaderless
mRNAs, lack a 5'-untranslated region (UTR) and instead place a start codon near the 5’-end of the
mRNA. Translation initiation of leaderless mRNAs relies on weak mRNA secondary structure
surrounding the start codon®, and interactions between the mRNA 5'-end and the SSU?, which
positions the start codon in the P site of the SSU. After mRNA binding, initiator tRNA is delivered
to the P site by an initiation factor (IF2 in Bacteria and alF2 in Archaea) and the LSU is recruited
to form a 70S ribosome.

During translation elongation, the nascent polypeptide chain is extended by sequential
incorporation of amino acids specified by the mRNA coding sequence. The first stage of
translation elongation involves the delivery of an aminoacyl-tRNA to the A site of the ribosome
by an elongation factor (EF-Tu in Bacteria and aEFla in Archaea). After delivery, the codon in
the mRNA and anticodon in the tRNA form a complex, which stimulates GTP hydrolysis by EF-
Tu or aEFla. During tRNA binding to the A site, the ribosome employs kinetic proofreading to
ensure that the correct tRNA-mRNA pair is accommodated.!®'? After accommodation of the
aminoacyl-tRNA, peptidyl transfer is catalyzed by the PTC. In the second stage of elongation,
tRNAs are translocated by an elongation factor (EF-G in Bacteria and aEF2 in Archaea), such that
the P-site tRNA shifts to the E site and the A-site tRNA shifts to the P site.!>!* The elongation
cycle repeats until a termination codon enters the A site, which promotes binding of release factors



that catalyze release of the polypeptide chain from the P-site tRNA, completing the translation
cycle.

1.2 Ribosomes are adapted to function in diverse organisms

Although ribosomes are universally conserved, they also exhibit structural and
compositional variation. Recent advances in cryogenic electron-microscopy (cryo-EM) have
enabled the determination of numerous ribosome structures from a wide array of organisms and
organelles at high resolution.!® These structures demonstrate that ribosomes are adapted to function
in specialized environments and support the unique lifestyles of divergent forms of life. Variation
in ribosome structure enables organisms to optimize protein synthesis in response to environmental
and evolutionary pressures. Understanding how changes to ribosome structure shapes function
provides a molecular basis for adaptation and a framework for exploring the evolutionary
trajectories underlying the complexity of life.

One of the most pronounced differences between the ribosomes from Bacteria, Archaea,
and Eukaryotes is their size. Most eukaryotic ribosomes have acquired additional rProteins and
expansions in their rRNA.** While ribosome expansion is considered an evolutionary adaptation
for increased regulation, many organisms and organelles possess compacted ribosomes that have
lost rProteins and sections of rRNA. Ribosome compaction reflects selective pressure for genome
minimization in organelles, like mitochondria, and obligate symbiotes and parasites. For instance,
mammalian mitochondrial ribosomes exhibit extremely reduced rRNA, which is encoded by the
minimized mitochondrial genome.! rRNA reduction is compensated by increasing the number
and size of mitochondrial rProteins, which are predominantly encoded in the nuclear genome.!”
Similarly, the transition to symbiotic or parasitic lifestyles is accompanied by a reduction in
genome size and, in many of these organisms, ribosome compaction.!® This reduction is
exemplified by the ribosomes from parasitic microsporidia, which, despite their eukaryotic origin,
have shed many rRNA expansions and rProteins, resulting in a size smaller than some bacterial
ribosomes.!?2° Genome compaction can also lead to the loss of core ribosomal proteins, such as in
the obligate symbiotic CPR bacteria, which have lost otherwise universal rProteins.?!

While many rProteins are universally conserved, there are rProteins specific to the three
domains of life.?? Overall, archaeal ribosomes have rProteins that are homologous to those in
eukaryotes. Differences in bacterial and archaeal/eukaryotic rProteins affect the function of the
ribosome and the mechanisms of translation. For instance, bS1 is an essential rProtein that
facilitates mRNA delivery to the ribosome during translation initiation in bacteria.>* Another
example is €S26, which is an rProtein found in eukaryotes and some archaea. eS26 sequesters the
16S rRNA 3'-end and was shown to reorganize the SSU during SD-dependent and leaderless
translation initiation in Archaea.’ Binding of €S26 to the ribosome is also dynamic in yeast where
it regulates the translation of certain mRNAs, highlighting the roles of rProteins in both ribosome
structure and function.?*

In addition to changes in ribosome composition, organisms have also adapted conserved
rProteins to function in diverse environments. Halophiles are organisms adapted to grow in high
salt environments. One challenge for protein folding in high salt environments is protein hydration.
Therefore proteins from halophiles generally have lower isoelectric points, as acidic amino acids
on the protein surface help maintain protein solvation.?> This presents a challenge for ribosomal
proteins, which are predominantly basic because of the need to interact with negatively charged
rRNA. To balance these pressures, rProteins in halophiles are more acidic overall than those in
mesophiles, with acidic patches distributed across the surface of halophilic ribosomes, while they



remain basic in regions that interact with rRNA.2%27 rProteins are also adapted in thermophiles,
which are organisms that grow at high temperatures. For instance, rProteins from thermophiles are
more likely to have metal binding sites and exhibit different amino acid content compared to those
from mesophiles.?® These features improve protein folding and stability at high temperatures.

rRNA forms the core of ribosomes and is also adapted to function across a range of
environmental conditions. One example of an extreme change in rRNA composition is found in
the rRNA from mitochondrial ribosomes. Metabolic proteins on the inner mitochondrial
membrane produce reactive oxygen species that can damage RNA, specifically guanine bases,
which have the lowest redox potential among the RNA bases®®. To prevent oxidative damage,
mitochondrial rRNAs are severely depleted of guanine bases, especially at solvent exposed
positions on the ribosomal surface.’® rRNAs have also been adapted in the ribosomes from
thermophiles. Thermophilic rRNAs have a higher number of GC base pairs, which are more stable
due to base stacking, and a lower abundance of uracil bases than mesophilic rRNAs.2831:32 The
importance of GC base pairs in stabilizing rRNA is exemplified by the rRNAs from the halophilic
archaeon Haloarcula marismortui. H. marismortui has three rRNA operons; two that are identical
and a third that contains a higher number of GC base pairs. The third rRNA is critical for growth
of H. marismortui at high temperatures.®* Beyond changes in sequence, rRNA from thermophiles
is post-transcriptionally modified to a greater extent than in most mesophiles.>* Chemical
modifications such as N*-acetylation of cytosines and 5-methylation of cytosines and uridines can
increase hydrogen bonding and hydrophobic interactions, which stabilizes the ribosome. These
modifications are critical for the growth of some hyperthermophiles at high temperatures.33-3¢
Overall, the structural and compositional variation of ribosomes underscores their adaptability,
enabling protein synthesis across diverse environments and illuminating the evolutionary
strategies that sustain life.

1.3 Ribosome hibernation factors protect ribosomes during dormancy

Organisms have also adapted their translation machinery to respond to environmental
stress. These stresses can include changes in nutrient availability, salt concentration, temperature,
or oxidative stress. Protein synthesis is an energetically demanding process, consuming a large
fraction of the cell’s energy. To save energy during stress conditions, many organisms induce a
global translation shutdown and inactivation of ribosomes through a process called ribosome
hibernation. Ribosome hibernation is mediated by protein factors, known as hibernation factors,
which inhibit translation by occluding functional sites on the ribosome or by promoting ribosome
dimerization.’”*® In addition to suppressing protein synthesis, ribosome hibernation protects
ribosomes from damage by endogenous RNases during stress.’® Thus, hibernation preserves an
intact pool of ribosomes that remain poised to resume translation once growth conditions become
favorable. Ribosome preservation during dormancy is especially important in microbes, as up to
60% of the microbial biomass exists in a state of dormancy.*

While the process of ribosome hibernation is conserved across life, hibernation factors
from different organisms differ greatly in their structure and modes of ribosome inactivation.
Multiple ribosome hibernation factors are known in bacteria. RMF, HPF, and RaiA (also known
as protein Y) are bacterial ribosome hibernation factors that bind to the small ribosomal subunit
(SSU) and block mRNA and tRNA binding sites.*!**> RMF and HPF also promote the formation
of inactive 100S ribosome dimers.*** A family of bacterial hibernation factors, Balon, was
recently discovered, that is composed of distant homologs of the archaeal/eukaryotic release



factor.*¢ Balon factors are unique among hibernation factors in their ability to bind to actively
translating ribosomes that are still bound to peptidyl-tRNA.

Similar to their bacterial counterparts, eukaryotic ribosome hibernation factors, such as
Stm1/Serbp1#’, IFRD2*, and MDF1!? occlude tRNA binding sites on the ribosome. Ribosome
hibernation in higher eukaryotes also differs between cell types. For example, factors that control
ribosome hibernation in the egg, such as Dapll®, illustrate cell-type specificity. In addition to
hibernation factors, ribosome hibernation states can also involve translation factors such as tRNAs
and elongation factors.**->* Ribosome dimerization, while initially thought to be limited to bacteria,
has also been observed in eukaryotes, mediated by the microsporidian hibernation factor MDF2.3°
Ribosome hibernation factors exemplify an evolutionarily conserved adaptation that safeguards
ribosomes during stress and enables cells to resume protein synthesis when conditions improve.

1.4 Ribosome engineering for new function

While ribosomes have evolved to polymerize the 20 canonical a-amino acids, there has
been growing interest in engineering ribosomes beyond their natural function for use in
biotechnology and the synthesis of unnatural sequence-defined polymers.’!*? Examples of
ribosome engineering that enhance function include changes in rRNA to achieve increased protein
synthesis®, translation kinetics®*, or tolerance to organic solvents and varied buffer conditions®.
In vivo ribosome engineering of endogenous ribosomes is limited to small changes, because
ribosomes are still needed for cellular protein synthesis. Additionally, some changes to ribosomes
are dominant-lethal, where the modified ribosome exhibits a toxic phenotype that is lethal even in
the presence of WT ribosomes. To mitigate these issues, orthogonal ribosomes have been
developed, in which the aSD in the SSU has an altered sequence so it only targets orthogonal
mRNAs with the cognate orthogonal SD sequence.>® To apply this orthogonality to the LSU,
tethered ribosomes were developed in which the 23S and 16S rRNAs are covalently joined so that
both subunits only translate mRNAs with an orthogonal SD sequence.’’->® Orthogonal ribosomes
hold promise for future in vivo high-throughput screening of mutant ribosome libraries.

Changes have also been made to the ribosomal PTC to engineer ribosomes capable of
utilizing non-a-L-amino acids in translation. These include changes for incorporating f-amino
acids>*’, D-amino acids®!, and dipeptide mimetics®?. These examples demonstrate that ribosome
engineering is a promising avenue for the synthesis of sequence-defined polymers with monomors
that differ from a-amino acids. One of the challenges in engineering the PTC is that it is nearly
universally conserved across life. Because of its conservation, there is little information in natural
rRNA sequences about what changes can be made to the PTC, unlike in protein engineering where
multiple sequence alignments can reveal variable sites that tolerate mutations.®*»%* Additionally,
even single PTC mutations can inactivate ribosomes or are toxic in cellulo.®> An example of the
challenges is the P7A7 ribosome, which was engineered to incorporate f-amino acids in vivo but
is inactive and exhibited a major folding defect in vitro.>**¢ Some of these challenges have been
addressed in protein engineering by using thermostable proteins. It has been shown that
thermostable proteins are better able to accommodate destabilizing mutations required to achieve
new function.®” A possible solution for the challenges in ribosome engineering is to use
thermostable ribosomes or other features of divergent ribosomes from across the tree of life.
Ultimately, studying ribosomes from divergent organisms may reveal design principles that enable
more effective ribosome engineering.



Chapter 2: Rare ribosomal RNA sequences from archaea stabilize the bacterial
ribosome
Reproduced from: Nissley, A. J., Penev, P. 1., Watson, Z. L., Banfield, J. F. & Cate, J. H. D. Rare

ribosomal RNA sequences from archaea stabilize the bacterial ribosome. Nucleic Acids Res. 51,
1880—1894 (2023).

2.1 Abstract

The ribosome serves as the universally conserved translator of the genetic code into
proteins and supports life across diverse temperatures ranging from below freezing to above 120
°C. Ribosomes are capable of functioning across this wide range of temperatures even though the
catalytic site for peptide bond formation, the peptidyl transferase center, is nearly universally
conserved. Here we find that Thermoproteota, a phylum of thermophilic Archaea, substitute
cytidine for uridine at large subunit rRNA positions 2554 and 2555 (Escherichia coli numbering)
in the A loop, immediately adjacent to the binding site for the 3"-end of A-site tRNA. We show
by cryo-EM that E. coli ribosomes with uridine to cytidine mutations at these positions retain the
proper fold and post-transcriptional modification of the A loop. Additionally, these mutations do
not affect cellular growth and protect the large ribosomal subunit from thermal denaturation. This
work identifies sequence variation across archaeal ribosomes in the peptidyl transferase center that
likely confers stabilization of the ribosome at high temperatures and develops a stable mutant
bacterial ribosome that can act as a scaffold for future ribosome engineering efforts.

2.2 Introduction

Ribosomes are ribonucleoprotein complexes that carry out protein synthesis through the
translation of genetic information into polypeptides. The ribosome consists of a large subunit
(LSU) which contains the catalytic peptidyl transferase center (PTC) and the small subunit where
messenger RNA (mRNA) is decoded. Nucleotides in the PTC critical for peptide bond formation
are universally or highly conserved, and mutation of these nucleotides often results in severe
growth defects or lethal phenotypes®®7°. However, some mutational flexibility exists in the PTC
beyond the core nucleotides that are directly involved in catalysis®®. Sequence variation at these
sites, as well as post-transcriptional modification, are known to afford resistance to certain
antibiotics targeting the ribosome’!. However, the functional impact of natural variation in the
PTC on translation remains to be determined.

During translation elongation, an incoming aminoacyl transfer RNA (aa-tRNA) docks in
the A site of the ribosome. For proper tRNA substrate positioning to occur, the tRNA anticodon
must base pair with the mRNA in the small subunit decoding site while the tRNA 3'-CCA
nucleotides interact with the A loop, an RNA hairpin in the ribosomal RNA (rRNA) of the large
subunit’?, Proper orientation of the 3’-CCA end of the A-site tRNA by the A loop is necessary for
correct positioning of the linked amino acid and subsequent peptide bond formation. In the E. coli
ribosome, the interaction between the A-site tRNA 3'-CCA end and the A loop is formed in part
by base pairing between universally conserved nucleotides C75 in the tRNA and G2553 in 23S
rRNA (E. coli numbering)’. Mutation of either of these residues leads to a complete loss of activity
that can be recovered by compensatory mutations that restore base pairing, establishing this
interaction as vital to translation”>4,

While some sequence variability exists within the A loop, its structure is universally
conserved due to its critical role in translation elongation’. Additionally, 2’-O-methylation of
U2552 is a conserved post-transcriptional modification that enables the proper folding of the A



loop and ensures residues in the apical loop can interact with the A-site tRNA’®. In E. coli, loss of
U2552 2’-O-methylation leads to severe growth defects and ribosome misfolding”’. Positions 2554
and 2555 in the A loop are conserved as uridines in eukaryotes and bacteria. U2554 forms a non-
canonical base pair with C74 of the A-site tRNA and the base of U2555 stacks with C747%. These
interactions help to further stabilize the 3-CCA end of the A-site tRNA upon docking in the
ribosome. Previously, point mutations have been made at positions 2554 and 2555 in the bacterial
ribosome with varying functional effects. U2555 mutations to adenine or guanine increase +1/-1
frameshifting and stop codon readthrough. In in vitro assembled ribosomes, a U2554C mutation
decreased translation activity while a U2555C mutation had no effect®. Despite previous
functional studies of ribosomes with mutations in the A loop and PTC, there have been no
investigations into how rRNA sequences in these regions affect the thermodynamic stability of the
ribosome.

Interestingly, positions 2554 and 2555 are sometimes found as cytidines in Archaea’". It
is known that thermophilic organisms stabilize their rRNA by increasing its GC content, which
stabilizes secondary structure®®. Additionally it has been shown that thermophilic organisms have
higher levels of post-transcriptional rRNA modification, including N*-acetylcytidine®® and 2'-O-
methylation®!, and that the extent of these modifications is correlated with growth temperature.
Here, we find that organisms in archaeal phylum Thermoproteota have cytidines at positions 2554
and 2555 in the A loop (E. coli numbering). Using archaeal sequences as a guide, we show that U
to C mutations at positions 2554 and 2555 in 23S rRNA of the E. coli ribosome have a stabilizing
effect on the 50S ribosomal subunit. This work identifies rare sequence variation in ribosomal
RNA that likely leads to thermostability in the archaeal ribosome and describes how the specific
stabilization of A loop structure can lead to global ribosome stabilization. These insights into how
thermophilic organisms can stabilize their ribosomes provide a foundation for engineering
ribosomes with increased mutational robustness and evolvability.

2.3 Materials and methods
Archaeal rRNA sequence alignment and tree visualization

To investigate sequences within the A loop we aligned archaeal 23S rRNA sequences from
the SILVA database® to a manually curated sequence alignment of large subunit (LSU) rRNA"
using mafft with the option -add®®. We used a custom python script
(https://github.com/petaripenev/A-loop sequence analysis) to identify relevant positions, and
correlate data for average optimal living temperature from the TEMPURA database®® with the
alignment and a phylogenetic tree retrieved from SILVA. For several new Nitrososphaerota taxa
missing from the TEMPURA database, we searched published articles to identify likely ranges of
optimal living temperature (Table S2.1). The nucleotide identity and average optimal living
temperature were mapped on the tree with iTOL3®. Phyla were indicated following the latest GTDB
taxonomy®’.

Cloning and plasmid design

A modified version of the pLK35% plasmid, which encodes 58S, 16S, and MS2-tagged 23S
rRNA¥, with an IPTG inducible tac promoter was used for ribosome mutagenesis. Point mutations
were introduced using the Q5 mutagenesis kit (NEB) and appropriate primer sets (Table S2.2).
All plasmid sequences were verified by Sanger sequencing (ElimBio).



E. coli growth assays

E. coli strain SQ171 (A7rrn), which harbors a pCsacB plasmid containing the r7nB operon,
the Kan® gene, and the sucrose counter-selectable sacB marker, was used to examine E. coli growth
supported by mutant ribosomes. Replacement of the pCsacB plasmid with the modified pLK35
plasmid was achieved as described with adaptions”®®!. An A2058G erythromycin resistance
mutation®? was introduced into pLK35 plasmids to improve the selection of clones containing the
pLK35 plasmid. Competent SQ171 cells were transformed with a pLK35 plasmid containing the
desired 23S rRNA mutations and an MS2 tag, diluted to 1 mL in SOC media (NEB), and grown
at 37 °C for 6 hours. 200 pL of culture was then added to 2 mL of SOC media with 100 pg/mL
ampicillin, 25 pg/mL spectinomycin, and 0.25% (w/v) sucrose and incubated for 18 hours at 37
°C. Cells were pelleted, resuspended in 100 pL of media, and spread on an LB agar plate with 100
pg/mL ampicillin, 25 pg/mL spectinomycin, 1 mg/mL erythromycin, and 5% sucrose. Plates were
incubated at 37 °C for 24 hours and 6 colonies were replica plated onto LB agar plates with 100
pg/mL ampicillin or 50 pg/mL kanamycin to confirm the loss of the pCsacB plasmid. Plasmids
from colonies that did not grow on plates with kanamycin were isolated and sequenced to further
confirm the loss of the pCsacB plasmid. To study E. coli growth supported by a mixed population
of mutant and WT ribosomes, NEB Express 14 cells were transformed with each modified pLK35
plasmid with the desired 23S rRNA mutations, but without the A2058G erythromycin resistance
mutation.

Liquid cultures of each transformant were grown overnight and then were diluted to OD
0.01 in LB media containing 100 pg/mL ampicillin and 25 pg/mL spectinomycin (SQ171) or 100
pg/mL ampicillin and 500 uM IPTG (NEB Express 1%). 200 puL of each dilution was then pipetted
into wells of a sterile 96-well plate. The ODsoo was measured every 15 minutes using a Spark Plate
Reader (Tecan) at 37 °C with constant shaking. Doubling times were calculated by fitting the initial
region of exponential growth to a Malthusian growth model in Prism.

To determine the ratio of MS2-tagged plasmid encoded ribosomes to untagged WT
genomically encoded ribosomes present during the growth experiments, 200 pL of culture from
each sample was pelleted. Total RNA was extracted from cell pellets using the RNeasy Mini Kit
(Qiagen). Semiquantitative PCR was used to determine the ratio of tagged 23S rRNA to WT 23S
rRNA as previously described®®. Briefly, primer MS2_quant R was used to reverse transcribe a
portion of 23S rRNA. A region containing the sequence for the MS2 tag was amplified via PCR
using primers MS2 quant F and MS2 quant R (Table S2.2). PCR products were run on a 10%
polyacrylamide-TBE gel (Invitrogen) and visualized with SYBR gold stain (ThermoFisher). DNA
bands were quantified using ImageJ software®>.

Crude ribosome preparation

Crude ribosomes were isolated as previously described with several adaptations®. NEB
Express 14 cells were transformed with the corresponding pLK35 plasmid carrying a tac promoter,
MS2-tagged 23S rRNA, and the desired mutations. Overnight cultures of the transformants were
diluted 1:100 into 2-3 L of LB broth containing 100 pg/mL ampicillin and grown at 37 °C. Upon
growth to ODe0o=0.6, TRNA transcription was induced with 0.5 mM IPTG and the cultures were
grown for 3 hours at 37 °C. Cells were then pelleted, resuspended in 50-100 mL buffer A (20 mM
Tris-HCI1 pH 7.5, 100 mM NH4Cl, 10 mM MgCly, 0.5 mM EDTA, 2 mM DTT), and lysed by
sonication. The lysate was then clarified by centrifugation at 14,000 rpm (34,000 xg) for 45
minutes in a F14-14x50cy rotor (ThermoFisher). Clarified lysate was then loaded onto a sucrose
cushion containing 24 mL of buffer B (20 mM Tris-HCI pH 7.5, 500 mM NH4Cl, 10 mM MgCla,



0.5 mM EDTA, 2 mM DTT) with 0.5 M sucrose and 17 ml of buffer C (20 mM Tris-HCI pH 7.5,
60 mM NH4Cl, 6 mM MgCl,, 0.5 mM EDTA, 2 mM DTT) with 0.7 M sucrose in Ti-45 tubes
(Beckman-Coulter). The tubes were then placed in a Ti-45 rotor and spun at 27,000 rpm (57,000
xg) for 16 hours at 4 °C. The next day, ribosome pellets were resuspended in dissociation buffer
(buffer C with 1 mM MgCl,).

MS2-tagged ribosome purification

The MBP-MS?2 fusion protein was purified as previously described®. 10 mg of MBP-MS2
protein was diluted to 1 mg/mL in MS2-150 buffer (20 mM HEPES pH 7.5, 150 mM KCI, 1 mM
EDTA, 2 mM 2-mercaptoethanol) for a 5 mL column preparation. For each 1 mL column prep, 4
mg of MBP-MS2 protein was used. The 5 mL or 1 mL MBP Trap column (Cytiva) was washed
with 5 column volumes (CV) of MS2-150 buffer and then the MBP-MS2 protein was loaded
slowly onto the column. The column was then washed with 5 CV of buffer A-1 (buffer A with 1
mM MgClz). Crude tagged ribosomes (~100-200 mg) were diluted to 15 mg/mL in buffer A-1,
which dissociates 70S ribosomes into 30S and 50S subunits and decreases WT ribosome
contamination. The diluted crude ribosomes were loaded slowly onto the MBP-trap column, which
was then washed with 5 CV of buffer A-1 followed by 5 CV of buffer A-250 (buffer A with 250
mM NH4Cl and 1 mM MgCL). Ribosomes were eluted with a 10 CV gradient of buffer A-1
containing 0-10 mM maltose. Fractions containing tagged ribosomes were concentrated in 100
kDa cut off spin filters (Millipore) and washed with buffer A-1. 50S ribosomal subunits were
quantified using the approximation of 1 Azs= 36 nM and were stored at -80 °C.

Untagged subunit purification

Overnight cultures of E. coli strain MRE600 were diluted 1:100 into 2-3 L of LB broth and
grown to an ODg0o=0.6. Cells were then pelleted and lysed by sonication. Ribosomes were pelleted
and resuspended as described above for crude ribosome preparations. After resuspension in
dissociation buffer, the 30S and 50S subunits were separated on a 15-35% (w/v) sucrose gradient
in dissociation buffer on a SW-32 rotor (Beckman-Coulter) spun at 28,000 rpm (97,000 xg) for 16
hours. Fractions containing the 50S and 30S subunits were collected separately, washed with
dissociation buffer, and concentrated in a 100 kDa cut off spin filter. To increase purity,
concentrated subunits were separately run on second 15-35% sucrose gradients and appropriate
fractions were washed with dissociation buffer and concentrated.

Nanoluciferase 118 fragment purification

A plasmid encoding 8xHis-tagged 11S was transformed into BL21 (DE3) Rosetta2 pLysS
cells (Macrolab, UC Berkeley). An overnight culture was diluted (1:100) into LB media with 100
pg/mL ampicillin and grown at 37 °C. When the culture reached ODgo0=0.4, cells were induced
with 1 mM IPTG for three hours. Cells were then pelleted at 4,000 xg for 15 minutes and
resuspended in ~20 mL 118 lysis buffer (20 mM HEPES pH 7.5, 50 mM KCl, 10% glycerol, and
10 mM imidazole). Cells were lysed by sonication and the lysate was clarified by centrifugation
at 18,000 rpm (25,000 xg) for 30 minutes (JA-20 rotor, Beckman). Supernatant was then applied
to a 1 mL HisTrap column (Cytiva). The column was washed with 10 CV of 118 lysis buffer and
eluted with a 20 CV linear gradient form 20-500 mM imidazole in lysis buffer. Protein fractions
were dialyzed against 118 lysis buffer without imidazole overnight at 4 °C. The protein was then
concentrated and stored at -80 °C.



HiBit translation assay

508 ribosomal subunits were diluted to 1.4 uM in buffer A with a final concentration of 10
mM MgCl,. This mixture was then incubated at the desired temperature for 30 minutes on a
ProFlex (ThermoFisher) PCR cycler with a heated lid. After incubation, tubes containing the 50S
subunits were placed on the bench and allowed to cool slowly to room temperature for 30 minutes.
The cooling method influenced the return of mutant ribosome activity. Slow cooling at room
temperature returned higher levels of activity as compared to snap-cooling on ice for the CC
mutant ribosome (Figure S2.1). It is possible that snap-cooling leads to a less active conformation
in the mutant ribosome. Due to this observation, a slow-cooling method was utilized. After
cooling, an in vitro translation mixture was assembled using a ARibosome PURExpress kit (NEB).
The mixture was assembled with the following: 3.2 pL solution A (NEB), 1 uL factor mix (NEB),
250 nM pre-incubated 50S ribosomal subunits, 500 nM WT untagged 30S ribosomal subunits,
1U/uLL. Murine RNAse inhibitor (NEB), 100 nM 11S NanoLuc protein®®, 1:50 (v/v) dilution of
Nano-Glo substrate (Promega), and 10 ng/pL of DNA template containing a T7 promoter,
ribosome binding site, and the coding sequence for the HiBit peptide® (final volume of 8 uL). 2
uL of the in vitro translation mixture was placed in a 384 well plate, and luminescence was
measured as a function of time in a Spark Plate Reader (Tecan). Ribosome activity was calculated
by determining the slope of the initial linear region of each in vitro translation reaction. Each
reported activity is the average from three separate HiBit reactions.

In vitro nLuc translation endpoint assay

An in vitro translation reaction was assembled with the following: 6.4 pL solution A
(NEB), 2 pL factor mix (NEB), 250 nM pre-incubated 50S subunit, 500 nM WT untagged 30S
subunit, 1U/uL Murine RNAse inhibitor (NEB), and 10 ng/uL of a plasmid encoding a T7
promoter followed by the nLuc gene (final volume of 16 pL). This reaction was then incubated at
37 °C for 1 hour. After incubation, 5 pL. from the reaction was mixed with 30 uL of 11S buffer
(20 mM HEPES pH 7.5, 50 mM KCl, and 10% glycerol) and a 1:50 dilution of Nano-Glo substrate
(Promega). This mixture was placed in a 384 well plate and luminescence was measured in a Spark
Plate Reader (Tecan). Triplicate readings were measured and averaged for each in vitro translation
reaction.

Sucrose gradients

For heat treated 50S subunits, 10 pmol 50S subunit was diluted in buffer A with 10 mM
MgClz to a final volume of 20 pL. This mixture was then incubated at the desired temperature for
30 minutes on a ProFlex (ThermoFisher) PCR cycler with a heated lid and placed on the bench for
30 minutes to cool slowly to room temperature. For 70S formation assays, 10 pmol 50S subunit
and 20 pmol WT untagged 30S subunit were diluted in buffer A with 15 mM MgCl to a final
volume of 20 pL. These samples were then incubated at 37 °C for 30 minutes. Samples were
loaded onto a 15-40% sucrose gradient in buffer A with 10 or 15 mM MgCl.. Gradients were then
placed in a SW-41 Ti rotor (Beckman-Coulter) and centrifuged at 29,000 rpm (100,000 xg) for 13
hours. An ISCO gradient fractionation system was used to measure As4 traces.

CD spectroscopy

RNA oligonucleotides were purchased from IDT (Table S2.3) and resuspended into
RNAse-free water. RNA was incubated at 95 °C for 3 minutes and then immediately snap-cooled
in an ice water bath. After cooling, the RNA concentration was adjusted to 100 uM and the buffer



concentration was adjusted to 20 mM KxHyPO4 pH 6.5. Low ionic buffer conditions were used to
shift the melting temperature to a value where both the initial and final baselines could be more
accurately modeled. CD experiments were conducted in a 1-mm path-length cuvette with an Aviv
410 CD spectropolarimeter. For thermal melting experiments, CD at 262 nm was recorded in 2 °C
intervals from 5 °C to 95 °C. The temperature was moved to the target value, and the system was
allowed to equilibrate for one minute before a measurement was taken. Thermal melting data was
fit to a two-state model with sloping baselines®® (Equation 2.1) in Prism 9. All RNAs tested
exhibited reversible thermal melting profiles. Each RNA construct was measured in duplicate.

(%) (rrz 7573)
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Where T is temperature in Celsius, my and my are the slopes of the unfolded and folded baselines,
respectively, by and by are the y-intercepts of the unfolded and folded baselines, respectively, AH
is the Vant Hoff enthalpy of unfolding, R is the gas constant, and Tr, is the melting temperature in
Celsius.

Methionyl-tRNA synthetase purification

A plasmid encoding 6xHis-tagged methionyl-tRNA synthetase (MetRS) was transformed
into BL21 (DE3) Codon+ RIL cells (Agilent). Overnight cultures were diluted (1:100) into ZYM-
5052 autoinducing media®’ and grown overnight at 37 °C. Cells were pelleted at 4,000 xg for 15
minutes and resuspended in 50 mL of MetRS lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5
mM imidazole, and 0.5 mM EDTA). Cells were lysed by sonication and the lysate was clarified
by centrifugation at 18,000 rpm (25,000 xg JA-20 rotor, Beckman-Coulter) for 30 minutes. The
supernatant was applied to a 5 mL HisTrap column (Cytiva), washed with 5 CV of MetRS lysis
buffer with 23 mM imidazole and eluted with a 20 CV linear gradient from 23-500 mM imidazole.
Protein fractions were pooled and dialyzed overnight against MetRS buffer (50 mM HEPES pH
7.5, 100 mM KCl, 10 mM MgClz, 7 mM BME and 30% glycerol). The protein was concentrated
and stored at -80 °C.

tRNA preparation

A single stranded DNA template encoding a T7 promoter and tRNA™® with a C1G
mutation to increase transcription yield and deletion of the 3’-terminal adenosine (C1G -A), was
amplified via PCR, yielding a double stranded DNA template. tRNA™¢ was in vitro transcribed
with transcription buffer (50 mM Tris pH 7.5, 15 mM MgClz, 5 mM DTT, 2 mM spermidine), 2.5
mM NTPs, 1 U/uL. Murine Rnase inhibitor (NEB), 0.5 U/uL T7 polymerase (NEB), and 0.5 U/mL
YIPP (NEB). In vitro transcription reactions were incubated for 16 hours at 37 °C and then treated
with 45 U/mL of RQ1 Dnase (Promega) at 37 °C for 30 minutes. Reactions were ethanol
precipitated and then resolved on a 12% denaturing polyacrylamide gel. Gel slices containing the
tRNA were excised, crushed, and soaked in 300 mM sodium acetate pH 5.2 overnight at 4 °C. The
RNA was then ethanol precipitated, resuspended in water, and stored at -80 °C.

tRNAMet Jacking the 3’-terminal adenosine (A76) was then treated with the tRNA
nucleotidyl transferase from Archeoglobus fulgidus (Af) and 3'-NH2-ATP (nATP) (Axxora) in the
following conditions: 100 mM glycine pH 9.0, 10 mM MgCla, 2 uM nucleotidyl transferase, 2 uM
tRNA(-A), 0.5 mM nATP, 1 mM DTT, and 2 U/mL YIPP (NEB)*®. Af tRNA nucleotidyl
transferase was purified with the same method and buffers as the MBP-MS2 fusion protein®. The
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reaction was incubated at 37 °C for 2 hours. The tRNA was then phenol-chloroform extracted,
ethanol precipitated, and resuspended in water.

