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Abstract
Strategies Toward Improved Orthogonal Ribosomes
by
Kristina Boyko
Doctor of Philosophy in Biophysics
University of California, Berkeley
Professor Jamie Cate, Chair

Orthogonal ribosomes are essential tools for expanding the genetic code, enabling the
incorporation of non-canonical amino acids (ncAAs) into proteins, and facilitating the
synthesis of novel biopolymers. However, current systems are limited by translation of
endogenous mRNAs and cross-assembly with wild-type ribosomal subunits, preventing full
orthogonality. This work presents multiple strategies to improve orthogonal ribosome
function in Escherichia coli by addressing both of these limitations.

First, we investigated the role of ribosomal protein bS1 in Shine-Dalgarno (SD)
independent translation, hypothesizing that its exclusion from orthogonal 30S subunits might
enhance specificity for orthogonal mRNAs. We engineered 16S rRNA variants with
structural extensions in helix h26 to sterically block bS1 binding. While cryo-EM and
biochemical assays confirmed successful bS1 exclusion, orthogonality was not significantly
improved, indicating that additional mRNA features drive SD-independent translation.

Second, we developed a novel strategy to disrupt cross-assembly by targeting inter-
subunit rRNA bridges. Specifically, we mutated nucleotides in bridge B3 to prevent
interaction between orthogonal 30S and wild-type 50S subunits. Cryo-EM analysis confirmed
structural disruption at the interface, and we restored partial activity by rationally designing
compensatory 23S rRNA mutations. To expand this approach, we screened a 23S rRNA
library using a functional selection based on SecM stalling, followed by RNase H treatment
to enrich for translationally competent complexes.

Finally, we applied a parallel engineering strategy to bridge B7a, introducing
phylogenetically guided mutations at 16S rRNA position A702 and pairing them with
complementary mutations in 23S rRNA. Although less extensively characterized than the B3
bridge, this approach further supports the feasibility of engineering orthogonal ribosome pairs
through targeted subunit interface design.

Together, these findings provide a dual framework, modulating translation initiation
and subunit specificity, for improving orthogonal ribosomes. This work lays the foundation
for future efforts to construct fully orthogonal translation systems, enabling sophisticated
genetic programs and expanded chemical capabilities in living cells.
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Chapter 1: Introduction

Protein synthesis, or translation, is a tightly controlled mechanism vital for life on Earth.
It involves the reading of messenger RNA (mRNA) to produce sequence defined polymers
called proteins. Essential to this process is the ribosome, which is responsible for translating
segments of three nucleotides, or codons, of the mRNA and quickly and accurately
incorporating the correct amino acid into a polymer chain.

1.1 Overview of bacterial translation

Translation is facilitated by the ribosome; the ribosome is comprised of the large (50S)
and small (30S) subunit. The 50S subunit contains 23S and 5S ribosomal RNA (rRNA) as well
as 33 proteins while the 30S contains 16S and 21 proteins.! Translation can be broken into four
phases: initiation, elongation, termination, and ribosome recycling. In bacteria, translation is
initiated when the start codon of the mRNA binds to the 30S subunit, along with initiation
factors 1, 2, and 3 (IF1, IF2, and IF3) forming the 30S initiation complex (30SIC).2 The start
codon is guided to the P-site of the ribosome by using the Shine-Dalgarno (SD) sequence, a
sequence upstream of the start codon that has a complementary sequence in the 16S rRNA.!
The start codon is decoded by initiator fMet-tRNA in the P-site. The 50S subunit then binds
the 30SIC to form a full 70S initiation complex (70SIC), releasing the initiation factors and
moving onto the elongation phase. Charged tRNA is brought to the ribosome in a ternary
complex with elongation factor Tu (EF-Tu) and GTP to the A-site.! After the correct pairing
of the codon and the anticodon, GTP undergoes hydrolysis and EF-Tu releases the aminoacyl
end of the A site tRNA, allowing it to move to the P-site and allowing peptide bond formation
to occur.’ The deacylated tRNA is then moved from the P to the E site. The peptidyl tRNA can
then move from the A site to the P site. When a stop codon reaches the ribosome, it is
recognized by either release factor 1 or release factor 2 (RF1 or RF2). Peptide hydrolysis is
triggered by the binding of the release factors and the third release factor (RF3) binds to the
ribosome and facilitates release of RF1 and RF2. The bound mRNA, deacylated tRNA, and
subunits, are dissociated through ribosome recycling factor and EF-G.! The machinery is
therefore ready for another round of translation.

1.2 Orthogonal ribosomes for genetic code expansion

The synthesis of peptides containing non-canonical amino acids (ncAAs) has vast
implications and can be used in applications such as the development of novel peptide
therapeutics, or implementing new chemical probes such as fluorescence or ligand binding.*?
To date, ncAAs have been incorporated using post-translational protein modifications, solid-
phase peptide synthesis, or selective pressure incorporation.* While these methods have been
successful, the speed and accuracy of the ribosome makes it a prime target for the synthesis of
peptides containing ncAAs. Engineering the ribosome to incorporate ncAAs is a challenging
feat and involves making mutations to the peptidyl transferase center (PTC).® However, making
mutations to the rRNA in the PTC can result in instability and less activity.” This highlights
the need for a robust orthogonal ribosome system where the endogenous translational
machinery is orthogonal to the engineered machinery designed to incorporate ncAAs. An
orthogonal ribosome would provide the flexibility of making mutations to the PTC without
hindering the translation of endogenous proteins needed for cell survival.



1.3 Limitations of current orthogonal ribosome systems

A central aspect of engineering mRNAs encoding ncAA-containing proteins to be
orthogonal to the translation machinery is to include an orthogonal ribosome binding site
(RBS)) on the 16S rRNA and an orthogonal SD (0SD) sequence on the mRNA, for start codon
selection.®*! To ensure that the orthogonal ribosome only translates these orthogonal mRNAs
(omRNAs), 16S rRNA in the orthogonal 30S subunit (030S) harbors an orthogonal ASD
(0ASD) sequence that base pairs with the omRNA. This combination of 0SD in the omRNA
and the 0ASD in the 030S subunit, in theory, should ensure that the target omRNA is only
translated by the orthogonal ribosome, while the orthogonal ribosome does not translate
endogenous mRNAs. However, recent studies in E. coli have shown that the SD sequence does
not fully dictate whether an mRNA transcript is translated. Single-molecule tracking
techniques in live cells revealed that translating ribosomes with 0ASD sequences in their 16S
rRNA bind to endogenous mRNAs.!! This finding is further supported by ribosome profiling
experiments that reveal that different ASD sequences in 16S rRNA do not prevent orthogonal
ribosomes from translating cellular mRNAs.!? Taken together, this cross-reactivity of
orthogonal ribosomes with endogenous mRNAs limits the current utility of these orthogonal
systems.

In addition to cross reactivity with cellular mRNAs, current orthogonal ribosomes in
bacteria introduce a covalent linkage (a “tether” or “staple”) between the 16S and 23S rRNA
by transcribing the orthogonal rRNA as one transcript, thereby covalently linking the ribosomal
30S and 50S subunits.!*!* While these orthogonal ribosome have been used to incorporate
ncAAs to some degree, they are limited by cross assembly with endogenous ribosomal
subunits, preventing full orthogonality.!>!* Collectively, the tendency for orthogonal
ribosomes to both cross react with cellular mRNAs and endogenous ribosomal subunits leaves
room for engineering of a more robust orthogonal system.

1.4 Strategies to enhance orthogonal ribosomes

In E. coli, ribosomal protein bS1 is thought to contribute to translation initiation using
mechanisms independent of the SD sequence.'® Ribosomal protein bS1 is composed of multiple
RNA-binding domains and is, in some cases, thought of as an additional translation factor due
to its reversible binding to the ribosome.!'® Protein bS1 also has high affinity for mRNA and is
thought to facilitate translation for highly structured mRNAs.!” However, the translation of
leaderless mRNAs, as well as of mRNAs that have an RBS close to the 5" end, is independent
of bS1.!7 Recent cryo-EM structures of E. coli ribosomes with truncated ribosomal protein bS1
reveal that bS1 binds to mRNA, just upstream of the SD sequence.!® In addition to binding to
the mRNA, bS1 simultaneously binds to ribosomal protein uS2 adjacent to the SD-ASD
interaction site, as well as to 16S rRNA in this region.!” Taken together, these mechanistic and
structural findings have led to the model that bS1 acts to recruit mRNA to the ribosome in an
SD-independent manner. We reasoned that the ability of ribosomal protein bS1 to recruit
mRNAs to the ribosome in an SD-independent manner might be responsible for the lack of
orthogonality seen with present orthogonal ribosomes and omRNAs. We therefore tested
whether orthogonal ribosomes could be engineered to rely more on SD and ASD binding, by
engineering an orthogonal 16S rRNA that sterically prevents bS1 binding to the 30S ribosomal
subunit. In this case, ribosomal protein bS1, an essential protein in E. coli, would continue to
bind to the endogenous ribosome and translate endogenous mRNAs.!'® However, the
orthogonal ribosomes that have an orthogonal ASD and translate omRNAs, would not bind
bS1 and eliminate this aspect of bS1’s contribution to mRNA recruitment to the ribosome.



In addition, to overcome the limitation of cross assembly with endogenous subunits we
proposed a new approach to augmenting ribosome orthogonality, using mutations to a central
rRNA contact, or “bridge” between the ribosomal subunits. There are twelve instances in the
bacterial ribosome where the small and large subunit interact, six of which are rRNA-rRNA
bridges and potential targets for generating a new orthogonal ribosome.?’ We proposed to
mutate bridge B3, which occurs at the center of the ribosomal subunit interface and is essential
for subunit association.??! Bridge B3 involves two conserved A-minor interactions between
16S rRNA nucleotides A1418 and A1483 in helix h44 and 23S rRNA helix H71.2° We
reasoned, based on previous experiments and structural analysis that mutations A1418G and/or
A1483G should sterically disrupt the subunit interface.?!?> We hypothesized that we could
make the mutations mentioned above to prevent binding of orthogonal 16S rRNA to wild-type
23S rRNA and then engineer an orthogonal 23S to bind to the orthogonal 16S rRNA. We
engineered the orthogonal 23S rRNA by introducing a sequence library in the nine nucleotides
that are involved in the B3 bridge on the 23S rRNA side and selected for active mutants in
vitro.

