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Abstract

The ribosome is the large macromolecular machine responsible for protein
synthesis, the final step of gene expression, in all cells. It is made up of riboso-
mal proteins (r-proteins) and ribosomal RNA (rRNA), and how these many com-
ponents assemble into a functionally active particle is only poorly understood.
In this thesis, | have used the extremely thermophilic bacterium Thermus ther-
mophilus as a model system to study the role of a specific ribosomal protein,
bS20, in 30S ribosomal subunit assembly. Results from these experiments sug-
gest a potential role in ribosome function once assembly has occurred.

All ribosomes are composed of two subunits, and in bacteria these are the
30S and 50S subunits, which combine to make up the full 70S ribosome. The
larger 50S subunit consists of 23 rRNA, 5S rRNA, and typically 33 r-proteins
(the actual number varies among species); this larger subunit is responsible for
catalyzing peptide bond formation, the reaction linking amino acids together.
The smaller 30S subunit consists of 16S rRNA and typically 21 r-proteins and
is responsible for reading the genetic code as expressed by messenger RNA
(mRNA). The interface between the two subunits contains three tRNAs that act
as a bridge between the mRNA and growing amino acid chain.

While a great deal is known about the final structure of the ribosome and its
function during protein synthesis, much less is known about how the ribosome
assembles and the impact of assembly defects on protein synthesis. The

broader goal of this project is to identify interactions that are critical for major



16S rRNA folding events that must occur during 30S ribosomal subunit assem-
bly. To help bring some of these interactions to light, | have focused on riboso-
mal proteins and how they contribute to this process. | have chosen to compare
two ribosomal proteins, uS17 and bS20, and the effects resulting from deletion
of either of the genes encoding them. These proteins are located near one an-
other in the 30S ribosomal subunit but are involved in distinct RNA-RNA inter-
actions. In constructing and characterizing a mutant lacking bS20, | found that
this protein is not essential for viability. However, the severe growth phenotype
of the mutant suggests important structural or functional roles for this protein.
An increase in sensitivity to the antibiotic streptomycin also suggests a defect
in decoding accuracy, consistent with observations with other species. These
results form the foundation for a more detailed analysis of the role of bS20 in

ribosome assembly and protein synthesis.
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CHAPTER 1

Introduction & review of literature

The ribosome is the ribonucleoprotein complex responsible for protein synthe-
sis, the final stage of gene expression in all cells. It is made up of ribosomal pro-
teins (r-proteins) and ribosomal RNA (rRNA). The fully assembled 70S ribosome
Is composed of two subunits. In bacteria, the 50S subunit consists of around 120
nucleotides of 5S rRNA, 2900 nucleotides of 23S rRNA, and typically 33 proteins.
This subunit is charged with catalyzing peptide bond formation, which is what links
the growing amino acid chain together. The smaller 30S subunit consists of around
1540 nucleotides of 16S rRNA and typically 21 proteins. It is tasked with reading
the genetic code as expressed by the messenger RNA (mRNA). It also binds the
MRNA, the initiation factors, and the 50S subunit; it is directly responsible for se-
lection of correct tRNA (Schmeing & Ramakrishnan, 2009). The fully assembled
70S ribosome has a molecular weight of approximately 2.5 MDa, two-thirds of
which due to the rRNA and the remaining one-third due to the proteins, and a
diameter of about twenty-five nanometers (Noeske & Cate, 2012).

The 30S subunit is organized into three domains (body, platform, head), each
corresponding to a morphological feature identified in electron microscopy studies
in the 1970s (Lake, 1976). These domains correspond to the 5’, central, and 3’

domains of 16S rRNA, respectively (Figure 1).
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Figure 1. Domain organization of the 30S ribosomal subunit. (Left) Secondary structure map
of T. thermophilus 16S rRNA, with individual domains highlighted. (Center and Right) Surface ren-
derings of T. thermophilus 16S rRNA with individual domains colored skyblue and designated ac-
cording to early electron microscopy observations of 30S subunits (Lake 1976). Surfaces are
viewed from the solvent side (middle column) or subunit interface side (right column). Surface ren-

derings generated with PyMOL using pdb entry 4y4p (Polikanov et al., 2015).



Early research on ribosomes revolved around identification and characteriza-
tion of the ribosomal proteins that make up the ribosome (Waller, 1964; Watson,
1964; Mizushima & Nomura, 1970; Nomura, 1970; Wittmann, 1975; Warner &
Gorenstein, 1978). This was followed by the determination of the complete se-
guences of the 16S rRNA from the mesophilic bacterium Escherichia coli (Brosius
et al., 1978) and the extremely thermophilic bacterium Thermus thermophilus
(Murzina et al., 1988). 16S rRNA secondary structures were determined by com-
parative sequence analysis (Noller & Woese, 1981; Cannone et al., 2002).

Since then, advances in X-ray crystallography and cryo-electron microscopy
(cryo-EM) have led to the determination of high-resolution structures of the ribo-
some at various stages of protein synthesis (Frank, 2003; Noller, 2005; Rama-
krishnan, 2009; Steitz, 2009; Yonath, 2009), some at atomic resolution (Watson et
al., 2020; Fromm et al., 2023). These high-resolution images have led to a detailed
understanding of how the ribosome performs protein synthesis. While much is
known about the structure and function of the ribosome, much remains to be
learned about how it assembles from its constituent proteins and rRNAs. This the-
sis will focus on helping bring some light to the assembly process of the 30S sub-

unit.



Assembly of the 30S subunit

While a great deal is known about the functions of the ribosome during protein
synthesis, ribosome assembly remains a major unresolved question in molecular
biology. Ribosome synthesis involves a large investment of cellular resources and
must be tightly regulated, for any mistakes can poison protein synthesis (Woodson,
2008).

Early work on E. coli ribosome assembly (reviewed by Nomura and Held,
1974) used in vitro reconstitution to show that ribosomal proteins are incorporated
into the assembling 30S subunit based in a hierarchy (Figure 2). The primary bind-
ing proteins (uS17, bS20, uS4, uS8, uS15, uS7) are the first to assemble and bind
directly to the 16S rRNA, while the secondary proteins (bS16, bS6, bS18, uS9,
uS13, uS19) depend on prior binding of one or more primary binding proteins, and
lastly the tertiary proteins (uS12, uS5, uS11, bS21, uS10, uS14, uS3, uS2) need
a temperature-dependent conformational step to assemble (Held et al., 1974).

This hierarchy leads to cooperativity in assembly. As the rRNA starts to be-
come more ordered, proteins begin to assemble and in conjunction with an rRNA
folding pathway (Held et al., 1973; Culver, 2003; Williamson, 2003). The proteins
drive forward the formation of the ribosome’s native conformation to prevent the
formation of misfolded rRNA intermediates (Adilakshmi et al., 2008). While most
ribosomal proteins in E. coli are essential, bS6, uS9, uS13, uS15, uS17, and bS20
are dispensable. Knockout mutants lacking any of these proteins are still viable
and able to form slow-growing, small colonies; some mutants also show tempera-

ture-sensitive or cold-sensitive phenotypes. (Guthrie, Nashimoto, & Nomura, 1969;



Dabbs 1991; Ramakrishnan, 2002). The dispensable proteins are not situated near
any important functional centers of the ribosome, and therefore may be why they

are not essential.

Fig 2. The 30S ribosomal subunit assembly map. Assembly of ribosomal proteins (ovals) and
16S rRNA (grey bar) based on in vitro reconstitution. Primary binding proteins (purple) bind directly
to 16S rRNA in the absence of other proteins. Secondary binding proteins (pink) depend on prior
binding of primary binding proteins. Tertiary binding proteins (grey-blue) require prior binding of
primary and secondary binding proteins. Arrows indicate dependencies. (Figure based on Held et
al., 1974).



30S subunit assembly is assumed to occur concurrently with rRNA synthesis
and rRNA folding; assembly occurs via multiple parallel pathways, based on evi-
dence from cryo-EM (Jomaa et al., 2011; Chen et al., 2015; Davis, 2017; Qin et
al., 2023; Webster et al., 2023), time-resolved hydroxyl radical footprinting (Wood-
son, 2011; Hulscher et al., 2016), and mass spectrometry (Adilakshmi et al., 2008;
Sashital et al., 2014). This means that the order in which proteins bind differs from
one assembling ribosome to the next, excluding any simple model for assembly.
In addition, nucleotides contacted by the same protein are protected at different
rates, indicating an induced fit mechanism in which RNA-protein intermediates re-
fold during assembly to create binding sites for later-binding proteins. Concurrent
nucleation of assembly can occur along different points of the rRNA and different
rates of protection for proteins allow complexes to refold during the assembly pro-
cess, indicating a versatile assembly process that is different from one ribosome
to the next (Adilakshmi et al., 2008). This use of multiple pathways allows for an
increase in the assembly process’ flexibility and allows accessory factors and
rRNA modifying enzymes to assist with late-stage assembly and quality control of
the subunits as they reach their mature state (Woodson, 2008).

My thesis project is part of a larger effort to identify ribosomal proteins that are
critical for a major 16S rRNA folding event that must occur during 30S ribosomal
subunit assembly. The purpose of this thesis was to examine a specific ribosomal
protein, bS20, of the extremely thermophilic bacterium Thermus thermophilus (Fig-
ure 3). This protein has not been the focus of extensive research over the years.

It has been found to be dispensable in mesophiles (Dabbs 1991; Baba et al., 2006;



Bubunenko, Baker, & Court, 2007; Tobin et al., 2010; Shoji et al., 2011), however,
there has yet to be published data where it has been deleted in a thermophile. The
role of bS20 is still not completely understood, but research in mesophiles does
show that it may participate in both assembly and function. Importantly, previous
studies have also shown that bS20’s abundance is reduced in a putative 30S sub-
unit assembly intermediate that accumulates in mutants lacking the gene encoding
ribosomal protein uS17 (Simitsopoulou 1999). Both bS20 and uS17 are primary
binding proteins that interact extensively with the 5' domain of 16S rRNA (Wimberly
et al., 2000).