E. coli methionyl-tRNA synthetase (MetRS) was used to charge 3"-amino tRNA™¢! in the
following conditions: charging buffer (50 mM HEPES pH 7.5, 10 mM KCl, 20 mM MgCl, 2 mM
DTT), 10 uM tRNAMNH>, 10 mM methionine, 1 uM MetRS, 10 mM ATP, 1 U/uL Murine
Rnase inhibitor. The reaction was incubated at 37 °C for 30 minutes. Charged tRNA was phenol-
chloroform extracted, ethanol precipitated, resuspended in water, and stored at -80 °C.

Cryo-EM sample preparation

To assemble 70S ribosomes, 0.5 mg of U2554C U2555C (CC) mutant 50S subunit and 0.6 mg of
WT untagged 30S subunit were incubated in buffer C with 10 mM MgCls at 37 °C for 45 minutes.
The ribosome mixture was then loaded onto a 15-40% (w/v) sucrose gradient in buffer C with 10
mM MgCl. Gradients were centrifuged at 28,000 rpm (97,000 xg) for 16 hours in a SW-32 rotor
(Beckman-Coulter). An ISCO gradient fraction system was used to isolate the 70S fraction (Figure
S2.2).

Ribosome-tRNA-mRNA complexes were prepared as previously described” with
modifications. Complexes were formed non-enzymatically by combining 2 uM Met-tRNA™et 5
uM mRNA, and 100 nM ribosomes in buffer AC (20 mM Tris pH 7.5, 100 mM NH4Cl, 15 mM
MgCl,, 0.5 mM EDTA, 2 mM DTT, 2 mM spermidine, and 0.05 mM spermine). Paromomycin at
a concentration of 100 uM was used to ensure nonenzymatic A-site tRNA binding. The complex
was incubated at 37 °C for 30 minutes and then held at 4 °C. The mRNA sequence was 5’-
GUAUAAGGAGGUAAAAUGAUGUAACUA-3" (IDT). Met codons are underlined. This
mRNA sequence placed Met-tRNA™¢t in both the A and P sites. Cryo-EM grids were prepared
and samples were frozen as previously described”.

Cryo-EM data acquisition, image processing, and modeling

Movies were collected on a 300 kV Titan Krios microscope with a GIF energy filter and a
Gatan K3 camera, and data was acquired as described (Table S2.4)°°. Raw movies were binned to
the physical pixel size (0.8279 A) in RELION 3.1'%° and motion corrected with MotionCor2'°!,
The CTFs of micrographs were estimated using CTFFind4!%2. The estimated CTFs of micrographs
were visually inspected, and micrographs with poor CTF fit were manually rejected. Particles were
picked using the RELION implementation with a Laplacian of Gaussian method, and then
extracted and binned 4x for classification steps. 2D classification was performed in RELION using
150 classes. Junk particles were rejected and a second round of 2D classification was performed.
3D classification was performed with a cryoSPARC heterogeneous refinement!'®* with 10 classes
using an initial model generated in EMAN2!% from PDB 1VY4!%, Classes containing features
consistent with well-ordered 70S particles were combined and a local refinement on the 50S
subunit was carried out. The aligned particles were then transferred back to RELION. A 3D
classification without alignment was performed in RELION to separate classes with slightly
rotated 30S subunits. This procedure yielded a junk class, a rotated 30S subunit that had no A-site
tRNA density, and a class that had P-site and A-site tRNA density. The latter class was then
subjected to an additional classification without alignment using a mask on the A-site tRNA.
Interestingly, this step yielded two slightly shifted A-site tRNA classes that were equally populated
(Figure S2.3). The separation of multiple A-site tRNA classes with a masked 3D classification
has been observed with the WT ribosome!%. Upon closer examination, one of these classes had
clear density for the CCA-end of the A-site tRNA and was processed further. These particles were
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re-extracted at full size and subjected to CTF Refinement!?’ and Bayesian polishing!'®” in RELION.
A focus refinement was performed separately on the 50S and 30S subunits and the resulting focus
refined maps were aligned and combined to generate a final composite map. PDB 7K00 was used
as an initial 70S ribosome model®® and the ‘Fit to Map’ function in ChimeraX'%® was used to align
the cryo-EM map to the initial model. The 70S model was refined using real space refinement in
PHENIX (Table S2.5)!%. The model and cryo-EM map were inspected in COOT!'? and manual
adjustments to the model were made as needed.

2.4 Results
Sequence conservation in the A loop

To investigate sequence diversity in the A loop, we aligned archaeal 23S rRNA sequences
from the SILVA database®? to a structurally guided sequence alignment of LSU rRNA,
identifying nucleotide variation at positions 2554 and 2555 (E. coli numbering) (Figure 2.1A).
Both positions are almost universally uridine residues (UU), except for sequences from the
Thermoproteota phylum, which includes a variety of organisms from high and low temperature
environments (Figure 2.1B). Class Nitrososphaeria (Thaumarchaeota) from this phylum generally
includes mesophilic organisms that are prevalent in cold marine environments, while class
Thermoprotei (Crenarchaeota) includes hyperthermophilic organisms that grow at high
temperatures'!!. We find that Nitrososphaeria tend to have a cytidine at position 2554 (CU) while
Thermoprotei more often have cytidines at both positions (CC) (Figure 2.1B). Organisms within
Thermoproteota, such as Pyrolobus fumarii and Geogemma barossii, have extreme growth
temperatures (up to 121 °C), even among thermophiles, suggesting that this change may play a
role in ribosome stability!'!>!!3, However, there are some hyperthermophiles in Thermoproteota
that have either CU or UU sequences in the A loop. Additionally, other thermophilic Archaea,
such as organisms in Thermoplasmatota and Euryarchaeota, have uridines instead of cytidines at
these positions, suggesting that the CC mutation is one of multiple evolutionary strategies to confer
heat resistance.

A loop mutations in the E. coli 508 ribosomal subunit

Since nucleotides 2554 and 2555 in 23S rRNA are conserved as uridines in bacteria and
eukaryotes, we studied the effects of U to C mutations observed in archaeal A loop sequences in
the context of the E. coli ribosome. We first assessed whether mutations in the A loop influence
bacterial growth. E. coli strain SQ171, which does not contain genomically encoded rRNA and
requires a plasmid containing an rRNA operon!!4, was transformed with a plasmid (pLK35)
harboring either a wild-type (WT) 23S rRNA sequence, a U2554C (CU) point mutation, or a
U2554C-U2555C (CC) double mutation. These transformants were then counter selected to cure
the original pCsacB plasmid, encoding the WT rRNA operon, so that selected colonies are only
supported by ribosomes encoded by the pLK35 plasmid (methods). E. coli SQ171 containing the
WT, CU, or CC plasmids all grew and indicates that the mutant ribosomes can support life, which
is in line with a previous study of growth supported by ribosomes with these mutations!!>. Growth
of these strains in liquid media revealed that all transformants have similar doubling times (Figure
2.2A, Table S2.6), although bacteria supported by the CU and CC ribosomes had slightly longer
lag phases. These trends in growth and lag time were also observed in bacteria that expressed
mixed populations of mutant and WT ribosomes (Figure S2.4, Table S2.6). Taken together, these
results indicate that ribosomes with CU and CC A loop mutations function nearly indistinguishably
from WT ribosomes in vivo.
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Figure 2.1 Distribution of nucleotide sequence variation in the A loop across Archaea. A) RNA secondary structure
ofthe E. coli A loop. Red nucleotides are universally conserved. Positions 2554 and 2555 are in bold. B) Phylogenetic
tree of archaeal large ribosomal subunit (LSU) rRNA in the SILVA database®?. Coloring at the genus level is based
on optimal growth temperatures. Nucleotide sequences at the equivalent positions to 2554 and 2555 in E. coli 23S

rRNA are indicated by geometric symbols. CU and CC variations at these positions are found mainly in
Thermoproteota (Nitrososphaeria and Thermoproteotei).

Having established the tolerance of U to C A-loop mutations in vivo, we further
characterized the mutational effects in vitro. Three forms of the E. coli 50S ribosomal subunit were
purified using an MS2 tag®: WT, U2554C (CU) and U2554C-U2555C (CC) (Figure S2.5). We
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first examined whether these mutations influence bacterial ribosome activity at normal growth
temperatures using an in vitro translation endpoint assay in which full length nLuc protein (171
amino acids) is translated. At 37 °C, both the CU and CC ribosomes produce similar levels of
active nLuc protein compared to WT ribosomes (Figure 2.2B), indicating that the U to C mutations
do not cause translation defects in vitro.
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Figure 2.2 Effects of CU and CC mutations on the A loop. A) Growth curves of E. coli strain SQ171 expressing
plasmid-encoded ribosomes (data and error bars are represented as the mean and standard deviation of 4 replicates
respectively). The plasmid-encoded 23S rRNA harbors an MS2 tag. B) Nanoluciferase in vitro translation endpoint
assay for mutant ribosomes at 37 °C (data is represented as the mean of 3 replicates). Error bars represent the standard
deviation of three reactions. C) Cryo-EM density and model for the CC mutant ribosome are shown in grey and orange
respectively. The model from a WT ribosome structure!'% is shown in grey. D) (Top) Cryo-EM density and model for
C74 in the A-site tRNA and U2554 and U2555 in the A loop from!%. (Bottom) Cryo-EM density and model for C74
in the A-site tRNA and C2554 and C2555 in the A loop in the CC mutant ribosome. The C74 (N4)-U2554 or C2554
(02) hydrogen bonds are represented by dashed lines. A B-factor of 30 A% was applied to the CC mutant ribosome

cryo-EM map.
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Structure of the CC 70S ribosome

To probe the structural effects of the A loop mutants, we solved the cryo-EM structure of
the CC mutant 70S ribosome in a complex with mRNA and aminoacyl-tRNAs in the P site and A
site (non-hydrolysable Met-tRNA™¢t see methods) to a global resolution of 2.2 A (Figure S2.6).
The structure reveals that, in the presence of the U to C mutations at positions 2554 and 2555, the
A loop fold is indistinguishable from the WT A loop (Figure 2.2C). This result is in line with the
observations that the CC ribosome has WT (UU) levels of activity at 37 °C in vitro and has no
impact on cellular growth rates. In addition, the A loop in the CC mutant also contains the proper
2’-O-methylation of U2552, as evidenced by clear density for the 2"-O-methyl group on the ribose
of U2552 (Figure 2.2C). Mutations at positions 2554 and 2555 thus do not affect the 2'-O-
methylation of the nearby residue U2552 by E. coli methyltransferase RrmJ. The proper fold of
the A loop in the CC structure is also indicative of the correct modification, as loss of U2552 2°-
O-methylation has been shown to change the fold of the A loop’®.

While the structure of the A loop itself is not altered by the CC mutations, the positioning
of the A-site tRNA and its interaction with the A loop is altered in two ways compared to WT
ribosomes. First, C74 of the A-site tRNA adopts a syn conformation, in contrast to the anti-
conformation observed in the WT ribosome (Figure 2.2D)!9:1%, The syn conformation is highly
disfavored thermodynamically for pyrimidines and therefore, syn pyrimidines are not frequently
found in RNA!!6, In the WT ribosome, C74 of the A-site tRNA is held in its position in part through
hydrogen bonding between the exocyclic amine of C74 (N4) and the O2 carbonyl oxygen of U2554
(02) in the A loop and by base stacking with U2555 in the A loop and C75 in the tRNA. In the
CC mutant ribosome, hydrogen bonding between N4 of C74 and the O2 of C2554 is preserved
with a syn-C74 (Figure 2.2D). No new hydrogen bonds are formed that stabilize this conformation
and no conformational change in the ribosome occurs that would disfavor the anti conformation.
It Is possible that either a change In the local electronic environment In the CC mutant or transient
solvent interactions work to stabilize the syn conformation of C74. Despite this change, the C75-
(G2553 base pair is preserved and A76 and the linked methionine are in their canonical
positions!%3:106,

Second, during cryo-EM data processing, a masked classification of the A site yielded two
slightly shifted tRNA classes that were equally populated (Figure S2.3), one of which had clear
density for the 3'-CCA end of the A-site tRNA that was further processed to yield the final high-
resolution structure. The second A-site tRNA class identified in the cryo-EM data (class 2) lacks
density for most of the tRNA acceptor stem (including the 3"-CCA) but contains density for the
anticodon and weak density for the rest of the tRNA (Figure S2.7). This contrasts with the WT E.
coli ribosome structure, where all A-site tRNA classes had density for the CCA-end!'%. The
structure of the WT ribosome used for comparison contains the same tRNAs in the P-site and A-
site as in the CC ribosome structure, and both structures used paromomycin to favor A-site tRNA
binding, which facilitates the direct comparison (methods). These results suggest that the U to C
mutations in the A loop interfere with docking of the A-site tRNA’s 3’-CCA end, possibly due to
the syn-C74 conformation favored by the mutation.

CC mutations stabilize the 50S ribosomal subunit

Since CC variation in the A loop is found in hyperthermophilic Archaea, we sought to
assess whether it stabilizes the 50S ribosomal subunit. To further examine ribosome activity in this
context, we used a Nanoluc (nLuc) luciferase complementation assay, in which a truncated and
catalytically inactive form of nLuc, termed 118, is complemented by an in vitro translated peptide
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with high affinity for 11S, termed HiBit, to restore luciferase activity (Figure 2.3A)°°. This assay
enables the close monitoring of translation rates, rather than the endpoint detection of translated
protein as in the nLuc assay and is able to detect low levels of ribosome activity. We find that
ribosomes with U to C mutations at positions 2554 and 2555 are as active as WT ribosomes at 37
°C in the HiBit assay (Figure 2.3A), which is consistent with the nLuc endpoint assay (Figure
2.2B).

E. coli protein components of an in vitro translation reaction are not thermostable!!”, and
rather than conducting in vitro translation assays at temperatures above 37 °C, we sought to
decouple the thermostability of the 50S subunit and the translation reaction mixture. To do this,
50S subunits were first incubated at high temperatures, cooled slowly, and then added to in vitro
translation reactions. Using this experimental design, we tested the thermostability of 50S subunits
with the HiBit assay. WT ribosome activity begins to decrease after incubation at 60 °C, which
suggests that this is the temperature at which 50S subunit denaturation begins (Figure S2.8).
Surprisingly, we found that the MS2 tag inserted into 23S rRNA helix 98 (H98) affects ribosome
stability, as the tagged WT ribosome has considerably lower levels of activity than the untagged
WT ribosome after 50S subunit incubation at 60 °C (Figure 2.3A and Figure S2.8). MS2 tags in
HO98 have been used extensively as they do not affect cellular growth or ribosome assembly and
function®”!1811° Tn further experiments, we sought to assess if CC mutations could recover activity
of MS2-tagged 50S subunits after incubation at 60 °C.

Comparison of the MS2-tagged WT ribosomes and the tagged mutant ribosomes shows
that both the CU and CC mutants have higher levels of activity than the tagged WT ribosome after
60 °C incubation of the 50S subunit, with the CC mutant retaining the highest levels of activity
(Figure 2.3A). The higher activity retained by the CC ribosome compared to WT suggests that
these mutations stabilize the ribosome. Notably, as in the HiBit assay, we also see increased protein
output from the CC mutant compared to the tagged WT 50S subunits after pre-incubation at 60 °C
in a full length nLuc endpoint assay (Figure S2.9).

To assess whether the effects on ribosome activity observed in the HiBit assay were due to
possible folding defects in the PTC after heat treatment, or due to global misfolding of the 50S
subunit, 50S subunits were resolved on sucrose gradients. Consistent with the HiBit assay,
untagged WT 50S subunits are well folded after heat treatment at 60 °C with only a slight loss of
folded 50S subunits (Figure 2.3B). The addition of an MS2 tag into H98 (WT-MS2 Tag 50S)
leads to global ribosome unfolding after heat treatment. The peak height of the tagged WT 508 is
decreased and broadened compared to the untagged 50S, consistent with a heterogeneous
population of 50S subunits, likely due to degradation. While the CU 50S subunit shows slightly
higher activity in the HiBit assay than the tagged WT subunit, the CU mutation does not improve
global 50S subunit stability substantially, as determined with sucrose gradients (Figure 2.3B).
This matches the full length nLuc endpoint assay where the CU subunit has low activity after heat
treatment (Figure S2.9). In contrast, as demonstrated with in vitro translation assays, the CC 50S
subunits remain more homogeneous on sucrose gradients, indicating they are better folded after
heat treatment than the tagged WT subunit and that CC mutations globally stabilize the 50S
subunit.
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Figure 2.3. Stability of 50S subunits with A loop mutations at positions 2554-2555. A) In the HiBit assay, the 12
amino acid HiBit peptide is translated by the ribosome, which activates a truncated nanoluciferase (11S). 50S subunits
were pre-incubated at 37 °C or 60 °C and then their relative activities were determined with the HiBit assay (data is
represented as the mean of 3 replicates). Both untagged and MS2-tagged WT 50S subunits were used as controls.
Error bars represent the standard deviation of three independent reactions. B) 50S subunits were heat treated at 37 °C
(black dash) or 60 °C (red) and then resolved on a 15-40% sucrose gradient. C) RNA oligonucleotides (15 nucleotides)
containing the WT A loop sequence (2547-2561), the CU, or CC mutant sequences were melted on a CD spectrometer.
The melting temperature I was calculated for each construct using a two-state model.

To further probe the basis for ribosomal stabilization by U to C mutations in the A loop,
we conducted thermal melting experiments of isolated rRNA hairpins comprising the A loop. We
used RNA oligonucleotides of WT and mutant A loop sequences (CU and CC), all of which
contained 2’-O-methylation of U2552. In circular dichroism (CD) thermal melting experiments,
the RNA constructs demonstrated cooperative and reversible unfolding (Figure S2.10). The WT,
CU, and CC A loop constructs had melting temperatures of 71.2 °C, 71.8 °C, and 69 °C,
respectively (Figure 2.3C and Table S2.7) in low ionic conditions (methods). The slight decrease
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in melting temperature in the CC oligo could be explained by increased base stacking between
cytosine residues in the unfolded state!?°. Further, this data indicates that cytosine resides are only
stabilizing when the A loop is in its mature conformation in the ribosome. The high melting
temperatures also suggest that the A loop may retain its secondary structure in the ribosome at the
high temperatures used for the heat treatment experiment, regardless of whether nucleotides 2554-
2555 are UU, CU, or CC.
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Figure 2.4. Effects of A-loop secondary structure variation on global 50S subunit stability. A) Distribution of archaeal
23S sequences from the SILVA database®? based on nucleotide identity at positions 2554 and 2555 (top) and the
identity of the base pair at position 2 (2548-2560) (left). The heatmap is colored to represent the percentage of each
column that has either a U-A or G-C base pair. B) The helix of the E. coli A-loop was mutated to match that of 7.
thermophilus (top). A second A loop mutant (48/60) was designed to maintain interactions between the A-loop RNA
stem and E. coli ribosomal protein uL.14. C) 50S subunits were pre-incubated at 37 °C or 60 °C and then their relative
activities were determined with the HiBit assay (data is represented as the mean of 3 replicates). WT and WT-Tag
data (37 °C pre-incubation) is reproduced from Figure 3A. Error bars represent the standard deviation of three
independent reactions.

Additional mutations at the base of the A loop RNA hairpin

In view of the global ribosomal stabilization conferred by CC mutations in the A loop, we
also searched archaeal rRNA sequences for additional A loop sequence variation at other positions
in the RNA hairpin. We found that most Archaea with the CC variation have a GC base pair
between nucleotides 2548 and 2560 (base pair 2) (Figure 2.4A and Figure S2.11). This GC base
pair is also present in over half of Archaea with uridines at positions 2554 and 2555, whereas E.
coli has a less stable AU base pair at this position. As thermophilic organisms have increased
rRNA GC content®, we hypothesized that secondary structure variation at the base of the A loop
might also serve to stabilize the ribosome. The base of the A-loop RNA helix interacts with
ribosomal protein uL.14, which varies significantly between Bacteria and Archaea in this region
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and complicates incorporation of an Archaeal A loop helical sequence into the E. coli ribosome.
Because of this, we also looked at the A loop of the thermophilic bacterium Thermus thermophilus.
The T. thermophilus A loop also has a GC base pair at base pair 2, and the uL14-rRNA contacts
in E. coli and T. thermophilus are more similar'®,

Based on Archaeal and 7. thermophilus A-loop sequences, we designed two mutant E. coli
508 ribosomal subunits to test for global stability. The first incorporates the A-loop sequence from
T. thermophilus (Tt A loop), which swaps the order of the A and U at base pair 1 and changes base
pair 2 to a GC base pair. These changes are predicted to stabilize the secondary structure of the A
loop hairpin (Figure S2.12). To maintain native uL14 interactions with the A loop, a second
ribosome mutant, U2548C-A2560G (48/60), was prepared. With this design, base pair 2 of the A
loop is changed to a GC base pair but pyrimidine bases are kept at positions 2548 and 2561 (Figure
2.4B). E. coli uL14 interacts with the pyrimidine O2 at those positions and the 48/60 mutant should
preserve the native contacts. While the 48/60 mutant is predicted to be less stable than the 7t A
loop mutant, it is predicted to afford more stability than the WT E. coli sequence (Figure S2.12).
We assayed the thermostability of these mutants using the HiBit assay. As expected, these mutant
ribosomes have full activity after pre-incubation at 37 °C indicating that the mutations do not affect
the fold of the A loop (Figure 2.4C). After pre-incubation of the 50S subunits at 60 °C, the 7t A
loop and 48/60 mutant ribosomes exhibit low activity, similar to that of the MS2-tagged WT
ribosome control. These results indicate that these mutations in the RNA helix adjacent to the A
loop do not confer additional stability to the WT ribosome on their own, in contrast to the stability
afforded by U to C mutations in the apical loop.

CC mutations stabilize E. coli ribosomes with PTC mutations

Stabilization of the PTC could have utility in ribosome engineering where mutations are
made in and around the PTC to allow for the incorporation of nonnatural amino acids or other
monomers into proteins>>®!. As CC mutations stabilize the 50S subunit from thermal denaturation,
we posited that they could stabilize the PTC in the presence of other mutations. To investigate
whether CC mutations stabilize ribosomes with PTC mutations, 50S ribosomal subunits carrying
an A2451C point mutation or U2554C-U2555C-A2451C mutations (CC-A2451C) were purified
using the MS2-tag purification. The A2451C point mutation was chosen because A2451 is a core
PTC nucleotide that interacts directly with A76 of the P-site tRNA!?! and mutations at this position
have been shown to greatly decrease the rate of peptide bond formation'?2, We found that the
ribosomes with an A2451C mutation in the 23S rRNA have roughly 55% of WT activity (Figure
2.5A). We additionally find that subunits with CC-A2451C mutations are slightly less active than
subunits with an A2451C mutation. However, after heat treatment at 60 °C, CC-A2451C subunits
are more active than A2451C subunits and have roughly the same activity as WT subunits with an
MS?2 tag. This indicates that while the CC mutations do not increase the activity of A2451C
subunits at 37 °C, they stabilize the A2451C 508 subunit. Additionally, we find that both A2451C
and CC A2451C subunits form 70S subunits, in line with in vitro translation assays (Figure 2.5B).
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Figure 2.5. Robustness of the PTC in CC ribosomes. A) The relative activities of 50S subunits with an A2451C
mutation or the triple mutation CC-A2451C were determined using the HiBit assay (data is represented as the mean
of 3 replicates). Subunits were added directly (left) or pre-incubated at 60 °C (right) before addition to the HiBit assay.
Error bars represent the standard deviation of three independent reactions. C) 70S formation by A2451C (left) and
CC-A2451C 50S subunits (right).

2.5 Discussion

While the ribosome is highly conserved and contains universally conserved elements
across all domains of life, hyperthermophiles have adapted their ribosomes to function at extreme
temperatures. Here we find that the hyperthermophilic Archaea of the Thermoprotei class have
adapted rare rRNA sequence variation in the catalytic center of the ribosome, in which cytidines
are found at positions 2554 and 2555 in the A loop of 23S rRNA. Grafting U to C mutations at
positions 2554 and 2555 in E. coli 23S rRNA stabilizes the 50S ribosomal subunit from thermal
inactivation, consistent with CC variation serving a stabilizing role in certain hyperthermophilic
Archaea. Consistent with our findings, some organisms in Thermoproteota have recently been
shown to stabilize their tRNA through 2 phosphorylation of a uridine residue, which highlights
the need for stabilized translation machinery at high temperature!??.

CC sequence variation is only observed in the Thermoprotei class. This can be explained
phylogenetically if the common ancestor of Nitrososphaeria and Thermoprotei developed the CC
modification. This modification was advantageous for thermophilic Thermoprotei, while it may
have slowly reverted in the mesophilic Nitrososphaeria to CU. It is notable that not all thermophilic
Archaea and no thermophiles in the other domains of life acquired this variation. This suggests
that there may be an evolutionary disadvantage of the CU and CC variation.
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The cryo-EM structure of the CC mutant ribosome at 2.2 A resolution revealed an
unexpected change in the interaction between the mutant A loop and the A-site tRNA. In contrast
to UU ribosomes, nucleotide C74 in the tRNA adopts the disfavored syn conformation when bound
to the CC mutant ribosome, which may be a side effect of a change in the local electronic
environment by the U to C mutations. Syn pyrimidines are exceptionally rare and are more
commonly found in the aptamer binding domains and catalytic sites of RNAs!!6. The syn-C74 in
the A-site tRNA, at lower temperatures such as those tested with the E. coli ribosome, may lead to
slight translation defects, which we were unable to detect in bulk translation assays, and could
explain why CC A loop mutations are not more prevalent. Additionally, it is possible that the syn
conformation is less populated at the high growth temperatures of Thermoproteota and therefore
less problematic for hyperthermophiles. During cryo-EM processing we identified a highly
populated A-site tRNA class that has a disordered acceptor stem. This may indicate that the CC
ribosome is deficient in A-site tRNA binding. In yeast, a pseudouridine to cytidine mutation at
nucleotide 2554 (E. coli numbering) decreased tRNA binding to the ribosome!?4. It is also possible
that a syn-C74 may interfere with tRNA translocation after peptide bond formation. When tRNA
docks in the ribosomal P site, C74 directly base pairs with G2252 in the large subunit rRNA P
loop. This base pair would require the syn-C74 in the A site tRNA to flip back to the anti-
conformation when it translocates to the P site, which could present a hurdle for proper P-site
docking. However, tRNAs with mutations at position 74 are still accepted as substrates by the
ribosome, which indicates that the C74-G2552 interaction is not essential for translation’*'?3. This
suggests that a tRNA containing a syn-C74 could be translocated by the ribosome with little
difficulty.

It is striking that modest pyrimidine to pyrimidine substitutions at only two positions can
globally stabilize the 50S ribosomal subunit, a 1.5 Mda particle. CD melting experiments
demonstrate that the secondary structure of the RNA hairpin containing the A loop is not stabilized
by U to C mutations. Therefore, the observed stabilization of the mutant 50S subunit likely arises
from enhanced tertiary interactions in the A loop that only form within the ribosome. This is
consistent with a prior structural analysis of an isolated A loop RNA hairpin, which differs from
the structure of the A loop within the 50S ribosomal subunit, especially in the apical loop'?®. The
A loop rRNA helix has a high melting temperature outside of the ribosome (71.2 °C), which
suggests that the A loop helix may stay folded in the ribosome even at high temperatures.
Additionally, mutations in the A loop predicted to stabilize the secondary structure of the rRNA
helix had no additional impact on the global thermal stability of the 50S subunit. Taken together,
these data suggest that the stability of A-loop secondary structure may not be as important for
global ribosome stability as its tertiary structure. It has been shown that residues in cytosine-rich
RNA loops remain partially stacked!?’. Therefore, cytosine base stacking may lead to tertiary
stabilization of the mature A loop as cytosine residues have lower base stacking free energies than
uracil residues!?”-!28, Since the A loop is part of the last region of 23S rRNA to fold during 50S
subunit maturation'??, this region could be involved in the initial stages of unfolding of 50S
subunits. Consequently, the stability of the A loop would in part define the stability of the PTC
and the 50S subunit globally.

Protein engineering can benefit from a thermostable scaffold, which can better withstand
the incorporation of destabilizing mutations that are needed to evolve new functionality®’. For
example, chimeric proteins that incorporate protein domains from thermophilic archaea have been
used to improve engineering of E. coli aminoacyl-tRNA synthetases'3?. Here, we show that rare
sequence variation in highly conserved regions of rRNA from thermophilic organisms can stabilize
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the E. coli ribosome. The CC mutant E. coli ribosome does not have an observable growth defect
in vivo and is able to translate both small peptides and full proteins in vitro. Previous
computationally designed ribosomes with mutations in the A loop had severe defects in ribosome
activity!3!. In contrast, the mutations examined here, including those in the stem of H92, lead to
highly functional ribosomes, which is likely due to the preservation of conserved A loop
nucleotides. The use of natural rRNA sequence variation to engineer beneficial properties into the
bacterial ribosome could be a useful strategy as these sequences are known to lead to robust
ribosomes that function in diverse environments. While mutating the PTC has allowed for the
incorporation of non-proteinogenic monomers by the ribosome, PTC mutations can have a
severely destabilizing effect®>°!. We show that CC mutations stabilize ribosomes at high
temperatures in the context of a destabilizing MS2 tag. The CC mutations in the A loop may
therefore have utility in future engineering of ribosomes capable of improved synthesis of non-
proteinogenic polymers>!!132,
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2.6 Supplementary Information
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Figure S2.1. HiBit translation assay for untagged WT and MS2-tagged CC 50S ribosomes. Ribosomes were pre-
incubated at 50 °C for 30 minutes and then cooled quickly on ice (left) or allowed to cool more slowly by incubating

at room temperature for an additional 30 minutes (right).