Additionally we attempted to engineer an orthogonal B7a bridge, one of the first bridges
to form during translation and is essential for subunit joining.?° Structurally, position A702 in
h23 of 16S rRNA forms an A-minor interaction with H68 in the 23S rRNA.?° Upon
modification of the N1 position of A702, 70S formation decreases.?*?! Interestingly, position
702 in B7a is not phylogenetically conserved. In bacteria, the position is found to be an
adenosine in over 95% of sequences. However, in archaea, it is most commonly found to be a
uradine.?* In eukaryotes, the most common base at 702 is a guanosine at around 72%. Similarly,
there is covariation found on the 23S rRNA side of the bridge.?* We hypothesized that we could
introduce the mutations at position 702 to either U or G (A702U or A702G) to prevent binding
to the bacterial large subunit. In conjunction, we hypothesized that we could restore 70S
formation by introducing compensatory mutations to the 23S rRNA side of the bridge that
correspond to A702U or A702G. Taken together, these experiments aim to improve the utility
of orthogonal ribosomes for the purpose of genetic code expansion by addressing the
limitations of Shine-Dalgarno independent translation as well as cross-assembly with
endogenous subunits.



Chapter 2: Role of ribosomal protein bS1 in orthogonal mRNA
start codon selection

In many bacteria, the location of the mRNA start codon is determined by a short
ribosome binding sequence that base pairs with the 3’-end of the 16S ribosomal RNA (rRNA)
in the 30S subunit. Many groups have changed these short sequences, termed the Shine-
Dalgarno (SD) sequence in the mRNA and the anti-Shine-Dalgarno (ASD) sequence in 16S
rRNA, to create “orthogonal” ribosomes to enable the synthesis of orthogonal polymers in the
presence of the endogenous translation machinery. However, orthogonal ribosomes are prone
to SD-independent translation. Ribosomal protein bS1, which binds to the 30S ribosomal
subunit, is thought to promote translation initiation by shuttling mRNA to the ribosome. Thus,
a better understanding of how the SD and bS1 contribute to start codon selection could help
efforts to improve the orthogonality of ribosomes. Here we engineered the Escherichia coli
ribosome to prevent binding of bS1 to the 30S subunit, to separate the activity of bS1 binding
to the ribosome from the role of the mRNA SD sequence in start codon selection. We find that
ribosomes lacking bS1 are slightly less active than wild-type ribosomes in vitro. Furthermore,
orthogonal 30S subunits lacking bS1 do not have improved orthogonality. Our findings suggest
that mRNA features outside the SD sequence and independent of bS1 binding to the ribosome
likely contribute to start codon selection and the lack of orthogonality of present orthogonal
ribosomes.

2.1 Introduction

Translation initiation in bacteria involves the formation of a 30S initiation complex, in
which the start codon of the mRNA pairs with the initiator fMet-tRNA anticodon in the P site
of the small (30S) ribosomal subunit. The positioning of the start codon in the 30S initiation
complex is aided by the SD sequence 5’ of the start codon, which base pairs to the
complementary ASD sequence in 16S rRNA. Characteristics of the SD sequence, including its
presence or absence, spacer length from the SD sequence to the start codon, or SD sequence
composition, can determine translation efficiency. For example, many bacteria encode
leaderless mRNAs, or mRNAs that do not contain an identifiable SD sequence, and only 54%
of E. coli genes have an SD sequence.”> RNA-seq analysis has also revealed that leaderless
mRNAS can comprise up to 70% of transcripts in other bacteria as well as archaea.”® In mRNAs
possessing an SD sequence, the number of nucleotides between the start codon and the SD
sequence affects the levels of protein expression.?’ Finally, nucleotides which compose the SD
sequence can also affect translation. For example, in E. coli the canonical SD sequence (5'-
UAAGGAGG-3') yields better translation efficiency than a 5'-AAGGA-3’ sequence.?® Taken
together, these findings suggest that the role of the SD sequence in the mechanism of translation
initiation does not follow a simple set of rules, and can vary widely across bacteria.

Mechanism of gene expression in E. coli have been the most widely studied in bacteria,
making this model organism the most popular host for synthetic biology applications. These
include efforts to expand the genetic code to enable noncanonical amino acid incorporation
into proteins for the synthesis of non-proteinogenic polymers by the ribosome.> To enable
genetic code expansion, many groups have engineered cells with an orthogonal ribosome, a
secondary ribosome to translate orthogonal mRNAs independent of the endogenous translation
machinery, along with orthogonal mRNAs (omRNAs).!® The orthogonal ribosome can be
engineered to incorporate non-canonical amino acids while the endogenous ribosome can
continue translating cellular mRNAs, preventing cellular growth defects.!>!* A central aspect



of engineering mRNAs encoding non-canonical proteins to be orthogonal to the endogenous
translation machinery is to include an orthogonal ribosome binding site (RBS) on the 16S
rRNA and an orthogonal SD (0SD) sequence on the mRNA, for start codon selection.®!° To
ensure that the orthogonal ribosome only translates these omRNAs, 16S rRNA in the
orthogonal 30S subunit (030S) harbors an orthogonal ASD (0ASD) sequence that base pairs
with the omRNA RBS. This combination of 0SD in the omRNA and 0ASD in the 030S subunit,
in theory, should ensure that the target omRNA is only translated by the orthogonal ribosome,
while the orthogonal ribosome does not translate endogenous mRNAs.

Multiple examples of orthogonal RBS have been reported, in which both the 16S rRNA
and mRNA RBS sequences have been engineered. Approaches to identify these sequences
involved positive and negative selections as well as computational methods.!?° However,
recent studies in E. coli have shown that the SD sequence does not fully dictate whether or not
an mRNA transcript is translated. Single-molecule tracking techniques in live cells revealed
that translating ribosomes with 0ASD sequences in their 16S rRNA bind to endogenous
mRNAs.!! This finding is further supported by ribosome profiling experiments that reveal that
different ASD sequences in 16S rRNA do not prevent orthogonal ribosomes from translating
cellular mRNAs.!? Taken together, this cross-reactivity of orthogonal ribosomes with
endogenous mRNAs limit the current utility of these orthogonal systems (Figure 1A).

In E. coli, ribosomal protein bS1 is thought to contribute to translation initiation using
mechanisms independent of the SD sequence.'® Ribosomal protein bS1 is composed of multiple
RNA-binding domains and is, in some cases, thought of an additional translation factor due to
its reversible binding to the ribosome.!® Protein bS1 also has high affinity for mRNA and is
thought to facilitate translation for highly structured mRNAs.!” However, the translation of
leaderless mRNAs, as well as of mRNAs that have an RBS close to the 5’ end, is independent
of bS1.!7 Recent cryo-EM structures of E. coli ribosomes with truncated ribosomal protein bS1
reveal that bS1 binds to mRNA, just upstream of the SD sequence.!® In addition to binding to
the mRNA, bS1 simultaneously binds to ribosomal protein uS2 adjacent to the SD-ASD
interaction site, as well as to 16S in this region.!” Taken together, these mechanistic and
structural findings have led to the model that bS1 acts to recruit mRNA to the ribosome in an
SD independent manner.

We reasoned that the ability of ribosomal protein bS1 to recruit mRNAs to the ribosome
in an SD-independent manner might be responsible for the lack of orthogonality seen with
present orthogonal ribosomes and omRNAs. We therefore tested whether orthogonal
ribosomes could be engineered to rely more on SD and ASD binding, by engineering an
orthogonal 16S rRNA that sterically prevents bS1 binding to the 30S ribosomal subunit. In this
case, ribosomal protein bS1, an essential protein in E. coli, would continue to bind to the
endogenous ribosome and translate endogenous mRNAs.'® However, the orthogonal ribosomes
that have an orthogonal ASD and translate omRNAs, would not bind bS1 and eliminate this
aspect of bS1’s contribution to mRNA recruitment to the ribosome (Figure 1A). Using cryo-
EM and in vitro and cell-based translation assays, we found that preventing bS1 binding to the
30S subunit does not affect ribosome orthogonality in vitro or in vivo, indicating that SD-
independent translation is not solely dependent on bS1 binding to the ribosome.
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Figure 1. Model and characterization of bS1 blocking ribosomes. A. Proposed model of orthogonal
ribosomes in a bS1 binding system and a bS1 blocking system. Current orthogonal ribosomes that
undergo SD independent translation translate orthogonal mRNA (right) as well as endogenous mRNA
(middle), possibly due to bS1. A bS1 blocking system would prevent binding of bS1 to orthogonal
ribosomes, which could prevent translation of endogenous mRNA (middle) while encouraging
translation of orthogonal mRNA (right). Endogenous mRNA is shown in black, and orthogonal mRNA
in red. B. Secondary structure of all versions of the bS1 blocking mutants inserted into helix h26 of E.
coli 16S rRNA. Nucleotides colored red are added bases. Nucleotides in bold highlight differences
between versions S1V1-S1V4. C. In vitro activity assay of wild-type 30S and bS1 blocking mutants
with wild-type 50S subunits. Activity corresponds to luminescence of synthesized nanoluciferase,
normalized to wild-type ribosomes. Error bars indicate standard deviation for n=3 replicates. D. 10%
SDS PAGE gel of wild-type 30S subunits and versions S1V2-S1V4 of the bS1 blocking mutants. The
black box highlights bS1. The relative intensity of the maltose and MS2 binding fusion protein used for
purification, as well as the other ribosomal proteins, is consistent across all lanes, indicating that the
same amount of protein was loaded for each sample.

2.2 Results

Previous structural studies have shown that bS1 binds to the 30S subunit near helix h26
in 16S rRNA.'®! Given that helix h26 contains variable regions that are surface exposed and
are not phylogenetically conserved,*® we introduced an rRNA extension to helix h26 between
positions U835 and G851 to attempt to sterically block bS1 binding to the mutant ribosomes.>!
However, we kept the conserved loop of the helix, which contains a stable UUCG tetraloop,
constant (Figure 1B).>?> To extent h26, we searched for an RNA motif with structural and
folding properties that have been well characterized. We tested four different variable
sequences that form kink-turn (k-turn) motifs to identify an RNA structural element that could
sterically prevent bS1 from binding the 30S subunit (S1V1-S1V4).3?