For my thesis, | constructed a mutant of the extremely thermophilic bacterium
T. thermophilus in which | deleted the rpsT gene encoding bS20 and assessed the
growth characteristics of this mutant. | then compared its phenotype to that ob-
served for a T. thermophilus uS17 deletion mutant, which is known to have a se-
vere 30S subunit assembly defect. | find that loss of bS20 produces a slow-growth
phenotype, consistent with a role in 30S subunit assembly. This phenotypic effect
is much less severe than that caused by loss of ribosomal protein uS17. In addi-
tion, | find that the mutant is hypersensitive to streptomycin, an aminoglycoside
antibiotic that induces translational misreading, suggesting a role for this protein in

ribosome function after assembly is completed.
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Figure 3. 30S subunit surface rendering. (Left) Surface rendering of the 30S subunit with

16S rRNA colored white, uS17 and bS20 green, and the remaining proteins violetpurple. (Right)
Same surface rendering except that all but uS17 and bS20 are shown at 80% transparency to
better show their interactions with the remaining 30S structure. Surface renderings generated with
PyMOL using pdb entry 4y4p (Polikanov et al., 2015).

Ribosomal protein uS17

uS17 is an early assembly primary binding protein, meaning it binds directly to
the 16S rRNA (Held et al., 1973; Bubunenko, Baker, & Court 2007; Woodson,
2008). As shown from both chemical footprinting experiments and high-resolution
ribosome crystal structures, uS17 binds to 16S rRNA helices 7 and 11 (h7 and
h11, respectively) near the central junction and stabilizes a so-called 'K-turn' motif
in the h11 (location seen in Figure 4). Together with primary binding protein uS4,
uS17 stabilizes the 5 domain of 16S rRNA (Ramaswamy & Woodson, 2009).
While the critical uS17 interactions have not been elucidated to date, it is known
that uS17 makes extensive and long-range contact with the rRNA in both the 5’

domain and central domain. Given the 5’ to 3’ directionality of transcription, it



seems most likely that uS17 binds initially to the 5 domain then recruits the central
domain in a major 16S rRNA global folding event.

This 16S rRNA folding event involves a series of RNA-RNA interactions be-
tween parts of the 5" domain and h20-h21 in the central domain (Ramaswamy &
Woodson, 2009). This then creates the binding sites for a subset of other proteins,
including bS20. These later protein binding events serve to stabilize this global fold
of 16S rRNA. We hypothesize that during ribosome assembly, the stabilization
and/or acceleration of the formation of the h21-h23 coaxial stacking interactions
with the 5’ domain requires uS17 binding. With all this information, the Gregory
laboratory has predicted some long-range binding interactions between the uS17
and 16S rRNA in the 5’ and central domains to be important for this folding event.

Deletion of the rpsQ gene, which encodes uS17, causes a severe subunit as-
sembly deficiency that leads to a temperature-sensitive phenotype and a severe
growth defect. This phenotype has been observed in several bacterial species,
including the mesophile E. coli (Stoffler-Meilicke et al., 1985; Shoji et al., 2011)
and the thermophile T. thermophilus (Simitsopoulou, Avila, & Franceschi, 1999).
The Gregory laboratory has been able to recapitulate this phenotype by construct-
ing its own uS17 knockout mutant of T. thermophilus. While the mutant is unable
to grow at the thermophile’s normal optimal 65 °C, it is able to grow only very slowly
at 55 °C. Based on sucrose density gradient sedimentation, it has become clear
that the uS17 deletion strain produces a mixed population of 30S subunits and a
smaller particle sedimenting at 20S. This 20S was first observed by the

Simitsopoulou lab and their collaborators. 2D gel electrophoresis showed that, in



addition to the absence of uS17, ribosomal proteins uS5, uS16, and uS13 r-pro-
teins were missing and uS4, uS8, uS15, bS18, and bS20 were significantly re-
duced in amounts (Simitsopoulou, Avila, & Francheschi, 1999).

When sucrose gradient sedimentation was performed by the Gregory lab at a
lower Mgz concentration, multiple additional peaks were observed in the general
area of the 20S particle found by Simitsopoulou, suggesting a heightened Mg de-
pendence and structural instability of the 20S particle. It is not known if the fully
assembled 30S subunits are also less stable. Under the mutant’s permissive con-
ditions, a mixture of assembly-defective 20S particles and fully assembled 30S
subunits are formed. The latter go on the join the 50S subunit and become the 70S
ribosome responsible for protein synthesis. The Gregory lab's structural biologist
collaborators at Brown University have solved the structure of the fully assembled
uS17-minus 70S ribosome using X-ray crystallography (pdb entry 5v8i, un-
published). This structure confirms that, even with the absence of uS17, native 30S
subunits do form, with only subtle changes in 16S rRNA conformation around the
uS17 binding site. The current model, therefore, is that uS17 accelerates the fold-
ing process, which occurs slowly in its absence. The assembly defect is therefore

primarily a kinetic one.
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Fig 4. Surface rendering of the T. thermophilus 30S subunit. Shown in the context of the 70S
ribosome (pdb entry 4y4p; Polikanov et al. 2015), viewed from the solvent side (left) and from the
subunit interface side (right). 16S rRNA is colored white and ribosomal proteins violetpurple. (Top
row) The intact 30S subunit with ribosomal proteins labeled. (Middle row) The 30S subunits with
proteins absent or reduced in the uS17-minus mutant removed, and 16S rRNA helix 21 colored
skyblue. (Bottom row) The 30S subunit showing only 16S rRNA and ribosomal proteins uS17 and
bS20, with 16S rRNA helix 44 colored skyblue.
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Ribosomal protein bS20

Adjacent to uS17 in the 30S subunit is ribosomal protein bS20, a 106 amino
acid protein organized into three alpha-helices. This protein, like uS17, is a primary
binding protein that interacts with the 16S rRNA 5 domain, where it affects local
rRNA conformational stability. It is also one of the proteins that is reduced in sub-
unit assembly-defective particles that accumulate in uS17-minus mutants. As seen
in the 16S rRNA tertiary structure above, uS17 and bS20 are in a similar region of
the subunit. Even though they do not come in contact with each other, both have

binding sites in the 16S rRNA 5' domain (Figure 5).

Figure 5. Binding sites for uS17 and bS20 on 16S rRNA. Secondary structure maps of T. ther-
mophilus 16S rRNA (Cannone et al., 2002), with sites of contact with ribosomal proteins uS17 (left)
or bS20 (right) indicated by red dots. Relevant helices are indicated.

12



In E. coli, the rpsT gene encoding bS20 has been shown to have two promot-
ers, separated by 90 base pairs, which can both direct the synthesis of “runoff”
transcripts (Mackie & Parsons, 1983). The first promoter is responsible for 10-30%
total transcription of rpsT, with the second promoter doing the rest. The reason
bS20 has these two promoters that can act independently or additively is still not
fully understood but is an interesting characteristic of this ribosomal protein gene.
Like many other ribosomal proteins in E. coli, bS20’s synthesis is regulated autog-
enously either posttranscriptionally or during translation. This protein is also one
of the few that act as repressors, and can mediate posttranscriptional control by
binding, in competition with assembling ribosomes, to their own mMRNAs (Parsons,
Donly, & Mackie, 1988). This allows free bS20 concentration in the cell to be used
for posttranscriptional regulation and controlling translation initiation efficiency.

Interestingly, rpsT uses a UUG initiation codon, which is not a commonly used
codon, that is important for its efficiency. Double mutations to certain residues in
this codon reduce the in vitro translation efficiency and in vivo mRNA stability (Par-
sons, Donly, & Mackie 1988). Based on all this information, there is evidence that
bS20 is capable of in vivo and in vitro regulation of its synthesis, post-transcrip-
tionally. In contrast, little is known about rpsT regulation in T. thermophilus, though
it appears to use an AUG start codon.

Research completed in E. coli has demonstrated that rpsT can be deleted
and is therefore nonessential (Dabbs 1991; Baba et al., 2006; Bubunenko, Baker,
& Court, 2007; Shoji et al., 2011). Alongside uS4 and uS17, this protein helps to

stabilize the 5’ domain’s folded structure in E. coli. They enable the recruitment of

13



bS16 to the 5’ domain at the interface between uS4 and uS17-bS20 subdomains.
When using three-color single molecule FRET, it has been observed that while
these four proteins do not directly contact one another, their binding sites are con-
nected by rRNA tertiary interactions (Abeysirigunawardena et al., 2017). These
binding sites can be seen in Figure 7. FRET data further show that a conforma-
tional change in the bS20 binding site in the 5 domain may be required for bS16
to bind and stabilize.

Unlike uS4 and uS17, which have more extensive long-range global impacts,
bS20 affects the 16S rRNA more locally (Ramaswamy & Woodson, 2009). Its long-
range interactions are limited to helix h44 in the 3’ minor domain. Given that h44
is one of the last structures in 16S rRNA to be synthesized, this interaction proba-
bly occurs very late in assembly. This is why | hypothesized that a deletion mutant
of rpsT would have a similar but less severe phenotype than that of the uS17 de-
letion mutant. This penultimate 16S rRNA helix is important for interaction with the
50S subunit and contains an important functional center, the decoding site, where
codon recognition takes place. However, the bS20 binding site is distant from the
decoding site (roughly 80 A) suggesting that it is unlikely to directly affect this pro-
cess.