708

254 nm Absorbance

Sucrose Concentration —— >

Figure S2.2. Association gradient of CC mutant 50S and WT E. coli 30S subunits. 30S subunits (2 equiv.) and 50S
subunits (1equiv.) were incubated with 10 mM MgCl and resolved on a 15-40% sucrose gradient. 70S fractions were

collected for cryo-EM analysis.
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Figure S2.3. Cryo-EM processing workflow. A-site Class 1 had density for the tRNA 3’-CCA end and was further
refined. Class 2 lacked density for the A-site tRNA 3’-CCA end.
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Figure S2.4. Effects of Mutant A loop Sequences on E. Coli Growth. A) Growth curves of E. coli Express 19 cells
which express both plasmid encoded and genomically encoded ribosomes (data is represented as the mean of 3
replicates). Error bars represent the standard deviation of three independent replicates. The plasmid-encoded 23S
rRNA harbors an MS2 tag. B) Following E. coli growth assays, the ratio of MS2-tagged ribosomes to WT endogenous
ribosomes was determined. RT-PCR samples were run on a 10% polyacrylamide-TBE gel. DNA containing an MS2
tag sequence is 32 bp larger than DNA with the native 23S sequence. Amplified bands were quantified to determine
the percent of MS2-tagged ribosomes. C) Ribosomes from E. coli strain SQ171 were subjected to RT-PCR to confirm
that only plasmid encoded (MS2 tag) ribosomes were expressed during growth experiments (Figure 2.2A).
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Figure S2.6. Resolution of the cryo-EM map generated from the particles in Class I. The global 70S ribosome A) half
map FSC resolution is 2.21 A and B) map to model FSC resolution is 2.35 A. C) Local resolution is plotted on the
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Figure S2.7. Features of the tRNAs in A-site classes 1 and 2. A) P-site and A-site tRNA model and cryo-EM density
for A-site class 1 (left) and class 2 (right). Class 2 corresponded to an A-site tRNA class that lacked density for most
of the acceptor stem. A B-factor of 30 A was applied to the cryo-EM maps. B) Cryo-EM density and model for the
A-loop from Class 2 are shown in grey. The model from a WT ribosome structure!% is shown in light blue.
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Figure S2.8. Activity of heat-treated 50S subunits without and with the MS2 tag. A) Untagged and B) MS2-tagged
WT 508 ribosomes were pre-incubated at the indicated temperatures for 30 minutes and then slow cooled for 30
minutes. The 50S ribosomes were then used in the HiBit translation assay (data is represented as the mean of 3
replicates). Error bars represent the standard deviation of three reactions.
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Figure S2.9. Activity of ribosomes in nLuc translation endpoint assays. A) Replicate of an nLuc IVT endpoint assay
at 37 °C for CU and CC ribosomes. B) 50S ribosomes were preincubated at 60 °C and cooled slowly. Their relative
activities were then determined with the nLuc endpoint assay.
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Figure S2.10. CD unfolding of A-loop RNA constructs. A) Full CD unfolding data from 5 to 95 °C. RNA constructs
demonstrated cooperative two-state unfolding. B) CD wavelength scans from 300 to 200 nm of the WT A-loop
construct before the melting experiment (black) and after the melting experiment (orange). The similarity of the curves
implies reversible unfolding of the RNA during melting experiments.
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Figure S2.11. Archaeal sequences at the base of their A-loop. A) Base pair 2 (2548-2560) is highlighted on the
secondary structure of the E. coli A-loop. B) Distribution of archaeal sequences in the SILVA database based on
2554/2555 and base pair 2 identity. The left axis classifies Archaea based on the identity of nucleotides at positions
2554 and 2555. The main populations are UU, CU, and CC. The bottom axis classifies Archaea based on the nucleotide
identity at base pair 2 in the A-loop. Almost all Archaea with cytidines at positions 2554 and 2555 have a GC base

pair at position 2. Around half of Archaea with uridines at positions 2554 and 2555 also have a GC base pair at position
2.
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Figure S2.12. Secondary structures and predicted minimum free energies of A-loop mutants. 7. thermophilus has
variation at the base of the A-loop that stabilize its secondary structure. The 48/60 mutant was designed to stabilize
the base of the A-loop while leaving pyrimidine bases at positions 2548 and 2561 to maintain contacts with ribosomal
protein uL.14. Relative minimum free energies were calculated in RNAstructure!3.
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Figure S2.13. Purity of 50S subunits used for in vitro assays. After MS2 purification, 23S rRNA was isolated from
508 subunits and used for RT-PCR analysis. DNA containing an MS2 tag sequence is 32 bp larger than DNA with
the native 23S sequence. RT-PCR products were run on a 10% polyacrylamide-TBE gel, and band intensities were

used to quantify ribosome purity.
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Table S2.1. Additional growth temperatures for archaeal taxa

Name Strain TaxID Taxonomy Growth Source
Temperature
Nltrgsopelaglcus CN25 1410606 | Archaea;Thaumarchaeota 22 °C 134
brevis
Nitrosotalea ° 135
- 1078905 Archaea;Thaumarchaeota 25°C
devanaterra
Nltros.otenuls - 1846278 | Archaea;Thaumarchaeota 33°C 136
aquarius
Nltrospcaldus ) 1846278 A.rchaea;Thau.marchaeota; 65 °C 137
islandicus Nitrososphaeria
Archaea;Thaumarchaeota;
Nitrosocosmicus Nitrososphaeria; o 138
franklandus 13 1798806 Nitrososphaerales; 37.5°C
Nitrososphaeraceae
Caldiarchacym - 1798806 | Archaea;Thaumarchaeota 70 °C 139
subterraneum
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Table S2.2. DNA primers used in chapter 2
(m denotes 2°-O-Me; lowercases in the sequence indicate sites where mutations are introduced)

Primer name

Sequence

Comment

Forward primer for U2554C 23S

U2554C F GGTATGGCTGcTCGCCATTTA ;
— rRNA mutagenesis
U2554C R CTTGGGACCTACTTCAGC Reverse primer for U2534C 235
— rRNA mutagenesis
Forward primer for U2554C
U2554/5C F GGTATGGCTGccCGCCATTTAAAG U2555C 238 rRNA mutagenesis
Reverse primer for U2554C
U2554/5C R CTTGGGACCTACTTCAGC U2555C 238 rRNA mutagenesis
A2058G F GGCAAGACGGgAAGACCCCGT Forward primer for A2058G 238
— rRNA mutagenesis
A2058G R GCGGGTACACTGCATCTTC Reverse primer for A2058G 238
— rRNA mutagenesis
Forward primer for A2547U
Tt _Aloop F TCGCCcaTTAAAGTGGTACGCGAGC U2548G A2560C U2561A 23S
rRNA mutagenesis (7t A loop)
Reverse primer for A2547U
Tt _Aloop R ACAGCCcaACCCTTGGGACCTACTTC U2548G A2560C U2561A 23S

rRNA mutagenesis (7t A loop)

48/60_ Aloop F

TCGCCETTTAAAGTGGTACGCGAG

Forward primer for U2548C
A2560G 23S rRNA mutagenesis
(48/60)

48/60_Aloop R

ACAGCCgTACCCTTGGGACCTACTT

Reverse primer for U2548C
A2560G 23S rRNA mutagenesis
(48/60)

Forward primer for A2451C 23S

A2451C_F TCCGGGGATACCAGGCTGATA .
— rRNA mutagenesis
A2451C_R GTACCTTTTATCCGTTGAGC Reverse primer for A2451C 238
— rRNA mutagenesis
MS2_quant F CTTGCCCCGAGATGAGTTCTCCC RT-PCR primer for the ribosome
- purity assay
MS2 quant R | GTACCGGTTAGCTCAACGCATCGCT Primer for amplification of cDNA
- - in the ribosome purity assay
GCGAATTAATACGACTCACTATAGGGTTAACT
HiBit Temolat TTAACAAGGAGAAAAACATGGTGAGCGGCTG | DNA template for the HiBit
1B LEmpIate 1 GCGCCTGTTTAAAAAAATTAGCTAACTAGCAT | peptide
AACCCCTCTCTAAACGGAGGGGTTTAGTCA
HiBit_amp F GCGAATTAATACGACTCACTATAG Forward amplification primer for
— the HiBit template
HiBit amp R AAACCCCTCCGTTTAGAG Reverse amplification primer for
— = the HiBit template
AATTCCTGCAGTAATACGACTCACTATAGGCG
{RNAMET GGGTGGAGCAGCCTGGTAGCTCGTCGGGCTC | DNA template for tRNA™M C1G
Template (C1G) | ATAACCCGAAGGTCGTCGGTTCAAATCCGGC | -A
CCCCGCAACC
Forward amplification primer for
fMet_amp_F AATTCCTGCAGTAATACGACTCAC the tRNAM template
fMet-A_amp R mGmGTTGCGGGGGCC Reverse amplification primer for

the tRNA™¢ template
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Table S2.3. RNA oligos (IDT) used in chapter 2. (m denotes 2’-0-Me)

Name Sequence

WT A loop AUGGCmUGUUCGCCAU
CU A loop AUGGCmUGCUCGCCAU
CC A loop AUGGCmUGCCCGCCAU

Table S2.4. Cryo-EM data collection and processing

Magnification 105,000
Voltage (kV) 300
Electron Exposure (e/A?) 40
Defocus Range (um) -0.5/-1.5
Pixel Size (A) 0.8279
Symmetry Imposed Cl

Initial Particle Images 1,614,362
Final Particle Images 114,493
Map Resolution (A) 2.21

FSC Threshold 0.143
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Table S2.5. Model refinement statistics

Model component

Model resolution (A) 235
FSC threshold 0.5
Map sharpening B factor (A?) -38.8
Model composition

Non-hydrogen atoms 148866
Mg?* ions 268
Zn*" ions 2
Polyamines 17
Waters 6756
Ligands (paromomycin) 1
Mean B Factors (A?)

RNA 15.98
Protein 15.81
Waters 8.73
Other 10.56
R.m:s. deviations from ideal values

Bond (A) 0.005
Angle (°) 0.762
Molprobity all-atom clash score 8.93
Ramachandran plot

Favored (%) 96.37
Allowed (%) 3.58
Outliers (%) 0.05
RNA validation

Angles outliers (%) 0.004
Sugar pucker outliers (%) 0.2
Average suiteness 0.587
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Table S2.6. Doubling times for E. coli expressing plasmid encoded ribosome mutants

E. coli Strain PLK3S Plasmid Doubling Time (m)
Sequence

NEB Express I WT 36.0+0.6

NEB Express I CU 357+0.3

NEB Express I CC 38.4+0.6

SQ171 WT 60+ 1

SQ171 CU 66 +3

SQ171 CC 61+2

Table S2.7. Thermodynamic parameters derived from CD melting experiments for A-loop RNA constructs.”

Construct T (°C) AHunfold (kJ/mol) AG2s5™ (kJ/mol)
WT 71.8+0.6 197+ 9 26.8 £0.9
CU 71.8 £0.1 189 £2 25.7+0.3
CC 69.0£0.2 183 £8 23.6+1.2

+ Errors are reported as the S.D. of two experimental replicates.

++ AGos is the Gibbs free energy of unfolding at 25 °C.
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Chapter 3: Interactions between terminal ribosomal RNA helices stabilize the

E. coli large ribosomal subunit
Reproduced from: Nissley, A. J., Kamal, T. S. & Cate, J. H. D. Interactions between terminal
ribosomal RNA helices stabilize the E. coli large ribosomal subunit. RNA 29, 1500—-1508 (2023).

3.1 Abstract

The ribosome is a large ribonucleoprotein assembly that uses diverse and complex
molecular interactions to maintain proper folding. /n vivo assembled ribosomes have been isolated
using MS2-tags installed in either the 16S or 23S ribosomal RNAs (rRNAs), to enable studies of
ribosome structure and function in vitro. RNA tags in the Escherichia coli 50S subunit have
commonly been inserted into an extended helix H98 in 23S rRNA, as this addition does not affect
cellular growth or in vitro ribosome activity. Here, we find that E. coli 50S subunits with MS2 tags
inserted in H98 are destabilized compared to wild type (WT) 50S subunits. We identify the loss of
RNA-RNA tertiary contacts that bridge helices H1, H94, and H98 as the cause of destabilization.
Using cryogenic electron microscopy (cryo-EM), we show that this interaction is disrupted by the
addition of the MS2 tag and can be restored through the insertion of a single adenosine in the
extended H98 helix. This work establishes ways to improve MS2 tags in the 50S subunit that
maintain ribosome stability and investigates a complex RNA tertiary structure that may be
important for stability in various bacterial ribosomes.

3.2 Introduction

The ribosome is a large ribonucleoprotein assembly responsible for protein synthesis in the
cell. Due to its complexity, the ribosome is composed of intricate networks of RNA-protein and
RNA-RNA interactions!’. These complex interactions are formed during ribosome assembly,
which is a process requiring ribosomal RNA (rRNA), ribosomal proteins (rProteins), and many
auxiliary assembly factors'*!. In Escherichia coli (E. coli), the three rRNAs-5S, 16S, and 23S—are
all transcribed as a single transcript. During the early stages of ribosomal large subunit (LSU)
assembly, sequences flanking the 5" and 3’ ends of the pre-23S rRNA transcript base-pair to form
the leader trailer (LT) helix!*?. The LT helix is then subsequently cleaved by several Rnases, and
the remaining RNA helix comprises helix 1 (H1) of the pre-23S rRNA!*3-145 Additionally, it has
been shown that some bacteria remove H1 post-assembly and this removal is correlated with the
evolutionary loss of H98!46, which suggests a synergistic role between the two helices.

The use of affinity tags in the 23S rRNA has enabled the in vitro study of in vivo-assembled
LSUs with mutations in 23S rRNA. This has commonly been achieved through the insertion of an
RNA helix from the genome of the MS2 bacteriophage into helix H98 of the 23S rRNA on the
surface of the ribosome®. Tagged mutant ribosomal subunits can then be purified using the MS2
coat protein dimer that selectively binds to the MS2 RNA helix!47. MS2 tags inserted in H98 of
23S rRNA have been used extensively to enable the investigation of rRNA function!!*!%2, in
engineered ribosomes®, and for in vivo ribosome tracking!!®. Although E. coli 50S ribosomal
subunits with MS2 tags inserted into H98 retain wild-type (WT) in vivo and in vitro function, we
previously showed that these 50S subunits have lower thermostability compared to WT 50S
subunits!#.

Here we Investigate the loss of thermostability In the E. coli LSU upon addition of an MS2
tag into H98. We find that RNA contacts between nucleotides at the interface of rRNA helices H1,
H94, and H98 are important for the stability of the E. coli 50S ribosomal subunit. Using cryo-EM,
we show that this interaction is disrupted by the addition of previous MS2 tag designs in H98 and
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that the addition of a single adenosine residue in the tag can restore the tertiary interaction and WT
levels of stability. The MS2-tags described herein offer an improved method for studying mutant
and engineered ribosomes without the introduction of additional instability. Moreover, tertiary
interactions between helices at the terminal ends of 23S rRNA corresponding to H1, H94, and H98
are found in many bacteria and these likely play stabilizing roles in a variety of bacterial ribosomes.

3.3 Materials and methods
Cloning and plasmid design

A modified pLK35 plasmid®, containing a tac promoter followed by the rrnB operon,
which encodes the MS2-tagged 23S rRNA, was used for mutagenesis. Point mutations, insertions,
and deletions were made using either the Q5 mutagenesis kit (NEB) or the InFusion cloning kit
(Takara Bio) and the corresponding primer sets (Table S3.1). MS2 tags inserted in H98 were
placed between 23S rRNA bases 2796 and 2800, with the concomitant removal of nucleotides
2797-2799. To insert an MS2 tag into H25, the MS2-V2 sequence was placed between 23S rRNA
bases 544 and 549, with the removal of nucleotides 545-548. The following DNA sequences were
inserted for each tag design:
MS2-V1: 5'-ACTAGTTTTGATGAGGATTACCCATCTTTACTAGT-3’
MS2-V2: 5'-GATCATTTACATGAGGATCACCCATGTTTTTGATC-3’
MS2-V3: 5'-GATCATTTACATGAGGATCACCCATGTTTTTGATCA-3'

Ribosome expression and purification

Mutant E. coli 50S ribosomal subunits were expressed and purified as previously
described!*®. Briefly, E. coli NEB Express I9 cells were transformed with the corresponding pLK35
plasmid. Transformants were grown in 3 L of LB broth containing 100 pg/mL ampicillin at 37°C.
Cultures were induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside once they reached
ODe00=0.6 and were incubated for an additional 3 hours. Cells were pelleted, resuspended in 50
mL buffer A (20 mM Tris-HCI pH 7.5, 100 mM NH4Cl, 10 mM MgCl, 0.5 mM EDTA, 2 mM
dithiothreitol (DTT)) with Pierce protease inhibitor (ThermoFisher), and lysed by sonication. The
lysate was clarified by centrifugation and then loaded onto a sucrose cushion containing 24 mL of
buffer B (20 mM Tris-HCI pH 7.5, 500 mM NH4Cl, 10 mM MgClz, 0.5 mM EDTA, 2 mM DTT)
with 0.5 M sucrose and 17 mL of buffer C (20 mM Tris-HCl pH 7.5, 60 mM NH4Cl, 6 mM MgCl,,
0.5 mM EDTA, 2 mM DTT) with 0.7 M sucrose in Type 45 Ti tubes (Beckman-Coulter).
Ribosomes were pelleted by centrifugation at 27,000 rpm (57,000 xg) for 16 hours at 4°C. The
pellets were then resuspended in dissociation buffer (buffer C with 1 mM MgCl), which
dissociates 70S ribosomes into 30S and 50S subunits.

MS2-tagged 50S subunits were then purified using a maltose binding protein (MBP)-MS2
fusion protein, which was purified as previously described®. A 5 mL MBP Trap column (Cytiva)
at 4°C was washed with 5 column volumes (CV) of MS2-150 buffer (20 mM HEPES pH 7.5, 150
mM KCI, 1 mM EDTA, 2 mM 2-mercaptoethanol) and then 10 mg of MBP-MS2 protein was
loaded slowly onto the column. The column was then washed with 5 CV of buffer A-1 (buffer A
with 1 mM MgCl), and crude ribosomes were loaded onto the column. The column was washed
with 5 CV of buffer A-1, 10 CV of buffer A-250 (buffer A with 250 mM NH4Cl and 1 mM MgCl),
and then tagged ribosomal subunits were eluted with a 10 CV gradient of 0-10 mM maltose in
buffer A-1. The purified 50S subunits were concentrated in 100 kDa cut off spin filters (Millipore),
quantified with an approximation of 1 Axs= 36 nM, and flash frozen in liquid nitrogen. WT
untagged 30S and 50S ribosomal subunits were purified as previously described!*s.
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Mutant ribosome purity assay

To determine the levels of WT untagged 50S subunit contamination after mutant ribosome
purification, semiquantitative PCR was utilized as previously described®® with adaptations.
Roughly 50 pmol of purified mutant ribosomes were denatured at 95°C for 3 minutes. LiCl was
added to a final concentration of 5 M to precipitate the rRNA, which was subsequently resuspended
in Rnase-free water. Primers MS2 H98 quant R or MS2 H25 quant R, for mutant ribosomes
with MS2 tags in either H98 or H25 respectively, were used to reverse transcribe a region of 23S
rRNA using AMYV reverse transcriptase (Promega). The region of cDNA containing the MS2 tag
was amplified via PCR using primer pairs MS2 H98 quant F and MS2 H98 quant R or
MS2 H25 quant F and MS2 H25 quant R. PCR products were resolved on a 10%
polyacrylamide-TBE gel (Invitrogen) and visualized with SYBR gold stain (ThermoFisher). DNA
bands were quantified with ImageJ software®>.

In vitro nanoluciferase translation endpoint assay

50S subunits were diluted to 1.4 pM in buffer A with a final concentration of 10 mM
MgCl. The diluted subunits were incubated for 15 minutes at the indicated temperature and then
incubated for an additional 15 minutes at room temperature to cool. An in vitro translation reaction
was then assembled using the PURExpress system (NEB) with the following: 3.2 pL solution A
(NEB), 1 uL factor mix (NEB), 250 nM pre-incubated 50S subunit, 500 nM WT 30S subunit, 1
U/uL Rnase inhibitor (NEB), and 10 ng/uL of a plasmid containing a T7 promoter followed by
the nanoluciferase (nLuc) gene (final volume of 8 puL). The reaction was incubated for 1 hour at
37°C and then 2 pL of the reaction was mixed with 30 uL of nLuc buffer (20 mM HEPES pH 7.5,
50 mM KCl, and 10% glycerol) and a 1:50 dilution of Nano-Glo substrate (Promega). All 32 uLL
were then placed in a 384 well plate and luminescence was measured in a Spark Plate Reader
(Tecan). Experimental triplicates were measured and averaged for each in vitro translation
reaction.

MetRS and MTF expression and purification

Plasmids containing a T7 promoter followed by the gene for E. coli methionyl-tRNA
synthetase (MetRS) or methionyl-tRNA formyltransferase (MTF) and a 6x-His tag were
transformed into E. coli BL21 (DE3) Codon+ RIL cells. Overnight cultures were diluted in ZYM-
5052 autoinducing media®’ and grown overnight at 37°C. Cells were then pelleted by
centrifugation, resuspended in lysis buffer (20 mM Tris pH 7.8, 150 mM NaCl, 5 mM imidazole,
0.5 mM EDTA), and lysed by sonication. The lysate was clarified by centrifugation at 25,000 xg
(JA-20 rotor, Beckman) at 4°C for 30 minutes. The supernatant was applied to a 5 mL HisTrap
column (Cytiva) at 4°C and the column was washed with 5 CV of lysis buffer with 23 mM
imidazole. Protein was eluted from the column using a linear gradient of 20 CV lysis buffer from
23-500 mM imidazole. The eluted protein was then dialyzed against 50 mM HEPES pH 7.5, 100
mM KCl, 10 mM MgCl,, 7 mM B-mercaptoethanol (BME), and 30% glycerol, concentrated, and
stored at -80°C.

[Met-tRNA™¢ preparation

tRNA™et with a C1G mutation and a modified terminal 3'-NH,-ATP was in vitro
transcribed and modified as previously described!*s. fMet-tRNA™M¢ was prepared enzymatically
as described!®. Briefly, a charging reaction was prepared with the following: 10 uM NHo»-
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tRNA™et 10 mM methionine, 300 uM N10-formyl-tetrahydrofolate, 10 mM ATP, 1 U/uL Rnase
inhibitor (NEB), 1 uM (MetRS), and 1 uM MTF in AA buffer (50 mM HEPES pH 7.5, 10 mM
KCl, 20 mM MgCl,, and 2 mM DTT). This reaction was incubated at 37°C for 30 minutes. The
tRNA was then phenol-chloroform extracted, ethanol precipitated, and resuspended in water.

Cryo-EM sample preparation

40 pmol of MS2-V3 50S subunit and 80 pmol WT untagged 30S subunit were incubated
at 37°C in buffer C with a total of 10 mM MgCl, for 45 minutes. This mixture was then split and
loaded on to four 15-40% (w/v) sucrose gradients in buffer D (20 mM HEPES pH 7.5, 100 mM
KCl, 10 mM Mg(OAc),). Gradients were centrifuged at 97,000 xg for 16 hours in a SW-41 rotor
(Beckman-Coulter). An ISCO fractionation system was used to isolate the 70S fraction from each
gradient (Figure S3.1). 70S factions were then combined, washed in buffer D, and concentrated
in a 100 kDa cut off spin filter (Millipore).

100 nM 70S ribosome, 1 pM fMet-tRNAMe and 5 uM mRNA with the sequence 5'-
GUAUAAGGAGGUAAAAUGUUCUAACUA-3' (IDT), were combined in Buffer D with 15
mM MgOAc and incubated at 37°C for 45 minutes. The fMet codon is underlined in the mRNA
sequence. 300 mesh R1.2/R1.3 UltraAu foil grids with a deposited layer of amorphous carbon
were glow discharged in a PELCO easiGlow for 12 seconds under 0.37 mBar vacuum and with 25
mA current. 4 uL of the complex was then added to the grid, incubated for 1 minute, and then the
grid was touched to three successive 100 pL drops of buffer D. Grids were plunge-frozen in liquid
ethane using a Vitrobot Mark IV at 4°C with 100% humidity and the settings blot force 4 and blot
time 2 s.

Cryo-EM data acquisition, image processing, and modeling

Data was acquired as previously described® with adaptations (Table S3.2). Briefly, movies
were collected on a 300 kV Titan Krios microscope with a BIO-energy filter and Gatan K3 camera.
The super-resolution pixel size was set to 0.405 (physical pixel size of 0.81) and SerialEM!*? was
used to automate data collection. Movies were collected over a defocus range of -0.5 to -1.5 um
with an electron dose of 40 e/A? split over 40 frames. Image shift was used to collect movies in a
3x3 grid of holes with two movies collected per hole.

Raw movies were Fourier-cropped to the physical calibrated pixel size (0.8248 A) and
patch motion corrected in cryoSPARC 3!%. CTFFind4!%? was used to estimate the CTFs of
micrographs and ones with poor estimated CTF fit were manually excluded. Micrographs were
then split into exposure groups based on the 3x3 groups during image-shift collection. Particles
were picked using the cryoSPARC template picker with 70S ribosome 2D templates generated in
cryoSPARC. Particles were then extracted and Fourier-cropped to 1/8 of the box size and 2D
classification was performed in cryoSPARC using 100 classes. Junk particles were rejected and a
second round of 2D classification was performed to further remove the remaining junk particles.
Selected particles were re-extracted and Fourier-cropped to % of the box size and 3D classification
was performed with heterogeneous refinement in cryoSPARC using a 70S ribosome map from!*.
Classes containing features consistent with 70S ribosomes were combined and subjected to another
round of 3D classification. Classes from the second round of 3D classification that refined to high
resolution were combined and particles from these classes were extracted at the full box size. The
particles were then subjected to homogeneous refinement in cryoSPARC with per-particle defocus
optimization, per-group CTF parameter optimization, and Ewald sphere correction. Focus
refinements were run separately on the 50S and 30S subunits with local refinement in cryoSPARC
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(Figure S3.2). For modeling, a composite map was constructed by combining the maps from the
50S and 30S focused refinements. PDB 7K00%, which was used as an Initial 70S ribosome model,
was aligned to the composite map In ChimeraX'%, Real space refinement in PHENIX'? was used
to refine the model, and the manual adjustments were made to the model as needed in COOT!!?
(Table S3.3). To better model the MS2 tag, particles were Fourier-cropped to %2 the box size and
the region containing H1 and H98 was masked and subjected to 3D variability analysis in
cryoSPARC (Figure S3.2). Each of the volume series were inspected and the map which contained
the best density for the MS2 tag and showed characteristics of an RNA helix was selected. The
MS2 tag was modeled into this map using secondary structure constraints in PHENIX.

3.4 Results
HI, H94, and H9S interact in the E. coli LSU

To better understand the architecture of the region surrounding H98, we examined the
structure of the E. coli ribosome®. Helices H1, H94, and H98 reside on the surface of the 50S
ribosomal subunit, and the apical regions of H1 and H98 extend away from the ribosome (Figure
3.1A). H1 is formed through base pairing between the 5" and 3’ ends of the 23S rRNA (nucleotides
1-8 and 2895-2904 respectively). The 3" end of 23S rRNA comprises Domain VI of the LSU which
contains RNA helices H94-H101. In the E. coli ribosome, H1, H94, and H98 are in close proximity
(Figure 3.1B), and nucleotides at the base of H1 (G9, A10), the base of H94 (U2629), and in the
apical loop of H98 (A2800) form tertiary interactions.

A B

L7/L12
. Stalk cp

30S

Figure 3.1. Location and overview of the region surrounding 23S rRNA helix H1. A) Location of helices HI (dark
blue), H94 (teal), and H98 (purple) in the E. coli LSU. The locations of the Central Protuberance of the 50S subunit
(CP) and Head of the 30S subunit (H) are marked. B) Structural model of the E. coli 70S ribosome (PDB:7K00)
highlighting interactions between H1, H94, and H98. Nucleotides that form the interaction between these helices are
colored red.
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The purification of E. coli LSUs with mutations in 23S rRNA has commonly been achieved
through the insertion of MS2 tags into H98. The original sequence of the MS2 tag from® is shown
in Figure 3.2A (referred to here as MS2-V1). The tag is inserted into H98 by extension of the
helix, which culminates with a poly-uridine stretch (RNA linker). The MS2 helix is then inserted
at the end of the RNA linker to ensure that it is accessible to the MS2 coat protein. A second tag
design, which includes a different linker sequence and mutations in the MS2 stem loop that
increase the MS2 coat protein’s affinity for the RNA!S!, was used more recently® (referred to here
as MS2-V2).

A

ucC
uu ucC
_ A A A A P
MS2 Helix G-C G-C G-C
G-C G-C A
Ae-c A G-C
RNA Linker - G-C U-A
U-A U-A A-U
A-U A-U C-G
G-C C-G A-U
23S rRNA (H98) u u A-U U U
U U Uu Uu U U
u u u u U U
U-A u U A-U
u G-C A C-G
U A A-U C-G U-A
U~ A-2800 U-A U-A A-U
C-G C-G A-U G-C
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WT 23S rRNA C-G C-G C-G
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Figure 3.2. Design and activity of 50S subunits with MS2 tags inserted into H98. A) The secondary structure of H98
in WT 23S rRNA or ribosomes with MS2 tags. The sequence of MS2-V1 and MS2-V2 are from® and® respectively.
Addition of an adenosine in MS2-V3 at a position equivalent to A2800 is proposed to mimic the sequence of the WT
23S rRNA (A2800 in red). 50S subunits were preincubated at B) 37°C or C) 60°C before their addition to the
nanoLuciferase in vitro translation assay. Data is normalized to WT subunits with no MS2 tag. All error bars are the
standard deviation of three experimental replicates.
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It was previously shown that 50S s”buni’s with an MS2-V2 tag inserted into H98 are
destabilized compared to WT subunits'#%. We hypothesized that the insertion of an MS2 tag into
HO98 disrupts the tertiary interactions between H1, H94, and H98 and causes global destabilization
of the 508 subunit. In the WT ribosome structure, nucleotide A2800 in H98 interacts with bases
near H1, bridging H1 and H98. Although A2800 is not removed during the insertion of MS2-V1
or V2, the extension of the helix and the loss of A2799 in the H98 apical loop could drive A2800
into a Watson-Crick base pair with U2796 in the H98 helix rather than remaining flipped out to
interact with HI and H94. To test whether we could improve the MS2 tag design, we added an
additional adenosine into a position synonymous to A2800 (MS2-V3). This design would allow
the additional unpaired adenosine to interact with H1 nucleotides and restore the canonical
structure of this region.

MS2-V3 restores stability to the E. coli LSU

To test whether the loss of A2800 in MS2 tags was the cause for destabilization of the 50S
subunit, we tested the activity of 50S subunits with MS2-V1, V2, or V3 tags using an in vitro
nanoluciferase (nLuc) translation assay. As was shown previously, the insertion of an MS2-V1 tag
does not affect in vitro ribosome activity at 37°C* (Figure 3.2B). We do observe a slight
decrease in the activity of 50S subunits with MS2-V2 tags, however this may be due to the
additional incubation step at 37°C before the in vitro translation assay (Methods). Notably, 50S
subunits with a MS2-V3 insertion have similar levels of activity to untagged WT 50S subunits.

While ribosome activity at 37°C is not affected by the insertion of MS2 tags in H98, we
also investigated the ability of 50S subunits to withstand a heat treatment step before the in vitro
translation assays. After pre-incubation at 60°C, subunits with MS2-V1 and V2 inserted in H98
exhibit only 18% and 11%, respectively, of the activity of untagged WT subunits (Figure 3.2C).
This indicates that subunits with MS2-V1 and V2 tags are destabilized compared to WT subunits.
In contrast, 50S subunits with MS2-V3 tags demonstrate WT levels of activity after incubation at
60°C (Figure 3.2C and Figure S3.3). This suggests that loss of the A2800 interaction plays a role
in the destabilization of subunits with MS2-V1 and MS2-V?2 tags.

We examined the H1-H94-H98 interaction in the cryo-EM structures of a WT 70S
ribosome?®® and ribosomes with an MS2-V2 tag!'#8. In the WT ribosome, there is clear density for
G9 (H1), A10 (H1), and U2629 (H94) sugars and bases. There is also clear density for the A2800
(H98) base despite poor density for the rest of the apical region of H98 (Figure 3.3A), indicating
that while H98 is dynamic on the surface of the ribosome, A2800 is rigidly docked through
contacts with H1 nucleotides. In contrast, the ribosome with MS2-V2 inserted in H98, lacks
density for A2800 and displays weak density for A10 suggesting that this nucleotide is more
dynamic. While A2800 is not deleted in the MS2-V2 tag, the lack of density at its canonical
position suggests that the adenosine forms a Watson-Crick base pair with U2796 in the H98 helix.
The RNA helical extension of H98 in the MS2-V2 tag may energetically favor the A2800-U2796
base pair and force A2800 out of its canonical flipped position observed in the WT structure.

To determine how the addition of an adenosine residue in MS2-V3 affects the structure of
the H1-H94-H98 region, we determined the structure of an MS2-V3 tagged E. coli 70S ribosome
with fMet-tRNAM¢t in the P site to a global resolution of 1.8 A resolution. This high-resolution
structure enabled the visualization of individual nucleotides on the surface of the ribosome,
including some of those in H1 and H98 where local resolutions range from 2.2-2.4 A (Figure
S3.4). Additionally, we utilized 3D-variability analysis in cryoSPARC to better resolve the
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extended MS2 tag and could model the helix into lower-resolution helical density through the poly-
uridine stretch.

Although the apical MS2 helix and MS2 coat protein are likely too dynamic to be
visualized, H98 with the MS2-V3 insertion adopts roughly the same conformation as WT H9S,
with the linker helix extending away from the surface of the 50S subunit (Figure 3.3B).
Importantly, there is clear density for both A10 and the additional adenosine at a position
equivalent to 2800 in the WT ribosome (2833 with the MS2-V3 tag) (Figure 3.3A). The additional
adenosine is in a similar position to A2800 in the WT structure and forms similar hydrogen bonds
with the other quartet nucleotides (Figure 3.3B and Figure S3.5).

To further understand how the addition of the adenosine affects the extended H98, we
looked at low-pass filtered maps for ribosomes with MS2-V2 and MS2-V3 tags (Figure 3.3C).
With MS2-V2 tags, there is a lack of density around canonical location of A2800 and much of the
linker helix, suggesting that once H1-H98 contacts are lost, H98 becomes highly dynamic. Upon
the addition of an adenosine in MS2-V3 tags, there is a recovery of density for the extended H9S.
Thus, in the ribosome with an MS2-V3 tag, addition of an adenosine into the MS2 tag restores the
H1-H94-H98 tertiary interaction and this recovers ribosome stability.