We first inserted a k-turn derived from an engineered RNA that introduced 14
additional bases into helix h26 in 16S rRNA (S1V1).3* However, the S1V1 30S subunit was



only 20% active compared to tagged wild-type 30S subunits, as shown by in vitro translation
of a nanoluciferse reporter (Figure 1C). We therefore tried introducing a G-C base pair at the
base of the helix h26 extension to both stabilize and extend the helix, to create mutant S1V2.
To test for bS1 depletion from the S1V2 30S subunit, we expressed and purified ribosomes via
an MS2 hairpin on the 16S rRNA.*> After purification, we isolated and resolved the proteins
from the samples on a 15% SDS-PAGE protein gel. As a control, we also tagged wild-type 16S
rRNA and purified wild-type 30S subunits adjacent to the mutant ribosomes. The gel shows a
bind for bS1 in the wild-type 30S at the expected molecular weight of 61.2 kDa, consistent
with previous studies.> However, this band is missing in the S1V2 mutant sample (Figure 1D).
While it is likely that some percentage of bS1 was depleted during 30S subunit purification,
30S subunits with the wild-type 16S rRNA control that underwent the same purification
scheme still contained substation bS1, as evidenced by the solid band for bS1 in the SDS-
PAGE gel. This indicates that the SIV2 rRNA extension played a role in depleting bS1.
However, while S1V2 successfully prevented bS1 from binding the 30S subunit, this mutant
was only 25% as active as wild type 30S subunits (Figure 1C). To search for more active 30S
subunits, we hypothesized that we could further extend the helix to prevent bS1 binding and
introduced an additional A-U pair at the base of the helix (S1V3, Figure 1B). The S1V3
mutation successfully disrupted bS1 binding to the 30S subunit (Figure 1D) and was about 35%
as active as wild-type ribosomes (Figure 1C).

We determined a cryo-EM structure of a 70S ribosome with the S1V3 30S subunit and
found that ribosomal protein uS2 was missing from the 30S subunit (Figure 2A). This
suggested that the A-U base pair extension may have extended and rotated the k-turn into a
position that collides with uS2. To mitigate this potential collision, we removed the uridine
from the A-U base pair in mutant S1V4, such that stacking of the A in the RNA helix would
angle the helix away from ribosomal protein uS2. This final variant, S1V4, also successfully
blocked bS1 from binding the 30S subunit (Figure 1D) and was about 50% as active as wild-
type 30S subunits. To ensure the S1V4 30S subunit maintained structural integrity, i.e. with
respect to ribosomal protein uS2, we determined the cryo-EM structure of S1V4 to a global
resolution of 1.8 A and a local resolution of 4.4 A around the h26 extension (Figure 2B). The
structure reveals well resolved density for the base of helix h26. However, as the helix
continues into the k-turn the density becomes weaker, indicating a flexible k-turn extension
(Figure 2C). Cryo-EM density is lacking for ribosomal protein bS1 but is present for uS2
indicating that the extension successfully prevents bS1 binding while not disturbing binding of
uS2 to the ribosome (Figure D).

K-turn
density

16 26 38 ...

Figure 2. Structure of S1 blocking ribosomes. A. Cryo-EM density of 30S subunit S1V3, with density
for ribosomal protein uS2 missing. Density is clearly resolved for protein uS5 and rRNA helix h26 (blue
and red, EMD 47168). The green outline indicates where uS2 density would be. B. Local resolution of
the S214 30S subunit cryo-EM map. A cross-section of the local resolution was made in ChimeraX and
the color key is reported in Angstroms. Local resolution was measured using the Local Resolution



estimation in Relion 4.0-beta-2.*” C. Cryo-EM density of the h26 k-turn extension (unmodeled) and
uS2, in 30S subunit S1V4. The cryo-EM maps was blurred with a B-factor of 61 A% D. Cryo-EM
density of 30S subunit S1V4. Density for uS2 is indicated in green and is well resolved. Density of uS5
is shown in blue and rRNA helix h26 is shown in red (EMD 47169).

To test our hypothesis that preventing bS1 binding to the 30S subunit would improve
ribosome orthogonality, i.e. make ribosomes more dependent on the SD-ASD interaction, we
used a previously-developed 0ASD sequence in both the wild-type 16S and S1V4 16S rRNA
backgrounds.?® We also cloned the corresponding 0SD sequence into a nanoluciferase reporter
(Figure 3). Using a PURE in vitro transcription and translation (IVTT) system supplemented
with purified 30S and 50S subunits, we measured nanoluciferase luminescence from IVTT
reactions containing wild-type or S1V4 30S subunits, and mRNAs in all four possible
combinations of wild-type SD and ASD, and oSD and 0ASD pairings. In the case of the wild-
type 30S subunit, translation of the wild-type SD reporter is robust and the translation of the
orthogonal SD-ASD pair is about 50% of wild-type levels (Figure 3). Consistent with published
results, there is no detectable translation for non-cognate SD-ASD pairs when using wild-type
30S subunits capable of binding bS1.*” We observed similar results with S1V4, although there
is slight cross-reactivity between the wild-type ASD and oSD. These results suggest that the
SD-ASD interaction can be made highly orthogonal in vitro, and prevention of bS1 binding to
the 30S subunit is inconsequential and possibly deleterious to orthogonality.
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Figure 3. In vitro activity of 30S subunit S1V4. Activity of 30S ribosomal subunits with wild-type or
orthogonal ribosome binding site elements in an in vitro nanoluciferase translation assay. Normalized
luminescence of wild-type 30S subunits (blue) with a wild-type ASD sequence and oASD sequence
with corresponding nanoluciferase reporters (black and red). The activity of 30S subunit S1V4 is shown
in green with a wild-type ASD sequence and 0ASD sequence with corresponding nanoluciferase
reporters (black and red). The activity is normalized to wild-type ribosomes. Error bars indicate the
standard deviation for n=3 measurements.
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Although preventing bS1 binding to the 30S subunit did not improve ribosome
orthogonality in vitro, under these conditions there is no competition between mRNAs for
ribosome binding as would occur in cells.*® We therefore sought to understand how preventing
ribosomal protein bS1 binding to the 30S subunit would affect the orthogonality of ribosomes
in vivo. To accomplish this, we developed a two-plasmid system based on previously designed
reporters.?’ In this system, GFP is encoded on a plasmid under the control of an arabinose
inducible promoter, while the ribosomal RNA operon is encoded on a plasmid under control
of an IPTG inducible promoter. In this system, wild-type GFP is translated from an mRNA
harboring a wild-type SD, using ribosomes carrying the wild-type ASD (Figure 4A). In the
orthogonal case, oGFP is translated from an mRNA harboring an orthogonal SD and should
only be translated by ribosomes with an orthogonal ASD (Figure 4A). With the set of mRNA
and ribosome plasmids harboring all combinations of SD, ASD, wild-type 16S, and S1V4 16S
sequences, we co-transformed eight different variations of ribosome and GFP plasmids to test
for ribosome orthogonality.

We measured the fluorescence of GFP four hours after inducing GFP and ribosomal
RNA expression with arabinose and IPTG, respectively. We also assessed the level of
exogenous 16S rRNA expression using RT-PCR (Figure 5). Cells from both wild-type 30S
subunits and S1V4 30S subunits harboring the wild-type ASD and expressing the wild-type
SD mRNA had comparable levels of fluorescence, which likely derives mostly from
endogenous ribosomes given the level of exogenous 16S rRNA expression (Figure 4B, Figure
5). We also observe high levels of fluorescence from cells expressing GFP from the mRNA
with a wild-type SD (wild-type GFP) and 030S and 0S1V4 308, again likely due to the mRNA
being translated by endogenous ribosomes. Interestingly, in the case of cells expressing oGFP
mRNA, the amount of translation by ribosomes formed from oS1V4 30S subunits is
comparable to that of cells expressing 030S subunits (Figure 4C), consistent with the in vitro
translation results. The negligible amount of GFP cross-translation by wild-type ASD
containing ribosomes of oSD mRNA is also comparable between wild-type and S1V4 30S
subunits (Figure 4C). Taken together, these results indicate that the oSD and 0ASD sequences
function similarly, independent of whether bS1 is able to bind to the 30S subunit or not.
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Figure 4. In vivo activity of S1V4 30S subunits. A. Two-plasmid reporter system with an arabinose
inducible promoter upstream of GFP or oGFP, and an IPTG inducible promoter upstream of wild-type
or S1V4 16S rRNA sequence, either with an ASD or 0ASD at the 3’ end. All 8 combinations used in
reporter assays are indicated by connecting lines. B. In vivo translation of wild-type GFP by wild-type
30S (blue), 030S (blue), S1V4 (green), and 0S1V4 (green). Error bars indicate standard deviation for
n=3, p-values > 0.29. C. In vivo translation of orthogonal GFP by 030S (blue), wild-type 30S (blue),
0S1V4 (green), and S1V4 (green). Error bars indicate standard deviation for n=3 measurements.
Measurements reported in relative fluorescence units (RFUs).
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Figure 5. RT-PCR of mutant ribosomes. 5% TBE gel of RT-PCR of mutant ribosomes used in in
vivo experiments. RNA was extracted from cells four hours after induction with IPTG and arabinose.
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The lower band indicates wild-type 16S and the higher band is from the tagged 16S. The expected
difference is 35 base pairs. Expression was quantified by integrating the gel bands, excluding the
edges.

2.3 Discussion and conclusion

While orthogonal ribosomes play an essential role in efforts to expand the genetic code,
they are limited by Shine-Dalgarno independent translation. This has been shown by single
molecule tracking of orthogonal ribosomes in live cells, which revealed that 30S subunits,
regardless of having an orthogonal ASD, still translate endogenous mRNAs.!! This is further
supported by ribosome profiling experiments, using ribosomes with altered SD sequences,
where it was shown that the SD sequence does not dictate the ability of the ribosome to translate
endogenous mRNA.!? One possible reason for the cross-reactivity of endogenous mRNAs with
orthogonal ribosomes is the role ribosomal protein bS1 plays in translation initiation. It has
been hypothesized that bS1, which harbors nucleic acid binding domains, shuttles mRNAs to
the ribosome by binding the 5’ region of the mRNA..'*-!8 This could also occur with orthogonal
ribosomes, preventing full orthogonality of the translation systems by allowing orthogonal
ribosomes to translate endogenous proteins.