While bS20 is not an essential protein, there has been an increasing interest
in this protein and its effects, using the model bacteria E. coli and Salmonella typhi-
murium serovar enterica (hereafter, S. enterica). While bS20 deletion mutants are
viable, the absence of bS20 hinders the formation of 70S ribosomes by impairing

the association between the 30S and 50S subunits trying to join together (Dabbs,

14



1978; Gotz et al., 1990). The mutants misread all three stop codons more fre-
guently and increase tRNA suppressor efficiencies, as well as misread nonsense
codons and reduce growth rate versus the wild type cells (Aulin et al., 1993). Pro-
tein bS21, one of the last binding proteins during assembly, has a reduced abun-
dance when bS20 is deleted, possibly due to impairments in the subunit’'s assem-
bly. It remains unclear, however, if bS21 binding is dependent on bS20 binding,
modifications that bS20 binding causes to 16S rRNA, or both (Aulin et al., 1993).

Looking at bS20 in S. enterica, it was found that while a rpsT deletion mutant
grew slower than wild type, it was able to maintain a rate of peptide elongation that
was the same as the wild type (Tobin et al., 2010). There was a reduction in mMRNA
binding rate and severe defects in translation initiation, due to decreased 70S ri-
bosomes being made. Both defects could be partially overcome by extending their
incubation time with mRNA, fMet-tRNA™et and initiation factors (Tobin et al.,
2010). This points to the absence of bS20 disrupting the 30S subunit’s structural
integrity.

Despite all the research described above, bS20's role in 30S subunit assembly
is still not fully known. Research has been focused on this protein in mesophiles
like E. coli and Salmonella. There has been no research done in other types of
bacteria, like thermophiles for example. While it is known that bS20 is nonessential
in mesophiles and causes a variety of effects, it cannot be assumed that these
trends would be similar in other bacteria. The ribosomes of thermophiles tend to
be more robust, meaning that the deletion of bS20 could have less severe effects,

no effects, or even different effects. One point of my thesis work was to assess the

15



essentiality of bS20 in the thermophile T. thermophilus. | also sought to compare
the phenotype of a bS20 knockout mutant to that of a mutant lacking the important

assembly protein uS17.

Antibiotics and ribosome assembly

Over 50% of antibiotics target the ribosome and obstruct translation. This
makes sense as ribosomes have a very large and complicated structure, which
offers many binding sites for antibiotics. More recent studies have implicated anti-
biotics in inhibiting ribosome assembly. This leads me to the hypothesis that ribo-
somal mutants with assembly defects might be hypersensitive to antibiotic inhibi-
tors of protein synthesis.

Antibiotics bind to both the large and small subunit of the ribosome, usually in
sites with a lot of activity and that are predominantly, if not exclusively, rRNA. Ami-
noglycosides, macrolides, and thiopeptides are the classes of antibiotics that tar-
get the 30S subunit, 50S subunit, and 70S ribosome, respectively. Aminoglyco-
sides work by binding directly to the 30S subunit’s 16S rRNA, (Cundliffe & Demain
2010). Macrolides, which target the large ribosomal subunit, have also been found
to disrupt the assembly of the 30S subunit (Siidak et al., 2009; Siidak et al., 2011).
A major target is the peptidyl transferase center, or PTC, in the large subunit
(Vasques, 1979; Cundliffe, 1981; Polacek & Mankin, 2005; Brown & Wright, 2016).
The most common site targeted in the smaller subunit is the A site decoding region.

Here aminoglycosides can interfere with the aminoacyl-tRNA-EF-TU-GTP selec-

tion (D’Costa et al., 2011).
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There are protein synthesis inhibitors that are known to also inhibit ribosome
assembly; it has been found that inhibition of translation generally causes an im-
balance between rRNA and r-protein production, which in turn causes assembly
defects (Takebe et al., 1985). However, this is an indirect consequence wherein
the inhibition of protein synthesis causes a decrease in ribosomal protein produc-
tion and consequently an increase in rRNA production that causes an imbalance
of available rRNA and r-proteins (Siidak et al., 2009). There were no defined as-
sembly intermediates or dead-end particles found in sucrose gradients, which
would be expected if there was a direct binding of drugs to the pre-assembled
ribosome particles. Therefore, it is the inhibition of ribosomal protein synthesis that
indirectly inhibits assembly.

In this thesis, | examined a hypothesis that an assembly defect associated
with deletion of rpsT should lead to hypersensitivity to antibiotic inhibitors of protein
synthesis. This was unable to be done with the uS17 deletion mutant due to its
extreme growth defect. Based on the information above, a variety of antibiotics
were chosen. This includes antibiotics that inhibit protein synthesis by binding to

either the 30S subunit or the 50S subunit.

Thermus thermophilus as a model system

T. thermophilus is an extremely thermophilic, obligately aerobic, gram-nega-
tive, nonsporulating rod, belonging to the Deinococcus-Thermus phylum in the
Bacterial domain, and was first discovered in a Japanese hot spring (Oshima &

Imahori, 1974). It can be found in domestic hot water heaters as well as natural
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thermal habitats (Brock & Freeze 1969; Kristjansson & Alfredsson, 1983). As a
thermophile, it has an optimal growth temperature of 65-72 °C with the ability to
grow as low as 47 °C and as high as 85 °C (Cava, Hidalgo, & Berenguer, 2009).
Thermophiles often have higher G+C contents than their mesophile counterparts,
with T. thermophilus having a 69% G+C content (Henne et al., 2004).

While there are multiple T. thermophilus strains that can be used experimen-
tally, the Gregory laboratory primarily uses strain HB27, which is the most widely
used strain. It has both a main chromosome and a megaplasmid, denoted pTT27
(Henne et al., 2004). It is a good model organism due to its natural competence
for transformation with plasmid or genomic DNA, allowing gene replacement by
homologous recombination. This allows for easy genetic manipulation of the bac-
terium without needing to disrupt the cell membrane using electroporation, or in-
cubation in calcium chloride used in artificial transformation (Koyama et al., 1998;
Cava, Hidalgo, Berenguer, 2009). Another characteristic facilitating ribosomal ge-
netics is the presence of only two copies of each rRNA gene. This allows for pro-
duction of homogenous ribosome populations by either gene conversion or con-
structing strains with a deletion of one rRNA gene copy.

Lastly, ribosomes from thermophiles are easier to crystalize than those of
other bacteria. Many X-ray crystal structures of the T. thermophilus ribosome have
been solved. These include just the 30S subunit, just the 50S subunit, the full 70S
assembled ribosome, and with various other elements attached (Trakhanov et al.,
1987; Trakhanov et al., 1989; Cate et al., 1999; Schluenzen et al., 2000; Wimberly

et al.,, 2000; Yusupov et al., 2001). The current highest resolution for the T.
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thermophilus 70S structure is 2.4 A and was solved by X-ray diffraction (Polikanov

et al., 2015). These structures allow researchers to design and predict the effects

of mutations on ribosome structure, function, and assembly.

19



CHAPTER 2

Methodology

Bacterial strains and growth conditions

All E. coli strains used in this study were derived from strain K12 and were
grown in standard LB or SOC medium. All T. thermophilus strains used in this
study were derived from the HB27 strain (ATCC BAA-163; Oshima & Imahori,
1974). These strains were grown in Thermus Enhanced Medium (TEM, ATCC Me-
dium 1598). TEM plates were solidified with 1.8% (w/v) Difco agar. TEM was made
using (per 1 L): 0.2 g MgCl,+6H,0, 0.04 g CaS0O,*2H,0, 0.154 g Na;Citrate*2H,0,
2.5 g yeast extract, 2.5 g tryptone, 900 mL deionized H,O, 0.5 mL 0.01 M Fe cit-
rate, 0.5 mL Trace Element Solution (per 1 L: 1.97 g NasCitrates2H,0, 0.1 g
FeCl,*4H,0, 0.05 g MnCl,*4H,0, 0.03 mg CoCl,*2H,0, 0.005 g CuCl,*2H,0, 0.005
g Na;Mo0,°2H,0, 0.002 g H3BOs, and 0.002 g NiCl,*6H,0). The mixture was au-
toclaved alongside 100 mL phosphate buffer (per 1 L: 5.44 g KH,PO,, 17 ¢
Na,HPO, pH 7.2) which was added to the mixture post-autoclave. Liquid culture
was made same as the solid media, without the agar. All bacterial stocks were
stored in glycerol (25% wi/v) at -80 °C. All gDNA and plasmid DNA were stored at

-20 °C.

Enzymes and reagents
Enzymes were purchased from New England Biolabs (NEB; Ipswich, MA) and
were used according to the manufacturer's specifications. OneTaq DNA
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Polymerase (NEB catalog number M0482L) was used for PCR amplification for
Sanger sequencing and Diagnostic PCR. DNA Clean and Concentrator Kit (cata-
log number D4034) from Zymo Research (Irvine, CA) was used to purify PCR
products and restriction fragments to be used for cloning. E. coli plasmids were
purified using Zymo Research ZR Plasmid Miniprep Kit (catalog number D4015).
Lastly, genomic DNA (gDNA) from T. thermophilus were purified using the Wizard

Genomic DNA Kit (cat number A2920) from Promega (Madison, WI).

Oligonucleotides

All oligonucleotide primers used in this study were purchased from Integrated
DNA Technologies (IDT, Coralville, 1A) and are listed in Table 1 below. Once re-
ceived, the lyophilized primers were dissolved in TE buffer 100 yM concentration,

and 10 pyM working stocks were made by dilution in water.

Q5 mutagenesis

Q5 mutagenesis was used for creating mutants of interest. The primers were
used to incorporate the mutation during amplification of the plasmid using the Q5
Hot Start High-Fidelity DNA Polymerase (NEB #M0492). A KLD reaction, which
ligates the PCR product and removes the template, was then performed using
NEB'’s KLD Enzyme Mix Kit. The KLD reaction was incubated at room temperature
for 5 minutes before being used to transform E. coli competent cells taken directly
from the -80 °C freezer and thawed on ice.