A WT (PDB:7K00) MS2-V2 (PDB: 8EIU)

‘@

@ A10

~ A10 :
ﬁ U2629 U2629

C

WT H98 MS2-V2 (EMD:28165)
MS2-V3 H98

Figure 3.3. Structure of the E. coli 70S ribosome with MS2-V3 inserted in H98. A) Model and density for the H1-
H94-H98 nucleotide quartet in the WT 70S ribosome (left, PDB:7K00 EMD:22586), 70S ribosome with MS2-V2
inserted in H98 (middle, PDB:8EIU EMD:28165), and 70S ribosome with MS2-V3 inserted in H98 (right). Nucleotide
A2800 is shown in pink and an additional B-factor of 15 A2 was applied to the cryo-EM maps. B) Overview of H98
in the WT 70S ribosome (grey, PDB:7K00) and the helix upon insertion of MS2-V3 in H98 (brown). C) Low-pass
filtered cryo-EM maps for MS2-V2 (EMD:28165) and MS2-V3 overlayed on the MS2-V3 model for H1, H94, and
H98. Cryo-EM maps were low-pass filtered to 10 A. The nucleotide equivalent to A2800 (A2833) is marked in red.
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Nucleotide bridges between H1, H94, and H98 are required for full LSU stability

Since the interaction between H1, H94, and H98 plays a role in ribosome stability, we
carefully examined the structure of this region. The nucleotide quartet is composed of two sets of
base pairs which stack on one another: a type X frans Watson-Crick—sugar edge base pair
between G9 and A2800 and a type XXIV trans Watson-Crick—Hoogsteen base pair between
U2629 and A10. Additionally, N1 of G9 and N6 of A2800 interact with the 2'-OH of U2629 and
G9, respectively (Figure 3.4A).

To further interrogate the interactions between H1, H94, and H98, we inserted the MS2-
V2 tag into H25, as a streptavidin binding aptamer was previously placed in H25 for the affinity
purification of E. coli ribosomes!'*2. By moving the MS2 tag into H25, we were able to maintain
the WT sequence of H98 to determine how the native contacts in this region affect the stability of
the LSU. The insertion of an MS2 tag into H25 has a slight negative effect on ribosome stability
but no effect on activity at 37°C (Figure 3.4B and Figure S3.6). This result suggests that the
extension of solvent accessible helices on the surface of the ribosome can have unexpected effects
on ribosome folding and stability. Utilizing the MS2 tag inserted into H25, the following 50S
mutant subunits were purified: GOU, A10U, U2629C, A2800U, and A2800G. Purine to uridine
mutations (G9U, A10U, and A2800U) were made to disrupt base pairing and base stacking in the
H1-H94-H98 tertiary contact as uridine has higher (less favorable) base stacking free energies than
purine nucleotides!?”!28, A U2629C mutation was hypothesized to make minor perturbations to
the U2629-A10 pair while maintaining the smaller pyrimidine ring size.

Mutations in the quartet nucleotides did not decrease ribosome activity at 37°C but
negatively affected ribosome stability (Figure 3.4C and Figure S3.6). The GOU and A10U mutant
subunits had the highest stability compared to the other quartet mutations. It is likely that both
nucleotides work together to fully link H1 to H94 and H98, and that the mutation of one residue
does not completely abolish the interaction. Mutations to U2629 and A2800 led to the largest
negative effects on ribosome stability. The mutation of these residues would prevent H94 or H98
from interacting with H1, which indicates that the loss of either of these contacts decreases
ribosome stability. Subunits with an A2800U mutation had the lowest activity after pre-incubation
at 60°C, suggesting that the H98-H]1 interaction plays an important role in the stability of the E.
coli LSU. When the nucleotides that base-pair (G9U) or base stack (A10U) with A2800 are
mutated, there is also a loss in ribosome stability. Additionally, a subunit with an A2800G mutation
displayed slightly higher levels of activity after pre-incubation at 60°C than one with an A2800U
mutation. The guanosine at position 2800 would still be able to form a purine-purine base stack
with A10 but would not be able base-pair with the sugar edge of G9, indicating that base-stacking
in this region likely plays an important role in nucleotide engagement.

H98 is a poorly conserved helix in 23S rRNA that is absent in ribosomes from many
organisms'>3. Since H1, H94, and H98 play a role in the stability of the E. coli LSU, we wondered
whether these helices play similar roles in other bacterial ribosomes. We examined the region
surrounding H1 in various high resolution structures of bacterial ribosomes that contain H98
(Table 3.1)!1°+19 Out of the surveyed structures, the ribosomes from two organisms, P.
aeruginosa and E. faecalis, have interactions between H1, H94, and H98 that form the same
structure as in the E. coli ribosome. However, other organisms possess diverse sets of contacts
between these helices that differ from the ones found in E. coli (Figure S3.7). For example, the
interactions between the helices are more expansive in M. tuberculosis and T. thermophilus than
in E. coli. T. thermophilus ribosomes utilize complex hydrogen bond networks and base stacking
that involves both the 5" and 3’ strands of H1, to bridge H1 with H94 and H98 (Figure S3.7). This
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is suggestive of a stronger interaction that could be advantageous at the higher growth temperatures
of T. thermophilus. In all the surveyed ribosome structures there are interactions between the 5’
strand of H1 and a variable nucleotide at the base of H94. However, H98 does not interact with
HI1 in many of the structures, such as in B subtilis. In these bacteria, the H1-H94 interaction or
other compensating interactions may be sufficient for ribosome stability.
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Figure 3.4. Base pairing and stacking in the H1-H94-H98 nucleotide quartet. A) Overview of the nucleotide quartet
in the WT 70S ribosome. Hydrogen bonds between the bases and sugars are shown in black. B) nLuc in vitro
translation assay for WT (no tag), MS2-V2 inserted into H98, and MS2-V2 inserted into H25 after pre-incubation of
50S subunits at 60°C. Data is normalized to untagged 50S subunits. C) nLuc in vitro translation assay for 50S subunits
with MS2-V2 inserted into H25 and mutations in the H1-H94-H98 quartet after pre-incubation of 50S subunits at
60°C. Data is normalized to subunits with MS2-V2 inserted into H25. All error bars are the standard deviation of three
experimental replicates.
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Table 3.1. Interactions between rRNA helices H1, H94, and H98 from bacterial ribosomes with known
structures. The identities of RNA nucleotides from these helices which interact are listed. H1 nucleotides on the 3’
strand of 23S rRNA are shown in parenthesis.

H1 H94 H98

Organism Phylum Interacting Interacting Interacting

Nucleotides Nucleotides Nucleotides
Escherichia coli Pseudomonadota GA U A
Pseudomonas aeruginosa Pseudomonadota GA U A
Actinetobacter baumannii Pseudomonadota AA U U
Thermus thermophilus Deinococcota UG (U) A A
Deinococcus radiodurans Deinococcota UA A -
Bacillus subtilis Bacillota UA A -
Listeria monocytogenes Bacillota UA A -
Staphylococcus aureus Bacillota UA A -
Enterococcus faecalis Bacillota GA U
Mycobacterium tuberculosis Actinomycetota GU(A) C
Mpycolicibacterium smegmatis Actinomycetota uu C -

3.5 Discussion

Here we show that the insertion of MS2 tags into H98 of 23S rRNA in the E. coli LSU
using an uninterrupted RNA double helical extension®®° disrupts contacts between H1, H94, and
HO98 and destabilizes the LSU. It has been shown that affinity handles inserted into helices on the
surface of the E. coli LSU can have negative effects on ribosome activity, assembly, and cellular
growth!3>164 The affinity tag described here builds on an MS2 tag design that does not affect
cellular growth or ribosome activity® and now also achieves WT levels of stability. Additionally,
the design principles outlined here can be applied to the placement of affinity tags in H98 of other
bacterial LSUs, where maintenance of HI1-H94-H98 interactions should be prioritized.
Maintaining stability in the LSU could be important when studying ribosome mutations elsewhere
that affect assembly, RNA folding, and global stability, since conferring additional instability from
the MS2 affinity tag could lead to inactive ribosomes.

Previously it was shown that some bacteria lose HI during the maturation of the LSU and
that the loss of H1 is correlated with the evolutionary loss of H98!46, This finding hinted at an
unknown synergistic role between the two helices and that H1 became redundant after the
evolutionary loss of H98. It was hypothesized that H98 may play a role in protecting H1 from
RNase cleavage!#S, and our data suggests that H98 plays an additional role stabilizing the ribosome
through interactions with the 5’ strand of H1. As the ribosomes of many organisms lack H98 and
some bacteria cleave H1 during LSU assembly, there may be compensating interactions that
replace the HI-H94-H98 interaction in these ribosomes. For example, in the Flavobacterium
johnsoniae ribosome, which lacks HI in the mature LSU, the 5" and 3’ ends of the 23S rRNA
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interact with L22 and L32, respectively!®. L22 and L32 form a protein-protein interaction in the
F. johnsonjae ribosome, which may play a synonymous role to the H1-H94-H98 RNA-RNA
interaction in E. coli as it bridges the 5’ and 3’ ends of 23S rRNA.

RNA intrinsically forms compact structures and it has been shown that the 5’ and 3’ ends
of long RNAs are in close proximity!®6-168 likely playing a role in RNA folding and stability. This
observation has also been made for the termini of many proteins, and in certain proteins the loss
of the N-terminal—C-terminal interaction leads to protein destabilization or unfolding!®®. RNAs
with compact structures, such as rRNA and other ribozymes, have closer end to end distances than
RNAs with less stable structures!’®. While H1 bridges the 5" and 3’ ends of 23S rRNA, additional
interactions between the 5" end of H1 and terminal helices H94 and H98 on the 3’ end likely work
to further tether the ends of the 23S rRNA. The interactions between helices on the ends of 23S
rRNA likely stabilize the fold of certain bacterial ribosomal large subunits and may more broadly
represent a method for stabilizing the fold of highly structured RNAs.

48



3.6 Supplementary Information

MS2-V3

70S
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Figure S3.1. Association of 50S subunits with MS2-V3 tags inserted in H98 and untagged WT E. coli 30S subunits.
30S subunits (20 pmol) and 50S subunits (10 pmol) were incubated with 10 mM MgCl. and resolved on a 15-40%
sucrose gradient. 70S fractions were collected between the dashed lines for cryo-EM analysis.
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a component of 3D variability analysis of the region surrounding H98. Arrows demonstrate movement of H1 and H9S.
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A WT (PDB:7K00) B MS2-V3

Figure S3.5. Hydrogen bonding between H1, H94, and H98 nucleotides. The nucleotides in A) WT (PDB:7K00) and
B) MS2-V3 tagged ribosomes are shown, with hydrogen bonds indicated by dashed lines and distances given in A.
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Figure S3.6. Nanoluciferase in vitro translation assay for 50S subunits with MS2 tags with mutations in H1, H94, and
H98. A) nLuc in vitro translation assay for WT (no tag), and MS2-V2 inserted into H25. Data is normalized to
untagged 50S subunits. B) nLuc in vitro translation assay for 50S subunits with MS2-V2 inserted into H25 and
mutations in the H1-H94-H98 nucleotide quartet. Data is normalized to subunits with MS2-V2 inserted into H25. In
these experiments, 50S subunits were not pre-incubated prior to the in vitro translation assay. All error bars are the
standard deviation of three experimental replicates.
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Figure S3.7. Interactions between H1, H94, and H98 in various bacterial ribosomes. Nucleotides from H1, H94, and
HO98 that interact with one another are displayed. Hydrogen bonds between the bases and sugars are shown in black.
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Table S3.1. DNA primers used in chapter 3
(m denotes 2°-O-Me; lowercases in the sequence indicate sites where mutations are introduced)

Primer Name

Sequence

Description

Add_A2800 H98MS2 F

TTTTGATCAAGGGTCCTGAAGGAACGTTGA

Forward primer for the
addition of A2800 into
MS2V2 in H98 (to make
MS2V3). InFusion Kit

Add_A2800 H98MS2 R

GACCCTTGATCAAAAACATGGGTGATCCTCA

Reverse primer for the
addition of A2800 into
MS2V2 in H98 (to make
MS2V3). InFusion Kit

Delete MS2_H98 F

TGACCCTTTAAGGGTCCTGAAGGAACGTTGA

Forward primer for the
deletion of MS2V2 from H98
(restores WT 23S rRNA).
InFusion Kit

Delete MS2_H98 R

ACCCTTAAAGGGTCAGGGAGAACTCATCTCG

Reverse primer for the
deletion of MS2V2 from H98
(restores WT 23S rRNA).
InFusion Kit

Insert MS2_H25 F

cacccatgtttttgatcGCGTGTGACTGCGTACCTTTTG

Forward primer for the
insertion of MS2V?2 into
H25. Q5 Kt

Insert MS2_H25 R

atcctcatgtaaatgatcGCGTGCTCCCACTGCTTG

Reverse primer for the
insertion of MS2V2 into
H25. Q5 Kit

Insert H98MS2 V1 F

tacccatctttactagt AGGGTCCTGAAGGAACGT

Forward primer for the
insertion of MS2V1 into
H98. Q5 Kt

Insert H98MS2 V1 R

atcctcatcaaaactagt AGGGTCAGGGAGAACTCAT

Reverse primer for the
insertion of MS2V1 into
H98. Q5 Kit

GYU F

GAGGTTAAGCtACTAAGCGTAC

Forward primer for GOU 23S
rRNA mutagenesis
(H25MS2). Q5 Kit

G9U R

ACAACCCGAAGATGTTTC

Reverse primer for GOU 23S
rRNA mutagenesis
(H25MS2). Q5 Kit

A10U_F

AGGTTAAGCGtCTAAGCGTAC

Forward primer for A10U
23S rRNA mutagenesis
(H25MS2). Q5 Kit

A10U R

CACAACCCGAAGATGTTTC

Reverse primer for A10U
23S rRNA mutagenesis
(H25MS2). Q5 Kit

U2629C_F

CCGTGGGCGCcGGAGAACTGA

Forward primer for U2629C
23S rRNA mutagenesis
(H25MS2). Q5 Kit

U2629C_R

CAGATAGGGACCGAACTGTCTC

Reverse primer for U2629C
23S rRNA mutagenesis
(H25MS2). Q5 Kit

A2800U_F

TGACCCTTTAtGGGTCCTGAAG

Forward primer for A2800U
23S rRNA mutagenesis
(H25MS2). Q5 Kit
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A2800U R

GGGAGAACTCATCTCGGG

Reverse primer for A2800U
23S rRNA mutagenesis
(H25MS2). Q5 Kit

A2800G_F

TGACCCTTTAgGGGTCCTGAAG

Forward primer for A2800G
23S rRNA mutagenesis
(H25MS2). Q5 Kit

A2800G_R

GGGAGAACTCATCTCGGG

Reverse primer for A2800G
23S rRNA mutagenesis
(H25MS2). Q5 Kit

MS2 H98 quant F

CTTGCCCCGAGATGAGTTCTCCC

RT-PCR primer for the
ribosome purity assay with
H98 MS2 tags

MS2 H98 quant R

GTACCGGTTAGCTCAACGCATCGCT

Primer for amplification of
c¢DNA in the ribosome purity
assay with H98 MS2 tags

MS2 H25 quant F

ACCGTGTACGTACAAGCAGTGGG

RT-PCR primer for the
ribosome purity assay with
H25 MS2 tags

MS2 H25 quant R

CCCTTCGGCTCCCCTATTCGGTTAAC

Primer for amplification of
c¢DNA in the ribosome purity
assay with H25 MS2 tags

Table S3.2. Cryo-EM data collection and processing

Magnification 105,000
Voltage (kV) 300
Electron Exposure (e/A?) 40
Defocus Range (um) -0.5/-1.5
Pixel Size (A) 0.8248
Symmetry Imposed Cl

Initial Particle Images 2,475,999
Final Particle Images 601,617
Map Resolution (A) 1.84

FSC Threshold 0.143
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Table S3.3. Model refinement statistics

Model component

Model resolution (A) 1.95
FSC threshold 0.5
Map sharpening B factor (A?) -38.2
Model composition

Non-hydrogen atoms 146561
Mg?* ions 284
Waters 6114
Mean B Factors (A?)

RNA 24.25
Protein 2491
Waters 16.95
Other 21.21
R.m:s. deviations from ideal values

Bond (A) 0.007
Angle (°) 0.968
Molprobity score 2.11
Clash Score 6.94
Rotamer outliers (%) 3.59
Ramachandran plot

Favored (%) 95.61
Allowed (%) 3.73
Outliers (%) 0.66
RNA validation

Angles outliers (%) 0.001
Sugar pucker outliers (%) 0.009
Average suiteness 0.589
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Chapter 4: Structure of an archaeal ribosome reveals a divergent active site

and hibernation factor

Reproduced from: Nissley, A. J. et al. Structure of an archaeal ribosome reveals a divergent active
site and hibernation factor. Nat. Microbiol. 10, 1940—-1953 (2025).

4.1 Abstract

Ribosomes translate mRNA into protein. Despite divergence in ribosome structure over
the course of evolution, the catalytic site, known as the peptidyl transferase center (PTC), is
thought to be nearly universally conserved. Here, we identify clades of archaea that have highly
divergent ribosomal RNA sequences in the PTC. To understand how these PTC sequences fold,
we determined cryo-EM structures of the 70S and 50S ribosomes to 2.4 A and 2 A, respectively,
from the hyperthermophilic archaecon Pyrobaculum calidifontis. PTC sequence variation leads to
the rearrangement of key base triples and differences between archaeal and bacterial ribosomal
proteins enable sequence variation in archaeal PTCs. Finally, we identify a previously undescribed
archaeal ribosome hibernation factor, Dri, that differs from known bacterial and eukaryotic
hibernation factors and is found in multiple archaeal phyla. Overall, this work identifies factors
that regulate ribosome function in archaea and reveals a larger diversity of the most ancient
sequences in the ribosome.

4.2 Introduction

The ribosome is a ubiquitous ribonucleoprotein complex responsible for protein synthesis
in the cell. While many aspects of ribosome structure have diverged through evolution, the active
sites of the ribosome are thought to be nearly universally conserved®!’!72. The structures of
ribosomes from model organisms have been well studied by X-ray crystallography!’3-!77, but less
is known about how ribosomes differ in non-model organisms. Cryogenic electron microscopy
(cryo-EM) has recently enabled the determination of ribosome structures from a diversity of
organisms!#6:178-180 and organelles!8!-1%3 at high resolution. These ribosomes vary in structure and
provide a more holistic understanding of ribosome function and regulation.

Archaea are prokaryotes that are widespread on Earth, found in diverse environments, and
play important roles in biogeochemical cycling!!:184-186 For example, methanogenic archaea are
the primary driver of global methane emissions'®’. Hyperthermophilic archaea live in
environments that reach extreme temperatures and have modified their translation machinery,
including the ribosome, to function at these temperatures. These adaptions include post-
transcriptional RNA modifications’:!?3 and changes in ribosomal proteins (rProteins) and
ribosomal RNA (rRNA) sequences?®!48, However, we lack a clear understanding of how archaeal
ribosomes differ in their structure and regulation as there are only high-resolution ribosome
structures from a few archaeal species’>!74188-190,

In the large subunit (LSU) of the ribosome, the peptidyl transferase center (PTC) catalyzes
peptide bond formation during translation. Due to its functional importance, the PTC, which is
comprised of rRNA, is one of the most ancient and conserved regions of the ribosome!”1:191:192,
Extreme sequence conservation hampers our understanding of how natural changes to the PTC
affect its structure and function. It also limits our understanding of how the PTC can be altered to
promote new functions with widespread utility in biomanufacturing and the synthesis of novel
sequence-defined polymers®!>2. While the sequence of the PTC is broadly conserved in archaea,
it was previously shown that the ribosomes from Thermoproteus tenax, a member of the archaeal
class Thermoprotei, have rare sequence variation at otherwise highly conserved rRNA positions
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in the PTC!?3. Here, we find that PTC sequence variation occurs more broadly in several clades of
archaea. Pyrobaculum calidifontis, an aerobic hyperthermophile (Top=90-95 °C)!*4, is a member
of Thermoprotei and has rare variation at five rRNA positions in the core of the PTC. Using cryo-
EM, we determine the structure of the P. calidifontis ribosome, revealing how nucleotide changes
are accommodated in an archaeal PTC.

Additionally, we find a protein of previously unknown function bound to the P. calidifontis
ribosome. We designate this protein Dual Ribosomal subunit Inhibitor (Dri). Dri is comprised of
two ribosome binding modules that interact with the LSU and small ribosomal subunit (SSU),
where it occupies the PTC and mRNA binding channel. We show that Dri inhibits protein
synthesis, consistent with its role as a ribosome hibernation factor. Ribosome hibernation factors
play a critical role in preserving ribosomes when translation is downregulated during stress or
cellular dormancy, an important part of the microbial life cycle!®>!%, Under these conditions,
ribosome hibernation factors bind to the ribosome, inhibit protein synthesis, and can protect
ribosomes from damage while in an inactive state’’°. Dri homologs are found broadly in multiple
archaeal phyla and may constitute a widely distributed family of archaeal ribosome hibernation
factors.

4.3 Materials and methods
Pyrobaculum calidifontis growth

Pyrobaculum calidifontis (DSM 21063) was purchased from the DSMZ collection and
grown as described'** with modifications. For long-term storage, cells were kept at -80 °C in 40%
(v/v) glycerol. Cells were grown in modified TY medium (0.1% yeast extract, 1% tryptone, 0.3%
sodium thiosulphate, pH 7.0) at 90 °C without shaking. For pre-cultures, 200 mL of modified TY
media in a 1 L screw top bottle was inoculated with 600 pL of a frozen cell stock. The pre-culture
was placed in an oven at 90 °C without shaking for two days. Cultures (200 mL of modified TY
medium in a 1 L screw top bottle) were then inoculated with 20 mL of pre-culture and incubated
at 90 °C until they reached an ODggo of 0.17.

P. calidifontis ribosome preparation

3 L of P. calidifontis cell culture at stationary phase (ODeoo of 0.17) were centrifuged at
6,000 xg for 20 minutes at 4 °C. The cell pellet was then resuspended in 20 mL Pc buffer A (20
mM HEPES-KOH pH 7.0, 100 mM NH4Cl, 10 mM Mg(OAc), 2 mM dithiothreitol (DTT)). Cells
were then lysed by sonication and spun in an F14-14x50cy rotor (ThermoFisher) at 12,000 rpm
(25,000 xg) for 45 minutes. The supernatant was then split evenly and layered onto two sucrose
cushions containing 35 mL Pc buffer A with 1 M sucrose. The sucrose cushions were placed in a
Ti-45 rotor (Beckman-Coulter) and centrifuged at 38,000 rpm (113,000 xg) for 16 hours at 4 °C.
The pellets (crude ribosomes) were then resuspended in 1 mL of Pc buffer A. After resuspension,
0.5 mg of crude ribosomes were placed on a 15-35% sucrose gradient in Pc buffer B (20 mM
HEPES-KOH pH 7.0, 10 mM KCI, 10 mM Mg(OAc)2, 2 mM DTT). The sucrose gradient was
placed in an SW-32 rotor (Beckman-Coulter) and centrifuged at 26,000 rpm (83,000 xg) for 16
hours. After centrifugation, the gradient was fractionated with an ISCO fractionation system. The
peak corresponding to 70S ribosomes (Extended Data Fig. 1a) was isolated, buffer exchanged into
Pc buffer C (20 mM HEPES-KOH pH 7.0, 10 mM KCI, 20 mM Mg(OAc),, 3 mM spermine, 2
mM DTT), and concentrated in a 100 kDa molecular weight cut off spin filter (Millipore).
Ribosomes were then flash frozen and stored at -80 °C. P. calidifontis ribosomes were quantified
using the approximation 1 A260=40 pg/mL.
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Recombinant expression and purification of Dri

E. coli Rosetta (DE3) cells were transformed with a pET-21(+) plasmid containing the Dri
protein sequence with an N or C-terminal His-tag (Table S4.1). Overnight cultures of the
transformants were diluted 1:100 into 1 L of LB media with 100 pg/mL ampicillin and incubated
at 37°C. Once the ODgoo reached 0.5, protein expression was induced using 0.5 mM Isopropyl -
D-1-thiogalactopyranosie (IPTG) and the culture was incubated at 37 °C for an additional 2 hours.
The cells were then pelleted and flash frozen. Cell pellets were thawed on ice and resuspended in
Dri lysis buffer (30 mM HEPES-KOH pH 7.5, 500 mM KCI, 20 mM imidazole) with a Pierce
protease inhibitor tablet (ThermoFisher) and lysed by sonication. The lysate was heat treated at 90
°C for 30 minutes and clarified by centrifugation at 25,000 xg for 1 hour in an F14-14 x 50cy rotor
(Thermo Fisher). The supernatant was collected and filtered through a 0.2 um filter. A 5 mL His-
trap column (Cytiva) was equilibrated with 5 column volumes (CV) of Dri lysis buffer, and the
lysate was then loaded onto the column. The column was washed with 10 CV of Dri wash buffer
(30 mM HEPES-KOH pH 7.5, 20 mM imidazole) with 1.5 M KCI for the Dri C-terminal lobe or
Dri wash buffer with 2.5 M KCl for the Dri N-terminal lobe and WT Dri protein. The protein was
eluted using a gradient of 0-100% Dri elution buffer (30 mM HEPES-KOH pH 7.5, 500 mM KCl,
500 mM imidazole) over 5 CV. After the elution, the Dri C-terminal lobe was buffer exchanged
into Dri buffer A (30 mM HEPES-KOH pH 7.5, 500 mM KCl, 20% glycerol), concentrated in a
10 kDa cut-off spin filter (Millipore), flash frozen, and stored at -80 °C.

After elution from the His-trap column, the Dri N-terminal lobe and WT Dri protein were
buffer exchanged into heparin buffer A (30 mM HEPES-KOH pH 7.5, 500 mM KCI). A 5 mL
heparin column (Cytiva) was equilibrated with heparin buffer A, and the protein was loaded onto
the column. The column was then washed with five columns of heparin buffer A. The protein was
eluted from the column using a gradient from 0-100% of heparin elution buffer (30 mM HEPES-
KOH pH 7.5, 2 M KCI) over 10 CV. Fractions containing protein were combined and buffer
exchanged into Dri buffer A. The purified proteins were concentrated in 10 kDa cut-off spin filters
(Millipore), flash frozen, and stored at -80°C.

P. calidifontis in vitro translation

P. calidifontis was grown in 1.6 L of modified TY medium at 90 °C without shaking until
cultures reached an ODgoo of 0.09. Cultures were then placed in an ice water bath and after cooling,
cells were pelleted at 6,000 xg for 20 minutes at 4 °C. The cells were resuspended in 10 mL of Pc
buffer A and transferred to a 50 mL falcon tube. Cells were then pelleted again at 6000 xg for 20
minutes, and the cell pellet was weighed. The pellet was resuspended with 2.5 mL Pc buffer C
without spermine per gram of wet cell pellet. Cells were lysed by sonication for three minutes and
the lysate was clarified by two rounds of centrifugation at 20,000 xg for 30 minutes. The lysate
was then flash frozen and stored in single-use aliquots at -80 °C.

HiBiT peptide mRNA was in vitro transcribed with T7 RNA polymerase and purified using
the RNA clean and concentrator kit (Zymo). 30 uL in vitro translation reactions were assembled
as follows: 15 puL P. calidifontis lysate, 3 mM ATP, 2 mM GTP, 3 mM spermine, 100 uM amino
acid mixture (Promega), 900 ng HiBiT mRNA, and 10 mM MgCl: (final concentration of 20 mM
Mg?"). Either 3 pL of Dri protein or Dri buffer A (control reactions) was added to in vifro
translation reactions. Reactions were incubated at 95 °C for 10 minutes and then cooled on ice.
For each reaction, 8 uL was placed in three wells of a 384-well plate. 20 pL of LgBiT buffer (20
mM HEPES pH 7.5, 50 mM KClI, and 10% glycerol) with a 1:50 dilution of NanoGlo HiBiT lytic
substrate (Promega) and a 1:100 dilution of LgBiT protein (Promega) was added to each well. The
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plate was incubated for 10 minutes at room temperature and then luminescence was measured in
a Spark plate reader (Tecan).

Cryo-EM sample preparation and data acquisition

A P. calidifontis 708 ribosome aliquot was thawed and diluted to 0.12 mg/mL in Pc buffer
C. The solution was incubated at 80 °C for 20 minutes and placed on ice. Three-hundred mesh
R1.2/1.3 UltrAuFoil grids with a layer of 2 nm amorphous carbon (Quantifoil) were glow
discharged in a Pelco easiGlow for 12 seconds under a 0.37 mBar vacuum with 25 mA current. 4
pL of ribosome sample was applied to the grid, incubated for one minute at room temperature, and
plunge-frozen in liquid ethane using a Vitrobot Mark IV at 4 °C with 100% humidity.

Cryo-EM movies were collected with a 300 kV Titan Krios microscope with a BIO-energy
filter and Gatan K3 camera (Table S4.2). Data was collected with a super-resolution pixel size of
0.41 A (physical pixel size of 0.8293) over a defocus range of -0.5 to -1.5 um with a total electron
dose of 40 /A2 split over 40 frames. Serial-EM'>° was used to automate data collection and image
shift was used to collect movies in a 10 x 10 grid of holes with two movies collected per hole.

Cryo-EM image processing

Image processing was performed in cryoSPARC 4!% (Figure S4.1). Movies were Fourier-
cropped to the calibrated physical pixel size (0.8293 A), patch motion corrected, and the CTFs of
micrographs were estimated using patch CTF estimation. Micrographs were split into exposure
groups based on their position in the 10 x 10 groups during image-shift collection and micrographs
with poor estimated CTF fit were manually excluded from further processing. Particles were
picked with the cryoSPARC template picker using ribosome 2D templates generated in
cryoSPARC. Particles were extracted and Fourier-cropped to 1/8 of the box size and 2D
classification was performed using 75 classes. After selecting classes corresponding to ribosomes,
a second round of 2D classification was performed using 50 classes. The selected particles were
reextracted and Fourier-cropped to 1/4 of the box size. A reference map was generated with an ab
initio reconstruction of the binned particles in cryoSPARC. 3D classification was performed using
heterogeneous refinement in cryoSPARC with six classes. Classes containing features consistent
with 70S and 50S ribosomes were subjected to a second round of 3D classification.

3D classes consistent with 50S ribosomes were sorted into two classes based on Dri
occupancy using 3D classification (without alignment) in cryoSPARC. Particles from the 50S class
with stronger density for Dri were reextracted at the full box size. Particles were subjected to
homogeneous refinement with the per-particle defocus optimization, per-group CTF parameter
optimization, and minimization over per-particle scale options selected. Local motion was
corrected using reference-based motion correction in cryoSPARC. The corrected particles were
subjected to another homogeneous refinement with Ewald sphere correction to yield the final map.

3D classes consistent with 70S ribosomes were sorted into four classes using a mask on
the SSU to remove isolated 50S subunits. Classes consistent with 70S ribosomes were pooled and
reextracted at the full box size. Particles were subjected to homogeneous refinement with the per-
particle defocus optimization, per-group CTF parameter optimization, and minimization over per-
particle scale options selected. Local motion was corrected using reference-based motion
correction in cryoSPARC, and a consensus 70S ribosome map was generated with homogeneous
refinement. Masks were generated for Dri on the LSU, SSU, and both subunits and were used to
classify 70S ribosomes based on protein occupancy. Local resolution was calculated in Relion 4'°7
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using the Relion implementation. For figure presentation, cryo-EM maps were supersampled using
the ‘make a smoother copy’ function in COOT!!°,

Model Building

For modeling 70S ribosomes, composite maps were generated for the 70S-consensus
reconstruction and 70S-SSU-Dri reconstruction. We aligned the focused-refined maps (SSU-
focused, LSU-focused, SSU-head-focused, and LSU-CP-focused for the 70S-consensus
reconstruction and SSU-focused, LSU-focused, and SSU-head-focused refined maps for the 70S-
SSU-Dri reconstruction) to the global 70S ribosome map using the ‘Fit in Map’ tool in
ChimeraX'%®, The focus-refined maps were then resampled using ‘vop resample’ and scaled
according to their standard deviations from the ‘Map statistics’ tool. The scaled maps were then
added sequentially using ‘vop add’.

Initial models were built using ModelAngelo'”® provided with sequences for P. calidifontis
rRNAs (NCBI database) and rProteins (Uniprot). Unknown proteins were built using
ModelAngelo without provided sequences. Protein models were inspected for completeness and
manually built in regions where the sequences were missing or incorrect. RNA models were
manually inspected at each nucleotide for correct modeling and post-transcriptional modifications.
To model Dri on the SSU, the AlphaFold prediction!®® was docked into the cryo-EM map and
regions of the prediction that did not agree with the map were rebuilt manually. Magnesium ions
and spermine molecules were identified using the ‘unmodeled blobs’ tool in COOT!!? and modeled
manually. No attempt was made to systematically model potassium ions. The models were then
refined in Phenix!?® with real-space refinement, and manual adjustments were made to the model
in COOT!!? (Table S4.3). After refinement, phenix.douse!?” was used to model solvent using the
default settings. For the 708 structures, solvent was modeled into the individual focused refinement
maps and then docked into the composite map.