Here, we tested the hypothesis that preventing bS1 from binding to the E. coli 30S
ribosomal subunit would enable orthogonal ribosomes to be more dependent on the mRNA SD
sequence. Since bS1 is essential in E. coli,'> we devised a strategy that would leave endogenous
bS1 and endogenous ribosomes intact, yet allow us to test the role of bS1 binding to orthogonal
ribosomes. In structures of the 30S ribosomal subunit, protein bS1 binds predominantly to
ribosomal protein uS2, and extends in the direction of 16S rRNA helix h26. We took inspiration
from RNA nanostructures and identified RNA k-turns as promising candidates to insert into
h26 to sterically block bS1 from binding uS2.3* We engineered 16S rRNA using a prototypical
k-turn in four different extensions of helix h26. Using a combination of biochemistry and cryo-
EM, we were able to identify one variant (S1V4) that prevented bS1 binding to the 30S subunit
in vitro while remaining translationally active, and without substantially perturbing ribosome
structure, i.e. uS2 binding.

We assessed the orthogonality of ribosomes harboring S1V4 30S subunits using both
in vitro and in vivo translation reactions,”” and found that ribosome orthogonality is not
improved by preventing bS1 binding to the 30S subunit. In fact, the in vitro reactions, in which
no mRNA competition is involved, suggest preventing bS1 binding to the 30S subunit might
actually decrease SD-dependent orthogonality. In addition, preventing bS1 binding to the 30S
subunit also decreased translational activity when compared to wild-type 30S subunits. Given
the role of bS1 in shuttling mRNA to the ribosome,!” depleting bS1 may decrease ribosome
activity because mRNA is not shuttled to the ribosome as readily.

It is possible that other characteristics of mRNA may have an impact on SD
independent translation, independent of the role of bS1. For example, recent studies have
shown that adenosines at positions -3 and -6 relative to the start codon, increase translation
efficiency.®® This sequence pattern is prevalent in E. coli, and could enable orthogonal
ribosomes to translate these endogenous mRNAs, regardless of the absence or presence of bS1.
Based on a large screen of over 200,000 sequences, unstructured UTRs also increase translation
efficiency,® a result confirmed by ribosome profiling experiments.!? Thus, mRNAs with
unstructured UTRs could also enable binding to orthogonal ribosomes. Taken together, these
features of mRNA outside of the SD-ASD interaction and independent of bS1 binding to the
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308 subunit suggest that further improvements to ribosome orthogonality may require a deeper
understanding of translation initiation mechanisms in E. coli.

2.4 Materials and Methods

Plasmid preparation

A pLK35 plasmid with an MS2 tagged located in 16S rRNA helix h6 was a gift from
the Schepartz lab at UC Berkeley.>> The helix h26 extensions were introduced using the In-
Fusion Cloning Kit (Takara Bio) with the primers listed below. The 0ASD was also cloned into
the wild type plasmid as well as S1V4 using the same method and the following primers:

Forward Primer (5’ to 3°) Reverse primer (5’ to 3)
S1V1 | AAGAACGCTTCGGCGGGAGC CGCCGAAGCGTTCTTCGCCA
CGTGGCTTCCGGAGCTAAC CAACCTCCAAGTCGACATCG
S1V2 | AAGAACGCTTCGGCGGGAGC CGCCGAAGCGTTCTTCGCCC
CTGGCTTCCGGAGCTAACGC AACCTCCAAGTCGACATCG
S1V3 | AAGAACGCTTCGGCGGGAGC CGCCGAAGCGTTCTTCGCCC
CTTGGCTTCCGGAGCTAACGC TAACCTCCAAGTCGACATCG
S1V4 | AAGAACGCTTCGGCGGGAGC CGCCGAAGCGTTCTTCGCCC
CTGGCTTCCGGAGCTAACGC TAACCTCCAAGTCGACATCG
0ASD | GGATCTGTGGTCCTTAAAGA AAGGACCACAGATCCAACCG
AGCGTACTTTGTAGTG CAGGTTCCC

Reporter constructs

An oSD was cloned into a nanoluciferase reporter using the In-Fusion Cloning Kit
(Takara Bio) and the primers listed below. A GFP gene block with overhangs (Twist) was
cloned into plasmid pJH474 pTech Para-supP (Addgene) using the In-Fusion Cloning Kit.*!
An oSD was cloned into the GFP reporter using the primers listed below.

MBP-MS? protein expression and purification

A pMAL-c2 plasmid (NEB) encoding an N-terminally 6xHis tagged MBP-MS?2 fusion
protein was transformed into E. coli BL21 cells.” A colony from the transformation was grown
overnight in 10 mL of LB broth containing 100 pg/mL ampicillin. The culture was transferred
to 1 L of ZYM-5052 autoinduction media** with 100 ug/mL ampicillin and grown overnight
at 37 °C with shaking at 175 RPM. Cells were pelleted by centrifugation (6000 xg, 4 °C, 20
minutes), resuspended in lysis buffer (20 mM HEPES pH 7.5, 250 mM KCIl, 10 mM
imidazole), and then lysed using sonication. The resulting lysate was clarified by centrifugation
(33746 xg, 4 °C, 45 minutes) and subsequently filtered through a 0.2 um filter. The lysate was
loaded onto a gravity column with 3 mL of Cobalt Resin (Thermo Scientific). The column was
washed four times with three column volumes of lysis buffer. The protein was eluted into 1
mL fractions using an elution buffer (20 mM HEPES pH 7.5, 250 mM KCl, 2 mM BME, 500
mM imidazole). The purified protein was buffer exchanged to MS2-150 Buffer (20 mM
HEPES pH 7.5, 150 mM KCI, 1 mM EDTA) and concentrated to 10 mg/mL using 30 kDa spin
filters.

Mutant ribosome expression and purification

Plasmids containing the 16S rRNA variants designed to block bS1 binding were
transformed into E. coli Machl competent cells (Thermo Fisher) and cultures were grown
overnight in 10 mL of LB broth containing 100 pg/mL ampicillin. Cultures were transferred to
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1 L LB containing 100 pg/mL ampicillin and incubated at 37 °C with shaking at 175 RPM.
Cultures were induced with Isopropyl B- d-1-thiogalactopyranoside (IPTG) at OD«, = 0.4, with
a final IPTG concentration of 0.5 mM, for 4 hours. Cells were pelleted, resuspended in
ribosome buffer A-1 (20 mM Tris HCI pH 7.5, 100 mM NH.CI1, 1 mM MgCL, 0.5 mM EDTA),
and then lysed using sonication. The resulting lysate was clarified by centrifugation (33746 xg,
4 °C, 45 minutes) and loaded into Ti-45 tubes. A sucrose cushion was prepared by adding 24
mL buffer B (20 mM Tris HCI pH 7.5, 0.5 mM EDTA, 100 mM NH.Cl, 10 mM MgCl,, 0.5 M
sucrose) and 17 mL buffer C (20 mM Tris HCI pH 7.5, 0.5 mM EDTA, 60 mM NH.CIL, 6 mM
MgCl, 0.706 M sucrose) to the Ti-45 tubes and the ribosomes were pelleted by centrifugation
(27000 RPM or 57,000 xg, 4 °C, 15 hours). Crude ribosomes were resuspended in ribosome
buffer A-1, clarified by centrifugation (21130 xg, 4 °C, 25 minutes), and subsequently filtered
using a 0.2 um filter.

Crude ribosomes (>60 mg) were diluted to 15 mg/mL in ribosome buffer A-1, and
purified at 4 °C. A 5 mL MBP-trap column (Cytiva) was buffer exchanged to MS2-150 buffer
and 10 mg of MBP-MS2 was diluted to 3 mL in MS2-150 buffer before being loaded onto the
column. The column was washed with 5 column volumes of ribosome buffer A-1 and crude
ribosomes were then slowly loaded onto the column. The column was washed with another 5
column volumes of ribosome buffer A-1 and then 10 column volumes of ribosome buffer A-
250 (20 mM Tris HC1 pH 7.5, 250 mM NH.CI, I mM MgCl,, 0.5 mM EDTA). Ribosomes were
eluted into 1 mL fractions using an elution buffer containing 10 mM maltose (20 mM Tris HCI
pH 7.5, 100 mM NH.CL, 1 mM MgCl, 0.5 mM EDTA, 10 mM maltose). The purified
ribosomes were buffer exchanged to ribosome buffer A-1, concentrated to 3000 nM using 100
kDa spin filters (using the approximation of 1 A., =72 nM), and flash frozen in liquid nitrogen.

The extent of bS1 depletion in the wild-type 16S rRNA and the S1 blocking mutants
was analyzed by a 15% SDS-PAGE gel. The samples were diluted to 100 nM based on A
absorbance and 10 pL of each sample were heat shocked at 95 °C for five minutes before adding
loading dye and loading on the gel. After staining with Coomassie blue dye, the amount of bS1
in each sample was quantified by band intensity using ImageJ. A box was made around the
region of each bS1 band as well as above the band and the gel analysis tool was used to plot
the intensity. The box above the band was used to subtract the background from the signal.
This process was repeated for each lane and the resulting values were normalized to the wild
type bS1 value.

Wild type ribosome expression and purification

Wild type 30S and 50S subunits were expressed and purified as previously described.*
Briefly, E. coli MRE600 cells were grown for four hours before being pelleted and resuspended
in ribosome buffer A-1 and subsequently sonicated. The lysate was clarified by centrifugation
and crude ribosomes were isolated using a sucrose cushion at 4 °C. The crude ribosomes were
then separated on a 20-40% sucrose gradient using a dissociation buffer (20 mM Tris-HCI pH
7.5, 60 mM NH4CI, 1 mM MgCl,, 5 mM EDTA) and individual subunits were isolated via
fractionation. The subunits were buffer exchanged to ribosome buffer A-1 for storage.

Ribosome purity assay

60 pg of purified mutant ribosomes were heated at 95 °C for 5 minutes. Lithium
chloride precipitation solution (Invitrogen) was then added at 2X the volume of ribosomes on
ice and the samples were incubated at -20 °C for one hour to precipitate the rRNA. The rRNA
was pelleted by centrifugation (21130 xg, 4 °C, 25 minutes) and the supernatant was vacuum
aspirated. The rRNA was washed with 40 puLL 70% ethanol, pelleted by centrifugation (21130
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xg, 4 °C, 5 minutes), and the supernatant was vacuum aspirated. The resulting rRNA was
resuspended in RNase-free water. Primers flanking the MS2 tag in the 16S rRNA, shown
below, were used in a reverse transcription reaction using the OneStep RT-PCR kit (Qiagen).
The resulting cDNA was resolved on a 10% TBE-gel and visualized with SYBR Safe DNA
Gel Stain. For RT-PCR, 1 mL of cells were spun down after four hours of induction and lysed
via a 5 minute heat shock at 98 °C. The debris was pelleted and the RT-PCR was performed as
described above.