DNA assembly and molecular cloning
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The target sequence of interest (insert) and vector were digested using spe-
cific enzymes (NEB), and the vector was further treated with rSAP (recombinant
shrimp alkaline phosphatase) from NEB (catalog number M0371S), in CutSmart
Buffer. Digests were incubated at 37 °C for 2 hours before being purified with Zymo
PCR Cleanup Kit (D4034) and electrophoresed on a 1% agarose gel. Ligation re-
actions with 1:1 and 10:1 insert: vector ratios were prepared with ligase buffer and
T4 DNA ligase. Ligations were incubated at room temperature for one hour and
used to transform E. coli competent cells (NEB5 a cells for a pUC18-derived plas-
mids and PIR1 cells for plasmids replicating from the R6Ky replication origin).
Transformations were performed and final plasmid selected/verified as stated in

the Q5 mutagenesis section.

DNA sequencing
PCR products were sequenced by Sanger sequencing by the RI-INBRE Core

Facility, housed in Avedisian Hall.

Transformation of competent E. coli

Frozen competent NEB5a E. coli cells (genotype fhuA2A(argF-lacZ) U169
phoA ginV44 ®80A(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17; NEB cat-
alog number C2987H) were transformed with pUC18-derived plasmids according
to the manufacturer’s protocol. Transformations were incubated on ice for 30
minutes, followed by being heat shocked in an Eppendorf ThermoStat at 42 °C for

30 seconds before being transferred back onto ice for at least 30 seconds. SOC
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(Super Optimal broth with Catabolite repression) was added to the transformations
and placed in a shaking ThermoStat to incubate for an hour at 37 °C.

The transformations were selected on LB plates containing 300 ug/ml am-
picillin (LB Amp300 plates) and incubated at 37 °C. Single colonies were streaked
for single colonies on the same medium and incubated at 37 °C. Purified colonies
were used to inoculate 5 ml LB medium and grown overnight with shake at 37 °C.
3 ml of saturated culture were used for plasmid preparations using the Zymo min-
iprep classic kit. 0.8 ml of culture was archived as glycerol stocks.

The same protocol was used to transform One Shot frozen PIR1
competent E. coli cells (Invitrogen catalog number C101010; genotype
F~Alac169rpoS(AM) robAl creC510hsdR514 endA recAl uidA(AMIul)::pir-116)
with plasmids replicating from the R6Ky origin, except those selections were

performed on LB plates containing 50 ug/ml hygromycin B.

Transformation of Thermus thermophilus

Thermus thermophilus strain HB27 or mutant derivatives were streaked for
single colonies from a frozen glycerol stock onto a TEM plate, with appropriate
antibiotic if necessary. A 125 mL baffled flask of 10 mL TEM was inoculated with
a single colony and grown overnight with aeration at 65 °C until saturated. It was

then diluted 1:100 into 20 mL of prewarmed TEM with 0.4 mM CacCl, and 0.4 mM
Mg,Cl in a 250 mL baffled flask. It was incubated with aeration at 65 °C for 2 hours.

In clean 125 mL baffled flasks 5mL of culture and the DNA of interest was added

and incubated for 4 hours at 65 °C with aeration. The transformations were plated
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on TEM with appropriate antibiotic if necessary and placed in a 65 °C standing
incubator for several days until colonies appeared and could be re-streaked for
single colonies. Single colonies were picked, and 10 mL TEM liquid inoculated in
a 125 mL baffled flask with aeration in a shaking incubator at 65 °C. When satu-
rated, glycerol stocks were made, and the remaining culture was harvested for
genomic DNA preps. If antibiotics were not able to be used to screen and select
for the desired transformants, this was determined using colony PCR, gel electro-

phoresis, and Sanger sequencing.

Processing of transformants

Transformations were then plated on LB medium containing appropriate an-
tibiotic at 37 °C overnight. From there the samples were re-streaked on solid LB
media, single colonies grown in liquid LB media, and plasmid DNA prepared using
the Zymo Research Classic DNA Miniprep Kit (catalog number D4015). Diagnostic
PCR was run on the samples amplifying different regions of the fragment (UHR &
htk, DHR & htk, UHR & DHR). The samples matching the expected length when

run on a gel were sent for Sanger sequencing.

Growth rate measurements
Single colonies grown on TEM plates were used to inoculate 20 mL of TEM

liquid media with a minimum of three replicates performed for each genotype
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(including wild type T. thermophilus HB27 for comparison). Cultures were grown
overnight to saturation before being diluted in a baffled culture flask with 225 mL
TEM for a starting ODg¢oo ~0.08. The cultures were shaken at 65 °C (55 °C for the
uS17 mutant). ODg¢, readings were taken every half hour until OD¢q read 0.80
was reached (beginning of stationary phase). The readings were entered into Ex-
cel and graphed using the Chart Wizard on the menu bar (including “display equa-
tion” and “display R-squared value”), and doubling time was calculated using the
equation: log2/slope (or 0.301/slope). The mean of the replicates was calculated
and compared to that of the wild type growth rate measurements (see section

about statistics below).

Antibiotic disc diffusion assays

Antibiotics were dissolved in the appropriate solvent to 10 yg/uL. From there
10 uL of each antibiotic was added to sterilized 6 mm filter paper discs, which were
manipulated using ethanol-and-flame-sterilized forceps. Each disc contained a fi-
nal amount of antibiotic of 100 ug. The only exception was ampicillin, which has
an effective minimum inhibitory concentration, and only had 1 pL of the antibiotic
to make the disc amount 10 ug (Peechakara et al., 2023). The discs were allowed
to air dry at room temperature in a sterile, empty petri dish before being moved
into 1.5 mL Eppendorf tubes and stored in the -20 °C freezer. The bacterial sam-
ples to be tested were grown overnight at 65 °C in TEM. Once saturated, 100 uL
of the samples were spread-plated on TEM plates and left to dry at room temper-

ature. Once dry, sterilized forceps were used to place antibiotic discs, 2-3 different
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antibiotic discs per plate. These were then placed in the 65 °C standing incubator
to grow. Once the cultures were grown, a ruler was used to measure the diameter
of the zone of inhibition (area around the disc where colonies were unable to grow
in the presence of the antibiotic). This experiment was done in triplicate per sample

with each antibiotic.

Statistical analysis

Statistical analyses were performed on the antibiotic disc diffusion assay data
and the growth rate data (wild type versus complement). All tests were performed
using Excel’s T-Test functions. Barlett’s test for homogeneity of variance between
the wild type and complement growth rates was performed using the Stat Trek
website. Information about the Kruskal Wallis and Welch’s T-tests were looked at
using the Statistics Kingdom website. Lastly, standard errors were calculated using

a free online calculator website called Good Calculators.

16S rRNA secondary structure maps

Schematic 16S rRNA secondary maps were downloaded from the Compara-
tive RNA Website (https://crw-site.chemistry.gatech.edu; Cannone et al. 2002). A
postscript file (s.16.b.T.thermophilus2.schem.ps) was modified in Adobe Illustrator
2020, removing extraneous text. Line thickness (representing the phosphodiester
backbone) was increased to 1pt to enhance visibility in the final figure. The image

was exported from lllustrator as a .png file and imported into Microsoft PowerPoint

26



version 16.06 and annotated. The final figure was exported as a .pdf file and em-

bedded in the text of the thesis.

30S subunit reconstruction map
The 30S reconstitution map figure was generated in Adobe Illustrator 2020,

exported as a .pdf file, and embedded in the text of the thesis.

Ribosome structure images

All ribosome structure files were downloaded from the Protein Data Bank
(https://www.rcsb.org). Images were generated with PyMOL Molecular Graphics
System Version 2.2.0 (Schrédinger LLC, and DelLano, W (2020)) using PDB entry
4y4p.cif, the 2.5 A resolution crystal structure of the T. thermophilus 70S ribosome
(Polikanov et al., 2015). Surface renderings were performed using the default
probe radius setting of 1.4 A. Individual surfaces were created for 16S rRNA and
individual ribosomal proteins. Semi-transparent surfaces were generated using a
transparency setting of 0.8. Ray-traced images at 600 dpi were exported as .png
files, then imported into Microsoft PowerPoint and annotated. Final figures were
then exported from Microsoft PowerPoint as .pdf files and embedded in the text of

the thesis. PyMOL scripts are available upon request.

Ribosome structure distance measurements
For distance measurements, cif structure files were obtained from the Protein

Data Bank (https://www.rcsb.org) and opened in PyMOL. The ribosome structure
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was shown in stick format, and distances were measured using the PyMOL "wizard
measurement” tool, with a cutoff distance of 3.0 Angstrom. Individual atom pairs
were manually picked, and distance output was copied and pasted into a table in
a .docx file. Atom identifiers are in standard pdb format. In figures, relevant resi-
dues are shown in stick format and h-bonds, or ionic bonds are shown as dashed
lines generated using the distance command. Ray-traced images at 600 dpi were
exported as .png files. Final figures were made using Microsoft PowerPoint, ex-

ported as .pdf files and embedded in the text of the thesis.

Plasmid maps

Maps were generated using SnapGene Viewer version 7.0.1 (Dotmatics;

www.snapgene.com).
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Table 1. Oligonucleotides used in this study.

Oligonucleotide

Sequence (523’)

M13(-47)

CGCCAGGGTTTTCCCAGTCACGAC

M13 Reverse

CAGGAAACAGCTATGAC

bgaA seq revl

CACGCGCACGTAGGAAAGTCC

htk _seq fwdl

ATGAAAGGACCAATAATAATGACTAGAGAAGAAAGAATG

htk_seq_revl

TCAAAATGGTATGCGTTTTGACACATCCACTATATATCC

HB27_rpsT_out_f1 GATGAGGACCACCTTGTGGCCGAG

HB27_rpsT_out_rl AGGAGGGGACCTTCCGCTTC

HB27 rpsT_UHR_f1 CCTGCAGGTCGACTCTAGAGCATGTGCCCAAGTATACTTAGGC
HB27_rpsT_UHR_rl GTCCTTTCATCGTTCTCCCCTTTGGCCC

HB27_rpsT_htk_f1 GGGGAGAACGATGAAAGGACCAATAATAATGAC
HB27_rpsT_htk rl TACGCCCTCCTCAAAATGGTATGCGTTTTG
HB27_rpsT_DHR_f1 ACCATTTTGAGGAGGGCGTATGGGCAAG

HB27_rpsT_DHR_rl ATTCGAGCTCGGTACCCGGGTACGGCGCCTTCCTCGGA

rpsT-thx Pstl f1

GTGATACTGCAGGGTGTGCTACACT

rpsT-thx Xbal rl

GGAAGCTCTAGAAGGAGGCCGAATAGCCTA
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Table 2. Plasmids used in this study.