198

Bioinformatic analysis

23S rRNA sequences in archaea and bacteria were identified by searching all Genome
Taxonomy Database (GTDB v220)>% representative genomes using the Infernal 1.1.5 cmsearch
program?! with the corresponding Rfam 14.10%% covariance model (RF02540 for archaea and
RF02541 for bacteria) using an e-value cutoff of 1e-20. For each genome, we selected the single
most significant hit, additionally filtering for hits with <10% non-GC/AU/GU base pairs in regions
corresponding to helices in the Rfam consensus secondary structure to minimize hits to
pseudogenes. This resulted in 23S rRNA sequences for 3,686 archaeal and 58,032 bacterial
species, which were aligned to the respective Rfam model using the Infernal cmalign program.

To plot PTC nucleotide frequencies in Thermoproteota, we used WebLogo3.2%® webserver,
only including 23S rRNA sequences with no gaps in the shown PTC region. To calculate the
Shannon entropy of PTC positions in bacteria and archaea, we only considered 23S rRNA
sequences with no gaps in the plotted PTC regions (2,435 archaeal and 40,562 bacterial species).
Shannon entropy was calculated from nucleotide counts at each position with a pseudocount of
le-10 added to each sum to avoid division by zero.

uL3 sequences were analyzed using an existing alignment?*4, The distribution of previously
undescribed rProteins was established by iterative searches using the homology search tool
HMMER 3.4%%> hmmsearch program against the predicted proteomes of representative genomes
for all GTDB archaeal species. The first search was performed using a profile HMM built from
the P. calidifontis sequence, keeping only the top hit per genome. Hits across all archaea were
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examined manually, and a conservative set of well-aligning and full-length hits was selected within
an e-value plateau. Selected sequences were aligned with mafft v7.5252% using default settings
and profile HMMs were built using HMMER hmmbuild program to use in the subsequent search.
This process was repeated until no new full-length hits were recovered.

Dri homologs were identified by first using a profile HMM built from the P. calidifontis
Dri sequence to search UniProt?®” TREMBL (release 2024 04) using the HMMER program
hmmscan. From these results, an initial Dri profile HMM was built from 22 full-length hits from
Thermoproteaceae with e-values <le-90 that were aligned using mafft with default settings. This
initial Dri model was used to search the predicted proteomes of representative genomes for all
GTDB archaeal species using hmmsearch with an e-value cutoff of le-10. Each hit was
individually aligned to the P. calidifontis Dri sequence and evaluated on the following additional
properties: percent alignment to P. calidifontis Dri N-terminal lobe (positions 14-303), percent
alignment to P. calidifontis Dri C-terminal lobe (positions 324-640), charge of amino acids
aligning to the P. calidifontis Dri N-terminal lobe ribosome binding surface (positions 43-44, 76-
77,203-210, 215, 224-225, and 227-241), charge of amino acids aligning to the P. calidifontis Dri
C-terminal lobe P-site loop including a 3 amino acid buffer on either side (positions 544-579), and
length of regions aligning to the P. calidifontis Dri C-terminal lobe P-site loop (positions 544-
579), C-terminal lobe A-site loop (positions 394-425), and the N-terminal lobe P-site loop
(positions 205-236) including a 3 amino acid buffer on either side. A final set of 92 full-length Dri
homologs, corresponding to 91 unique species, was selected by filtering hits on >75% N-lobe and
>75% C-lobe alignment, and e-value <le-60. All of these full-length Dri homologs had sequence
features consistent with the mode of ribosome binding seen in P. calidifontis such as a positively
charged ribosome binding region on the N-terminal lobe and the presence and positive charge of
the P-site loop on the C-terminal lobe.

The 92 full-length Dri homologs were aligned using mafft with default settings, and then
split into N-lobe and C-lobe only regions corresponding to the P. calidifontis positions 14-303 and
324-640, respectively. These alignments were used to build single-lobe profile HMMs which were
used to search all GTDB archaeal species using hmmsearch. Dri N-terminal lobe-only homologs
were selected by filtering based on e-value <le-30, >50% N-terminal lobe and <50% C-terminal
lobe alignment, P-site loop length >13 amino acids, ribosome binding surface net charge >0 and
basic amino acids >4. E-value and lobe alignment filters alone resulted in 647 sequences with only
9 removed with the additional filters. Dri C-terminal lobe-only homologs were selected by filtering
based on e-value <le-30, >50% C-terminal lobe and <50% N-terminal lobe alignment, A-site loop
length >10 amino acids, P-site loop length >25 amino acids, P-site loop net charge >0 and basic
amino acids >4. E-value and lobe alignment alone resulted in 782 sequences with 75 removed with
the additional filters.

The distribution of Dri homologs was plotted on the GTDB v220 archaeal phylogenetic
tree using the Interactive Tree of Life (iTOL v6) webserver?*®. To tabulate the frequency of single-
lobed Dri gene arrangements, we only considered genomes where both Dri N-terminal and C-
terminal single lobe homologs were found and additionally restricted to genomes where at least
one of the homologs occurs >2000 nucleotides from the edge of a contig, resulting in 388 genomes.

Methanosarcina acetivorans ribosome preparation

Methanosarcina acetivorans was grown at 37 °C without shaking in bicarbonate-buffered
high salt liquid medium with 50 mM trimethylamine hydrochloride and N2/CO; (80/20) in the
headspace?”. Cultures were maintained at stationary phase for four days and on the fourth day
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were placed on ice for 15 minutes. Cells were pelleted at 5,000 xg for 15 minutes and cell pellets
were flash frozen and stored at -80 °C. The cell pellet was then thawed, resuspended in 15 mL Ma
lysis buffer (50 mM KHyPO4 pH 7, 10 mM MgCl,) with 20 units of RQ1 DNase (Promega) and
a Pierce protease inhibitor mini tablet (ThermoFisher), and incubated at room temperature for 10
minutes. After incubation, MgCl, was added to a final concentration of 20 mM and the lysate was
clarified by centrifugation at 12,000 rpm (29,000 xg) for 45 minutes in an F14-14 x 50 cy rotor
(ThermoFisher). The lysate was then loaded onto a sucrose cushion with 40 mL of Ma buffer B
(30 mM HEPES-KOH pH 7, 60 mM KCI, 20 mM MgCl,, 2 mM DTT) with 1 M sucrose, and the
cushion was spun in a Ti-45 rotor at 38,000 rpm (113,000 xg) for 16 hours. The ribosome pellet
was resuspended in 500 pL Ma buffer B and 1 mg of ribosomes was loaded onto a 25-40% sucrose
gradient in Ma buffer B. The sucrose gradient was placed in an SW-32 rotor (Beckman-Coulter)
and centrifuged at 26,000 rpm (83,000 xg) for 16 hours. The sucrose gradient was then fractionated
on a BioComp fractionator and the 70S peak was collected for mass spectrometry.

Protein Mass Spectrometry

For the identification of P. calidifontis 50S rProteins, 5 pg of 50S subunits were buffer
exchanged into 100 mM Tris-HCI, pH 8.5 with 8 M urea. TCEP was added to a concentration of
5 mM and the solution was incubated at room temperature for 20 minutes. 10 mM iodoacetamide
was added to the solution, and the sample was incubated for an additional 15 minutes in the dark.
The sample was then diluted with 100 mM Tris-HCI pH 8.5 until the urea concentration was 6 M.
50 units of Benzonase were added to the solution and the reaction was incubated at 35 °C for 15
minutes. The sample was then diluted again with 100 mM Tris-HCI pH 8.5 until the urea
concentration was 2 M. 1 mM CaCl, and 1 pg trypsin/LysC were added to the sample and the
reaction was incubated overnight at 37 °C. 5% formic acid was then added to quench the digestion
reaction.

To identify P. calidifontis 30S or M. acetivorans 70S rProteins, 20 pug of 30S subunits or
708 ribosomes were dried under vacuum and the pellet was resuspended with 0.1% RapiGest SF
in 50 mM ammonium bicarbonate and 5 mM DTT. The solution was incubated at 80 °C for 30
minutes and then cooled to room temperature. 15 mM iodoacetamide was added and the sample
was incubated in the dark for 30 minutes. The sample was then sonicated on ice using a handheld
ultrasonic homogenizer with a 2 mm probe (Shengwin) at 40% power for three 30 second cycles
with a 30 second rest period in-between cycles. 50 units of Benzonase were added and the sample
was incubated at 35 °C for 15 minutes. The sample was then sonicated again using the above
settings. 0.5 pg of chymotrypsin (P. calidifontis 30S) or trypsin/LysC (M. acetivorans 70S) was
added to the sample and the reaction was incubated at 37 °C for 1 hour. The sample was sonicated
a third time using the above settings, an additional 0.5 pg of chymotrypsin or trypsin/LysC was
added to the sample, and the reaction was incubated at 37 °C overnight. Finally, 5% formic acid
was added to quench the digestion reaction.

Mass spectrometry was performed at the Vincent J. Coates Proteomics/Mass Spectrometry
Laboratory at the University of California, Berkeley. To identify P. calidifontis or M. acetivorans
rProteins, multidimensional protein identification technique (MudPIT) was performed as
described?!%2!!, Briefly, a 2D nano-LC column was packed in a 100-um inner diameter glass
capillary with an integrated pulled emitter tip. The column consisted of 10 cm of ReproSil-Gold
C18-1.9 pm resin (Dr. Maisch GmbH) and 4 cm of strong cation exchange resin (Partisphere,
HiChrom). The column was loaded and conditioned using a pressure bomb and then coupled to an
electrospray ionization source mounted on a Thermo-Fisher LTQ XL linear ion trap mass
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spectrometer. An Agilent 1200 HPLC equipped with a split line to deliver a flow rate of 1
pL/minute was used for chromatography. Four buffers were used to elute peptides: Buffer A (5%
acetonitrile, 0.02% heptafluorobutyric acid (HFBA)), buffer B (80% acetonitrile, 0.02% HFBA),
buffer C (250 mM NH4(OAc), 0.02% HFBA), and buffer D (500 mM NH4(OAc), 0.02% HFBA).
Peptides were eluted in four steps, with the system equilibrated in buffer A, step 1: 0-80% buffer
B in 70 minutes, step 2: 0-50% buffer C in 5 minutes and 0-45% buffer B in 100 minutes, step 3:
0-100% buffer C in 5 minutes and 0-45% buffer B in 100 minutes, and step 4: 0-100% buffer D in
5 minutes and 0-45% buffer B in 160 minutes. Collision-induced dissociation (CID) spectra were
collected for each m/z. Protein identification and analysis were done with PEAKS Studio 12
(Bioinformatics Solutions Inc.) with the following parameters: semi-specific cleavage specificity
at the C-terminal site of R and K, allowing for 5 missed cleavages, precursor mass tolerance of 3
Da, and fragment ion mass tolerance of 0.6 Daltons. Methionine oxidation and phosphorylation of
serine, threonine, and tyrosine were set as variable modifications and cysteine
carbamidomethylation was set as a fixed modification. Peptide hits were filtered using a 1% false
discovery rate (FDR).

For quantitative mass spectrometry, 20 pg of 70S ribosomes from P. calidifontis cultures
grown to ODsoo 0.07 or 0.15 were digested as described for P. calidifontis 30S subunits.
Trypsin/LysC digested peptides were analyzed by online capillary nanoLC-MS/MS using a 25 cm
reversed phase column and a 10 cm pre-column fabricated in-house (75 um inner diameter, packed
with ReproSil-Gold C18-1.9 um resin (Dr. Maisch GmbH)) that was equipped with a laser-pulled
nanoelectrospray emitter tip. The pre-column used 3.0 um packing (Dr. Maisch GmbH). Peptides
were eluted at a flow rate of 300 nL/minute using a linear gradient of 2-40% buffer B over 140
minutes (buffer A: 0.05% formic acid and 5% acetonitrile in water; buffer B: 0.05% formic acid
and 95% acetonitrile in water) in a Thermo Fisher Easy-nLC1200 nanoLC system. Peptides were
ionized using a FLEX ion source (Thermo Fisher) using electrospray ionization into a Fusion
Lumos Tribrid Orbitrap Mass Spectrometer (Thermo Fisher). Data was acquired in orbi-trap mode.
Instrument method parameters were as follows: MS1 resolution, 120,000 at 200 m/z; scan range,
350—1600 m/z. The top 20 most-abundant ions were subjected to collision-induced dissociation
with a normalized collision energy of 35%, activation q 0.25, and precursor isolation width 2 m/z.
Dynamic exclusion was enabled with a repeat count of 1, a repeat duration of 30 seconds, and an
exclusion duration of 20 seconds. RAW files were analyzed using PEAKS Studio 12
(Bioinformatics Solution Inc) with the following parameters: semi-specific cleavage specificity at
the C-terminal site of R and K, allowing for 5 missed cleavages, precursor mass tolerance of 15
ppm, and fragment ion mass tolerance of 0.5 Daltons. Methionine oxidation was set as variable
modifications and cysteine carbamidomethylation was set as a fixed modification. Peptide hits
were filtered using a 1% FDR. Proteins with at least 2 unique peptides were filtered with a 1%
FDR. Label free quantitation (LFQ) was performed using PEAKS quantitation module and default
parameters with the following exceptions: Top 2 peptides for each protein with a min of 10*
abundance was used and the TIC was used for all normalization including technical replicates. The
mass spectrometry proteomics data have been deposited to the PRIDE database?!?.

Total RNA Isolation and Quantitative RT-PCR

P. calidifontis cultures were grown to the stated optical density and placed in an ice water
bath. Cells were pelleted at 6,000 xg and RNA was isolated using the quick RNA miniprep kit
(Zymo research). The manufacturer protocol was used without the on-column DNase digestion.
After eluting the RNA, 10 units of RQ1 DNase (Promega) was added, and the sample was
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incubated at 37 °C for 30 minutes to remove residual gDNA contamination. The RNA was then
purified using a second quick RNA miniprep column. RT-qPCR was preformed using the Power
SYBR Green RNA-to-Cr 1-Step Kit (Applied Biosystems) and the corresponding primer sets
(Table S4.4) and were measured with a CFX96 real-time PCR detection system (Bio-Rad).

CRISPR-Cas9 Editing

CRISPR-Cas9 editing of E. coli was conducted with a modified pCas/pTargetF system?!?,
sgRNA sequences were inserted in the pEcgRNA plasmid using the corresponding primer set
(Table S4.4) and the InFusion cloning kit. NEB Express 19 cells (chloramphenicol (CAM)
resistant) were transformed with the pEcCas plasmid, which encodes for Cas9, the inducible A-
Red system, and kanamycin resistance (KAN). Positive transformations were grown overnight in
LB with 50 ug/mL KAN and 10 pg/mL CAM (LB-KAN-CAM). 400 pL of the overnight culture
was added to 40 mL of fresh LB-KAN-CAM. The culture was then grown at 37 °C with shaking
until an ODeoo of 0.4 was obtained. Expression of the A-Red system was induced with 10 mM
arabinose, and the culture was incubated for another 15 minutes at 37 °C with shaking. Cells were
pelleted by centrifugation at 4,000 xg for 15 minutes, washed with ice-cold sterile water, pelleted
again by centrifugation at 4,000 xg for 15 minutes, and resuspended in 400 pL of cold sterile 10%
glycerol. 50 pL of cells were electroporated with 100 ng of the pEcgRNA plasmid, which contains
the sgRNA (Table S4.5) and spectinomycin (SPEC) resistance, and 400 ng of double stranded
linear donor dsDNA (Table S4.6). The cells were then selected on LB-KAN-CAM-SPEC agar
plates with 100 pg/mL SPEC. PCR amplifications of the 7p/C gene were Sanger sequenced (Elim
Bio) (Extended Data Fig. 3b) to identify positive clones.

To cure E. coli strains of the pEcCas and pEcgRNA plasmids, edited colonies were used
to inoculate 2 mL of LB-KAN-CAM containing 40 mM rhamnose, and the culture was grown
overnight at 37 °C with shaking. 10 pL of the overnight culture was then used to inoculate a 2 mL
LB-CAM culture that was grown for 6 hours at 37 °C with shaking. The culture was diluted 1:300
in SOC media and 5 pL of the dilution was spread on an LB-CAM-agar plate with 1% sucrose and
incubated at 37 °C overnight. Plasmid curing was confirmed by replica plating colonies onto LB-
CAM, LB-KAN, and LB-SPEC agar plates.

For growth measurements of edited E. coli strains, an LB-CAM culture was grown
overnight at 37 °C. The culture was then diluted to OD 0.01 in LB with no antibiotics, and 200 pL
of the diluted cells were placed into a sterile 96-well plate. The ODsoo was measured every 10
minutes using a Park Plate Reader (Tecan) at 37 °C with shaking.

E. coli Ribosome Expression and Purification

A modified version of the pLK35 plasmid®, which contains an IPTG inducible tac
promoter and E. coli 23S rRNA with the MS2-tag from Nissley et al.?!# inserted in helix H98, was
used to express mutant E. coli ribosomes. The pLK35 plasmid was linearized with primers
PTC InFusion F/R (Table S4.4), and mutations were introduced into the 23S rRNA using the
InFusion cloning kit (Takara bio) and corresponding gene block (Twist) (Table S4.6). Sequences
were confirmed with whole plasmid sequencing (Elim Bio).

Untagged E. coli 30S subunits were purified from E. coli MRE600 as previously
described'®. MS2-tagged E. coli ribosomes were purified as previously described with
adaptions!*%, pLK35 plasmids were transformed into NEB Express 19 cells. Transformants were
grown in LB media overnight, and the next morning, they were diluted 1:100 in 1 L of LB media
with 100 pg/mL ampicillin. The culture was grown at 37 °C with shaking until it reached an ODsoo
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of 0.6. rRNA expression was induced with 0.5 mM IPTG and the cultures were grown for an
additional three hours at 37 °C. Cells were pelleted and resuspended in 30 mL of Ec buffer A (20
mM Tris-HCI pH 7.5, 100 mM NH4Cl, 10 mM MgClz) with a Pierce protease inhibitor tablet
(ThermoFisher). Cells were lysed by sonication and the lysate was clarified by centrifugation at
12,000 rpm (29,000 xg) for 45 minutes in an F14-14 x 50 cy rotor (ThermoFisher). The lysate was
then loaded onto a sucrose cushion with 24 mL of Ec buffer B (20 mM Tris-HCI pH 7.5, 500 mM
NH4Cl, 10 mM MgCl) with 0.5 M sucrose and 17 mL of Ec buffer C (20 mM Tris-HCI pH 7.5,
60 mM NH4Cl, 6 mM MgClz) with 0.7 M sucrose. Ribosomes were pelleted by centrifugation at
27,000 rpm (57,000 xg) for 16 h at 4 °C in a Ti-45 rotor (Beckman-Coulter). Ribosomes pellets
were then resuspended in dissociation buffer (20 mM Tris-HCI pH 7.5, 60 mM NH4Cl, 1 mM
MgCl,).

10 mg of MBP-MS?2 fusion protein, purified as previously described®®, was loaded onto a
5 mL MBP Trap column (Cytiva) that was pre-equilibrated with MS2-150 buffer (20 mM HEPES
pH 7.5, 150 mM KCI, ImM EDTA, 2 mM 2-mecaptoethanol). The column was washed with 5
CV of Ec buffer A-1 (20 mM Tris-HCI pH 7.5, 100 mM NH4Cl, I mM MgCl), and the
resuspended ribosomes were loaded onto the column. The column was then washed with 5 CV of
Ec buffer A-1 and 10 CV of Ec buffer A-250 (20 mM Tris-HCI pH 7.5, 250 mM NH4Cl, 1 mM
MgCl,). Tagged E. coli 50S subunits were eluted with 10 mL of Ec elution buffer (20 mM Tris-
HCI pH 7.5, 100 mM NH4Cl, 1 mM MgCl,, 10 mM maltose). The sample was then concentrated
in a 100 kDa cut-off spin filter (Millipore) and washed with Ec buffer A-1. 50S subunits were
quantified using the approximation of 1 Azs = 36 nM, flash frozen, and stored at -80 °C.

Endogenous E. coli 50S subunit contamination was quantified using semi-quantitative RT-
PCR. 50 pmol of MS2-purified 50S subunits were denatured at 95 °C for 5 minutes, and the rRNA
was precipitated with 4M LiCl. 75 ng of rRNA was reverse transcribed and amplified with 8 PCR
cycles using the OneStep RT-PCR kit (Qiagen) and primers MS2 quant F and MS2 quant R
(Table S5.4). DNA products were resolved on a 10% TBE gel, visualized with SYBR gold stain
(Thermo Fisher), and quantified using Image J software®>.

E. coli Ribosome Activity Assays

HiBiT? in vitro translation assays were conducted as previously described?!4. Briefly, an
in vitro translation reaction was assembled with the ARibosome PURExpress kit (NEB): 3.2 uL
solution A (NEB), 1 pL factor mix (NEB), 250 nM MS2-tagged 50S ribosomal subunit, 500 nM
untagged 30S ribosomal subunit, 1 U/puL. murine RNAse inhibitor (NEB), 400 nM 11S NanoLuc
protein (purified as described in'#), 1:50 (v/v) dilution of Nano-Glo substrate (Promega), and 1
ng/uL of DNA template encoding the HiBiT peptide (Table S4.6). 2 uL of the mixture was then
placed in a well of a 384-well plate, and luminescence was measured in a Spark plate reader
(Tecan) at 37 °C incubation. Ribosome activity was determined as the slope of the initial linear
increase in the signal of each in vitro translation reaction.

4.4 Results
Cryo-EM structures of the P. calidifontis ribosome

To investigate the unique features of Thermoprotei ribosomes, we isolated ribosomes from
stationary phase cultures of P. calidifontis. 70S ribosomes isolated from archaea in the phylum
Thermoproteota  (formerly Crenarchaeota) often dissociate into subunits during
ultracentrifugation, even under high magnesium concentrations!**2!5216, ‘While most P.
calidifontis ribosomes dissociate during ultracentrifugation, some 70S ribosomes stay associated
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(Extended Figure 4.1a). We determined the cryo-EM structure of the P. calidifontis 70S ribosome
to a global resolution of 2.4 A (Figures 4.1a and S4.2). Due to the large amount of dissociated
50S subunits in the sucrose gradient, we also found a population of 50S subunits during cryo-EM
processing and determined the P. calidifontis 50S subunit structure to a resolution of 2.0 A.
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alL48: DJ-1/Pfpl domain-
containing protein
(UniProt:ASMTM?7)

alL49: PaREP1 domain-
containing protein
(UniProt:A3MWUO)

aS21: Small zinc finger
protein HVO-2753-like
zinc-binding pocket
domain-containing
protein
(UniProt:A3MY11)

aS35: Hypothetical
protein
(WP_226952012.1)

Figure 4.1. Cryo-EM structures of the P. calidifontis ribosome. a, Cryo-EM maps for the 50S subunit (LSU, left) and
708 ribosome (right) from P. calidifontis. The LSU central protuberance (CP) and SSU head are marked for reference.
b, rProteins are labeled on the model of the P. calidifontis 70S ribosome. Archaea-specific rProteins are shown in red,
and their previous annotations, including accession codes, are shown on the right.

In the cryo-EM structure of the P. calidifontis 70S ribosome, we were able to model all
three rRNAs and 61 annotated rProteins (Figure 4.1b). Additionally, we found density for four
proteins not annotated as rProteins in the P. calidifontis proteome. One of the proteins is a homolog
of a previously identified archaea-specific rProtein, aS21%!7. For the other proteins, the cryo-EM
maps had sufficient resolution to identify them using the automated modeling software
ModelAngelo!?8. Demonstrating the strength of this technique, we were able to identify a protein
that was present in the P. calidifontis genome but absent in the UniProt proteome (aS35 in Figure
4.1b). The other two rProteins were annotated as proteins with unknown function, which we
designate as alL.48 and al.49. We further confirmed the identities of these proteins using mass
spectrometry (Tables S4.7 and S4.8). These proteins are archaea-specific rProteins that are
distributed in the order Thermoproteales (Extended Figure 4.1b).

Our high-resolution cryo-EM maps allowed us to identify magnesium and zinc binding
sites (Extended Figure 4.1c) and putative pseudouridylation, nucleobase methylation and
acetylation, and 2'-O-methylation sites in the P. calidifontis ribosome (Extended Figure 4.1d-e).
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Previously, it was shown that N*-acetylcytidine is a widespread modification in ribosomes from
the hyperthermophilic archaea Thermococcus kodakarensis and that the number of N*-
acetylcytidine modifications increases with growth temperature®>. In addition, the 7. kodakarensis
ribosome harbors numerous 5-methylcytidine sites that support growth at high temperature®®. In
P. calidifontis ribosomes purified from stationary phase cultures, we find very few potential N*-
acetylcytidine or 5-methylcytidine sites, whereas the predominant post-transcriptional
modification is 2'-O-methylation. Additionally, putative post-transcriptional modifications are
mainly buried in the core of the P. calidifontis ribosomal subunits and are less widely distributed
compared to their distribution in ribosomes from 7. kodakarensis (Extended Figure 4.1f). The
limited distribution of post-transcriptional modifications has also been observed in the ribosomes
from Saccharolobus solfataricus®*, another member of Thermoprotei.

Highly divergent PTCs from a subset of archaea

We mined genomes from the Genome Taxonomy Database (GTDB) for 23S rRNA
sequences to ascertain how broadly PTC sequence variation occurs in bacteria and archaea. This
resulted in alignments of 23S rRNAs from 3,686 archaeal and 58,032 bacterial species (Figures
S4.3 and S4.4). Overall, many PTC positions are more variable in archaea than in bacteria when
comparing Shannon entropy of nucleotide frequencies between the archaeal and bacterial 23S
rRNA alignments (Extended Figure 4.2a). Within these alignments, we found nine archaeal
orders that have sequence variation at more than 7 out of 30 PTC positions (Figures S4.3 and
S4.4). Species in the archaeal order Parvarchaeales?'®, phylum Nanoarchaeota, have sequence
variation at up to eleven positions in the PTC, the most in archaea (Extended Figure 4.2b). In
clades with high levels of PTC sequence variation, only species in the archaeal classes
Thermoprotei and Methanomethylicia have been cultured. These organisms vary at up to eight
PTC positions, six of which span the core regions 2447-2453 and 2500-2504 (Escherichia coli
23S rRNA numbering) (Figure 4.2a). The P. calidifontis ribosome varies at five positions in these
regions, including nucleotides 2447, 2453, 2500, 2501, and 2504 (Figure 4.2b).

To understand how natural nucleotide variations affect PTC structure, we compared the
cryo-EM structure of the P. calidifontis 50S subunit to the X-ray crystal structure of the Haloarcula
marismortui 50S subunit (PDB:1S72)?!°, which has a canonical PTC sequence. Here, we use E.
coli 23S rRNA numbering and a conversion table to P. calidifontis numbering is in Table S4.9.
One set of nucleotides affected by rRNA sequence variation is 2063, 2450, and 2501, which forms
the canonical C2063-A2450-C2501 base triple in H. marismortui. In P. calidifontis, the base triple
is disrupted by a C to A change at position 2501 and A2501 adopts a syrn-conformation to make a
Hoogsteen base pair with A2450 (Figure 4.2¢ and Extended Figure 4.2¢).
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Figure 4.2. Sequence variation in the P. calidifontis PTC. a, Distribution of rare PTC sequences in archaea. The
cladogram is derived from the GTDB phylogeny, where branches with bootstrap support <50% are colored in grey. o
and c represent order and class respectively, and n represents the number of 23S rRNA sequences in each distribution.
Nucleotides that differ from the archaeal consensus sequence are shown in color. b, Secondary structure of the P.
calidifontis PTC. Positions that differ from the consensus sequence in the 2447-2453 and 2500-2504 regions are
colored orange and the nucleotide identities in H. marismortui (Hm) and E. coli (Ec) 23S rRNAs are indicated.
Positions are labeled according to E. coli 23S rRNA numbering. c-e, Comparison of the PTCs in H. marismortui
PDB:1872% (top) and P. calidifontis (bottom). Water molecules and potassium ions are shown as red and pink spheres
respectively. Hydrogen bonds, shown with dashes, were calculated in ChimeraX'%,

A second region of the PTC affected by sequence variation in P. calidifontis involves the
interaction between bases 2061, 2447, and 2451. In H. marismortui, G2447 hydrogen bonds with
A2451 and coordinates a potassium ion that interacts with G2061 and C2501. P. calidifontis
contains a G2447A change that preserves hydrogen bonding to A2451 (Figure 4.2d and Extended
Figure 4.2d), consistent with a report that a G2447A mutation is viable in E. coli, and ribosomes
with this mutation support cellular protein synthesis’”®. However, the A2447 change, along with
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the syn conformation of A2501, results in loss of the potassium ion binding site seen in the H.
marismortui ribosome, with a concomitant positioning of two water molecules that bridge bases
A2061, A2447, and A2501 (Figure 4.2d). The third major rearrangement occurs due to three
differences in the P. calidifontis TRNA at positions 2453, 2500, and 2504, which are all cytidines.
In H. marismortui, these three bases interact with the base of C2499, forming sparse hydrogen
bonding. In P. calidifontis, these four bases form a more complex hydrogen bonding network that
interacts with two ordered water molecules (Figure 4.2e and Extended Figure 4.2¢). Comparison
of the PTCs from P. calidifontis and E. coli revealed similar differences (Figure S4.5).

Another difference in the rRNA from P. calidifontis occurs in the A loop of the LSU, which
serves as the binding site for the CCA-end of the A-site transfer RNA (tRNA)”?. We previously
reported that rare uridine to cytidine sequence variation at positions 2554 and 2555 of the A loop
is found in Thermoprotei archaea and this sequence variation stabilizes the LSU from thermal
denaturation'*. Comparing the A loop from P. calidifontis and H. marismortui, which has uridines
at positions 2554 and 2555, cytidines at positions 2554 and 2555 in P. calidifontis have altered
positioning so that they stack with each other and G2553 (Extended Figure 4.2f-h). We did not
observe this conformational change in E. coli ribosomes with U2554C/U2555C mutations that
contained an A-site tRNA, suggesting that this conformation may only exist in the apo ribosome!43,
These stacking interactions may rigidify the A loop, which is part of the last region of the 23S
rRNA to fold during ribosome assembly!?’, to help stabilize the LSU.

Differences in archaeal uL3 enable PTC sequence variation

P. calidifontis PTC sequence variation occurs at positions where mutations are not tolerated
in the E. coli ribosome. Single point mutations at positions A2453C, U2500C, and U2504C
inactivate or greatly decrease the activity of E. coli ribosomes® and E. coli ribosomes with these
individual mutations cannot support growth in vivo''>. Conversely, ribosomes from halophilic
archaea with these point mutations can support growth in vivo, albeit with decreased growth
rates?2%-22!_ Tt is unclear why these mutations are accommodated in archaeal ribosomes, but not in
E. coli ribosomes.

As the P. calidifontis ribosome has cytidine residues at positions 2453, 2500, and 2504, we
compared its structure to the E. coli ribosome”. In the E. coli ribosome, ¥2504 base pairs with
(C2452, and A2453 base pairs with U2500, distinct from the complex hydrogen bonding network
seen in P. calidifontis (Figures 4.2e¢ and 4.3a). For the interactions to form in P. calidifontis,
C2504 flips up 54° compared to ¥2504 in E. coli, and to avoid steric clashes, A2572 moves out
of the way compared to its position in E. coli. However, the shift in A2572 in P. calidifontis can
only occur because rProtein uL3 is shorter in P. calidifontis than in E. coli near the PTC (Figure
4.3b). The region of uL.3 proximal to the PTC is extended in most bacteria compared to archaea
and eukaryotes (Extended Figure 4.3a). If uL3 were not shorter in P. calidifontis, A2572 would
clash with E. coli uL3 residue Q150, which is post-translationally methylated®?2. Interestingly, the
flipped conformation of nucleobase 2504 is found in other archaeal ribosomes and is not exclusive
to ribosomes with sequence variation at position 2504 (Extended Figure 4.3c¢).