Reasssociation sucrose gradients

20-40% sucrose gradients (20 mM Tris-HCI pH 7.5, 60 mM NH.Cl, 10 mM MgClL, 0.5
mM EDTA) were prepared in SW 41 Ti tubes. 500 nM 50S and 1000 nM 30S were incubated
at 37 °C for 45 minutes before being added to the gradients (20 mM Tris-HCI pH 7.5, 60 mM
NH.CI, 10 mM MgCl.,, 0.5 mM EDTA). The gradients were run overnight at 4 °C in an SW 41
Ti swinging bucket rotor (Beckman Coulter) and subject to 5.45x10" w:t total centrifugal force
(27,000 rpm, 16 hours). The gradients were analyzed on a Biocomp fractionator.

Cryo-EM data acquisition and processing workflow

Movies were collected on a 300 kV Titan Krios microscope with a BIO-energy filter
and Gatan K3 camera as previously described,? using a super-resolution pixel size of 0.41 A
and a physical pixel size of 0.82 A. SerialEM* was used for automated data collection over a
defocus range of -0.5 to -1.5 pm with an electron dose of 40 e/A:over 40 frames.

Raw movies were imported into CryoSPARC 4.* The movies were motion corrected
using Patch Motion Correction before CTFFind4* was used to estimate the CTFs of
micrographs. Particles were picked using Template Picker with a 70S ribosome 2D template.
Particles were extracted and Fourier-cropped to s of the box size. 2D classification was run
with 100 classes and 32 classes that were consistent with 70S ribosomes were selected for a
second round of 2D classification. The particles were re-extracted and Fourier-cropped to % of
the box size and particles were subjected to heterogeneous refinement using a 70S ribosome
map from Watson et al.?? Classes consistent with 70S ribosomes were re-extracted at the full
box size and then subjected to homogeneous refinement. For the S1V3 and S1V4 maps, local
refinement was done with a mask over the 30S subunit. The pixel sizes for the maps were
calibrated using a simulated map from PDB 7K00. For modeling, the coordinates from the 30S
subunit in 7K00 were used as an initial model. Real-space refinement in PHENIX was used to
refine the model.*’ Local resolution was determined using Local Resolution Estimation in
Relion.*® Figures were prepared in ChimeraX.#

In vitro translation reactions

An in vitro translation reaction using a ARibosome PURExpress kit (NEB) was
prepared in a total volume of 10 pL containing the following components: 2 pL solution A,
0.63 uL factor mix, 0.13 pL RNase inhibitor, and 25 ng/pL nanoluciferase DNA template. The
reaction also included 250 nM 508 ribosomal subunits and 500 nM 30S ribosomal subunits.
The remaining volume consisted of Milli-Q water. The reaction was incubated at 37 °C for 45
minutes. 2 pL of the reaction product was combined with 30 pL of a 1:50 dilution of Nano-Glo
substrate (Promega) into a 364-well microplate, and luminescence was detected with the Tecan
Spark Microplate Reader.

In vivo translation reactions

E. coli NEBExpress cells were co-transformed with two plasmids using heat shock.
One plasmid contained an aminoglycoside phosphotransferase gene for kanamycin resistance
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and expressed superfolder GFP under control of an arabinose inducible promoter and an
orthogonal (p15A) origin of replication. The second plasmid harbored a beta-lactamase gene
for ampicillin resistance and expressed an rrnB ribosomal RNA operon with MS2-tagged 16S
rRNA. Cells were grown overnight in 1 mL of LB containing 100 pg/mL ampicillin and 100
pg/mL kanamycin. 100 puL of the overnight culture was transferred to 3 mL LB containing 100
pug/mL ampicillin and 100 pg/mL kanamycin and allowed to grow until they reached a cell
density of OD4, = 0.2. Cultures were then induced with 0.5 mM IPTG and 0.1% arabinose final
concentrations. Cultures were grown for 4 hours at 37°C with shaking at 175 RPM. Cells were
then pelleted and resuspended in 250 pL 1x PBS (pH 7.2), which was transferred to a clear 96-
well microplate. GFP fluorescence and the OD« were measured with the Tecan Spark
Microplate Reader. GFP fluorescence was normalized to the ODy, optical density.
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Chapter 3: Engineering approaches of the B3 bridge

3.1 Introduction

Currently, engineering orthogonal ribosomes rely on a covalent linkage between the
16S and 23S rRNA that physically link the 30S and 50S subunits together.!*!* This allows for
the orthogonal ribosomes to function in the cell parallel to the endogenous ribosomes, but with
minimal interruption of the endogenous translational machinery. However, in practice, these
ribosomes have decreased overall activity and they are limited by their capacity to cross-
assemble with endogenous ribosomal subunits.>® Transcribing the 23S and 16S rRNA as a
single transcript may also prevent proper ribosome biogenesis and lead to improper folding of
the subunits.’® While these ribosomes can incorporate non-canonical amino acids to some
extent, they are limited by their capacity to cross-assemble with endogenous subunits (Figure
6A).1°

To address the challenge of cross-assembly with endogenous ribosomal subunits as
well prevent mis-assembly of the subunits, we proposed a novel strategy to enhance ribosome
orthogonality by targeting a key rRNA contact, a “bridge” that connects the small and large
ribosomal subunits. In bacteria, there are twelve such inter-subunit bridges, six of which are
formed between rRNA elements and are potential sites for creating orthogonal ribosomes. We
focused on bridge B3, located at the core of the ribosomal subunit interface and crucial for
subunit association. Bridge B3 is formed through two conserved A-minor interactions between
nucleotides A1418 and A1483 in helix h44 of 16S rRNA and helix H71 of the 23S rRNA.
Based on prior structural and experimental evidence, we predicted that substituting A1418
and/or A1483 with guanosine (A1418G and A1483G) would sterically hinder subunit pairing.
Our hypothesis was that these mutations would prevent the orthogonal 16S rRNA from
associating with wild-type 23S rRNA, allowing us to engineer a matching orthogonal 23S
rRNA. To do this, we solved the structure of the 70S ribosome with the A1418G 30S subunit
and the wild-type 50S subunit, and rationally designed a 50S mutant that restored activity of
A1418G 30S subunits. In addition, we created a sequence library targeting the nine nucleotides
in the 23S rRNA involved in the B3 bridge and screened for functional variants in vitro.

3.2 Results

Previous studies show modification of the N1 position of A1418 and A1483 in the 16S
rRNA using DMS prevent 70S formation.?! To mimic these results, we made A to G point
mutations at position 1418, 1483, as well as combined both 1418 and 1483 in 16S rRNA. In
the wild-type rRNA, A1418 and A1483 in the 16S rRNA interact with bases G1948 and G1959
on the 23S rRNA, respectively (Figure 6B). We hypothesized that A to G mutations would
have a similar effect on 70S formation with wild-type 50S due to the exocyclic amine group at
N2 in a guanosine at positions A1418 and/or A1483 causing a steric clash with G1948 or G1959
on the 23S rRNA side (Figure 6C).
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Figure 6. Cross-assembly of tethered ribosomes and proposed mutations. A. Model of orthogonal
translation with tethered ribosomes and potential cross assembly with endogenous subunits. Orthogonal
subunits are shown in blue and wild-type subunits are shown in green. B. Structure of the wild-type B3
bridge (PDB 7K00). 16S bases A1418 and A1483 are shown in green and 23S bases G1959 and G1948
are shown in blue. B. Model of the A1418G point mutation showing a steric clash with base G1959.

The extent of 70S formation with wild-type 50S subunits was determined by
reassociation sucrose gradients using 10 mM MgClz and excess 30S subunits. As hypothesized,
mutant 30S subunits A1418G, A1483G, as well as the double mutant, prevented 70S formation
with wild-type 50S subunits (Figure 7A). To assess whether these mutants are translationally
active, we tested their activity using a PURE in vitro transcription and translation (IVTT)
system with a nanoluciferase reporter (Figure 7B). The resulting activity assays revealed
negligible activity for A1483G and double-mutant 30S subunits, and with some activity above
background for the A1418G mutant, consistent with the reassociation gradients. We believe
the remaining activity for A1418G 30S subnits may be a result of assisted 70S formation by
tRNA, mRNA, and translation factors.
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Figure 7. Characterization of the 16S rRNA B3 mutants. A. Reassociation sucrose gradients of wild-
type, A1418G, A1483G, and A1418G/A1483G 30S subunits with 1000 nM 30S subunit, 500 nM 50S
subunit, and 10 mM MgCl,. B. Nanoluciferase in vitro translation assay of wild-type, A1418G,
A1483G, and A1418G/A1483G 30S subunits with wild-type 50S subunits. The activity is normalized
to wild-type ribosomes. Error bars indicate the standard deviation for n=3 measurements.

Using 20 mM MgCl, we forced association of A1418G 30S and wild-type 50S subunits
to determine the cryo-EM structure of the resulting 70S ribosome. The structure revealed well
resolved density for surrounding bases, including A1483, G1948, and G1959 (Figure 7C).
However, the density for A1418G is missing, indicating the point mutation causes disorder in
this region (Figure 7C). Taken together, these results indicate that 70S formation with wild-
type 50S subunits can be disturbed with single point mutations at A1418 and A1483 that cause
disorder in the 16S rRNA.

We hypothesized that we could rationally design compensatory mutations on the 23S
rRNA side of the bridge based on the structure of A1418G-containing 70S ribosomes. The
model suggests that the additional exocyclic amine group introduced by the A1418G mutation
causes disorder in the surrounding region (Figure 7C), particularly near position 1948 in 23S
rRNA. We reasoned that introducing mutations at position 1948 to accommodate A1418G
might help restore some functional activity. Furthermore, since position 1948 is stabilized by
interactions with nucleotide 1958,%° we ensured that these interactions would remain intact. We
designed three different mutants that introduce point mutations at positions 1948 and 1948 that
we called the UG mutant (G1948U/C1958G), AU mutant (G1948A/C1958U), and the UA
mutant (G1948U/C1958A) (Figure 8A).