Plasmid Description
puC18 Ampicillin resistant (AmpR), E. coli cloning vector
pSAD1 E. coli-T. thermophilus shuttle vector with hygromycin B resistance

(hph), B-galactosidase, (bgaA) genes

pUC18-rpsT-htk | pUC18 with rpsT gene replaced with kanamycin-adenyltransferase
(PBML26.6) (htk) and upstream and downstream homology regions (UHR and
DHR, respectively).

pSAD-bS20-Thx | pSAD1 with rpsT-thx operon cloned between the hph and bgaA genes
(PBML55.7) using Pstl and Xbal restriction sites.

Table 3. Bacterial strains used in this study (Eco, E. coli; Tth, T. thermophilus).

Strain Species | Genotype Source

PIR1 Eco F-Alac169 rpoS(Am)robAl creC510 ThermoFisher Scientific
hsdR 514 endA recAl uidA (AMlul):pir-
116

NEB5a Eco fhuA2(argF-lacZ)U169 phoA glinv44 New England Biolabs

¢80 (lacZ) M15 gyrA96 recAl relAl
endAl thi-1 hsdR17

HB27 Tth Wild type ATCC

JQ144 Tth HB27 ArpsQ Gregory Lab Collection
BMLA43- Tth HB27 ArpsT::htk Gene replacement of rpsT
45 using pUC18-rpsT-htk
BML117 | Tth ArpsT::htk/ pPSAD-bS20-Thx Transformation of BML43

with pSAD-bS20-Thx

BML118 | Tth A rpsT::htk/ pPSAD Transformation of BML43
with pSAD1 empty vector

BML123 | Tth A rpsT::htk/ pSAD-bS20-Thx Transformation of BML43
with pSAD-bS20-Thx

BML125 | Tth HB27/ pSAD Transformation of HB27
with pSAD1 empty vector

BML 127 | Tth HB27/ pSAD-bS20-Thx Transformation of HB27
with pSAD-bS20-Thx
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CHAPTER 3

Findings

The ribosomal protein, bS20, is a conserved bacterial 30S primary non-essen-
tial binding protein that plays a role in the assembly of the 30S subunit (Held et al.,
1974). Deletion of the rpsT gene encoding bS20 in mesophiles leads to a severe
growth deficiency and a significant decrease in the amount of 70S ribosomes being
assembled (Dabbs, 1978; Gotz et al., 1989). To date, there are no published data
indicating that bS20 can be removed from a thermophile’s ribosome. Therefore, to
test the phenotypes found by other labs in mesophiles, | created a rpsT knockout
strain in T. thermophilus, which will be used to examine the role of bS20 in riboso-

mal 30S subunit assembly and its phenotype.

Construction of ArpsT::htk bS20-minus mutant

To delete the rpsT gene, | constructed a plasmid, pUC18-rpsT-htk (pBML26.6),
designed using the NEBuilder online tool (https://nebuilder.neb.com/#!/). This plas-
mid construct consists of the pUC18 cloning vector, upstream and downstream
homology regions (UHR and DHR) flanking the rpsT locus, and the htk gene en-
coding a thermostable kanamycin-adenyltransferase (Figure 6). The UHR and
DHR, generated by PCR (see Methodology), were 466 bp and 479 bp in length,
respectively, providing sufficient extents of sequence homology for efficient homol-
ogous recombination. The UHR was amplified using primers (HB27_rpsT_UHR_f1

and HB27_rpsT_UHR_rl) and the DHR was amplified
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tyrS TT_C1032 rpsT  thx TT_C1029

TT_C1032

bla

Figure 6. Schematic used to replace the bS20 encoding gene, rpsT. The gene rpsT was re-
placed with the highly thermostable kanamycin adenyltransferase gene, htk. The horizontal line at
the top of the figure shows the operon that encodes rpsT. Below the line is a representation of the
plasmid used. In green is the htk gene that replaced the rpsT gene. In blue is the upper and down-
stream homologous regions that were also incorporated into the plasmid to allow for homologous
recombination, as shown by the vertical arrows. The thx gene was included in the plasmid to ensure
it was not deleted alongside rpsT, which would have further complicated any findings as the source

of said findings could be due to either rpsT or thx.

using primers (HB27_rpsT_DHR_fl and HB27 _rpsT_DHR_rl). The htk gene was
amplified using primers HB27_rpsT_htk f1 and HB27 rpsT_htk_f1, producing a
762 bp product. The BamHI-digested pUC18 vector backbone, DHR, UHR, and
htk fragments were combined using Gibson Assembly. The rpsT coding sequence
was replaced with htk in a one-to-one exchange of start and stop codons. Thus,
the htk coding sequence uses the transcription and translation elements of rpsT.
The resulting plasmid (Figure 7) was used to transform NEB5a E. coli cells,
and its structure was confirmed by restriction digestion and Sanger sequencing
(using primers M13(-47) and M13_reverse). Once the correct plasmid was con-
firmed, it was used to transform T. thermophilus HB27, selecting kanamycin re-

sistance.
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pBL-rpsT-htk

4373 bp

Figure 7. Plasmid construct of the rpsT deletion mutant (ArpsT::htk). The plasmid pUC18 with
rpsT gene is replaced with kanamycin-adenyltransferase (htk) and upstream homology region

(UHR) and downstream homology region (DHR).
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As pUC18 does not replicate in T. thermophilus, kanamycin resistance can only
result from either insertion of the entire plasmid into the chromosome by a single
crossover or by exchange of the mutant and wild-type rpsT loci by double cross-
over. A double cross-over event resulted in replacement of the native rpsT locus
with the deletion. This general strategy for construction of knockout mutants of T.
thermophilus has been described by my advisor for a number of genes, including
rpmA (Cameron et al., 2004), rrIB (Moshupanee et al., 2008), rrsA (Gregory and
Dahlberg, 2009), ksgA (Demirci et al., 2009), rsmG (Gregory et al., 2009), rrsB
(Carr et al., 2015), thx (Dao et al., 2015) and rimN (Alexandrova et al., 2024).

Immediately downstream of rpsT is thx, encoding ribosomal protein Thx, a
small 26 aa peptide that is specific to members of the Deinococcus-Thermus
phylum (Leontiadou et al., 2001), though it has homology to plastid-specific
ribosomal protein PSRP4 (Yamaguchi et al., 2004). In contrast to the proximity of
these two genes, their encoded ribosomal proteins are located at opposite ends of
the 30S subunit (Brodersen et al., 2002). Thx is dispensable in T. thermophilus
(Dao et al., 2015) and a mutant lacking it shows no growth defect (S. Gregory,
unpublished observation).

Several putative knockout mutants were purified by restreaking, grown in liquid
medium and archived. Putative mutants grew noticeably slower than wild type, but
did not display a temperature-sensitive phenotype, in contrast to the rpsQ mutant
lacking uS17 (designated JQ144). After purification by serial restreaking, colonies
were used to inoculate liquid medium, grown to saturation, archived as glycerol

stocks, and stored at -80 °C. These cultures were also used to prepare gDNA,
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which in turn was used to confirm the presence of the knockout allele by diagnostic
PCR.

The presence of the gene knockout was confirmed by diagnostic PCR using
primer pair HB27_rpsT_out_fl1 and HB27_rpsT_out rl. These primers bind out-
side the region of homology used for recombination and gene replacement. Fur-
ther, they are expected to amplify both the mutant and wild type rpsT-thx region.
The expected product for wild type is 1645 bp, while that for the mutant locus is
2086 bp. As shown in Figure 10, electrophoresis of PCR products clearly indicates
that the strains BML43, BML44, and BL45 all contain the knockout allele and lack
an intact rpsT coding sequence (Figure 8). All three were sequenced (using pri-
mers htk_seq_fwdl and htk_seq_revl) and confirmed to have the knockout.

BML43 was used for all further testing.
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1 2 3 4 5 6 7

ArpST::htk g
msT

Figure 8. Diagnostic PCR to confirm deletion of rpsT. Lanes 1 and 7, 1 kb DNA ladder; lanes 2
and 6, PCR product from wild type T. thermophilus gDNA; lanes 3, 4, and 5, PCR products from
three independent ArpsT::htk deletion mutants. The primers used were HB27_rpsT_out_f1 and
HB27_rpsT_out_rl. The expected length for the wild type control is 1645 bp and the ArpsT::htk
deletion mutants had an expected length of 2086 bp, which are confirmed in the gel above.
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Complementation by plasmid expression of bS20

To demonstrate definitively that the phenotype of the T. thermophilus
ArpsT::htk mutant was in fact due to the loss of bS20, | constructed a bS20 ex-
pression plasmid (Figure 9). This was based on the E. coli-T. thermophilus shuttle
plasmid pSAD1, developed by the Gregory laboratory (Carr et al., 2015). This plas-
mid has both the R6Ky replication origin and the replication origin and the repA
gene from the T. thermophilus cryptic plasmid pTT8. It also contains the hph gene,
encoding a thermostable hygromycin B phosphotransferase, driven by the strong
slpA promoter. The hph coding sequence also contains the bgaA gene from T.
thermophilus strain I1B-21, encoding a thermostable B-galactosidase. Both genes
are transcribed as part of a synthetic operon and are separated by a multiple clon-
ing site for insertion of genes for expression. Expression of the bgaA gene can be
easily assayed using the histochemical stain X-gal or the chomogenic substrate p-
nitrophenyl-B-D-galactoside.