We wondered whether positions 2453, 2500, and 2504 are mutable in archaea, but not in
E. coli, because of the rearrangement of base 2504 and a shorter uL3 sequence. To test this
hypothesis, we used CRISPR-Cas9 editing?!? to delete Q150 from the rpIC gene (AQ150-uL3) in
E. coli (Extended Figure 4.3b). We find that AQ150-ulL3 E. coli are viable and have no major
growth defects other than a modest increase in the lag phase (Figure 4.3¢). Next, we isolated
ribosomes from WT or AQ150-ul3 E. coli strains. E. coli ribosomes with AQ150-uL.3 display WT
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levels of activity in an in vitro translation assay, indicating that the extended uL3 loop is not
essential for PTC function (Figure 4.3d). Surprisingly, E. coli ribosomes with WT-uL3 and
A2453C, U2500C, and U2504C (3M) 23S rRNA mutations have 18% of WT activity, suggesting
there is a synergistic effect between these mutations even with the longer uL3 loop. Consistent
with our hypothesis, E. coli ribosomes with AQ150-uL3 and 3M mutations have 34% of WT
activity, demonstrating that the length of uL3 modulates the mutability of these rRNA positions.
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Figure 4.3. uL3 length affects the mutability of PTC rRNA. a, Comparison of the PTC and uL3 in P. calidifontis
(yellow) and E. coli PDB:7K00% (grey). Positions are labeled according to E. coli 23S rRNA numbering. b, Protein
alignment for E. coli and P. calidifontis uL3 loops that interact with the PTC. ¢, Growth curve of WT and AQ150-uL3
E. coli. Each data point is the average of three independent measurements and error bars represent the standard
deviation of the three measurements. d, HiBiT in vitro activity assays for mutant E. coli ribosomes. Ribosome activity
is the slope of the increase in luminescence signal in each in vitro translation reaction (methods) and activities were
normalized to WT. Each point on the graph represents an individual measurement, and data and error bars represent
the mean and standard deviation of the three measurements, respectively. The fold change from the WT uL3 control
is indicated on top of the bar. A two-sided, two-sample #-test was used to compare values (p-values: 0.95, left panel,
and 8x107, right panel).

Dri is an archaeal ribosome hibernation factor

In the P. calidifontis cryo-EM maps, we found density in both the isolated 50S subunit and
the 70S complex that did not correspond to a known component of the ribosome (Figure 4.4a).
After 3D classification (Figure S4.1), we were able to attribute the density to a protein of unknown
function using the protein sequence predicted by ModelAngelo'® and we verified its presence by
mass spectrometry (Tables S4.7 and S4.8). We designate this protein Dual Ribosomal subunit
Inhibitor (Dri) due to its positioning in the ribosome. Dri contains eight cystathionine-f-synthase
(CBS) domains®? that form two disc-shaped lobes, each comprised of four CBS domains (Figure
4.4a). We found that the Dri C-terminal lobe binds to the P and E sites of the SSU on the 70S
ribosome (Figure 4.4b) and interacts with the ribosome in the rotated state (Extended Figure
4.4a). An extended loop of the C-terminal lobe reaches into the SSU and blocks the mRNA binding
channel (Figure 4.4b). Additionally, there is a disordered 24 amino acid loop in the C-terminal
lobe that points towards the A site and could block the binding of the A-site tRNA in the SSU. In
the majority of 70S particles, the Dri C-terminal lobe is bound to the SSU. However, we also see
populations of 70S particles where the N-terminal lobe is bound to the LSU and where both the
N- and C-terminal lobes are bound to the ribosome concurrently (Figure S4.1).
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Figure 4.4. Dri binding sites on the ribosome. a, Cryo-EM density for the N- and C- terminal lobes of Dri on the
isolated 50S (left) and SSU of the 70S ribosome (right) viewed from the subunit interface. The SSU head and LSU
central protuberance (CP) are labeled. The domain architecture of Dri is shown below. b, (left) The Dri C-terminal
lobe binds to the small subunit and blocks the mRNA channel in the P and E sites. The mRNA and P-site tRNA from
PDB:7K00% are overlayed on the P. calidifontis structure. (right) A disordered loop of Dri points into the A site of
the SSU. The A-site tRNA from PDB:7K00% is overlayed on the P. calidifontis structure. ¢, The Dri N-terminal lobe
occupies a similar position to the A- and P-site tRNAs on the LSU from PDB:7K00%. d, (left) The P-site loop of Dri
extends into the PTC and contacts key PTC nucleotides. (right) PTC nucleotides that participate in the tRNA induced
fit are shown when tRNA is bound to the Thermus thermophilus ribosome (gold, PDB:1VY4!%) or when Dri is bound
to the P. calidifontis LSU (grey and cryo-EM density). e, The N-terminal lobe of Dri makes extensive contacts with
H69 of the LSU.

The Dri N-terminal lobe is bound to the isolated 50S subunit and the LSU of the 70S
ribosome (Figure S4.1) and occupies the A-site and P-site tRNA binding sites (Figure 4.4¢). There
is an extended loop off the N-terminal lobe that reaches into the P-site of the PTC and mimics
aminoacyl-tRNA binding to the 50S subunit!?>1% (Extended Figure 4.4b), inducing the active
conformation of the PTC??* (Figure 4.4d). Dri binding also stabilizes uL16 in an ordered
conformation previously observed upon P-site tRNA binding??>22¢ (Extended Figure 4.4¢). There
is strong density for PTC nucleotides when the Dri N-terminal lobe is bound to the 50S subunit
(Extended Figure 4.4d), while in its absence, several regions of the PTC are disordered. Dri
further interacts with the 50S subunit by making extensive contacts with helix H69, a region of
23S rRNA that makes important bridges with the SSU during subunit joining??’ (Figure 4.4e).
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Figure 4.5. Translation inhibition and phylogenetic distribution of Dri homologs. a, P. calidifontis lysate-based in
vitro translation assay. After translation of the HiBiT peptide, luminescence was measured from the HiBiT-LgBiT
complex. For the no mRNA and buffer controls, 3 uL of Dri buffer A was added to the reaction. Each point on the
graph represents an individual measurement, and data and error bars represent the mean and standard deviation of the
three measurements, respectively. The fold change from the buffer control is indicated on top of each bar. A two-
sided, two-sample t-test was used to compare values (p-values from left to right: 1x107, 5x10°%, 1x107%). b,
Phylogenetic distribution of Dri homologs indicated on the GTDB archaeal phylogeny. Dri homologs with only a C-
terminal or N-terminal lobe are shaded in the outer and middle rings. Dri homologs with two lobes that align to both
Dri lobes are shaded in the inner ring. ¢, Archaeal genome architecture of Dri homologs.

Since Dri occludes the tRNA binding sites on the LSU and SSU, we hypothesized that Dri
is an archaeal-specific ribosome hibernation factor. We developed a P. calidifontis lysate-based in
vitro translation system to translate a HiBiT peptide reporter® using the optimized conditions for
hyperthermophilic archaeal in vitro translation systems??®. Upon addition of an mRNA encoding
the HiBiT peptide to the in vitro reaction, we observed robust translation at 95 °C (Figure 4.5a).
We recombinantly expressed the full-length WT Dri protein and the Dri N-terminal and C-terminal
lobes separately (Extended Figure 4.5a). Addition of full-length Dri to the in vitro translation
reaction inhibited peptide output substantially, as did addition of the isolated N-terminal and C-
terminal lobes (Figure 4.5a). These results show that each lobe of Dri can inhibit translation.
Titrations of the full-length WT Dri protein showed that lower concentrations of Dri partially
inhibit the in vitro translation reaction (Extended Figure 4.5b). In addition, the isolated N-
terminal lobe shows higher levels of translation inhibition than the C-terminal lobe or full-length
protein.

Ribosome hibernation factors bind to ribosomes during cellular stress or when cells reach
stationary phase*!*6, To examine if Dri was present in our cryo-EM structures because ribosomes
were purified from P. calidifontis cultures at stationary phase, we isolated ribosomes from mid-
logarithmic phase (ODgoo 0.07) or stationary phase (ODegoo 0.15) cultures (Figure S4.6) using
sucrose gradients. A population of 70S ribosomes could be isolated from cells grown in both
conditions (Extended Figure 4.5c). Using mass spectrometry, we quantified the relative

72



abundance of Dri in both samples and found that Dri is present at equal levels with respect to
ribosomal proteins from stationary and logarithmic phase cultures (Extended Figure 4.5d). We
also wondered if Dri binding to the ribosome occurs due to cold shock in the cell isolation and
lysis steps. If Dri binding to the ribosome constitutes a fast cellular response to cold shock, we
would expect Dri to be expressed at both logarithmic and stationary phase. We compared the levels
of Dri mRNA and ribosomal protein uL2 mRNA in logarithmic and stationary phase cultures and
found that the ratio of Dri to uL2 expression is only slightly increased at stationary phase,
indicating that Dri is expressed even during active growth (Extended Figure 4.5e).

To determine the phylogenetic distribution of Dri, we searched the genomes of all GTDB
archaeal species for Dri homologs by sequence homology. We found full length homologs
(containing both the N- and C-terminal lobes) mainly in the archaeal phylum Thermoproteota
(Figure 4.5b and Extended Table 4.1). These homologs contain extended loops in both the N-
and C-terminal lobes that likely interact with the PTC and mRNA channel in a similar manner to
Dri. Interestingly, we also found truncated Dri homologs comprised of only the N- or C-terminal
lobe broadly distributed in at least seven archaeal phyla including Halobacteriota and
Methanobacteriota and in archaea that have different levels of PTC variation (Figure S4.7). Since
the Dri N- and C-terminal lobes separately inhibit P. calidifontis translation, we hypothesize that
single-lobed Dri homologs function as ribosome hibernation factors. The single-lobed homologs
frequently co-occur, as 59% of genomes that contain one homolog also contain the other, and they
are typically found in the same gene order, separated by an additional gene (Figure 4.5c¢).

To further assess if single-lobed Dri homologs associate with the ribosome, we isolated
70S ribosomes from a stationary phase culture of Methanosarcina acetivorans, a member of
Halobacteriota (Extended Figure 4.5f). We detected the M. acetivorans Dri C-terminal lobe
homolog in the 70S ribosome sample with mass spectrometry, suggesting that this homolog also
binds to the ribosome (Table S4.10). Interestingly, in the M. acetivorans 70S ribosome sample we
also found the CBS-domain containing protein encoded by the gene located between the Dri N-
and C-terminal lobe homolog genes, consistent with these proteins binding to ribosomes.

4.5 Discussion

Here, we show that one of the most conserved elements of the ribosome, the PTC, is highly
divergent in certain archaeal ribosomes. Our finding that natural PTC sequence variation is more
widespread in archaea than in bacteria suggests that there are differences in bacterial ribosomes
that limit PTC variability. These differences could have allowed PTC variation to accumulate in
archaea without major fitness effects, while limiting variation in bacteria. Additionally, large
differences in growth temperatures and growth rates among microbes, such as E. coli (37 °C and
~20 minutes) and P. calidifontis (92 °C and ~5.5 hours)!**, may require different rates of protein
synthesis and impose different constraints on the PTC sequence. Four of the nucleotide variations
found in P. calidifontis were shown to confer resistance to PTC inhibitors, including linezolid?*!
(A2453C, U2500C, and U2504C), anisomycin®?%2%° (G2447A, A2453C, and U2500C), and
chloramphenicol?*° (U2504C). This suggests that, irrespective of how PTC variation was acquired
in archaea, a consequence may be the evasion of PTC inhibition by small molecules. Further
studies will be needed to understand if PTC variation accumulated in archaea due to increased
mutational flexibility compared to bacteria, or if it provides advantages in the native environments
of these microbes.

PTC sequence variation occurs at positions in the P. calidifontis ribosome that cannot be
mutated in ribosomes from E. coli®>!'!>. We show that the length of rProtein uL3 and nearby PTC
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rearrangements are differences between bacterial and archaeal ribosomes that contribute to the
accommodation of PTC sequence variation. In further support of this, it was shown that changes
in the uL3 sequence near the PTC affects the conformation of PTC nucleotides in Saccharomyces
cerevisiae®!. The difficulty of mutating multiple PTC positions in E. coli has been a challenge in
efforts to engineer the PTC for novel functions’!%%, However, it has been shown that epistatic
interactions in the PTC can compensate for deleterious mutations®*2. Here, we show that uL3
sequence and length modulate the mutability of PTC positions and demonstrate that modified
rProteins could aid in the development of ribosomes with engineered active sites.

Ribosome hibernation has been well studied in bacteria and eukaryotes, but it was
previously unknown what factors influence hibernation in archaea.’’’® While a factor that
dimerizes isolated 30S subunits was identified in the genus Pyrococcus, it remains unclear if it
participates in ribosome hibernation or plays some unknown role.?*32** Here, we describe a
previously undescribed archaeal hibernation factor, Dri, that binds to the LSU and SSU of the
ribosome. The Dri C-terminal lobe binds to the mRNA channel in the P and E sites, similar to
known bacterial and eukaryotic hibernation factors!®#!#2, The independent evolution of
hibernation factors that target the mRNA channel in each domain of life underscores the
importance of inactivating the SSU during hibernation.?”-*® The Dri N-terminal lobe binds to the
LSU and makes extensive contacts in the PTC similar to some eukaryotic and bacterial hibernation
factors (i.e. MDF2!? and Balon*®). In addition to blocking tRNA binding, the Dri N-terminal lobe
may help chaperone the PTC during hibernation. Consistent with this hypothesis we find that the
P. calidifontis PTC is disordered in the absence of Dri. Interactions between the Dri N-terminal
lobe and H69 in the LSU, which makes important contacts with the SSU during subunit joining,
could suggest that the N-terminal lobe may play a role in stabilizing hibernating 70S ribosomes.

We find Dri bound to ribosomes purified from stationary and logarithmic phase cultures
and show that Dri is expressed in actively growing cells. As we do not expect a translation inhibitor
to be bound to ribosomes during growth, Dri may bind to ribosomes once they stop translating,
such as during cold shock. Dri may therefore play a role similar to the bacterial hibernation factor
RaiA (protein Y), which binds to the ribosome during cold shock but not at temperatures optimal
for translation*!. At low micromolar concentrations, Dri does not fully inhibit in vitro translation
reactions, while the reactions are inhibited by the more potent Dri N-terminal lobe, suggesting that
the full length Dri is attenuated to spare actively translating ribosomes. The ability of Dri to be
present in actively growing cells, while not interfering with translation, presents the opportunity
for Dri to quickly bind and protect ribosomes when translation is downregulated in response to
stress or cellular dormancy.

Dri is an archaea-specific ribosome hibernation factor that evolved separately from
bacterial and eukaryotic hibernation factors. While some Dri homologs have two ribosome binding
lobes, other homologs have a single lobe that would only interact with one of the ribosomal
subunits. In many genomes, two single-lobed homologs are found in the same orientation,
separated by a single gene, suggesting that full length Dri in Thermoproteota may have evolved
by gene fusion of the more widely distributed single-lobed gene organization. Since the isolated
N- and C-terminal Dri lobes can independently inhibit translation, the two single-lobed Dri
homologs could work together to inhibit translation in a manner like the two-lobed homologs. We
find that the P. calidifontis N-terminal Dri lobe is a more potent translation inhibitor than the C-
terminal Dri lobe, suggesting that organisms could use single-lobed Dri homologs to control the
levels of ribosome hibernation in response to different stimuli. Dri homologs are widespread in
archaea throughout multiple phyla. While it has been suggested that hibernation factors evolved
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after the split between Bacteria and Archaea/Eukaryota®®, the discovery of an archaea-specific
hibernation factor suggests that ribosome hibernation may have also evolved independently in
Archaea. Further studies of archaeal ribosome hibernation will help to uncover the evolution of

this ubiquitous yet diverse regulatory process.
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4.6 Extended Figures and Tables
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Extended Figure 4.1. Cryo-EM sample preparation and analysis of post-transcriptional modifications in P.
calidifontis. a, Sucrose gradient fractionation of P. calidifontis ribosomes. Dashed lines bracket the sample that was
collected for cryo-EM analysis. b, Distribution of archaea-specific rProteins across four orders and further subclades
in the class Thermoprotei. Closed and open circles represent clades where rProtein homologs were or were not
identified, respectively. ¢, Zinc binding sites in LSU rProtein eL.37 and SSU rProtein uS17 with cryo-EM density. d-
e, Cryo-EM density for representative post-transcriptional and post-translational modifications in the LSU (d) and
SSU (e). f, Distribution of post-transcriptional modifications in P. calidifontis (left) and T. kodakarensis PDB:6SKF*
(right). Note that pseudouridines are not modeled in 7. kodakarensis.
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Extended Figure 4.2. Sequence and structural diversity in archaeal PTCs. a, Shannon entropy plot for PTC
nucleotides in GTDB bacteria and archaea. Positions indicated by a * have a Shannon entropy value of zero for
archaea. A Shannon entropy value of zero corresponds to complete conservation of the nucleotide, while a value of
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1.386 corresponds to an equal distribution of all four nucleotides. b, Distribution of rare PTC sequences in
Nanoarchaeota archaea. The cladogram is derived from the GTDB phylogeny, where branches with bootstrap support
<50% are colored in grey. The letter o represents order and n represents the number of 23S rRNA sequences in each
distribution. Nucleotides that differ from the archaeal consensus sequence are shown in color. ¢-e, Cryo-EM density
for regions of the PTC shown in Figure 2. Water molecules and magnesium ions are shown as red and green spheres
respectively. f, Secondary structures of the H. marismortui and P. calidifontis A loops. Positions with rare sequence
variation, 2554 and 2555, are highlighted in red in the P. calidifontis A loop. g, Comparison of the apical region of
the A loop in H. marismortui PDB:1S72*"° (blue) and P. calidifontis (purple). h, Cryo-EM density for the P.
calidifontis A loop. Base stacking interactions are shown as dashed lines.

a Il Bacteria 1 Archaea [ Eukaryota b
100 R — o m AQ150 rpl/C Sequence
— — _ 1147 G147 Q148 N149 Q150 T151 P152 G153 K154
(J
°\; ATCGGTCAGAAC——ACTCCGGGCAAA
2
2
2 50
(3
[2)
: MMM
0
A > %) N N >
NN N I S
uL3 Position
c - d 23S rRNA: WT wWT WT 3M 3M
. coli (BEMM)- W us: Wt WT  AQ150  WT  AQ150
P, calidifontis- |l
H. marismortui (1S72)- [ MS2-Tag: - + * * *
S. acidocaldarius (8HKU)- [l MS2-Tag 23S - - 7 [ Y R — Ry — |
WT 23S -
..“-.- S gl
Purity (%): - 99 >99 >99 >99
2504 2452

Extended Figure 4.3. Differences in uL3 and the PTC between the domains of life. a, Amino acid occupancy in an
alignment of ul.3 sequences from representative species in bacteria, archaea, and eukaryotes?®. b, Sequencing
chromatogram for the rplC gene from AQ150-uL.3 E. coli, showing the deletion of residue Q150. The chromatogram
trace was broken at the site of deletion for clarity. ¢, Comparison of the positions of 23S rRNA nucleotides 2452 and
2504 in E. coli and archaeal ribosomes. d, RT-PCR purity assay for MS2-tagged E. coli ribosomes used in this study.
Sample purity was quantified using the band intensities of the upper (MS2-tagged ribosome) and lower (WT ribosome)
bands.
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Extended Figure 4.4. Dri interactions with the ribosome. a, Dri (red) binds to the rotated state of the P. calidifontis
ribosome (grey). An E. coli ribosome in the unrotated state (PDB:8EMM!%) is overlayed for reference (grey). b, (left)
Dri residues occupy the positions of the A and P-site amino acids in the PTC. The A and P-site tRNAs from
PDB:SEMM!% are overlayed on the P. calidifontis ribosome (right). Dri residue F219 occupies the A-site cleft in a
position similar to phenylalanyl-tRNAP®(PDB: 1VY4!%), ¢, In the absence of the Dri protein, a loop of rProtein uL.16
is disordered (top). Cryo-EM density is shown in gray. Upon binding of the Dri N-terminal lobe to the LSU, the loop
of uL16 becomes ordered (bottom). d, Cryo-EM density for PTC nucleotides in the 50S-Dri complex (left) or the
composite 70S complex (right).
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Extended Figure 4.5. Dri expression and association with the ribosome. a, Recombinantly expressed and purified Dri
proteins resolved on a 4-12% polyacrylamide gel stained with Coomassie brilliant blue. b, P. calidifontis lysate-based
in vitro translation assay. After translation of the HiBiT peptide, luminescence was measured from the HiBiT-LgBiT
complex. For the no mRNA and buffer controls, 3 uL of Dri buffer A was added to the reaction. Each point on the
graph represents an individual measurement, and data and error bars represent the mean and standard deviation of the
three measurements, respectively. The fold change from the buffer control is indicated on top of each bar. A two-
sided, two-sample #-test was used to compare values (p-values from left to right: 6x107°, 3x10°, 7x10°8, 4x108, 2x10°
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7.4x108, 2x10*, 9x107, 7x10°®). ¢, Sucrose gradient fractionation of ribosomes from P. calidifontis cultures grown to
the indicated optical densities. Data was overlayed based on the 50S peak and grey lines bracket the sample that was
collected for mass spectrometry. d, Fold change, measured by mass spectrometry, in protein levels from P. calidifontis
70S ribosomes samples isolated from stationary and logarithmic phase cultures. P-values were calculated with
ANOVA in PEAKS Studio. e, The difference in Dri and uL2 mRNA C: values from total RNA extracted from cultures
at logarithmic (ODsoo 0.07) or stationary (ODsoo 0.15) phase, measured by RT-qPCR. Each point on the graph
represents an individual measurement, and data and error bars represent the mean and standard deviation of the three
measurements, respectively. A two-sided, two-sample #-test was used to compare values (p-value=0.046). f, Sucrose
gradient fractionation of M. acetivorans ribosomes. Grey lines bracket the sample that was collected for mass
spectrometry.
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Extended Table 4.1. Dri homologs in archaeal phyla

. Species Species
Species . ..
o Gottaining a Contamlng. a Contamlng. a
Phylum Species in Phylum . Homolog with | Homolog with
Homolog with
Only the N- Only the C-
Both Lobes
lobe lobe

Altiarchaeota 33 0 17 0
B1Sed10-29 19 0 19 10
lainarchaeota 101 0 0 0
Micrarchaeota 331 0 0 0
Undinarchaeota 6 0 2 0
SpSt-1190 10 0 0 0
Huberarchaeota 1 0 0 0
Nanohaloarchaeota 29 0 0 0
EX4484-52 34 0 0 0
Aenigmatarchaeota 165 0 0 1
Nanoarchaeota 847 0 0 0
Methanobacteriota A 35 0 0 0
Hadarchaeota 27 0 0 15
Methanobacteriota B 116 0 2 0
JACRDVO1 1 0 1 1
Hydrothermarchaeota 23 0 14 15
Methanobacteriota 244 0 81 82
Asgardarchaeota 296 1 1 5
Thermoproteota 1264 90 151 173
Halobacteriota 1223 0 343 402
Thermoplasmatota 1064 0 1 0
Total 5869 91 632 704
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4.7 Supplementary Information

Data Collection Template Particle Picking

—

7,318 Movies 2,360,632 Particles

v

2D Classification-8x
Round 1-962,736 Particles  Round 2-739,347 Particles

v

Class 2 Class 3 Class 4 Class 5 Class 6
163,060 Particles 71,899 Particles 126,140 Particles 236,268 Particles 77,300 Particles 59,462 Particles

Round 2
Class 1 Class 2 Class 3 Clas's'.'4 Class 5
113,001 Particles 84,522 Particles 3,494 Particles 3,083 Particles 321,368 Particles
30S Focused 3D classification Dri Focused 3D classification
508 Subunits 70S Ribosomes
67,349 Particles 129,829 Particles
Homogeneous
Refinement
2.36 A Class 1 Class 2
| 137,605 Particles 183,467 Particles
50S Focused 30S Focused Homogeneous
Refinement Refinement Refinement
222 A 251 A 1.95 A

Fe

568 Dri

Focused Classification Focused Classification Focused Classification
47,406 Particles 72,157 Particles 24,442 Particles
2.55A 2.67 A 2.76 A

Figure S4.1. Cryo-EM processing workflow.
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Figure S4.2. Resolution of cryo-EM maps. a, Local resolution plotted on the 50S (left) or 70S consensus (right)
reconstructions. The 30S platform and 508 central protuberance (CP) are labelled. b, Half map (top) and map to model
(bottom) FSCs for cryo-EM maps and models in this study.
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Figure S4.3. Distribution of PTC sequences from GTDB archaea. Each node in the tree represents one of 167 orders,
and the corresponding sequence is the consensus sequence for species within the order, determined by taking the most
frequent nucleotide at each position. A subset of archaeal phyla are represented by the bar on the left of the tree and
other phyla are colored in grey. Grey nucleotides indicate that either no sequences were found, or the sequences
contained gaps in the PTC nucleotides. Nucleotides that differ from the archaeal consensus sequence are colored
according to nucleotide identity, and nucleotides that match the consensus are transparent. The number of nucleotides
that differ from the archaeal consensus sequence are shown on the right. Branches of the tree that are bolded
correspond to the tree in Fig. 2a (lower) and Extended Data Fig. 2b (upper).
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Figure S4.4. Distribution of PTC sequences from GTDB bacteria. Each node in the tree represents one of 1,863 orders,
and the corresponding sequence is the consensus sequence for species within the order, determined by taking the most
frequent nucleotide at each position. A subset of bacterial phyla are represented by the bar on the left of the tree and
other phyla are colored in grey. Grey nucleotides indicate that either no sequences were found, or the sequences
contained gaps in the PTC nucleotides. Nucleotides that differ from the bacterial consensus sequence are colored
according to nucleotide identity, and nucleotides that match the consensus are transparent. The number of nucleotides
that differ from the bacterial consensus sequence are shown on the right.
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Figure S5.5. Comparison of the PTCs in E. coli PDB:8EMM (top) and P. calidifontis (bottom). Water molecules and
potassium ions are shown as red and pink spheres respectively. Hydrogen bonds, shown with dashes, were calculated
in ChimeraX.
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Figure S4.6. Representative growth curve for P. calidifontis. Ribosomes used for structure determination were
isolated from cultures grown for 48 hours.
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Table S4.1. Protein sequences used in chapter 4

Name

Sequence

WT Dri

MLTREELEKLAEKRVPQFVRDVVEHPPFRVTVNTTLETLAAYLRKFPVDVVPVFKSVFSD
EVAGVVYPHTALLLKSKKLDAKVGEFLNQPLVVKESWRIENVAEMLISESKWGAVVVD
EEGKFVGVVSLRGLLSALLLREPKAKSVAAVYTSIDEKKPRVGFVKAIEKVSKIFHKLVG
GEVDGYVVLNREGGAAGILTVWNFLKSRRWFRGSGEPRAIFGTRVTRGESKPRGVARV
WRIMSRGVAVANPDTPITDVARYMATFGIYVVPVVDRNGKVIGAVTAWDVLHAYLYGP
KEGREDVEVKTAVEVPVSKPSMEAVIRLKPVKHVTGLRARDVMLSDVPMVNVRDPLSSI
RKAFLRSKSGILAVVDDSGKVVGFITRRDFMSYIAEKSLGYWRRQKGKLLVLREEALPGE
QAKLAVEEGTAGDLAKSEYPTVSESATLEEVAYKMLAAGTDYVVVIDSAGQPIGVVTKD
ELVKAYKERGRSVKVGELMTPADVAAVNPFSSLMSTTRKINAFELDGVVVVEGGNIMG
VVTVDDLALRPVEETLRGERVVYFTKSGVLRKATTGLSRLRYSKVGTLTALDVSRPVDH
VANVNADVKEVLDKLVEQGVVPVVDEQGRLVGVLNKMDIVKDLARVYVTYAMPEKLA
EVKQVEERAHHHHHH

Dri N-terminal
Lobe

MLTREELEKLAEKRVPQFVRDVVEHPPFRVTVNTTLETLAAYLRKFPVDVVPVFKSVFSD
EVAGVVYPHTALLLKSKKLDAKVGEFLNQPLVVKESWRIENVAEMLISESKWGAVVVD
EEGKFVGVVSLRGLLSALLLREPKAKSVAAVYTSIDEKKPRVGFVKAIEKVSKIFHKLVG
GEVDGYVVLNREGGAAGILTVWNFLKSRRWFRGSGEPRAIFGTRVTRGESKPRGVARV
WRIMSRGVAVANPDTPITDVARYMATFGIYVVPVVDRNGKVIGAVTAWDVLHAYLYGP
KEGREDVEVKTAVEVPHHHHHH

Dri C-terminal
Lobe

MGSSHHHHHHAVIRLKPVKHVTGLRARDVMLSDVPMVNVRDPLSSIRKAFLRSKSGILA
VVDDSGKVVGFITRRDFMSYIAEKSLGY WRRQKGKLLVLREEALPGEQAKLAVEEGTAG
DLAKSEYPTVSESATLEEVAYKMLAAGTDYVVVIDSAGQPIGVVTKDELVKAYKERGRS
VKVGELMTPADVAAVNPFSSLMSTTRKINAFELDGVVVVEGGNIMGVVTVDDLALRPVE
ETLRGERVVYFTKSGVLRKATTGLSRLRYSKVGTLTALDVSRPVDHVANVNADVKEVL
DKLVEQGVVPVVDEQGRLVGVLNKMDIVKDLARVYVTYAMPEKLAEVKQVEERA
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Table S4.2. Cryo-EM data collection and processing

Reconstruction 50S-Dri 70S-Consensus 70S-Dri
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron Exposure (e/A?) 40 40 40
Defocus Range (um) -0.5/-1.5 -0.5/-1.5 -0.5/-1.5
Pixel Size (A) 0.8293 0.8293 0.8293
Symmetry Imposed Cl Cl Cl
Initial Particle Images 2,360,632 2,360,632 2,360,632
Final Particle Images 183,467 129,829 72,157
Map Resolution (A) 1.95 2.36 (Global) 2.53 (Global)
FSC Threshold 0.143 0.143 0.143




Table S4.3. Model refinement statistics

Model 50S-Dri 70S-Consensus 70S-Dri
Model component

Model resolution (A) 2.07 2.52/2.90 (50S/30S) 2.64/2.98 (50S/30S)
FSC threshold 0.5 0.5 0.5
Map sharpening B factor (A?) 36.3 42.3/47.4 (50S/30S) 41.8/43.8 (50S/30S)
Model composition

Non-hydrogen atoms 114588 171375 172200
Mg?* ions 173 252 251
Waters 7994 7812 6387
Mean B Factors (A?)