To determine the extent of orthogonality that the rationally designed mutants have with
A1418G and with wild-type 30S subunits, we tested the mutants using an in vitro translation
reaction. The activity assay revealed that the UG mutant and the AU mutants were not active
with either A1418G or the wild-type 30S subunit (Figure 8B). The UA mutant was active with
the A1418G 30S subunit and restored activity to about 30% of wild-type activity (Figure 8C).
However, the UA mutant is also active with wild-type 30S subunits (Figure 8C). These data
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are further supported by reassociation gradients that show 70S formation of the UA mutant
with both A1418G and wild-type 30S subunits (Figure 8D).
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Figure 8. Characterization of the rationally designed 23S rRNA B3 mutants. A. Model of the
rationally designed mutants, UG, AU, and UA. The 23S bases are shown in blue and the 16S base,
A1418G, is shown in green. The models were made based on a previously determined structure (PDB
7K00). B. Nanoluciferase in vitro translation assay of wild-type 30S with wild-type 50S subunit (gray),
and the UG, AU, or UA mutant 50S subunits, with either wild-type 30S (blue) or A1418G (green)
subunits. Error bars indicate the standard deviation for n=3 measurements and the activity is normalized
to wild-type translation. C. Nanoluciferase in vitro translation assay of wild-type 30S (blue) and
A1418G (green) 30S subunits with either wild-type 50S or the UA 50S mutant subunits. Error bars
indicate the standard deviation for n=2 measurements and the activity is normalized to wild-type
translation. D. Reassociation sucrose gradient with A1418G with UA 50S subunits (top) and wild-type
30S with UA 50S subunits (bottom). Gradients were run with 1000 nM 30S subunit, 500 nM 50S

subunit, and 10 mM MgCl..

Taken together, these data indicate that, based on the cryo-EM structure of the 70S
ribosome composed of A1418G 30S and wild-type 50S subunits, we can rationally design
compensatory mutations in the 23S rRNA to restore partial activity of A1418G 30S subnits.
While the UA mutant is active with the A1418G mutation, it is also active with wild-type 30S
subunits rendering only partial orthogonality. While we did not achieve full orthogonality using
a rationally designed approach the results showed that activity can be restored in the A1418G
mutant 30S subunits.
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After we had established that we could successfully prevent 70S formation with wild-
type 50S subunits using point mutations in the 16S rRNA bridge and can achieve partial
orthogonality, we then sought to engineer compensatory mutations using a library approach.
We introduced a randomized library in 23S rRNA by PCR amplification with a forward primer
that had Ns spanning positions U1946-G1949 and C1957-C1961 (Figure 9A). The
phylogenetically conserved bases between 1950 and 1956 were kept constant and are not
involved in the formation of the B3 bridge.?’ The library was cloned into a plasmid with an
MS2 tagged 23S rRNA and transformed into E. coli, and the resulting transformants were
pooled. The resulting cells were induced to express 23S rRNA. The MS2-tagged 50S subunits
were purified, and cDNA amplified from the B3 region was sent for deep sequencing to ensure
library diversity. The input library, out of 105,634 total reads, had 4593 unique sequences. To
select for variants in the library that are active, we used a SecM stalling sequence with an N-
terminal FLAG tag.”! We hypothesized that 50S mutants that are able to translate with
A1418G, A1483G, A1418/1483G, or wild-type 30S subunits would be stalled at the SecM
stalling sequence and could be pulled down using the N-terminal FLAG tag while the
sequences that are not active would be discarded in the flow through and washes.

An in vitro translation reaction using PURE Express and a SecM stalling DNA template
was carried out with the purified B3 library, alongside IVTs with A1418G, A1483G,
A1418/1483G, or wild-type 30S subunits. After the translation reaction, stalled ribosomes were
isolated using anti-FLAG magnetic beads. The rRNA of the B3 region in the flow through,
washes, and elutions, were amplified using RT-PCR and run on a 10% agarose gel (Figure 9B).
The expected PCR product in the elutions were excised and sent for deep sequencing.
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Forward primer
23S rRNA IGTAGCGAAATTCCTTGNNNNGTAAGTTNNNNNCTGCACGAATGGCGSAX
. . GGCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCTGCACGAATGGCGTAA. ..
. . CCGCCGGCATTGATATTGCCAGGATTCCATCGCTTTAAGGAACAGCCCATTCAAGGCTGGACGTGCTTACCGCATT. ..
CCGCCGGCATTGATATTGCCAGGATTCCATCGCTTTAAGGAAC]
Reverse primer
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Figure 9. Primer design for library introduction and RT-PCR gels. A. The B3 library was
introduced in the 23S using PCR with randomized nucleotides, while maintaining the conserved
GUAAGUU region. The randomized nucleotides are shown as Ns and the corresponding nucleotides
in the wild-type 23S rRNA are shown in red. B. 10% agarose gel of the SecM stalling pull down
showing the flow through (FT), wash 1 and wash 2 (W1 and W2), and the elution (EIl). The expected
PCR product is 322 bp and the regions indicated in the black squares were extracted for deep
sequencing. All lanes were loaded with normalized amounts of input RNA.

We cloned two of the top hits in the A1418G IVT (Figure 10A). Interestingly, the wild-
type 23S rRNA sequence was not found in the input library, however, it was found as the
second hit in the A1418G SecM stalling sequences. We hypothesize that this may be carry over
of wild-type 50S subnits from purification of the A1418G mutant. We tested the top hits in in
vitro translation reaction assays using full length nanoluciferase (Figure 10B). Unfortunately,
the two hits were not translationally active with A1418G 30S subunits (Figure 10B). We
hypothesized that this may be due to the ability of the “inactive” 50S subunits and 30S subunits
to associate on the mRNA at the start codon, but not to be able to translate the full SecM
polypeptide. This would result in the inactive complexes copurifyng with active ribosomes on
the same mRNA that are pulled down with the SecM FLAG peptide.
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Figure 10. SecM stalling results of the B3 library with A1418G. A. Number of sequences in the
A1418G SecM IVT in the two top sequences (hit 1 and hit 2) shown in blue and the wildy-type sequence
frequency, shown in gray. B. Nanoluciferase in vitro translation of wild-type 30S with wild-type 50S
(gray), and A1418G with wild-type 50S, hit 1, and hit 2 (blue). Error bars indicate the standard deviation
for n=3.

We hypothesized we could deplete ribosomes that associate with mRNA but that are
inactive or poorly active in translation elongation, based on the fact they would reside 5’ of the
active ribosome stalled at the 3’ end of the SecM mRNA. To do so, we introduced an RNAse
H treatment step after the IVT of the SecM polypeptide, but before the FLAG purification. The
RNAse H template targeted the mRNA using a DNA template 36 nucleotides upstream of the
A site codon of stalled SecM (5’-GACGGGCGTGCTGAA-3’), which we predicted would
reside 5’ of the stalled ribosome. To test this strategy, we first tested the RNAse H digestion
by mixing equimolar amounts of hit 1 and wild-type 50S with A1418G and ran the RT-PCR
as previously described, using primers that overlap the MS2 tag in the 23S rRNA (Figure 11A).
The samples were run on a 10% TBE gel to distinguish MS2 tagged 23S rRNA (hit 1) or the
native 23S rRNA (WT 508). The resulting gel showed that when hit 1 was incubated with WT
50S and A1418G 30S subunits, all the 50S subunits came out in the washes (Figure 11, left).
This supports our hypothesis that the poorly-active hit 1 50S subunit may be loosely associating
with the mRNA in complexes with with A1418G 30S subunits, but gets clipped off by RNase
H and comes out in the flow-through and wash fractions. By contrast, wild-type 50S and 30S
subunits are resistant to the RNase H treatment. While some sample does come through the
flow-through and wash fractions, possibly due to removal by RNase H, there is still a
significant amount of ribosomes that come out in the elution (Figure 11, right).
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Figure 11. RT-PCR of SecM stalling after RNAse H treatment. A. 10% TBE gel of the FLAG
pulldown after RNAse H treatment. The first five lanes of the gel show the FLAG pull down of the IVT
mixture of hit 1 and wild-type 50S subunits with A1418G 30S subunits. The second five lanes are the
FLAG pull down of the IVT mixture of wild-type 50S and wild-type 30S subunits as a control. The gel
shows the flow through (FT), two washes (W2 and W2), and two elution fractions (E1 and E2). The
positions of MS2-tagged hit 1 50S subunit (Hit 1) is labeled in the first sample, as well as the wild-type
50S subunit (WT 50S).

3.3 Discussion and conclusion

Here, we employed a novel strategy to enhance orthogonality of engineered ribosomes
by targeting rRNA interactions, specifically bridge B3, rather than relying on a covalent linkage
between the 16S and 23S rRNA. We first demonstrated that point mutations at conserved
nucleotides A1418 and A1483 in helix h44 of 16S rRNA effectively disrupted 70S formation
with wild-type 50S subunits. Cryo-EM analysis of a 70S ribosome composed of A1418G 30S
and wild-type 50S subunits revealed local disorder at the B3 interface, supporting our
hypothesis that the mutation sterically impairs subunit association.

Using this structural insight, we rationally designed compensatory mutations in the 23S
rRNA to accommodate the A1418G mutation in 16S rRNA. Of the three tested mutations,
G1948U/C1948A restored partial activity of A1418G 30S subunits, but unfortunately was also
active with the wild-type 30S subunit, resulting in only partial orthogonality. While we were
able to engineer some activity back into the A1418G 70S complex, we attempted to improve
specificity using a library-based approach.

We generated a randomized 23S rRNA library targeting the B3 bridge and used a SecM
stalling assay to pull out sequences that can translate with the A1418G, A1483G, and/or the
A1418/1483G 30S subunits. Initial deep sequencing analysis of the eluted 70S complexes
yielded promising results, but further characterization revealed that these sequences probably
belonged to 50S subunits that can associate and initiate on mRNA with A1418G subunits but
are not translationally active enough to synthesize a full SecM stalling peptide. By
incorporating RNAse H digestion targeting the mRNA upstream of the stalling sequence, we
were able to optimize conditions that should selectively deplete inactive complexes and allow
us to enrich for translationally active mutants in the future.