The rpsT-thx coding sequences were inserted as a Pstl-Xbal fragment into
pSAD1 between the hph and bgaA genes using primers rpsT-thx_Pstl f1 and
rpsT-thx_Xbal _rl. The resulting plasmid was transformed into PIR1 E. coli com-
petent cells and confirmed by gel electrophoresis (expected PCR product ~500
bp). The sequence was confirmed by Sanger sequencing using primer
bgaA seq_revl and designated pSAD-bS20-Thx. This plasmid was used to trans-
form wild type T. thermophilus HB27 and the ArpsT::htk mutant BML43. Trans-

formants were selected for hygromycin B resistance.
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PSAD-bS20-Thx

6534 bp

Figure 9. Plasmid construct of the bS20 expression plasmid. Plasmid pSAD-bS20-Thx with

rpsT-thx operon cloned between the hph and bgaA genes using Pstl and Xbal restriction sites.
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Growth phenotype of the ArpsT::htk bS20-minus mutant

Based on previously published work, deletions of rpsT in other bacteria cause
slower growth rates. As growth rate reflects protein synthesis capacity, this serves
as a proxy for the sum total of ribosomal subunit assembly and protein synthesis
activity of assembled ribosomes. | therefore performed growth rate measurements
of my rpsT deletion mutant. This was performed in triplicate to validate observed
results.

For comparison, | performed growth rates on wild type T. thermophilus (HB27),
my bS20 knockout (BML43), and my bS20 knockout mutant with a bS20 expres-
sion plasmid (BML117) at 65 °C. | was unable to use the uS17 knockout mutant
as a comparison, as it does not grow at 65 °C. The average doubling time of the
triplicates and their standard error can be seen in Figure 10. The standard error
was calculated using Excel's T-Test function, as described in the Methodology
section. Wild type HB27 had a doubling time of 47 minutes with a standard error
of 5 minutes. The bS20 deletion mutant with the expression plasmid, BML117, was
able to grow similar to that of wild type. Its doubling time average was 55.7 minutes
and had a standard error of 7.7. Based on a T-test performed using the Excel
function, there was no statistical significance between the complemented mutant
and the wild-type. This means the plasmid was able to repair the growth defect
seen in the bS20 deletion mutant.

The bS20 deletion mutant, BML43, had a doubling time of 281 minutes with a
standard error of 65.9. This high variability in growth of the mutant may be indica-

tive of some genetic instability, with possible secondary suppressor mutations
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arising in the population at different times during growth of the culture. This means
that when mutations acquire secondary suppressor mutations early on, their dou-
bling times will be quicker, while those that acquire secondary suppressor muta-
tions later on have longer doubling times. This has been seen in previous studies
mentioned in the background paragraph and will be investigated in future studies
using whole genome sequencing of multiple isolates and evolution experimenta-

tion.
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Figure 10. Growth phenotype of the ArpsT::htk deletion mutation. Bars show the average;
experiments were done in triplicate. Error bars were made using the standard error custom to each
mutant. The samples were each grown in TEM media at 65°C from stationary to end-stage log
phase, measured by ODg, to 0.8. There was no statistically significant difference between the wild
type and complementation mutant strain doubling times based on T-tests. There was a significant

difference between the wild type and bS20 deletion mutant doubling times.
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This makes additional growth rate measurements unlikely to be informative
since populations would be genetically non-uniform. Prior to further growth rate
analysis, whole genome sequencing should be performed to identify possible sup-
pressor mutations. Nevertheless, | can conclude from these observations that loss

of bS20 produces a severe growth defect.

Antibiotic disc diffusion assays

Previous studies have suggested that antibiotics that inhibit protein synthesis
also inhibit ribosomal subunit assembly. The effect on assembly is now thought to
indirectly result from protein synthesis inhibition. This led me to the hypothesis that
mutants with subunit assembly defects might be hypersensitive to protein synthe-
sis inhibitors. To test this hypothesis, | assessed the sensitivity of the rpsT deletion
mutant to a number of antibiotics using a disc diffusion assay. The antibiotics used
and their mechanisms of action can be seen in Table 4 below. Assays were per-
formed in triplicate and wild type T. thermophilus HB27 was used for comparison.

Discs were made to have 100 ug of antibiotic on each, except ampicillin which
was made with 10 ug of antibiotic. The plates were grown in 65 °C and checked
every day, with the wild type plates growing faster than the bS20 deletion mutant
plates. A variety of antibiotics were used to assess the impact of various antibiotic
classes. Since bS20 was replaced with a kanamycin resistance gene, kanamycin
was used as a negative control. A list of these antibiotics and their target sites can
be found in Table 4 (information found via DrugBank and NIH). When the cells

were grown, a ruler was used to measure the zone of inhibition in cm and
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converted to mm. The averages and their standard deviation were determined and
can be seen in Figure 11.

While the bS20-minus mutant was shown to be hypersensitive to some antibi-
otics, there were many antibiotics to which it either showed less sensitivity or had
no significant difference from the wild type strain. Thus, no emerging pattern of

hypersensitivity indicative of an assembly defect was evident. A larger variety of

antibiotic or disc concentrations can be used for further testing if needed.

Table 4. Antibiotics:

Their Drug Class, Targets, and M.O.A.

Antibiotic

Class

Target

Mechanism of Action

Kanamycin (Kan)

Aminoglycoside

30S subunit 16S
rRNA & a pro-
tein 12 amino
acid.

Induces mistranslation

Paromomycin (Par)

Aminoglycoside

30S subunit 16S
rRNA.

Induces mistranslation

Streptomycin (Str)

Aminoglycoside

30S subunit 16S
rRNA.

Induces mistranslation

Capreomycin (Cap)

tuberactinomycin

70S ribosome
subunit interface

Inhibits the translocation
step

Chloramphenicol (Chl) | N/A 50S subunit Inhibits peptide bond
PTC (23S formation. May perturb
rRNA). nascent polypeptide ex-

iting.

Tylosin (Tyl) 16-atom 50S subunit Inhibits peptide bond
peptide exit tun- | formation; Blocks poly-

Macrolide nel peptide exit channel

Erythromycin (Ery) 14-atom 50S subunit 23S | Blocks polypeptide exit

rRNA channel
Macrolide

Azithromycin (Azm) 14-atom 50S subunit 23S | Blocks polypeptide exit

rRNA channel
Macrolide
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Lincomycin (Lnc) Lincosamide 50S subunit Inhibits peptide bond
PTC (23S rRNA) | formation
Ampicillin (Amp) B-lactam Cell wall Inhibits synthesis of bac-
terial cell wall by inhibit-
ing peptidoglycan syn-
thesis at transpepti-
dation step.
Rifampicin (Rif) Rifamycin RNA polymer- Prevents elongation of
ase B-subunit RNA chain, prevents
RNA synthesis initia-
tion.
Thiostrepton (Thio) Thiopeptide GTPase-associ- | Disrupts EF-Tu and EF-

ated center of ri-

G function and RelA

bosome binding
Levofloxacin (Levo) Fluoroquinolones DNA gyrase Inhibits DNA synthesis.
Promotes DNA strand
breakage
Ofloxacin (Oflo) Fluoroquinolones DNA gyrase Blocks growth and re-

pair enzymes. Blocks
DNA synthesis
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Figure 11. Bar graph showing average zones of inhibition of wild type and bS20 knockout
strains in antibiotic presence. Bars show the average; experiments were done in triplicate. The
samples were each grown on TEM media plates at 65°C in the presence of 5mm discs covered
with antibiotic. Statistical significance between the wild type and deletion mutant strain zones of
inhibition were determined using the Excel T-test function. No asterisk, no statistical significance;
p<0.05 was denoted by one asterisk; p<0.01 was denoted by two asterisks, and p<0.001 three

asterisks.

Statistical analysis

The antibiotic disc diffusion data was analyzed using the T-test function on
Excel comparing the wild type zones of inhibition to the AbS20 zones of inhibition
using a two-tail type 2 t-test (=T.TEST (arrayl, array2, 2, 2). A type 2 test (equal
variance) was used instead of a type 3 test (unequal variance) because the ratio
of the larger to smaller deviation was not greater than 2, so equal variance test

should be used (thebmj). The growth rate data was also compared between wild
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type doubling times versus the deletion mutant or complementary mutant doubling
times. There was too much heteroscedasticity between the wild type and deletion
mutant doubling time, so an Anova test was not used. There was not enough sta-
tistical power to perform a Kruskal Wallis or Welch’s T-test. Therefore, statistical
significance testing was not performed on the wild type versus deletion mutant, but
based on visualization there is a large difference between the two doubling times.
However, when looking at the wild type versus the complementation mutant, a
Barlett test showed that there was enough equal variance between the doubling
times to use aregular T test, same as used with the antibiotic disc diffusion assay.
Statistical significance was denoted by the presence or absence of asterisks. No
asterisks means that there is no significant difference, one asterisks means

p<0.05, two asterisks means p<0.01, and three asterisks means p<0.001.