RNA 49.06 66.88 66.12
Protein 56.83 70.87 72.98
Waters 48.77 60.66 61.99
Other 47.58 59.46 61.04
R.m:s. deviations from ideal values

Bond (A) 0.008 0.006 0.007
Angle (°) 0.891 0.898 0.907
Molprobity score 1.46 2.42 2.41
Clash Score 5.79 16.77 15.02
Rotamer outliers (%) 1.31 3.59 3.65
Ramachandran plot

Favored (%) 97.74 96.02 95.67
Allowed (%) 2.23 3.72 4.08
Outliers (%) 0.04 0.26 0.24
RNA validation

Angles outliers (%) 0.05 0.05 0.04
Sugar pucker outliers (%) 1.14 1.53 1.32
Average suiteness 0.62 0.568 0.575
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Table S4.4. DNA primers used in this study

Primer Name

Sequence

Description

PTC InFusion F

GGGCGCTGGAGAACTGAGG

Forward primer for
pLK35 linearization

PTC InFusion R

GGTACACTGCATCTTCACAGCGAGTTC

Reverse primer for
pLK35 linearization

ulL3 sgRNA ins F

cggtcagaaccagactccGTTTTAGAGCTAGAAATAGCAAG

Forward primer for
uL3 N20 sequence
insertion into the
pEcgRNA plasmid
with the InFusion kit

ulL3 sgRNA ins R

gtetggttetgaccgat ACTAGTATTATACCTAGGACTGAGC

Reverse primer for
uL3 N20 sequence
insertion into the
pEcgRNA plasmid
with the InFusion kit

ulL3 HDR seq F

GGTTAATCAGGTCATTGAGCGATTGAGAGG

Forward primer for
amplification of the
E. coli rplC gene

ulL3 HDR seq R

TTGACTGTGGTCCTGCGGACGAG

Reverse primer for
amplification of the
E. coli rplC gene

MS2 H98 quant F

CTTGCCCCGAGATGAGTTCTCCC

RT-PCR primer for
the E. coli ribosome
purity assay with H98
MS2 tags

MS2 H98 quant R

GTACCGGTTAGCTCAACGCATCGCT

Primer for
amplification of
cDNA in the E. coli
ribosome purity assay
with H98 MS2 tags

Pc Dri_quant F

TCTAAGGAAATTCCCCGTGGACG

Forward primer for P.
calidifontis Dri
mRNA detection in
RT-gPCR

Pc Dri_quant R

CTTGCTCTCGCTTATCAACATCTCG

Reverse primer for P.
calidifontis Dri
mRNA detection in
RT-gPCR

Pc ulL2 quant F

CATGAGCCAGGCCTCAATGC

Forward primer for P.
calidifontis ulL.2
mRNA detection in
RT-gPCR

Pc ulL2 quant R

AACCGCTTCTCAACGTTAAACAC

Reverse primer for P.
calidifontis ulL.2
mRNA detection in
RT-gPCR
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Table S4.5. sgRNA sequence used in chapter 4

Name Sequence
uL3I_\IA2%150 AUCGGUCAGAACCAGACUCC
ul3-AQ150 | AUCGGUCAGAACCAGACUCCGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAA
Full sgRNA | GGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC

Table S4.6. dsDNA blocks used in chapter 4

Name

Sequence

PTC 3M

AAGATGCAGTGTACCCGCGGCAAGACGGAAAGACCCCGTGAACCTTTACTATAGCTT
GACACTGAACATTGAGCCTTGATGTGTAGGATAGGTGGGAGGCTTTGAAGTGTGGAC
GCCAGTCTGCATGGAGCCGACCTTGAAATACCACCCTTTAATGTTTGATGTTCTAACG
TTGACCCGTAATCCGGGTTGCGGACAGTGTCTGGTGGGTAGTTTGACTGGGGCGGTC
TCCTCCTAAAGAGTAACGGAGGAGCACGAAGGTTGGCTAATCCTGGTCGGACATCA
GGAGGTTAGTGCAATGGCATAAGCCAGCTTGACTGCGAGCGTGACGGCGCGAGCAG
GTGCGAAAGCAGGTCATAGTGATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCAAC
GGATAAAAGGTACTCCGGGGATAACCGGCTGATACCGCCCAAGAGTTCATATCGAC
GGCGGTGTTTGGCACCCCGACGTCGGCTCATCACATCCTGGGGCTGAAGTAGGTCCC
AAGGGTATGGCTGTTCGCCATTTAAAGTGGTACGCGAGCTGGGTTTAGAACGTCGTG
AGACAGTTCGGTCCCTATCTGCCGTGGGCGCTGGAGAACT

uL3-AQ150
HDR Template

GTTACTCAGGTTAAAGACCTGGCTAACGATGGCTACCGTGCTATTCAGGTGACCACC
GGTGCTAAAAAAGCTAACCGTGTGACCAAGCCTGAAGCTGGCCACTTCGCTAAAGCT
GGCGTAGAAGCTGGCCGTGGTCTGTGGGAATTCCGCCTGGCTGAAGGCGAAGAGTTC
ACTGTAGGTCAGAGCATTAGCGTTGAACTGTTTGCTGACGTTAAAAAAGTTGACGTA
ACTGGCACCTCTAAAGGTAAAGGTTTCGCAGGTACCGTTAAGCGCTGGAACTTCCGT
ACCCAGGACGCTACTCACGGTAACTCCTTGTCTCACCGCGTTCCGGGTTCTATCGGTC
AGAACACTCCGGGCAAAGTGTTCAAAGGCAAGAAAATGGCAGGTCAGATGGGTAAC
GAACGTGTAACCGTTCAGAGCCTTGACGTAGTACGCGTTGACGCTGAGCGCAACCTG
CTGCTGGTTAAAGGTGCTGTCCCGGGTGCAACCGGTAGCGACCTGATCGTTAAACCA
GCTGTGAAGGCGTAAGGAGATAGCAATGGAATTAGTATTGAAAGACGCGCAGAGCG
CGCTGACTGTTTCCGAAACTACCTTCGGTCGTGATTTCAACGAAGCGCTGGTTCACCA
GGTTGTTGTTGCTTATGCAGCTGGTGCTCGTCAGGGTACTCGTGCTCAGAAGACTCGT
GCTGAAGTAACTGGTT

HiBit DNA
Template

GCGAATTAATACGACTCACTATAGGGTTAACTTTAACAAGGAGAAAAACATGGTGA
GCGGCTGGCGCCTGTTTAAAAAAATTAGCTAACTAGCATAACCCCTCTCTAAACGGA
GGGGTTIT
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Table S4.7. P. calidifontis large ribosomal subunit proteins identified by mass spectrometry

#Unique

Accession -10LgP Coverage (%) #Peptides Peptides Average Mass Description
A3MTTOJA3SMTTO_PYRCJ 359.93622 76.85 20 20 11174.706 Large ribosomal subunit protein P1
A3MX83|RL1_PYRCJ 243.00838 32.88 7 7 25074.805 Large ribosomal subunit protein uL1
A3MS41|RL2_PYRCJ 249.16068 22.95 7 7 26193.252 Large ribosomal subunit protein uL2
A3MWI4RL3 PYRCJ 375.15442 39.05 18 18 37181.547 Large ribosomal subunit protein uL3
A3ZMWIS|A3MWIS5_PYRCJ 384.69888 56.14 21 21 31547.998 Large ribosomal subunit protein uL4
A3MXPS|A3MXP8 PYRCJ 291.17993 38.76 9 9 20116.807 Large ribosomal subunit protein uL5
A3MWVS5|A3MWYVS5_PYRCJ 421.6866 81.12 28 28 21630.463 Large ribosomal subunit protein uL6
A3MTA9|RL7A_PYRCIJ 192.32135 28.86 4 4 15990.72 Large ribosomal subunit protein eL8
A3MX84|A3MX84 PYRCJ 369.66794 45.64 18 18 37480.96 Large ribosomal subunit protein uL10
A3MX82|A3MX82 PYRCJ 140.1296 18.07 3 3 18383.375 Large ribosomal subunit protein uL11
A3MXZ7|A3MXZ7 PYRCJ 419.68018 72.58 27 27 21694.902 Large ribosomal subunit protein uL13
A3MTPS|A3MTPS_PYRCJ 317.1464 48.41 12 12 17897.012 Large ribosomal subunit protein eL13
A3MX34|RL14 PYRCJ 373.60333 72.22 20 20 15742.426 Large ribosomal subunit protein uL14
A3MS76|RL14E PYRCJ 203.08841 30.1 4 4 11448.51 Large ribosomal subunit protein eL 14
A3MUZI1RL15 PYRCJ 303.03702 51.28 10 10 17487.32 Large ribosomal subunit protein uL15
A3MWR6|A3SMWR6 PYRCJ 252.2958 23.28 6 6 22574.615 50S ribosomal protein L15¢
A3MXP3RL10E PYRCJ 384.6988 53.37 22 22 19859.158 Large ribosomal subunit protein uL16
A3MSIJ3|RL18 PYRCJ 168.60799 11.71 3 3 23374.21 Large ribosomal subunit protein uL18
A3MXZ6|A3MXZ6 PYRCIJ 241.26091 40.16 5 5 13201.696 Large ribosomal subunit protein eL18
A3MSJ4|A3MSJ4 PYRCJ 345.15067 40.14 14 14 17373.215 Large ribosomal subunit protein eL19
A3MX77RLI8A _PYRCJ 313.1881 84.62 10 10 8913.517 Large ribosomal subunit protein eL20
A3MWX9RL21 PYRCJ 263.81876 46.46 6 6 11294.232 Large ribosomal subunit protein eL21
A3MTL6|RL22 PYRCJ] 314.46808 39.67 11 11 21268.16 Large ribosomal subunit protein uL22
A3ZMWI6|A3MWI6 PYRCIJ 162.22151 25.93 2 2 9290.063 Large ribosomal subunit protein uL23
A3MWZ8RL24 PYRCIJ 294.34494 42.97 9 9 14555.221 Large ribosomal subunit protein uL24
A3MTAS8|RL24E_PYRCJ 298.51492 64.52 9 9 7085.4673 Large ribosomal subunit protein eL.24
A3MTL2|ASMTL2_PYRCJ 324.05475 58.23 12 12 9136.798 Large ribosomal subunit protein uL29
A3MU87|RL30_PYRCJ 113.587166 12.85 2 2 20258.785 Large ribosomal subunit protein uL30
A3MXZ2|RL30E_PYRCJ 245.51628 63.37 6 6 10871.856 Large ribosomal subunit protein eL30
A3MX75|RL31_PYRCJ 286.8368 49.45 8 8 10643.573 Large ribosomal subunit protein eL31
A3MSJ5|A3MSJI5 PYRCIJ 321.42322 34.64 12 12 18131.469 Large ribosomal subunit protein eL32
A3MV68|RL34 PYRCJ] 251.49355 3333 5 5 9350.048 Large ribosomal subunit protein eL.34
A3MY38/A3MY38 PYRCJ 213.66008 48.08 4 4 6156.181 Large ribosomal subunit protein eL37
A3MTT1/ASMTT1_PYRCJ 317.47028 92.54 12 12 7939.423 LSU ribosomal protein L38E
A3MUU4|RL39 PYRCJ 145.79361 35.29 2 2 6012.228 Large ribosomal subunit protein eL39
A3MX99|RL40 PYRCJ 248.84946 64.15 8 8 6339.579 Large ribosomal subunit protein eL40
A3MUVI|A3MUVI_PYRCIJ 278.55612 67.47 8 8 9646.363 Large ribosomal subunit protein eL42
A3MUM7|A3MUM7_PYRCJ 403.29984 79.41 24 24 11362.385 Large ribosomal subunit protein eL43
A3MTM7|A3MTM7 PYRCJ | 28637665 39.67 8 8 20927.469 DJ-1/Pfpl d"m‘é‘:‘L‘:gg‘tai“ing protein
A3MWUOA3MWUO PYRCJ | 307.95416 49.46 11 1 10917.768 PaREP1 do‘“ag:;fg;ai“ing protein
A3MXS8/A3MX58 PYRCJ | 22353175 6.56 5 5 72024.73 Putative signal-transduction protein

with CBS domains (Dri)
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Table S4.8. P. calidifontis small ribosomal subunit proteins identified by mass spectrometry

(NCBL:WP_226952012.1) (aS35)

Accession -10LgP Coverage (%) #Peptides f,g;ll?;;: AK;;:S%E Description
A3MVEO|RS3A_PYRCJ 340.4799 65.32 21 21 24696.094 Small ribosomal subunit protein eS1
A3MSS50[RS2_PYRCIJ 434.48245 72.6 47 47 23798.812 Small ribosomal subunit protein uS2
A3MTL3|RS3_PYRCJ 412.854 73.61 37 36 24644.172 Small ribosomal subunit protein uS3
A3MUS9RS4 PYRCIJ 369.88324 65.41 23 23 18479.123 Small ribosomal subunit protein uS4
A3ZMWZT7RS4E_PYRCJ 352.1609 53.16 19 19 26732.367 Small ribosomal subunit protein eS4
A3MUB8BIRS5_PYRCJ 378.48062 66.34 25 25 22123.717 Small ribosomal subunit protein uS5
A3MUDO|RS6E_PYRCJ 291.49942 51.66 13 13 16221.998 Small ribosomal subunit protein eS6
A3MS29|A3MS29 PYRCJ 250.44583 26.01 7 7 25475.637 Small ribosomal subunit protein uS7
A3MSJ6|RS8 PYRCJ 296.6819 49.23 12 11 14817.512 Small ribosomal subunit protein uS8
A3MWY2RSS8E PYRCJ 251.13277 31.3 8 8 14415.8545 Small ribosomal subunit protein eS8
A3MXZB8|A3MXZ8 PYRCJ 183.2937 19.72 3 3 16117.1 Small ribosomal subunit protein uS9
A3MT22|RS10 PYRCJ 356.50195 62.26 20 20 12198.474 Small ribosomal subunit protein uS10
A3MX63|RS11_PYRCJ 263.05136 27.66 7 7 14963.25 Small ribosomal subunit protein uS11
A3MXZ4|RS12 PYRCJ 353.57635 80.95 22 22 16444.416 Small ribosomal subunit protein uS12
A3MUTO|RS13 PYRCJ 307.90744 62.09 15 15 16726.564 Small ribosomal subunit protein uS13
A3MSJ7|A3MSJ7_PYRCIJ 273.35706 53.7 9 9 6414.726 Small ribosomal subunit protein uS14
A3MVDI|RS15 PYRCJ 200.31052 27.81 7 7 17551.531 Small ribosomal subunit protein uS15
A3MTT7|A3SMTT7_PYRCJ 292.66876 45.58 10 10 16951.176 Small ribosomal subunit protein uS17
A3MS42|RS17E_PYRCJ 230.48767 57.75 6 6 8064.4707 Small ribosomal subunit protein eS17
A3MTT6|RS19 PYRCJ 241.82663 20.25 6 6 18147.479 Small ribosomal subunit protein uS19
A3MUU6|A3SMUU6 _PYRCJ 152.12274 17.09 2 2 17737.877 Small ribosomal subunit protein eS19
A3MSX4|A3MSX4 PYRCJ 261.62076 35.94 9 9 14820.318 Small ribosomal subunit protein eS24
A3MV37/A3MV37_PYRCJ 323.74094 68.18 17 17 12449.666 SSU ribosomal protein S25E
A3MV49|A3MV49 PYRCJ 323.6989 56 14 14 11546.789 SSU ribosomal protein S26E
A3MUV2|RS27_PYRCIJ 178.86865 38.81 5 5 7434.8574 Small ribosomal subunit protein eS27
A3MSW3|A3MSW3_PYRCJ 79.18172 16.67 1 1 6098.0933 SSU ribosomal protein S30E
A3MSXS5RS27A PYRCJ 239.32335 52.31 7 7 7573.985 Small ribosomal subunit protein eS31
Small zinc finger protein HVO-2753-like
A3MY11]A3MY11_PYRCJ 237.6753 63.08 8 8 6947.1035 zinc-binding pocket domain-containing
protein (aS21)
A3MXS8/A3MX58 PYRCJ | 307.99796 20.92 14 14 7202473 | Putative Sig“al'gzﬁjicsﬁ(‘;;‘i’;mei“ with CBS
WP 226952012.1 146.96658 33.82 2 2 7837.344 Hypothetical protein
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Table S4.9. Nucleotide numbering conversions

E. coli Numbering

P. calidifontis Numbering

2602

2058 2178
2059 2179
2060 2180
2061 2181
2062 2182
2447 2561
2448 2562
2449 2563
2450 2564
2451 2565
2452 2566
2453 2567
2500 2614
2501 2615
2502 2616
2503 2617
2504 2618
2505 2619
2506 2620
2552 2666
2553 2667
2554 2668
2555 2669
2556 2670
2584 2698
2585 2699
2586 2700

2716
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Table S4.10. M. acetivorans Dri homologs identified by mass spectrometry

. . #Unique Average .
- 0,
Accession 10LgP Coverage (%) #Peptides Peptides Mass Description
QSTH72/Q8TH72. METAC | 36.662453 463 1 ! 31237.389 Uncharacterized protein (Dri C-terminal
lobe homolog)
Q8TH73|Q8TH73 METAC | 57.211075 6.61 2 2 36574367 Uncharacterized protein (CBS-domain

containing protein)
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Chapter S: Broadly distributed factors work in tandem to mediate ribosome
hibernation in Archaea

5.1 Abstract

Ribosomes are molecular machines responsible for cellular protein synthesis. Under
nutrient limitation or stress, ribosome hibernation factors inactivate and protect ribosomes.
Ribosome hibernation plays an important role in microbes, but we lack a complete understanding
of this process in Archaea. To explore archaeal ribosome hibernation, we investigated putative
hibernation factors from the methanogenic archaeon Methanosarcina acetivorans. In M.
acetivorans, distant homologs of a previously identified hibernation factor, Dri, are in a gene
cluster with two other putative hibernation factors and we designated these proteins as SriA-SriD.
We found that Sri factors inhibit protein synthesis in vitro. Cryo-EM structures showed that SriA
and SriB simultaneously bind to the large ribosomal subunit, occluding the peptidyl transferase
center and nascent polypeptide exit tunnel. Additional structures showed that SriC and SriD bind
the small ribosomal subunit and form a protein-protein interface, occluding the mRNA-binding
channel. We further find that s7i genes frequently occur in gene clusters and are broadly distributed
across multiple archaeal phyla. Together, these findings establish Sri proteins as a distinct group
of hibernation factors that expand our understanding of ribosome hibernation in archaea.

5.2 Introduction

Ribosomes are molecular machines that translate mRNA into protein. Protein synthesis is
an energetically demanding process, consuming a large fraction of the cell’s energy. Under
conditions of stress or adverse environmental changes, ribosomes are inactivated through ribosome
hibernation.?* This process is mediated by protein factors, known as hibernation factors, which
inhibit translation by occluding functional sites on the ribosome or promoting ribosome
dimerization.’”*® In addition to suppressing protein synthesis, ribosome hibernation protects
ribosomes from damage by endogenous RNases during stress.* Thus, hibernation preserves an
intact pool of ribosomes that remain poised to resume translation once growth conditions become
favorable.

Multiple ribosome hibernation factors have been identified in bacteria and eukaryotes.
RMF, HPF, and RaiA (previously known as protein Y) are bacterial ribosome hibernation factors
that bind to the small ribosomal subunit (SSU) and block mRNA and tRNA binding sites.*!**> RMF
and HPF also promote the formation of inactive 1008 ribosome dimers.**~** An additional bacterial
ribosome hibernation factor, Balon, is unique in its ability to bind to actively translating
ribosomes.*® Similar to their bacterial counterparts, eukaryotic ribosome hibernation factors, such
as Stm1/Serbp14’, IFRD2%, Dapl1%°, and MDF2' occlude tRNA binding sites on the ribosome.
Ribosome dimerization has also been observed in eukaryotes, mediated by the microsporidian
hibernation factor MDF1.%° Overall, ribosome hibernation factors share the role of preserving
ribosomes under stress, yet they differ in their structure and modes of ribosome inactivation.

In Archaea, ribosome hibernation is less well understood. Archaea are widespread
prokaryotes that play integral roles in biogeochemical cycling.?*¢?*7 For example, the
methanogens, a polyphyletic group of Archaea, are responsible for the majority of global methane
emissions.?*® Studies of ribosome inactivation in archaea have mainly focused on factors that
dimerize ribosomal subunits. These include aRDF, which dimerizes 30S subunits in the genus
Pyrococcus®**2*, and MRDF, which dimerizes 50S subunits in Methanosarcina acetivorans.>*®
Previously, we uncovered an archaeal ribosome hibernation factor, Dri, that is composed of two
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ribosome binding lobes that target tRNA binding sites on both the large ribosomal subunit (LSU)
and the SSU.?* Dri is found predominantly in Thermoproteota. However, homologs of the two
Dri ribosome binding lobes are widely distributed in Archaea, encoded as separate genes.

Here, we investigate Dri homologs from the methanogenic archaeon Methanosarcina
acetivorans. In the M. acetivorans genome, Dri homologs occur in a gene cluster with two
additional previously undescribed archaeal ribosome hibernation factors. We designate these four
proteins as Single ribosomal subunit inhibitors (SriA-SriD). Sri proteins inhibit translation in
vitro. Cryo-EM structures of Sri proteins bound to the M. acetivorans ribosome show that they act
in tandem to inactivate ribosomes. Sri homologs are widespread across multiple archaeal phyla
and frequently occur in gene clusters. Overall, Sri proteins represent a group of hibernation factors
that expand our understanding of ribosome hibernation in Archaea.

5.3 Materials and methods
Methanosarcina acetivorans growth

M. acetivorans was cultured in high salt (HS) media with 50 mM trimethylamine; media
was either buffered with either 45SmM NaHCO3 and N»/CO; (80/20) in the headspace or 50mM
PIPES (pH 6.8) and N> in the headspace®®.

Recombinant expression of Sri proteins

E. coli Rosetta (DE3) cells were transformed with a pET-21(+) plasmid containing a Sri
protein sequence with a C-terminal His-tag (Table S5.1). Cultures of the transformants were
diluted 1:100 in 1 L of LB media with 100 pg/mL ampicillin and incubated at 37 °C. Once the
ODgoo reached 0.5, protein expression was induced using 0.5 mM Isopropyl B-D-1-
thiogalactopyranosie (IPTG) and the culture was incubated at 37 °C for an additional 2 hours. The
cells were then pelleted by centrifugation at 4,000 xg for 15 minutes and flash frozen. Cell pellets
were thawed and resuspended in Sri lysis buffer (30 mM HEPES-KOH pH 7.5, 500 mM KCI, 20
mM imidazole, and 2 mM DTT) with a Pierce protease inhibitor tablet (ThermoFisher) and lysed
by sonication. The lysate was clarified by centrifugation at 25,000 xg for 1 hour in an F14-14 x
50cy rotor (ThermoFisher) and then passed through a 0.2 um filter. A 5 mL His-trap column
(Cytiva) was equilibrated with 5 column volumes (CV) of Sri lysis buffer, and the lysate was then
loaded onto the column. The column was washed with 10 CV of Sri wash buffer (30 mM HEPES-
KOH pH 7.5, 2.5 M KCl, 20 mM imidazole) and the protein was eluted using a gradient from 0-
100% Sri elution buffer (30 mM HEPES-KOH pH 7.5, 500 mM KCIl, 20 mM imidazole) over 5
CV. Sri proteins were buffer exchanged into Sri buffer A (30 mM HEPES-KOH pH 7.5, 500 mM
KCL 2 mM DTT, 20% glycerol) using PD-10 desalting columns (Cytiva), flash frozen, and stored
at -80 °C.

M. acetivorans in vitro translation

A 1 L M. acetivorans culture was grown to mid-logarithmic phase (ODsoo of ~1) and cells
were harvested by centrifugation at 4,000 xg for 15 minutes. The cell pellet was resuspended in
2.5 mL of Ma lysis buffer (50 mM HEPES-KOH pH 7.0, 6 mM MgCl>, and 4 mM DTT) per gram
of wet cell pellet. 20 uL of RQ1 DNase (Promega) was added and the resuspension was incubated
at room temperature for 10 minutes. The sample was then homogenized using a 15G needle and
the lysate was clarified using two centrifugation steps at 20,000 xg for 20 minutes. The lysate was
flash frozen and stored at -80 °C.
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NanoLuc luciferase (NLuc) mRNA containing an optimized M. acetivorans SD
sequence?*! (Table S5.2) was in vitro transcribed using T7 RNA polymerase (NEB) and purified
using the RNA clean and concentrator kit (Zymo). 30 uL in vitro translation reactions were
assembled as follows: 15 pL M. acetivorans lysate, 2 mM ATP, 2 mM GTP, 2 mM spermidine,
100 uM amino acid mixture (Promega), 900 ng NLuc mRNA, 30 U murine RNase inhibitor
(NEB), and an additional 3 mM MgCl, (final concentration of 6 mM Mg?"). Either 3 pL of Sri
protein or Sri buffer A (control reactions) was added to in vitro translation reactions. Reactions
were incubated at 37 °C for 30 minutes and then for each reaction, 8§ uL. was placed in three wells
of a 384-well plate. 20 uL of LgBiT buffer (20 mM HEPES pH 7.5, 50 mM KCl, and 10% glycerol)
with a 1:50 dilution of NanoGlo substrate (Promega) was added to each well. The plate was
incubated for 10 minutes at room temperature and then luminescence was measured in a Spark
plate reader (Tecan).

Ribosome purification and preparation for cryo-EM

To isolate ribosome-Sri complexes for cryo-EM, 180 pL samples were prepared as follows:
90 uL M. acetivorans lysate was mixed with 2 mM ATP, 2 mM GTP, 2 mM spermidine, 1 uL of
RQ1 DNase (Promega), 180 U murine RNase inhibitor (NEB), and 3 mM MgCl, (final
concentration of 6 mM Mg?"). For data set one, 6 uM of SriA, SriB, SriC, and SriD were each
added to the sample. For data set two, 10 uM SriC and SriD were each added to the sample along
with 100 uM amino acid mixture (Promega). For data set three, 10 uM SriC and SriD and 100 uM
amino acid mixture (Promega) were added to the sample, but ATP and GTP were not added. The
samples were then incubated at 37 °C for 30 minutes. Ribosomes were purified using RAPPL.>*
After incubation, 220 uL RAPPL Buffer A (25 mM HEPES-KOH pH 7.5, 50 mM KCI, 10 mM
MgClz, 2 mM DTT) and 100 pL polylysine magnetic beads (MCLAB) were added to the sample,
and the mixture was rotated at room temperature for 20 minutes. The supernatant was then
removed from the beads, and the beads were washed three times with 250 uL. RAPPL buffer A
with a one minute incubation at room temperature in between each wash. To elute ribosomes, the
beads were incubated at room temperature for 10 minutes with 50 puL. RAPPL elution buffer
(RAPPL Buffer A with 2 mg/mL poly-L-glutamic acid (molecular weight 3-15 kDa, Sigma-
Aldrich). The elution step was repeated three times. Ribosomes were then concentrated in a 100
kDa molecular weight cut off spin filter (Millipore) and washed with RAPPL Buffer A to remove
the poly-L-glutamic acid. M. acetivorans ribosomes were quantified using the approximation 1
Az60=40 ug/mL‘

For plunge freezing, M. acetivorans ribosomes were diluted to 0.42 mg/mL with RAPPL
buffer A. Three-hundred mesh R1.2/1.3 UltrAuFoil grids with a layer of 2 nm amorphous carbon
(Quantifoil) were glow discharged in a Pelco easiGlow under a 0.37 mBar vacuum with 25 mA
current for 12 seconds. 4 pL of ribosomes was applied to the grid, incubated for three minutes at
room temperature, and plunge-frozen in liquid ethane using a Vitrobot Mark IV at 4 °C with 100%
humidity.

Cryo-EM data acquisition and image processing

Cryo-EM movies were collected with a 300 kV Titan Krios microscope with a BIO-energy
filter and Gatan K3 camera (Table S5.3). Data was collected with a super-resolution pixel size of
0.41 A (physical pixel size of 0.8293) over a defocus range of -0.5 to -1.5 um with a total electron
dose of 40 e/A? split over 40 frames. Data collection was automated with Serial-EM. !>
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Cryo-EM image processing was done in cryoSPARC 4% (Figure S5.1). Movies were
binned to the physical pixel size and patch motion corrected. The CTF of micrographs were
estimated using patch CTF estimation and micrographs with poor CTF fit were manually excluded
from further processing. Particles were picked using template picking with ribosome 2D templates
generated in cryoSPARC. Particles were extracted with a box size of 512 pixels and cropped to
1/8 of the full box size. 2D classification was performed with 100 classes and 2D classes containing
features consistent with ice or the foil edge were excluded. The particles were then subjected to
heterogeneous refinement with 12 classes and classes consistent with 70S ribosomes were selected
for further processing. 70S particles were re-extracted at the full box size and were aligned using
homogeneous refinement with the per-particle defocus optimization, per-group CTF parameter
optimization, and minimization over per-particle scale options selected. Local motion was then
corrected using reference-based motion correction in cryoSPARC and the particles were refined a
second time.

For dataset one, 70S particles containing SriA and SriB were classified using 3D
classification with a mask on SriA and 3 classes. The class with SriA and SriB density was then
refined.

For data set two, 70S particles were refined locally on the SSU, and particles containing
SriD were classified using 3D classification with a mask on SriD and 3 classes. The class with
SriD density was then subjected to a second round of 3D classification using a mask on SriD and
2 classes. The class with density for all SriD domains was then refined.

For data set three, 70S particles were classified based on SriD occupancy as described
above. SriD containing particles from data sets one and two were then combined and particles also
containing SriC were classified using 3D classification with a mask on SriC and 10 classes. SriD
containing particles from data set three were also classified on SriC occupancy. Particles from all
three datasets containing density for SriC and SriD were then combined and further classified using
3D classification with a mask on SriC and 3 classes. The class with the best density for SriC was
then further refined.

After refinement, we used the ‘Fit in Map’ tool in ChimeraX!®® to calibrate the
magnification of the cryo-EM map using the X-ray crystal structure of the Haloarcula marismortui
50S subunit?!®, resulting in a pixel size of 0.8264. Local resolution was calculated in Relion 47
using the Relion implementation. For figure presentation, cryo-EM maps were supersampled using
the ‘make a smoother copy’ function in COOT.!!?

Model building

Composite maps were generated for the 70S-Sri complexes. For the 70S-SriA-SriB and
70S-SriC-SriD complexes, we aligned the SSU-focused, SSU head-focused, and LSU-focused
refined maps to the global 70S ribosome map using the ‘Fit in Map’ tool in ChimeraX.!%® For the
70S-SriD complex, we aligned the SSU-focused, and LSU-focused refined maps to the global 70S
ribosome map. The focus refined maps were then resampled using ‘vop resample’, scaled
according to their standard deviations from the ‘Map statistics’ tool, and added using ‘vop add’.

Initial models were built using ModelAngelo!”® provided with sequences for M.
acetivorans TRNAs and rProteins. The linear Rfam?%? M. acetivorans 23S rRNA sequence was
used for modeling to maintain consistency with nucleotide numbering and because the circularized
H1 extension in M. acetivorans 23S rRNA?* is disordered in our cryo-EM maps. Unknown
proteins were built using ModelAngelo without provided sequences. Protein models were
inspected for completeness and manually built in regions where the model was incomplete. RNA
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models were manually inspected at each nucleotide for correct modeling and post-transcriptional
modifications. For the SriA-SriB and SriD bound ribosomes, there was strong density for the
acceptor stem of an E-site tRNA, which was modeled using the sequence from M. acetivorans
tRNAPhe, Magnesium ions were identified using the ‘unmodeled blobs’ tool in COOT!'? and
modeled manually. No attempt was made to systematically model potassium ions. The LSU and
SSU models were then refined in their individual focused refined maps using Phenix real-space
refinement.'” Manual adjustments were made to the models in COOT!!? and ISOLDE?** and the
resulting models were docked into the composite map. For the SriA-SriB and SriD bound
ribosomes, phenix.douse!?” was used to model solvent using the default settings in the individual
sharpened focused refined maps and the solvent models were docked into the composite maps.
The final models were validated in Phenix (Table S5.4).

Bioinformatic analysis

To determine the phylogenetic distribution of aS36, we used the homology search tool
HMMER 3.4%% to search the predicted proteomes of archaeal representative species in the Genome
Taxonomy Database (GTDB, version 226.0)>%. First, we built a profile HMM built from the M.
acetivorans aS36 sequence using the HMMER hmmbuild program and then used the HMMER
program hmmsearch to query all proteomes, taking all resulting hits with e-value <le-5 as
homologs of aS36. We aligned these sequences using mafft v7.525%% with default settings and
built another profile HMM to search again but no additional hits with e-value < 1e-5 were found.

To search for Dri homologs, we aligned the 92 Dri hits found in Nissley et al (2025)**
using mafft with default settings and built a profile HMM using the HMMER hmmbuild program.
After searching archaecal GTDB representative proteomes using the HMMER program
hmmsearch, hits with e-value < 1e-100 and protein length greater than 500aa were used as Dri
sequences for visualization on the Sri protein tree. These Dri homologs were aligned using mafft
and split into N- and C-lobes, respectively, based on positions 14-303 and 324-640 in the P.
calidifontis sequence.

To search for SriA, SriB, SriC, and SriD homologs, we built initial profile HMMs from the
M. acetivorans sequences. After an initial search of the archaeal GTDB representative proteomes,
we identified a subset of genomes where the best hits for the four models were arranged
sequentially as four adjacent genes (SriA-SriB-SriC-SriD). These SriA, SriB, SriC, and SriD
sequences were aligned separately using mafft and used to build another set of profile HMMs.
After an additional round of searches with the final models, all hits with e-value < 1e-35 and
protein lengths between 100aa and 500aa were pooled.

These protein sequences were used to construct a Sri homolog tree, also including the Dri
N- and C-lobe sequences. Sequences were aligned using mafft and columns with more than 99%
gaps were removed from the alignment. A phylogenetic tree was built using IQTREE v3.0.12%°
using LG model and default settings.

Upon building the tree, we identified a protein clade corresponding to a fusion of SriA and
a RaiA/HPF homolog, now known as Hib**¢. Since Hib homologs hit the SriA model weakly, we
separately searched for Hib homologs by building a profile HMM from sequences corresponding
to this subclade on the tree, searching all GTDB representative proteomes, and including all hits
with e-value <le-35 into the final version of the tree.

We defined subtrees corresponding to each of the Sri genes where sequences
predominantly hit the appropriate Sri model with the most significant e-value. All sequences
falling within each subtree were considered homologs of the respective Sri gene. These subtrees
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are colored in Figure S5.2. We further examined some Sri homologs for sequence features unique
to their mode of ribosome binding. For SriB, the length of the N-terminal extension was assessed
by aligning each homolog and the M. acetivorans SriB sequence to the SriB profile HMM using
the HMMER program hmmalign and assessing the length of the homolog’s sequence that aligns
to positions 27-56 in M. acetivorans SriB, the conserved region of the extension. For SriC, we
assessed the length and electrostatic charge of the ribosome binding loop by aligning each homolog
and the M. acetivorans SriC sequence to the SriC profile HMM and assessing the length and charge
of the homolog’s sequence that aligns to positions 191-225 in M. acetivorans SriC.

To subset Sri hits based on co-occurrence with Sri genes for conservation analysis of the
protein interfaces, we first selected the respective Sri gene with the most significant e-value if there
were multiple hits. For SriB, we only considered sequences with long N-terminal extensions
(>15aa aligning to the region specified above). Sequences were aligned using mafft and
conservation scores®*” were calculated in Jalview?*.