Overall, our findings demonstrate that bridge B3 is a viable target for orthogonal
ribosome engineering. We provide evidence that single-point mutations in conserved rRNA
contacts can disrupt 70S complex formation and that partial orthogonality can be achieved
using a structure-based approach. We also outline a method for using a library approach to
screen for mutants that may achieve full orthogonality. However, the results of this assay
remain to be characterized.
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Future work could focus on expanding the search space of compensatory 23S rRNA
variants using larger or more targeted libraries. The approach could also be expanded by
introducing a 16S rRNA B3 library that may further establish orthogonality. Additionally, in
vivo validation will be necessary to assess orthogonality in the complex cellular environment
and determine compatibility with non-canonical translation systems. Ultimately, our approach
lays the groundwork for developing truly orthogonal ribosomes that could be used for
orthogonal translation and the translation of non-canonical amino acids.

3.4 Materials and methods

Plasmid preparation

MS2-tagged 16S rRNA with A1418G, A1483G, and A1418/1483G mutations were
prepared as previously described in chapter 2 “Plasmid preparation” using the primers listed
below. To make the double mutant, the A1483G primers were used after the A1418G mutation
had been introduced. Similarly, MS2-tagged 23S rRNA harboring the UG, AU, and UA
mutations were introduced as previously described using the primers listed below.

Forward primer (5’ to 3°) Reverse primer (5’ to 3°)

Al1418G ACCATGGGGGTGGGTTGC ACCCACCCCCATGGT
AAAAGAAGTAGGTAGC GTGACGGGCG

A1483G GATTCATGGCTGGGGTGA CCCCAGCCATGAATCA
AGTCGTAACAAGG CAAAGTGGTAAGCGCC

UG GTCTGGTAAGTTCGGAC CCGAACTTACCAGACAAGG
CTGCACGAATGGCGT AATTTCGCTACCTTAGGA

AU GTCAGGTAAGTTCTGAC CAGAACTTACCTGACAAGG
CTGCACGAATGGCGT AATTTCGCTACCTTAGGA

UA GTCTGGTAAGTTCAGAC CAGAACTTACCTGACAAGG
CTGCACGAATGGCGT AATTTCGCTACCTTAGGA

MBP-MS? protein expression and purification
MBP-MS2 was prepared as described in chapter 2 “MBP-MS?2 protein expression and
purification”.

B3 library plasmid preparation

The B3 library was cloned into a pLK35 plasmid with an MS2-tagged 23S rRNA helix
using the primers listed in Figure 3A by using in-fusion cloning.>? The 2 uL of the in-fusion
product was transformed into Stellar Competent cells (Takara) and resuspended in 1 mL of
SOC. The transformation was plated on two Corning 245 mm Square BioAssay dishes with
LB agarose and 100 pg/mL ampicillin. The resulting transformants were pooled and grown in
LB media supplemented with 100 pg/mL ampicillin overnight. The overnight culture was
miniprepped and the plasmid was transformed in NEB Express Iq cells and plated on two
Corning 245 mm Square BioAssay dishes with LB agarose and 100 pg/mL ampicillin. The
transformants were pooled and a seed culture was grown with 100 ug/mL ampicillin overnight.
Cultures were transferred to 3 L LB containing 100 pg/mL ampicillin and incubated at 37 °C
with shaking at 175 RPM. Cultures were induced with Isopropyl - d-1-thiogalactopyranoside
(IPTG) at OD« = 0.4, with a final IPTG concentration of 0.5 mM, for 4 hours. Cells were
pelleted, resuspended in ribosome buffer A-1 (20 mM Tris HC1 pH 7.5, 100 mM NH.CIL, 1 mM
MgClL, 0.5 mM EDTA), and then lysed using sonication. The B3 library ribosomes were further
purified using the method outlined in chapter 2 “Mutant ribosome expression and
purification”.
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To assess library diversity, the TRNA was extracted as described in chapter 2
“Ribosome purity assay”. 500 ng of rRNA was added to a One-Step RT-PCR kit (Qiagen) with
the following primers that contain Illumina stubs, which are listed in bold. The resulting RT-
PCR product was run on a 10% agarose gel and gel extracted (Qiagen) before being submitted
for iSeq I[llumina deep sequencing.

Forward primer (5’ to 3°)

Reverse primer (5° to 3°)

B3 amp 150

GCTCTTCCGATCTGGTTAG
CGCAAGCGAAGCT

GCTCTTCCGATCTCGCGGGT
ACACTGCATCT

Mutant ribosome expression and purification.

A1418G, A1483G, A1418/1483G 30S subunits, as well as the AU, UA, and UG mutant
50S subunits, were expressed and purified as outlined in chapter 2 “Mutant ribosome
expression and purification”. The extent of wild-type contamination was also determined using
the method in chapter 2, “Ribosome purity assay”.

Sucrose gradients and in vitro translation reactions

Reassociation sucrose gradients and in vitro translation reactions were carried out as
described in chapter 2 under “Reassociation sucrose gradients” and “In vitro translation
reactions”.

SecM stalling and selection analysis

A 25 pL in vitro translation reaction was run containing 250 nM B3 library, 250 nM
30S subunit, 10 uL solution A, 3 pL factor mix, and 400 ng of SecM stalling template. The
mixture was incubated for 2 hours at 37 °C. To deplete 30S subunits that may associate on the
5" mRNA, the IVT reaction was treated with RNAse H (NEB) and an antisense DNA
oligonucleotide targeting 36 nucleotides upstream of the A site codon (5°-
GACGGGCGTGCTGAA-3’). The RNAse H treatment was incubated at 37 °C for 20 minutes.
100 pL of anti-FLAG magnetic beads (Millipore) buffer-exchanged into FLAG buffer (20 mM
Tris-HCI pH 7.5, 10 mM MgCl, 250 mM NH4Cl, 0.5 mM EDTA) were added to the IVT
mixtures, and incubated at room temperature for 20 minutes with occasional agitation. The
supernatant was collected and the beads were washed with 1.5 mL of FLAG buffer twice. To
elute the stalled ribosomes, 100 pL of FLAG wash buffer with 0.6 mg/mL of 3X FLAG peptide
was added to the beads and incubated at room temperature for 20 minutes with occasional
agitation. The supernatant was collected from each wash and elution fraction, and 40 pL of
each fraction were heat shocked at 98 °C for 5 minutes. 40 pL. of 5 M LiCl was added to each
fraction and incubated at -20 °C for 1 hour. The fractions were pelleted at 14,000 xg for 25
minutes, 4 °C before the supernatant was removed. The remaining pellet was washed with cold
70% ethanol, and the resulting pellet was centrifuged under vacuum for 5 minutes at 45 °C.
The pellet was then resuspended in RNAse free water and 500 ng of rRNA was added to an
RT-PCR reaction (Qiagen) using the following primers to amplify the B3 region of 23S rRNA.

Forward primer (5’ to 3°)

Reverse primer (5° to 3°)

B3 amp 300

GCTCTTCCGATCTCGGTGTGA
CGCCTGCC

GCTCTTCCGATCTTCCTACAC
ATCAAGGCTCAATGTTCAGTG

The amplified cDNA was gel extracted and purified as described above. The purified
cDNA product was amplified for [llumina deep sequencing using the B3 amp 150 primers
listed previously and gel purified before being sent for [llumina deep sequencing.
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Deep sequencing analysis

The FASTQ files the input B3 library, as well as from the A1418G, A1483G,
A1418/1483G, WT 30S SecM stalling reactions were mapped to a wild-type 42 base reference
sequence using Geneious Prime.>* The mapped reads were sorted by frequency and the top 100
sequences were analyzed across all five samples. Listed below are the total number of
sequences and the number of unique sequences in each sample.

Total reads Number of unique reads
B3 input 105634 4593
A1418G 357742 135546
A1483G 451123 14826
A1418/1483G 593607 17323
WT 308 537636 14335

Cryo-EM data acquisition and processing workflow
Cryo-EM data of A1418G with wild-type 50S was collected and processed as
previously described in chapter 2 under “Cryo-EM data acquisition and processing workflow”.
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Chapter 4: Engineering approaches for an orthogonal B7a bridge

In addition to engineering the B3 bridge in the 70S ribosome, we attempted to design
an orthogonal B7a bridge to prevent cross-assembly with endogenous subunits. Rather than
introducing a steric clash, we pursued a phylogenetic engineering approach. Here, we show
that this approach can result in functional ribosomes.

4.1 Introduction

Bridge B7a is one of the more peripheral contacts between 23S rRNA and 16S rRNA
and forms within 9.4 ms of 70S formation.>® The bridge is comprised of A702 in h23 of 16S
rRNA, which stacks with A1848 in H68 of 23S rRNA, and also forms an A-minor interaction
with positions G1846-C1894 (Figure 12A).2° While A1848 in 23S rRNA is highly conserved,
mutation at this base does not affect subunit association.?* However, upon modification of the
N1 position of A702 with DMS, 70S ribosome formation is prevented.?!?3

Position 702 is also not phylogenetically conserved across all domains of life and is
mostly found as a uradine in archaea and a guanosine in eukaryotes.?* Given that position 702
is essential for subunit association in E. coli, we reasoned that making A702U and A702G
mutations in the E. coli 16S rRNA would prevent binding to wild-type 23S rRNA. We also
hypothesized that the 23S side of the B7a bridge could be engineered to bind A702U and
A702G mutants by making compensatory mutations found in archaeal and eukaryotic
sequences (Figure 12B). Here, we show that partial orthogonality can be achieved using these
phylogenetic approaches, but further sequence improvements will need to be made to achieve
full orthogonality.
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Figure 12. 23S rRNA B7a mutations. A. Interactions in the E. coli B7a bridge (PDB 7K00). The 23S
sequences are shown in blue and base A702 in the 16S is shown in green. B. Sequences for the 23S side
of the B7a bridge are shown for the bacterial (B50S), archaecal (A50S), and eukaryotic (E50S)
ribosomes. Bases that differ between the samples are shown in red.

4.2 Results

We first introduced mutations at position 702 in 16S rRNA: A702U and A702G. For
clarity, we refer to these as U702, G702, and the wild-type as A702. We then cloned
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corresponding B7a bridge mutations into 23S rRNA, referred to as B50S (bacterial), A50S
(archaeal), and E50S (eukaryotic) based on the source sequence (Figure 12B).