Complementation with pSAD1-bS20-Thx expression plasmid

To ensure that any phenotypes present in the bS20 knockout strains were in
fact due to the absence of bS20, an E. coli expression plasmid, pSAD1 was used
to try to compensate for the growth defect. Firstly, the already made BML117 used
for growth rates was placed to grow at 55 °C. 65 °C, and 72 °C on plates with
hygromycin B antibiotic (50 pg/uL). As a comparison, wild type HB27 and the ArpsT
mutant BML43 were grown in the absence of the antibiotic at the same
temperatures. HB27 and BML117 had faster growing colonies than BML43 at
65 °C and 55 °C. These plates can be seen in Figure 12. | then redid the

transformation to include not just BML43 with the pSAD-bS20-Thx plasmid
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(BML123) but wild type with the pSAD-bS20-Thx as well (BML127). | also
transformed both BML43 with a pSAD1 empty vector (BML118) and HB27 with a
pSAD1 empty vector (BML125). These were all grown in the presence of
hygromycin B at 55 °C and 65 °C. All four samples were able to grow overnight at
55 °C and 65 °C. The 55 °C and 65 °C plates can be seen in Figure 13. These
plates support the growth rates in their finding that the expression plasmid is able

to rescue the growth phenotype.
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AbSIOMSADEDS20) | wild Typemer
Figure 12. AbS20(pSAD1-bS20), wild type, and AbS20 growth at various temperatures. (A-C)
Plate images comparing the growth of AbS20(pSAD1-bS20) (BML117), wild type (HB27), and
AbS20 (BML43) at 55°C. (D-F) Plate images comparing the growth of AbS20(pSAD1-bS20), wild
type, and AbS20 at 65°C. (G-1) Plate images comparing the growth of AbS20(pSAD1-bS20), wild
type, and AbS20 at 72°C. All strains were able to grow at 55°C and 65°C. AbS20 was not able to
grow at 72°C, but wild type and AbS20(pSAD1-bS20) were. This showed that the bS20 knockout
mutant did not have a temperature sensitivity but did take longer than the AbS20 and wild type

strains to grow colonies.
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AbS20 AbS20
(pSAD1_bsS20) (empty vector)

HB27 HB27
(empty vector) (pSAD1_bS20)

Figure 13. AbS20(pSAD1_bS20) and wild type complementation growth at 55 and 65°C. (A-

B) Plate image comparing the growth of wild type with the expression plasmid (pSAD-bS20-Thx),
wild type with the empty vector (pSAD1), AbS20 with the expression plasmid (pSAD-bS20-Thx),
and AbS20 with the empty vector (pSAD1) at 55°C and 65°C, respectively. All plates were able to
grow at 55°C and 65°C. They were all able to grow quicker than the AbS20 mutant.
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Structural analysis

To try to explain the phenotypes found both in previous studies and with my
deletion mutant, | carried out an analysis of bS20 and its surrounding rRNA and r-
proteins within an X-ray crystal structure of the 30S ribosomal subunit (PDB entry
6CAQ; unpublished). This allowed me to make connections between the deletion
mutant phenotypes and bS20's location within the 30S subunit. | identified a num-
ber of potential sites of interactions between bS20 and 16S rRNA helices h6, h7,
h8, h9, h10, h1l, and h13. These helices are all part of the 16S rRNA 5' domain
and these interactions can be predicted to serve to stabilize the local fold of this
domain. A set of long-range interactions involving 16S rRNA helix h44 in the 3'
minor domain are the only interactions that might be involved in global RNA folding.
This helix is the last major secondary structure element to be formed during 16S
rRNA synthesis. Formation of the bS20-h44 interaction is therefore likely a very
late assembly event. This stands in contrast to the role of uS17, which we predict
involves a very early binding event to the 16S rRNA 5' domain, followed by recruit-
ment of the central domain in a major folding event. We speculate that bS20 con-
tributes to this major folding event by stabilizing the local conformation of the 5'
domain, necessary for recruitment of the central domain.

A cutoff distance of 3.0 A was chosen, as the ideal distance for hydrogen
bonds is 2.8 A with anything above 3A as suspect. No interactions between bS20
and other r-proteins were observed within the cutoff distance. There were, how-
ever, 21 interactions within this cutoff distance found between bS20 and the 16S

rRNA. Of these interactions, only three were with bases and the other 18 were with
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the RNA backbone. This indicates that global structure is recognized more effi-
ciently than sequence specificity. bS20 needs to recognize certain features of the
RNA backbone to form correct bS20-16S rRNA interactions and help the ribosome
to assemble correctly. There were seven bonds found to be within 2.8 A. All of
these bonds connected a phosphate in the 16S rRNA backbone to amino acids
with both charged and uncharged side chains. The 16S rRNA bound to the guan-
idinium of three arginine side chains, the B-hydroxybutyric acid of two serine side
chains, and the e-NH3 of a lysine side chain. All of these are highly polar, which
makes sense as hydrogen bonds don’t include nonpolar molecules as they don’t
have permanent dipoles. There were also a variety of bonds with both longer and
shorter distances that the optimal 2.8 A, which can be seen described in Table 5

below.
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Table 5. Ribosomal protein bS20-16S rRNA interactions in the T. thermophilus

30S subunit (PDB entry 6CAQ; 3.4 A resolution).

bS20 16S rRNA Distance Description
A)

Gly'102/0 G'191/02’ 2.3 Glycine backbone cargol_r|1yl oxygen to ribose 2’
Arg’17/NH1 | C103/0P1 2.4 Arginine guanidinium to phosphate OP1
Lys'29/NZ | C'176/0P1 2.4 Lysine €-NHs to phosphate OP1
Thr'35/0G1 | G 1455/0P1 2.4 Threonine 3-OH to phosphate OP1
Arg’79/NH2 | U261/0P2 2.7 Arginine guanidinium to phosphate OP2
Ser'105/0G | C'187/N3 2.7 Serine -OH to cytosine N3
Arg’17/NH2 | G'102/0P1 2.8 Arginine guanidinium to phosphate OP1
Arg'22/NH1 | G'324/0P1 2.8 Arginine guanidinium to phosphate OP1
Ser'31/0G | C'1459/0P1 2.8 Serine B-OH to phosphate OP1
Lys'38/NZ | C'1439/0P1 2.8 Lysine €-NH: to phosphate OP1
Ser'82/0G | C'187/0P1 2.8 Serine B-OH to phosphate OP1
Arg'83/NE | G 259/0P2 2.8 Arginine guanidinium to phosphate OP2
Lys'87/NZ | G 259/0P1 2.8 Lysine €-NHs to phosphate OP1
Lys'38/NZ | C'1439/0P2 2.9 Lysine €-NHs to phosphate OP2

Met 85/SD C'186/02’ 2.9 Methionine sulfur to ribose 2° OH
Glu'60/0OE1 | C193/04 3.0 Glutamate carboxyl oxygen to ribose 4’° OH
Arg 89/NE C187/02 3.0 Arginine guanidinium to ribose 2° OH
Gly'101/0 G'191/02' 3.0 Glycine backbone carbonyl to ribose 2’-OH
Gly'103/0 G 191/N2 3.0 Glycine backbone carbonyl to Guanine N2-amino
Leu'104/0 G'191/02' 3.0 Leucine backbone carbonyl to ribose 2'-OH
Ser'105/N C'187/02 3.0 Serine a-amino to Cytosine carbonyl oxygen
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CHAPTER 4

Discussion

Summary

Ribosome assembly has to be able to create tens of thousands of ribosomes
as accurately and efficiently as possible. This is a large investment for the cell, and
any inaccuracies can lead to defective or inhibited protein synthesis. Despite how
important this is, there is still much unknown about how the ribosome is able to
assembly in such a way. The overall goal of this thesis was to investigate the role
of ribosomal protein bS20 in helping the formation of the 30S subunit tertiary struc-
ture. Prior to this thesis, there were no publications of this protein being removed
in a thermophile like T. thermophilus, only in mesophiles like E. coli and S. enterica.
It was shown to cause a growth defect phenotype in these mesophilic strains (Aulin
et al., 1993; Tobin et al., 2010). | was able to use the thermophile’s natural com-
petence to successfully make a deletion of the protein bS20 as well as use the

ribosome crystal structures to make predictions and interpret results.

Characterizing the ArpsT deletion strain lacking bS20

| analyzed the rpsT deletion mutant | made in T. thermophilus by performing
antibiotic disc diffusion assays and growth rate comparisons. Since the uS17 de-
letion strain is too slow growing and temperature sensitive to perform antibiotic
disc diffusion assays, this was an experiment of great interest, as the bS20 mutant
was sufficiently robust for said assays. The assays were done using a various

class of antibiotics, each with their own unique mechanisms of action. By using the
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wild-type strain as a control, | was also able to look into the stability of the deletion
mutant based on the zones of inhibition. | also used kanamycin as a negative con-
trol to show that the bS20 protein is in fact replaced by htk as it now has a kana-
mycin resistance, unlike wild type. The increase in resistance to paromomycin
could possibly be attributed to the htk gene and the structural relatedness of paro-
momycin and kanamycin. Conversely, the rpsT deletion mutant was much more
sensitive to streptomycin than the wild type; we already know that htk does not
confer streptomycin resistance. | conclude that there is no general trend toward
hypersensitivity to ribosome-specific antibiotics, inconsistent with my original hy-
pothesis.

With the growth rates and growth comparisons, the ArpsT mutant was shown
to have a growth defect, in agreement with previous research done in meso-
philes. There was a large standard deviation between the three growth rates,
which could be due to the bS20 knockout mutant cells readily gaining secondary
suppressor mutants at various points in their growth. As seen in the plate figures
above, the bS20 deletion mutant was able to grow at all three temperatures, 55,
65, and 72 °C. This is In contrast with the deletion of another primary binding pro-
tein in the 5’ domain, uS17, done by my lab which cannot grow at 65 or 72 °C and
takes a considerably longer time to grow at 55 °C.

While there is much to be done to characterize the bS20 mutants, this thesis
helps to set the groundwork for further testing. The first step when trying to remove
a protein is to make sure that the protein is non-essential. | was able to show that

it is in fact not essential in our model organism Thermus thermophilus. These data
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also show that there is no temperature-sensitive phenotype, but there is indeed a
growth defect. The construction of the bS20-minus mutant and a bS20 expression
plasmid lay the groundwork for further, more detailed mutational analysis of bS20
and its role in ribosome structure, function, and assembly. However, taking into
account the failure of bS20 to efficiently assemble in the uS17-deficient strain, my
observations are consistent with a role for both uS17 and bS20 in contributing to
the folding of the 5' domain, while uS17 alone is responsible for the recruitment of
the central domain. Further, as described below, bS20 may be important for stabi-

lizing a long-range interaction with helix h44 in the 3' domain.