5.4 Results
Ribosome hibernation factors in M. acetivorans

To investigate ribosome hibernation in M. acetivorans, we examined homologs of the
previously identified archaeal hibernation factor Dri.?** While Dri is a fusion of two ribosome
binding lobes, in M. acetivorans the homologs of the two Dri lobes are encoded by separate genes
(MA4648 and MA4650). The Dri lobe and their homologs are composed of four tandem
cystathionine-f-synthase (CBS) domains. In M. acetivorans, an intervening gene between the two
Dri homologs (MA4649) and a subsequent gene (MA4651) also encode proteins that are composed
of four tandem CBS domains (Figure 5.1A-B). Based on their genomic proximity and domain
composition, we considered all four proteins as candidate ribosome hibernation factors. We
designated these proteins Single ribosomal subunit inhibitors (Sri) to differentiate them from Dri,
and labeled them SriA-SriD, according to their gene order.

Having identified candidate ribosome hibernation factors, we next evaluated their
expression patterns. During logarithmic growth, SriA and SriB mRNA levels were approximately
half those of ribosomal proteins (rProteins) uL2 and uS2 (Figure 5.1C).2* SriC and SriD had
transcript levels that were near those of rProteins. Additionally, SriC and SriD had similar
transcript levels, which suggests that the s7iC and sriD genes are either co-transcribed, or their
transcription is co-regulated. Altogether, this data showed that Sri proteins are likely expressed at
levels similar to ribosomes, even during active growth. We also examined how Sri and rProtein
mRNA levels change in cells with reduced levels of the critical enzyme methyl-coenzyme M
reductase (MCR), which impairs M. acetivorans growth.?* Under MCR limitation (linear growth),
rProtein transcripts were downregulated relative to those in exponentially growing cells (WT),
whereas SriA, SriC, and SriD transcripts were upregulated (Figure 5.1D). As the expression of
MCR is increased in these cells, SriA, SriC, and SriD are no longer upregulated and rProteins are
no longer downregulated (Figure S5.3A-D).

To assess the effect of Sri proteins on translation, we optimized an M. acetivorans lysate-
based in vitro translation system and used it to test whether Sri proteins inhibit protein synthesis.
In the absence of Sri proteins, we observed robust luminescence from the NLuc reporter (Figure
5.1E). We recombinantly expressed and purified all four Sri proteins (Figure S5.3E) and the
addition of SriA, SriB, SriC, or SriD to the in vitro translation assay decreased luciferase
translation. SriD was the most potent inhibitor of the four proteins and its addition to the assay
resulted in a 74% reduction in translation. These results indicate that Sri proteins act as translation
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inhibitors, consistent with their proposed role in occluding ribosome functional sites during
hibernation.
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Figure 5.1. Identification of ribosome hibernation factors in M. acetivorans. (A) Gene organization of sri genes in M.
acetivorans. (B) Domain architecture of Sri proteins, which all consist of four cystathionine-B-synthase (CBS)
domains. (C) mRNA expression levels for Sri and ribosomal proteins from exponential-phase M. acetivorans cultures.
(D) Differential mRNA expression (significance and fold change) in MCR-limited (linear growth) and WT
(exponential growth) M. acetivorans cultures. (E) M. acetivorans in vitro NLuc luciferase translation assay. Sri
proteins were added at a final concentration of 6 pM. For the buffer control, 3 uL of Sri buffer A was added to match
the buffer of the reactions with added Sri proteins.

Srid and SriB bind to the large ribosomal subunit

To understand how Sri proteins mediate ribosome hibernation, we reconstituted Sri-
ribosomes complexes and determined their structures by cryo-EM. In the structures of the M.
acetivorans 70S ribosome, we modeled all three rRNAs, 54 annotated rProteins, and a homolog
of a previously identified archaea-specific rProtein, aS212!" (Figure S5.4A). We also identified
density corresponding to a previously undescribed rProtein in the SSU, which we designated aS36.
On the SSU, aS36 occupies a position analogous to rProtein eS30, which is found in eukaryotes
and some archaea, suggesting that it has a similar structural role (Figure S5.4B-C). aS36 homologs
are broadly distributed in the archaeal phylum Halobacteriota, including in the class II
methanogens (Figure S5.4D). These homologs consist of a single domain of unknown function,
Pfam DUF5350. In addition, our high-resolution cryo-EM maps revealed magnesium and zinc
binding sites and putative ribosomal RNA (rRNA) methylation sites in the M. acetivorans
ribosome (Figure S5.5).
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Figure 5.2. SriA and SriB in complex with the M. acetivorans ribosome. (A) Cryo-EM density of SriA and SriB
bound to the LSU of the 70S ribosome viewed from the subunit interface. (B) Molecular surface (left) and ribbon
(right) representations of the SriA-SriB interface and interactions with the 23S rRNA. (C) Overlay of SriA and SriB
with the A- and P-site tRNAs and the SecM peptide from PDB:8QOA>°. (D) PTC nucleotides involved in the tRNA-
induced fit shown with tRNA bound to the E. coli ribosome (grey, PDB:8EMM)!% or with SriB (red) bound to the M.
acetivorans LSU (tan). (E) Interaction of SriB with NPET rProteins uL4 and ulL.22. An additional nine disordered
amino acids, not resolved in the structure, extend further the NPET.

In the initial reconstitution, we added all four Sri proteins to M. acetivorans lysate and
purified ribosomes by RNA affinity purification using poly-lysine (RAPPL).2*> After focused
classification, we determined a 2.0 A structure of the 70S ribosome (Figure S5.6) with densities
in the LSU that correspond to SriA and SriB (Figure 5.2A). While we resolved the entire SriA
protein, only a portion of the SriB N-terminal extension, residues 10-56, were resolved in the cryo-
EM reconstruction (Figure S5.7A). The SriB N-terminal extension is predicted by AlphaFold!®
to be disordered. On the LSU, SriA and the SriB N-terminal extension form an interface mediated
by the 23S rRNA (Figure 5.2B). The SriA-SriB interface consists of hydrogen-bonding networks
involving ordered water molecules and the two proteins form a wedge around the conserved
peptidyl transferase center (PTC) nucleotide A2617 (2602 in E. coli, Table S5.5). SriA occupies

105



the A- and P-site tRNA binding sites**°, and the SriB N-terminal extension interacts with SriA in
the A site and extends into the PTC (Figure 5.2C). Overall, the SriA-SriB complex binds in a
position similar to the Dri N-terminal lobe, which is homologous to SriA (Figure S5.7B). In the
SriA-SriB-ribosome complex, we also observed strong density for the acceptor stem of an E-site
tRNA, indicating that SriA binding is compatible with E-site tRNA occupancy (Figure S5.8A).
Additionally, SriA interacts with a loop in uL16 involved in P-site tRNA binding (Figure
SS.SB).225’226

In addition to its interaction with SriA, SriB extends into the PTC and the nascent
polypeptide exit tunnel (NPET). In the PTC, SriB induces a conformational rearrangement that is
reminiscent of, but distinct from, the active state adopted upon tRNA binding (Figure 5.2D).!06-224
The SriB N-terminus also extends past the PTC and interacts with NPET rProteins uL4 and ulL.22
(Figure 5.2E). In addition, nine N-terminal amino acids of SriB are unresolved in the cryo-EM
map but are oriented further down the NPET. Interestingly, the path of SriB down the NPET differs
from those of nascent polypeptides and other hibernation factors that target the NPET (Figure
S5.8C).

SriC and SriD bind to the small ribosomal subunit

In the next reconstitution, we added SriC and SriD to M. acetivorans lysate and purified
ribosomes. After focused classification, we determined a 2.1 A structure of the 70S ribosome
(Figure S5.6) with density in the SSU corresponding to SriD (Figure 5.3A). SriD occupies the A
site of the SSU, where it occludes the mRNA-binding channel (Figure 5.3B). SriD contains two
loops that engage the mRNA decoding center (DC) and interact with conserved 16S rRNA bases
involved in the induced-fit mechanism of mMRNA decoding (Figure 5.3C).2°! The presence of SriD
also disrupts inter-subunit bridge B2a, formed between helices H69 of the 23S rRNA and h44 of
the 16S rRNA. Upon SriD binding, the apical stem and loop of H69, which normally interact with
h44, become disordered (Figure S5.9A). In contrast, SriA binds to the opposite face of H69 in a
conformation compatible with bridge B2a formation (Figure S5.9B). Overlay of the SriA and SriD
binding sites revealed partial overlap, and the two proteins bind to ribosomes that have distinct
SSU rotational states (Figure S5.9C-D). Together, these differences, and the absence of SriA and
SriD co-occupancy in our cryo-EM datasets, suggest that SriA and SriD cannot bind to the
ribosome simultaneously.

In our cryo-EM datasets, SriC was detected only in a small portion of particles that also
contained SriD. To obtain a structure of SriC bound to the ribosome, we combined particles from
the first two datasets and a third dataset (methods) and determined a 2.9 A structure of the 70S
ribosome (Figure S5.6) with density in the SSU corresponding to SriC and SriD (Figure 5.3D).
Relative to the Dri C-terminal lobe, the SriC ribosome-binding loop is distinct, forming a B-hairpin
extension that engages uS11 (Figure 5.3E and S5.10A). The SriC extension also interacts with
the 16S rRNA 3'-end, including part of the Shine-Dalgarno (SD) sequence (Figure 5.3F). This
interaction sequesters the 16S rRNA 3'-end in a conformation incompatible with SD-anti SD
duplex formation (Figure 5.3G). In the cryo-EM structure, we observed SriC and SriD binding to
the SSU simultaneously. SriC lacks the A-site loop found in the Dri C-terminal lobe, which is
homologous to SriC, and it is replaced with a protein face that interacts with SriD (Figure S5.10A).
On the SSU, SriC and SriD form an extensive protein-protein interface (Figure 5.3H). In addition,
SriC and SriD interact with the C-terminal tails of uS13 and uS19 (Figure S5.10B-D). The uS19
C-terminal tail lies beneath the SriC-SriD interface, where it contacts interface residues (Figure
5.3H).
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Figure 5.3. SriC and SriD in complex with the M. acetivorans ribosome. (A) Cryo-EM density of SriD bound to the
SSU of the 70S ribosome viewed from the subunit interface. (B) Overlay of mRNA bound to the E. coli ribosome
(PDB:8EMM)!% with SriD bound to the M. acetivorans ribosome. (C) Interactions between SriD and the mRNA
decoding center. (D) Cryo-EM density of SriC and SriD bound to the SSU of the 70S ribosome viewed from the
subunit interface. (E) SriC binding in the P- and E-sites of SSU with extension that interacts with uS11. (F) Interaction
between the SriC extension and the 16S rRNA 3’-end. The sequence of the M. acetivorans 16S rRNA 3'-end is shown
below with the Shine-Dalgarno sequence highlighted in bold. (G) Conformation of the 16S rRNA 3'-end in the
presence (grey) or absence (orange) of SriC. The direction of anti-SD (aSD)-SD duplex formation is indicated. (H)
Molecular surface (left) and ribbon (right) representations of the SriC-SriD interface and interactions with uS19 and
the 16S rRNA.
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Sri gene clusters are broadly distributed in Archaea

To determine the phylogenetic distribution of Sri factors, we searched the genomes of all
archaeal species in the Genome Taxonomy Database (GTDB) for Sri homologs using sequence
homology. Because all four s genes are homologous to each other through their shared CBS-
domain composition, we assigned homologs of specific s7i genes by constructing a phylogenetic
tree of all Sri homologs and defining subtrees corresponding to each of the four Sri factors (Figure
S5.2). We identified several small, but divergent Sri clades, potentially indicating divergence in
function. A subgroup of SriB homologs present across multiple archaeal lineages have lost the N-
terminal extension that binds the ribosome, suggesting an alternative function (referred to as SriB-
short in Figure 5.4A). We also identified a diversification of SriC homologs predominantly in the
order Nitrososphaerales, many of which have a shorter and less positively charged SSU-binding
loop (referred to as SriC-short in Figure 5.4A). We do not consider these exceptions functional
homologs in the subsequent analysis, despite their evolutionary relationship. Additionally, we
found a widely distributed family of SriA homologs fused with a domain homologous to the
bacterial hibernation factors HPF and RaiA. During the preparation of this report, these proteins
were shown to function as ribosome hibernation factors and were named Hib.>*® The occurrence
of hib and sri genes in archaeal genomes are strongly anti-correlated (Figure 5.4A).

Sri homologs occur in 15 archaeal phyla and frequently occur together in a gene cluster
(Figure 5.4A). Many archaeal genomes encode SriA-D in genomic order, although some archaea
encode a subset of the four Sri proteins. Additionally, several clades of archaea encode a
standalone s7iD gene, suggesting that SriD may be sufficient to mediate hibernation in these
organisms. Standalone s7iD genes occur predominantly in the phylum Asgardarchaeota, the closest
archaeal relatives of eukaryotes. With the exception of standalone sriD genes, most other sri genes
co-occur with their binding partner (SriA-SriB and SriC-SriD) in archaeal genomes. To evaluate
whether Sri homologs cooperatively bind to ribosomes across archaea, we examined the
conservation of residues?#’->*® involved in Sri-Sri protein contacts on the M. acetivorans ribosome.
In organisms that encode both SriA and SriB or SriC and SriD, residues at the protein-protein
interfaces are conserved (Figure 5.4B-C). Conversely, in organisms that encode standalone sri
genes, the residues at the Sri-Sri interfaces are markedly less conserved (Figure S5.11).

5.5 Discussion

Here, we demonstrated that Sri proteins mediate ribosome hibernation in M. acetivorans.
Dri homologs, SriA and SriC, bind to the ribosome in similar locations to Dri and the discovery of
additional factors SriB and SriD revealed that Sri proteins work in tandem to inactivate the
ribosome. Sri proteins are distinct from other hibernation factors because they form protein-protein
interfaces with each other upon binding the ribosome. The coordinated binding of multiple
hibernation factors to the ribosome may enhance binding cooperativity or could introduce
additional layers of regulation. This mode of binding is reminiscent of some hibernation factors
and translation elongation factors that simultaneously bind to ribosomes,*6:48:49.239.252-255 Qi A -SriB
and SriC-SriD complexes cannot bind the ribosome simultaneously because the SriA and SriD
binding sites overlap. This suggests that the two sets of proteins target different ribosomes in the
cell.
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Figure 5.4. Distribution and conservation of Sri homologs in archaea. (A) Distribution of Sri homologs in GTDB
archaea at the order level. Archaeal phyla are indicated on the GTDB tree (left) and Sri homologs are shaded according
to their occurrence in each archaeal order. SriB homologs that lack an N-terminal extension and divergent SriC

109



homologs are shown in the SriB-short and SriC-short columns, respectively. The right panel depicts the most common
gene organization involving s7i genes in the indicated groups of archaeca. Phylum abbreviations: 1-Korarchaeota, 2-
Methanobacteriota, 3-Hydrothermarchaeota, *-JACRDVO01, 4-Methanobacteriota B, 5-Hadarchaeota, 6-
Aenigmatarchaeota, 7-Undinarchaeota, 8-Micrarchaeota, 9-lainarchaeota, 10-B1Sed10-29, 11-Altiarchaeota. (B)
SriA-SriB interface residues are colored based on conservation scores from homologs in organisms that encode both
proteins. 23S rRNA bases that mediate SriA-SriB interactions are shown in grey. (C) SriC-SriD interface residues are
colored based on conservation scores from homologs in organisms that encode both proteins.

Sri proteins protect the SSU from degradation in stationary phase. Depletion of the SSU in
AsriABCD cells during stationary phase leads to an increase in the lag phase upon growth
resumption. Therefore, Sri proteins likely help archaea that inhabit nutrient-limited environments
recover from dormancy. While ribosome degradation in archaea is not well understood, 3'-5" RNA
degradation is likely mediated by the exosome, though some species in Halobacteriota also encode
an RNaseR homolog.?*¢ Our cryo-EM structures show that SriC sequesters the 16S rRNA 3'-end
and could protect it from exonucleases. M. acetivorans 23S rRNA is circularized in the mature
LSU?®, protecting it from exonucleases. This could explain why the LSU is more stable than the
SSU in the absence of Sri proteins during stationary phase.

We showed that Sri proteins are expressed during active growth, suggesting that they do
not bind to actively translating ribosomes, but bind to ribosomes upon translational arrest.
Additional proteins or small molecules could regulate Sri binding to ribosomes. CBS-domains
often function as metabolite sensors that bind to adenosine nucleotides,?’ and it remains unknown
if nucleotides regulate Sri protein function. Additionally, a purine biosynthesis enzyme, PurH, and
translation elongation factor 2, aEBF2, dimerize 50S subunits in M. acetivorans.?*° It is unclear how
50S-dimerization or Sri-mediated 70S hibernation are coordinated, or if these pathways can
cooperate to mediate ribosome hibernation.

Sri homologs are found across multiple archaeal phyla and represent a broadly distributed
set of factors. While many clades of archaea encode all four Sri proteins, others encode only a
subset, suggesting that different combinations or standalone Sri proteins can mediate ribosome
hibernation in these organisms. Curiously, the occurrence of Sri and Hib (SriA-RaiA/HPF
fusion)?*¢ genes in archaeal genomes are strongly anti-correlated, implying that these hibernation
systems are either redundant or incompatible. Nearly all archaea encode either Sri, Dri, or Hib
genes, and these protein families provide insight into ribosome hibernation across archaea. Our
work establishes Sri proteins as a widespread set of hibernation factors and enables further
investigation of ribosome hibernation in archaea.
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Figure S5.1. Cryo-EM processing workflow. Blue arrows show the processing path to combine SriD containing-
particle from the three datasets for SriC classifications and reconstructions.
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Figure S5.2. Phylogenetic tree of all Sri proteins and related homologs, including Hib and Dri (split into N- and C-
terminal lobes), mined from proteomes of GTDB representative species. Subclades corresponding to SriA, SriB, SriC,
SriD, and Hib were defined as regions of the tree that consistently hit the respective homology model best. SriC-short
represents a diversification of SriC proteins predominantly in Nitrososphaerales that have a shorter and less positively
charged loop that likely function in a different manner than canonical SriC. Clades colored black do not consistently
hit one of the homolog models best and may represent related CBS domain-containing proteins.
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Figure S5.3. Differential expression of Sri proteins under MCR limitation and Sri protein purification. (A-D)
Differential mRNA expression (significance and fold change) in DDNO032 (tetracycline inducible MCR expression)
and WWMO60 (WT) M. acetivorans cultures. MCR expression was varied across panels A-D with increasing
concentrations of tetracycline (concentrations are in the titles). (E) Recombinantly expressed and purified Sri proteins

resolved on a 4-12% polyacrylamide gel stained with Coomassie brilliant blue.
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Figure S5.4. rProteins in the M. acetivorans ribosome. (A) rProteins are labeled on the model of the M. acetivorans
70S ribosome. The aS36 label is bolded and its previous annotation, including the accession code, is shown in the
middle box. (B) aS36 is in proximity to uS4 and uS12 and interacts with 16S rRNA helix h16. (C) Overlay of the
SSUs from M. acetivorans (grey) and P. calidifontis (blue, PDB:9E712%%) showing the locations of aS36 and €S30,
respectively. (D) Distribution of aS36 across the archaeal phylum Halobacteriota. Closed and open circles represent
clades where aS36 homologs were or were not identified, respectively.
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m°A1438 m®$A1456 m%5A1457
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Figure S5.5. Metal binding sites and post-transcriptional and post-translational modifications in the M. acetivorans
ribosome. (A) Zinc binding sites in LSU rProtein eL.37 and SSU rProtein uS5 with cryo-EM density. (B-C) Cryo-EM
density for post-transcriptional in the LSU (B) and SSU (C). (D) Cryo-EM density for isoaspartate residue 116 in
uS11.
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Figure S5.6. Resolution of cryo-EM maps. (A) Local resolution plotted on the LSU (left) or SSU (middle and right)
focused refinement maps. The LSU central protuberance (CP) is labelled. (B) Half map (top) and map to model
(bottom) FSCs for cryo-EM maps and models in this study.
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Figure S5.7. Structural features of SriA and SriB. (A) AlphaFold? prediction of SriB colored by (left) confidence
score or (right) regions that are ordered (red) or disordered (grey) in the cryo-EM structure of SriB bound to the M.
acetivorans ribosome. (B) Comparison of the Dri N-terminal lobe (left) with the SriA-SriB complex (middle). (right)
Alignment of the M. acetivorans LSU in complex with SriA and SriB to the P. calidifontis LSU in complex with Dri
(PDB:9E6Q**), highlighting the overlap in Sri and Dri binding sites.
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Figure S5.8. SriA and SriB interactions with the LSU. (A) SriA binding is compatible with the presence of E-site
tRNA. (B) Model and cryo-EM density of ul.16 in the 70S-SriA-SriB complex (top) compared with the 70S ribosome
lacking SirA and SriB (bottom). In the absence of SriA and SriB, a loop of rProtein uL16 is disordered. (C)
Comparison of the SriB N-terminus with a stalled nascent polypeptide chain*** and hibernation factors MDF2!® and
Dapl1%, which target the exit tunnel. The SecM peptide is overlaid in grey on the hibernation factors to highlight
differences in their paths through the PTC and exit tunnel.
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Figure S5.9. Differences in SriA and SriD binding to the ribosome. (A-B) Conformations of LSU helix H69 and SSU
helix h44 in the presence of (A) SriD or (B) SriA. Bridge B2a is maintained during SriA binding but is absent in the
presence of SriD. (C) Overlay of SriA and SriD binding sites on the ribosome. Simultaneous binding of SriA and SriD
would result in a steric clash between the two proteins. (D) M. acetivorans ribosomes bound to SriA (blue) and SriD
(green) aligned to their 23S rRNA (grey) to highlight differences in the rotational state of the SSU. (E) AlphaFold
prediction of SriD colored by confidence score. The SriD N-terminal extension is not resolved in the cryo-EM
structure of SriD bound to the M. acetivorans ribosome.
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Figure S5.10. SriC and SriD interactions with the SSU. (A) Comparison of (left) the Dri C-terminal lobe
(PDB:9E7F?*¥%) and (middle) SriC. (right) Alignment of the Dri C-terminal lobe with SriC. (B) Interactions of SriC
and SriD with the C-terminal tails of uS13 and uS19. (C) Conformation of the uS19 C-terminal tail in the presence of
SriD (grey) or of both SriC and SriD (yellow). (D) Interaction between SriC and the uS13 C-terminal tail.
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Figure S5.11. Conservation of Sri-Sri interface residues. (A) SriA-SriB interface residues are colored based on
conservation scores from homologs in organisms that encode both proteins (left) or in organisms that have standalone
srid or sriB genes (right). (B) SriC-SriD interface residues are colored based on conservation scores from homologs
in organisms that encode both proteins (left) or in organisms that have standalone s#iC or sriD genes (right).
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Table S5.1. Protein sequences used for recombinant expression in chapter 5

Name

Sequence

SriA

MNVSEIMSEGPVSIKERDFVTHARQLMRDYLFRSLVVVDEGNRLVGMLNDQDIMRV
TSTRSNVTVGGYARPSPTVTPDMDVVKAAKLMVQSKQNRVPVVKSTTDHTVVGVLS
DVDILRNAELPRSASKTIDMVMTKKVKTCSPDERISKVWNYMTETDYTGIPVVSKKG
DPIGMITRRDIKAGILRMSIEDERAARPNESPKVEKIMSTPAYTLSENDSVKSAIEMIIQ
HDIGRVTIVNEQGKISGIADRQDLMNAFVNGWSEHHHHHH

SriB

MILLNKNTTFVPVEKMNVQPQVNKSGKKAQQKDPHSVSSMGTMRIGPSFKSRIAEHE
GKILALATRDVVTLPPTAAIMEAVRIMTERRFRRIPITDAGTGRLEGVVTSVDIIDFLGG
GSRNLLVENRFKGNLLAAINEEVRQIMQTDVAYLNDQADFKDAVTTMLERRTGGLPI
VNDEMQVIAIFTERNAVELMGGIVINKTVDEYMTKNVTMVTTDTPIGQAAKVMVQN
RFRRLPVVKDGIFAGIVTASDIVHFLGRGDAFSKLTTGNIHEALDQPVGSIVSQELIWT
SPGTDMGKAMEIMLEKKIGSLPVLEDGMLRGIITESDFLRGFDLHHHHHH

SriC

MNVADIMSSPVYAINIDEPVSRARKLMLRHRISTLLVLNEGKMVGIVTKSDISNRLAQ

AEPLWRRRPIDQIPIKLLMTESVITIYPEASISQAAALMLENGVHDIPVVKNDIVGIVTR

TDIVRYVAEHADEIDTKISTLMTDDIVSVHRHHTINHVIEEMNKNEIERVIVKDDAGKP
VGVISKRNLALNLLTDNEGKLSTKSIKMARKSSPGGQKTYRYVKEVPLTAEDIMITPII

SIDVNEKISIAAKKLIEEEITALPVSDGEEIVGILSRTDIMKSVLHHHHHH

SriD

MQRIETKTLDTHEVKCMQVKDIMVQPHKIDKSDTISHALDLMEKKDTKRLLVVHDN
QVLGVLTMRGLTEQLGTRRKQSKPASSLHVATAVSDNFVKVLPDTDVKDALTLMKK
KGGVIIVIDNGNAMGWVTPQELMKVNHFTGFAGEVMEKNPIIVSPSDRVSHARRLIL
DKNVGRLPVIENGKLVGIIAEDDIAFAMRSFRDLVADNQQDSRIKNLLVGDIMTRSVV
NVYTNTPLSDTVDTMLEYDVGGVPVLNLEEELVGFLARRNIINTIEEHHHHHH

Table S5.2. NLuc in vitro translation reporter mRNA sequence
The SD sequence is bolded; The start codon is underlined

Name

Sequence

NLuc mRNA

GGUCCCAAAGUGAUUUAAUAAAUUAAAGGAGGAAAUUAAAAUGGUCUUCACA
CUCGAAGAUUUCGUUGGGGACUGGCGACAGACAGCCGGCUACAACCUGGACCA
AGUCCUUGAACAGGGAGGUGUGUCCAGUUUGUUUCAGAAUCUCGGGGUGUCCG
UAACUCCGAUCCAAAGGAUUGUCCUGAGCGGUGAAAAUGGGCUGAAGAUCGAC
AUCCAUGUCAUCAUCCCGUAUGAAGGUCUGAGCGGCGACCAAAUGGGCCAGAU
CGAAAAAAUUUUUAAGGUGGUGUACCCUGUGGAUGAUCAUCACUUUAAGGUGA
UCCUGCACUAUGGCACACUGGUAAUCGACGGGGUUACGCCGAACAUGAUCGAC
UAUUUCGGACGGCCGUAUGAAGGCAUCGCCGUGUUCGACGGCAAAAAGAUCAC
UGUAACAGGGACCCUGUGGAACGGCAACAAAAUUAUCGACGAGCGCCUGAUCA
ACCCCGACGGCUCCCUGCUGUUCCGAGUAACCAUCAACGGAGUGACCGGCUGGC
GGCUGUGCGAACGCAUUCUGGCGUAAGGAUCCGGAGAGCUCCCAACGCGUUGG
AUGCAUAGCUUGAGUAUUC
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Table S5.3. Cryo-EM data collection and processing

Reconstruction 70S-SriA-SriB 70S-SriD 70S-SriC-SriD
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron Exposure (e/A?) 40 40 40
Defocus Range (um) -0.5/-1.5 -0.5/-1.5 -0.5/-1.5
Pixel Size (A) 0.8264 0.8264 0.8264
Symmetry Imposed Cl Cl Cl
Initial Particle Images 2,488,798 2,090,390 6,830,880
Final Particle Images 95,430 68,687 5,477
Map Resolution (A) 2.03 2.06 2.89
FSC Threshold 0.143 0.143 0.143
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Table S5.4. Model refinement statistics

Model 70S-SriA-SriB 70S-SriD 70S-SriC-SriD
Model component

Model resolution (A) 2.11/2.90 (50S/30S) 2.07/2.48 (50S/30S) 2.89/3.06 (50S/30S)
FSC threshold 0.5 0.5 0.5

Map sharpening B factor
(A%

35.5/48.6 (50S/30S)

30.7/48.3 (50S/30S)

25.1/27.9 (50S/30S)

Model composition

Non-hydrogen atoms 157707 159420 150653
Mg?* ions 305 314 314
Waters 8740 10476 0
Mean B Factors (A?)

RNA 51.58 49.86 44.19
Protein 62.40 60.01 51.45
Waters 50.41 48.73 -
Other 58.21 56.95 33.33
R.m:s. deviations from ideal

values

Bond (A) 0.005 0.005 0.006
Angle (°) 0.655 0.669 0.715
Molprobity score 1.86 1.89 2.25
Clash Score 7.91 7.50 8.64
Rotamer outliers (%) 2.59 2.82 4.87
Ramachandran plot

Favored (%) 97.39 97.28 96.10
Allowed (%) 2.50 2.68 3.82
Outliers (%) 0.11 0.04 0.08
RNA validation

Angles outliers (%) 0.01 0.01 0.01
Sugar pucker outliers (%) 0.9 0.7 0.7
Average suiteness 0.634 0.633 0.596
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Table S5.5. Nucleotide numbering conversions

E. coli M. acetivorans E. coli M. acetivorans
23S numbering 23S numbering 16S numbering 16S numbering
1942 1967 470 530
1944 1969 1492 1430
2506 2521 1493 1431
2507 2522 1494 1432
2583 2598 1495 1433
2584 2599 1496 1434
2585 2600 1534 1472
2586 2601 1535 1473
2602 2617
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Chapter 6: Conclusion and outlook

Ribosomes are essential macromolecular machines that have been adapted to function
across diverse environments. In Chapters 2 and 3 we demonstrated that changes to rRNA sequence
leads to the stabilization of ribosomes at high temperature, which is likely important for the folding
and stability of thermophilic ribosomes. This complements studies showing that rRNA is
extensively modified in thermophiles, which further stabilizes ribosomes.>*3¢ In Chapter 4 we
revealed that one of the most conserved regions of the ribosome, the PTC, is highly divergent in
some archaea. It remains unclear why archaeal PTCs are more divergent than bacteria and if this
sequence variation represents specialized function or genetic drift made possible by differences
between archaeal and bacterial ribosomes. These discoveries provide a foundation for engineering
more robust ribosomes based on natural rRNA variation and exploring functional diversification
of the PTC.

While ribosome hibernation has been well studied in bacteria and eukaryotes, its
mechanisms in archaea were unknown. Many clades of archaea include extremophiles, which need
to protect ribosomes in extreme environments. Other clades of archaea include aeonophiles,
organisms with extremely slow growth rates and doubling times spanning decades, that need to
preserve ribosomes over long time periods.?*® In Chapters 4 and 5 we used cryo-EM to identify a
family of archaeal ribosome hibernation factors that we named Dri and Sri. We showed that these
factors inactivate ribosomes by binding at functional sites. These factors are distributed across
many archaeal phyla and frequently occur in gene clusters. Concurrent with the discovery of Dri
and Sri, a related family of archaeal ribosome hibernation factors, Hib?*®, was identified. Almost
all archaea contain Dri, Sri, or Hib homologs, and these discoveries provide a more complete
understanding of ribosome hibernation across archaea. Future studies of ribosome hibernation in
archaea will clarify whether archaeal ribosome hibernation enables archaea to inhabit extreme
environments, grow over very long time scales?®, or persist in the microbiome?¢°.

Decades of structural biology and biochemistry have uncovered the structure and
mechanisms of the ribosome.?®! While ribosomes share many common features, they also exhibit
remarkable diversity across the tree of life. Structural studies of ribosomes at high resolution were
initially limited to ribosomes that were amenable to X-ray crystallography. The cryo-EM
resolution revolution'> has enabled the determination of ribosome structures from diverse
organisms, revealing how ribosomes are adapted across biology. Additionally, in silico particle
sorting has enabled the determination of many ribosome functional states from a single dataset. In
the future, cryo-EM will undoubtedly enable the investigation of ribosomes across increasingly
divergent forms of life. Promising advances in cryo-electron tomography (cryo-ET) and focused
ion beam (FIB) milling of cells and tissues now allow ribosome structures to be explored in their
native environments without the need for isolation.?6>2%3 For example, the in situ dynamics of the
eukaryotic translation cycle have been measured by FIB milling cells and reconstructing ribosome
structures with cryo-ET or single-particle processing.?642%7 Additionally, for cells that are
sufficiently small, direct cryo-ET imaging of cells can yield ribosome structures without the need
for thinning.?®® Imaging of intact or FIB-milled cells could be especially useful for studying
ribosomes from organisms that cannot be cultured in the laboratory.?®® Overall, cryo-EM holds
great promise for advancing our understanding of translation and ribosome structure across the
tree of life.
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