To test subunit compatibility, each 30S variant (A702, U702, G702) was combined with
each 50S variant (B50S, A50S, E50S) and analyzed for 70S complex formation using sucrose
gradients (Figure 13A). As expected, the A702/B50S pair showed robust 70S formation. G702
associated with both B50S and AS50S but not with E5S0S, suggesting possible disorder or
incompatibility in the E50S construct. U702 showed association with A50S and BS50S,
indicating that A50S is more permissive to variation at position 702, while E50S is largely
inactive regardless of the 16S rRNA sequence.
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Figure 13. Investigating the orthogonality of the B7a bridge mutants. A. Matrix scheme for
analyzing association and activity. Bacterial mutations are shown in blue, eukaryotic mutations are
shown in green, and archaeal mutations are shown in brown. The individual small and large subunits
were tested in all combinations for complex and activity analysis. B. Association sucrose gradients of
the matrix. Subunit association was evaluated using 10 mM MgCl,, 750 nM 50S subunit, and 1500 nM
30S subunit.

We next corroborated these findings using an in vitro nanoluciferase translation assay.
To avoid variability due to transcription rate, we used pre-transcribed full-length
nanoluciferase mRNA. We also titrated 30S concentration in each reaction to determine
whether an optimal concentration could improve orthogonality (Figure 14). The translation
results were consistent with the sucrose gradients: ES0S showed little to no activity with any
16S rRNA variant, while B50S and A50S supported translation with A702, U702, and G702.

These findings confirm that the ES0S construct results in an inactive ribosome, whereas
AS50S is active and can pair functionally with U702. However, A50S also remains reactive with
wild-type bacterial 16S rRNA, indicating that full orthogonality has not yet been achieved and
that additional mutations may be required to further restrict cross-reactivity.
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Figure 14. In vitro transcription of nanoluciferase by the B7a bridge mutants.
Luminescence was measured at increasing concentrations of 30S (0-1600 nM) for each set in
the matrix. Error bars indicate technical repeats of n=3.

4.3 Discussion and Conclusion

Here we explored a phylogenetically guided approach to engineering the B7a bridge as
a means of achieving orthogonality between orthogonal and endogenous ribosomal subunits.
While our previous work on bridge B3 relied on introducing steric clashes to prevent subunit
association and then using a rationally designed/library search for compensatory mutations,
this approach leveraged evolutionary sequence diversity at position 702 of the 16S rRNA and
its complementary bases in the 23S rRNA. We hypothesized that incorporating naturally
occurring sequence variants from archaeal and eukaryotic ribosomes, we could enable selective
association between subunits, thereby generating orthogonal ribosomes.

Our results demonstrate that the B7a bridge can tolerate mutations at A702 and that
compensatory mutations in the 23S rRNA based on the archaeal sequences (A50S) can support
subunit association and translational activity. Specifically, the U702 mutation in 16S rRNA
showed association and activity with both the A50S and B50S. In contrast, the E5S0S was
largely inactive, regardless of the 16S partner, indicating potential misfolding of the 23S rRNA.

Despite the promising pairing of U702 with A50S, we observed significant cross-
reactivity between the archaeal and bacterial components, indicating that full orthogonality was
not achieved. Both U702 and G702 maintained some capacity to pair with the wild-type
bacterial B50S, and A50S was permissive to interaction with multiple 16S variants. These
results suggest that the B7a bridge alone may not be sufficient to enforce strict orthogonality,
likely due to its peripheral role in subunit stabilization and the compensatory flexibility of other
intersubunit contacts.
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Additionally, the activity assays reinforced the results of the sucrose gradients. The use
of a titration series of 30S concentrations further highlighted that changes in small subunit
abundance did not enhance specificity, suggesting that the observed cross-assembly is not
simply a concentration-driven effect but rather an intrinsic property of the B7a interface.

Taken together, these findings demonstrate that phylogenetic engineering of the B7a
bridge can yield active and partially orthogonal ribosomal pairs. Future efforts may benefit
from combining mutations across multiple bridges or incorporating additional structural
elements, such as rRNA expansion segments or engineered protein interactions, to increase
selectivity and reduce cross reactivity. Moreover, structural studies of the engineered
ribosomes may provide further insight into the molecular basis of cross-reactivity and guide
the rational design of more isolated ribosomal subunits. This work expands the framework for
orthogonal ribosome engineering and illustrates the utility of phylogenetically informed
engineering.

4.4 Materials and Methods

Plasmid preparation

MS2-tagged 16S rRNA with the U702 and G702 mutations were prepared as described
in chapter 2 under “Plasmid preparation” by Hector Torres Vera. MS2-tagged 23S rRNA with
the A50S and E50S mutations were prepared as described in chapter 3 under “Plasmid
preparation” using the primers listed below.

Forward primer (5’ to 3”) Reverse primer (5° to 3°)

E50S part 1 | GGTGCCTGAATTAATTGA ATTAATTCAGGCACCGGGCA
TGGGGTTAGCGCAAGC GGCGTCACACC

E50S part 2 | TTGATCGAAGGCGGTAA TTTACCGCCTTCGATCAAGA
ACGGCGG GCTTCGCTTGC

A50S part 1 | TGCCGGTATCTTAATTGATG | ATTAAGATACCGGCACCGGG
GGGTTAGCGCAAGCG CAGGCGTCACACC

AS50S part2 | ATCGAAGGACCGGTAAACG | TACCGGTCCTTCGATCAAGAG
GCGGCCGTAAC CTTCGCTTGC

Mutant ribosome expression and purification.

A702, U702, G702, B50S, A50S, and E50S mutant subunits were expressed and
purified as outlined in chapter 2 “Mutant ribosome expression and purification”. The extent of
wild-type contamination was also determined using the method in chapter 2, “Ribosome purity
assay”.

Sucrose gradients and in vitro translation reactions

Reassociation sucrose gradients and in vitro translation reactions were run as described
in chapter 2 under “Reassociation sucrose gradients” and “In vitro translation reactions” with
slight modifications. Reassociation sucrose gradients were run with 750 nM 50S and 1500 nM

30S subunits. The nanoluciferase DNA template was transcribed by T7 polymerase and gel purified
before being added to the IVT.

30



5. Conclusion and Future Directions

The ability to expand the genetic code through orthogonal translation holds immense
promise for biotechnology ranging from site-specific incorporation of non-canonical amino
acids to the synthesis of entirely new polymers.*> However, the current bacterial orthogonal
ribosomes are limited by their tendency to engage in Shine-Dalgarno independent translation
and cross-assemble with endogenous subunits. Here, we sought to explore and address these
limitations by using new strategies to enhance ribosome orthogonality at both ribosomal
protein and rRNA levels.

We first investigated the role of ribosomal protein bS1 in Shine-Dalgarno independent
translation and its potential contribution to the lack of orthogonality in existing systems.>*
Through a structure-guided approach, we generated a mutant 16S rRNA that sterically blocked
bS1 binding to the 30S subunit. Although these ribosomes were translationally active and
excluded bS1 binding to the 30S subunit, our in vitro and in vivo analysis revealed that
orthogonality was not significantly improved. These results indicate that other features such as
mRNA sequence context or secondary structure likely drive SD-independent translation and
will need to be considered in future efforts to enhance orthogonal ribosome performance.

To explore the problem of subunit cross-assembly between orthogonal and endogenous
subunits, we pursued a novel strategy targeting ribosomal bridge B3. We demonstrated that,
based on previous studies, point mutations in the 16S rRNA could selectively prevent 70S
assembly with wild-type 50S subunits. Using cryo-EM and forced association, we confirmed
disorder at the interface and identified a rationally designed 23S mutant that partially restored
function with the engineered 30S. While this mutant also retained activity with the wild-type
308, resulting in only partial orthogonality, the approach validated the B3 bridge as a viable
engineering target. We further extended this concept by constructing a 23S rRNA library in
bridge B3 nucleotides and implementing a SecM stalling based functional selection assay,
coupled with RNase H treatment to enrich for truly orthogonal ribosome pairs. This platform
provides a tool for the discovery of subunit specific pairs that may ultimately enable a fully
orthogonal ribosome.

Finally, we extended our bridge-targeting strategy for orthogonality to the B7a bridge
using a phylogenetically guided approach. Guided by evolutionary sequence variation at
position 702 of 16S rRNA, we introduced substitutions (A702U and A702G) designed to
sterically disrupt B7a formation with the wild-type 23S rRNA. We then paired these 30S
mutants with compensatory mutations on the 23S side of the bridge based on natural
covariation observed in archaea and eukaryotes. While the B7a mutants were not as extensively
characterized as those of B3, the strategy represents an orthogonal and potentially
complementary path to developing ribosomes with selective subunit interactions. Together, the
B3 and B7a engineering efforts demonstrate that bridge-directed ribosome design is a
promising avenue for improving subunit specificity and building modular translation systems.
Taken together, the work presented here established a framework for investigation ribosome
orthogonality including translation initiation via bS1 exclusion and preventing cross-assembly
by engineering the interface of the 23S and 16S rRNA. These complementary strategies
highlight the need for holistic approaches that integrate molecular engineering, structural
biology, and systems-level understanding of translation.

Moving forward, several avenues can be pursued to build upon the foundation laid by
this work. First, further dissection of SD-independent translation mechanisms is warranted.
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Systematic characterization of 5’ untranslated region (UTR) features including nucleotide
context, folding energy, and RNA-protein interactions could reveal sequence rules or structural
motifs that drive promiscuous ribosome recruitment. Such insights could inform the design of
omRNAs that are more selectively recognized by orthogonal ribosomes, while also enabling
predictive modeling of mRNA-translation dynamics.

With the RNase H treatment method in place, the strategy for targeting bridge B3 can now be
pursued by performing the SecM stalling experiment on the B3 library with A1418G, A1483G,
and/or A1418/1483G mutant 30S subunits. The approach could also be expanded by
introducing 16S and 23S rRNA libraries simultaneously that sample a wider sequence space
and increase the likelihood of isolating highly specific subunit pairs.

Lastly, it will be critical to test the performance of improved orthogonal ribosomes in the
context of ncAA incorporation and non-proteinogenic peptide synthesis. Integration with
engineered tRNA/synthetase pairs and evolved translation factors may uncover synergistic
effects that improve yield and fidelity. Additionally, in vivo evolution or continuous directed
evolution strategies could accelerate the development of orthogonal systems optimized for
complex translational tasks.

In summary, this work represents a step forward in the engineering of orthogonal ribosomes,
offering mechanistic insights and experimental strategies that open the door to more robust
platforms. The continued refinement of these systems will be central to unlocking the full
potential of genetic code expansion and synthetic translation in living cells.
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