Streptomycin hypersensitivity

A curious outcome of antibiotic testing was hypersensitivity of the bS20 dele-
tion mutant to streptomycin. The bS20 protein has its only interdomain interactions
with the bottom of helix h44 in the 3’ domain (Aseev et al., 2024). Helix h44 is the
site of the decoding center, making it important for translation (Hobbie et al., 2007).
Streptomycin contacts helix h44 at positions C1490 and G1491 via back-bone in-
teractions and causes increased misreading of the genetic code (Carter et al.,
2001). This is far from the interaction of helix h44 with bS20 (Figure 14).

Using X-ray crystallography, the impact of streptomycin in the 30S ribosomal
subunit of Thermus thermophilus has been elucidated. Streptomycin binds close
to the site of codon recognition and distorts the 16S rRNA. It destabilizes the cog-

nate anticodon stem-loop analogues but improves recognition of a near-cognate
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anticodon stem-loop analogue which causes this increased misreading during
translation (Demirci et al., 2013).

Ribosomal protein uS12 which sits directly next to helix h44 and is contacted
by streptomycin, has been implicated in a streptomycin dependence phenotype
(Gregory et al., 2005). The uS12 protein and the decoding site collaborate for op-
timized codon recognition and substrate discrimination during early tRNA selection
(Demirci, et al., 2013). The streptomycin-dependence mutations in uS12 interfere
with tRNA selection by impairing GTPase activation of EF-Tu due to conforma-
tional changes to the decoding site. Mutations in this protein give abnormally low
error frequency (Bohman et al., 1984) and decreased miscoding (Ozaki et al.,
1969).

Research has found that a C to U single base substitution at position 1469 of
helix h44 in E. coli is able to suppress streptomycin dependence mutations in uS12
and cause translational miscoding (Allen & Noller, 1991). The mutation also had a
growth defect shown in the smaller colony sizes on solid media and a doubling
time increase by a factor of 2. The streptomycin dependence due to uS12 muta-
tions can also be compensated by increased miscoding conferred by mutations in
proteins uS4 and uS5 (Birge & Kurland, 1970; Hasenbank et al., 1973).

All this research has shown that mutations to the bottom of helix h44 can have
propagating effects that induce misreading of translation in the decoding site at the
top of helix h44. This has also been shown in bS20 mutations in mesophiles (Aulin

et al., 1993). Given this information, | hypothesize that because bS20 mutations
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have been shown to induce this misreading and streptomycin also causes mis-
reading, a bS20 deletion mutant would be hypersensitive to streptomycin.

The analysis of interactions between bS20-16S rRNA showed four interactions
with the bottom of helix h44 (positions 1455, 1439, and 1459). This can cause
propagating effects that would explain the defects in translation initiation, in-
creased readthrough of stop codons, and increased efficiency of tRNA nonsense
suppressors by effects on the decoding site at the top of helix h44. This already
increased misreading would also explain the hypersensitivity of my deletion mutant
to streptomycin. Lastly, because helix h44 is the location of multiple sites of contact
between the 50S and 30S subunit (Figure 14). These propagating effects also ex-
plain the impaired 30-50S subunit association which would lead to decrease in 70S
ribosomes being formed, and the growth defect. The unaffected elongation rate
shows that bS20 mutants cause translation initiation defects as opposed to trans-
lation elongation defects.

16S rRNA residues A1492 and A1493 are directly involved in codon recogni-
tion. Streptomycin, paromomycin, and capreomycin all bind to the decoding site
(Figure 15) and all cause misreading, but they do so by distinct mechanisms.
Streptomycin stabilizes the closed conformation of the 30S subunit leading to pro-
ductive binding of near-cognate aa-tRNA (Ogle et al., 2001; Demirci et al., 2013).
It does so by stabilizing interactions between ribosomal protein uS12 and helix
h44. In contrast, paromomycin induces a productive conformation of A1492 and
A1493, driving forward near-cognate aa-tRNA binding, but without affecting do-

main closure (Ogle et al., 2001). Capreomycin induces misreading by an unknown
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mechanism, but binds to both the 30S and 50S subunits, and does not evidently
affect domain closure (Stanley et al., 2010). The specific hypersensitivity to strep-
tomycin could therefore be an indication that the absence of bS20 perturbs decod-
ing by affecting the dynamics of interaction between 16S helix h44 and ribosomal

protein uS12.

(B)

Decoding
Site

Figure 14. Potential long-range effects of bS20 deficiency. (A) The 30S subunit showing ribo-
somal proteins uS12 and bS20 (green), with helix h44 in skyblue and the decoding site in orange.
(B) The 30S subunit showing bS20 (green) and helix h44 (skyblue). Sites of contact with the 50S

subunit are shown in palecyan.
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Figure 15. Antibiotics binding to 16S rRNA h44. Closeup views of the decoding site of 16S
rRNA and the binding sites for aminoglycoside and tuberactinomycin antibiotics. (A) The apo 30S
subunit at 3.60 A resolution (pdb entry 4drl; Demirci et al., 2013), (B) The 30S subunit with
streptomycin bound at 3.35 A resolution (pdb entry 4dr3; Demirci et al., 2013), (C) The 30S subunit
with paromomycin bound at 3.31 A resolution (pdb entry 1ibk; Ogle et al., 2001), and (D) The 70S
ribosome with capreomycin bound at 3.45 A resolution (pdb entry 4v7m:; Stanley et al., 2010). All
structures are of the T. thermophilus ribosome. 16S rRNA is shown as grey cartoon in ladder mode,
except residues A1492 and A1493, which are shown as blue sticks/plates; antibiotics are in CPK

colors except carbon atoms, which are colored green. Figure was generated using PyMOL 2.2.0.
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Future directions

More in depth analyses need to be performed to look into what is happening
to the ribosome structure itself before going into further experimentation. It is im-
portant to first confirm if there is both a functional and assembly defect seen in this
deletion mutant. The data both in this thesis and in past studies (Dabbs, 1978;
Gotz etal., 1990; Aulin et al., 1993) have pointed to a clear functional defect related
to translation initiation defects, increased misreading of the stop codon, and im-
paired 30S-50S subunit association. We believe there is also an assembly defect,
but that has yet to be confirmed through further testing.

To look into potential assembly defects, it is prudent to perform sucrose den-
sity gradient sedimentation. This will help to determine if the growth defect is due
to an assembly problem as well as a functional defect. An analysis of the peaks at
various magnesium will be done as well to determine if there is a particle similar to
the 20S particle found in the uS17-minus mutant (Adilakshmi, et al., 2008). If there
is, 2D gel electrophoresis or mass spectrometry can be used to see if there are
any other proteins missing or reduced. One protein that | predict might be affected
is bS16, as it requires bS20 alongside uS4 and uS17 to bind. There has been
research that point mutations with bS20 deficiency also showed deficiency in 30S
proteins bS1, uS2, uS12, and bS21 in Salmonella enterica (Knoppel et al., 2020).
This study also found that mutations in the fis and rpoA genes, which encode the
global regulator Fis and the C-terminal domain of the RNA polymerase a subunit
were able to restore the bS20 levels. It would be interesting to see if these proteins

are also deficient in a bS20 deletion mutant in a thermophile and if mutations in
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the fis and rpoA genes are able to rescue any phenotypes. Once the sucrose den-
sity gradient sedimentation has been performed, this protein content can be as-
sessed using 2D gel electrophoresis and mass spectrometry.

On the other hand, to further investigate the functional defects, the next steps
would be to make and purify full ribosomes before doing in vitro protein synthesis.
A mutant with both bS20 and uS17 could be made as well to see if it would be
lethal or not.

To further look into the streptomycin effect, a killing curve can be performed.
More antibiotic disc assays using a larger variety of aminoglycosides will be per-
formed as well. More disc diffusion assays using streptomycin will be performed to
have higher statistical power when comparing its effect on wild type versus the
bS20 knockout. It would also be interesting to transform already characterized mu-
tants that either cause streptomycin dependence or suppress this streptomycin
dependence with gDNA from the ArpsT::htk mutant. These transformations can
then be subjected to disc diffusion assays in the presence of various antibiotics
including streptomycin.

Our current view of bS20's role in ribosome assembly, structure, and function,
is to initially bind to the 16S rRNA 5' domain, where it may assist in folding of the
domain. At a late stage in assembly, bS20 forms long-range interactions with the
bottom of 16S rRNA helix h44, near the terminal loop. The loss of this latter set of
interactions may destabilize the positioning of helix h44. Previous observations by
others that mutations in bS20 affect 30S-50S association and decoding fidelity

suggest that structural defects in bS20-h44 interactions are propagated up the
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entire helix to the decoding site. My observation of increased sensitivity to strepto-
mycin, which acts by causing translation misreading, is consistent with defects in
the decoding site. This observation warrants further investigation. Deletions of the
terminal loop of helix 44 can be made to determine if a phenotype is produced
similar to that found in the bS20 mutations and deletions.

Lastly, | would want to look at secondary-site suppressor mutants. This can
be done by performing experimental evolution to check for these secondary mu-
tants at various stages of the cell’s growth. Whole genome sequencing will also be
performed to determine where in the genome these secondary suppressor mutants
appear. To do this, a series of overnight cultures will be grown and diluted for 10-
50 generations. Each culture will be streaked for single faster growing colonies.
From there, whole genome sequencing will be performed to identify secondary-
site suppressor mutations, potentially providing further insight into the influence of

bS20 on the decoding site or on ribosome assembly.
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