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Abstract  
Exploring the RNA-Binding Profiles of Ribosomal Protein S15 Through In Vitro 

Selection 
 

Daniel M. Beringer 
 

Advisor: Michelle M. Meyer, Ph.D. 
 
 

Cis-regulatory RNA elements are structured regions of an mRNA that regulate the 

transcription, translational efficiency, or stability of the mRNA. These cis-regulatory RNAs 

are widely used across all domains of life to modulate gene expression in response to various 

stimuli. In bacteria, examples of these cis-regulatory RNAs include small RNAs, structured 

50-500 nucleotide non-coding RNA that bind to mRNA or protein to alter expression, and 

riboswitches, which consist of a ligand-binding aptamer domain whose complex tertiary 

structure selectively responds to specific ligands to regulate downstream gene expression on 

the transcriptional or translational level. Ribosomal protein expression in bacteria is often 

controlled using an autogenous cis-regulatory mechanism, in which select ribosomal proteins 

(r-proteins) bind RNA structures in the 5’-untranslated of their own mRNA to regulate the 

expression of r-protein operons. Some of these structures, such as the RNA leaders regulating 

r-proteins L1, L20, and S2, have striking homology and often mimicry between the recognition 

motifs within their primary binding partner, ribosomal RNA (rRNA), and their secondary 

binding partner, the structured mRNA leader. Ribosomal protein S15 is a notable exception 

to this trend, as the five regulatory RNA leaders identified across various bacterial species that 

respond to S15 are structurally distinct, narrowly distributed to their respective phyla, and 

often bear little obvious homology to the rRNA. Additionally, inter-species interaction studies 

have shown that the S15 homologs from these species have specific recognition profiles for 
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the mRNA regulators, and not all interactions are reciprocal. How RNA regulators arise and 

are maintained in bacterial genomes is not well understood, and thus we sought to use 

ribosomal protein S15 as a model to study how differences in the RNA-binding profiles of the 

various S15 homologs may have driven the diversity of the mRNA regulators we see today. 

To explore these RNA-binding profiles, I utilized an in vitro selection approach to 

enrich for aptamers (structured RNAs that bind a specific ligand) that bind the S15 homologs 

from Escherichia coli (EcS15), Geobacillus kaustophilus (GkS15), and Thermus thermophilus (TtS15) 

from a partially patterned RNA sequence pool. Following multiple attempts to enrich for 

aptamers to EcS15, I find that aptamers to this homolog are infrequent in this RNA sequence 

pool. I successfully enriched for Gk- and TtS15 aptamers from this sequence pool and using 

high-throughput sequencing and clustering analysis go on to show that these homologs have 

highly overlapping RNA-binding profiles, though the aptamers enriched by TtS15 exhibit 

slightly more sequence diversity than those enriched by GkS15. I confirm that three unique 

aptamers from the final RNA pools bind both homologs in vitro, and a single nucleotide change 

that differentiates two of these aptamers causes a decrease in affinity for TtS15 but not GkS15. 

This mutation causes a change in the predicted folding of these two aptamers, and greatly 

reduces its frequency in the population enriched by TtS15. Taken together, the work presented 

in this thesis shows overlapping but not identical RNA-binding profiles for the Gk- and TtS15 

homologs to aptamers enriched from a partially patterned RNA library and represents the first 

comparative study of two homologous RNA-binding proteins using in vitro selection against 

an RNA library. 
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Gene Regulation in Bacteria 
 Bacteria are constantly sensing external factors, such as nutrient availability, 

temperature, and cell density, as well as various intracellular stimuli, and have evolved a wide 

array of mechanisms to regulate gene expression in response to these stimuli. Promoter 

sequences are DNA elements located approximately 10 and 35 nucleotides upstream of the 

transcription site that direct RNA polymerase to transcribe the downstream genes (Barnard et 

al., 2004). Regulation of gene expression in bacteria occurs mainly at the transcriptional level, 

controlled by RNA polymerase. The specificity of this regulation is ensured by sigma factors, 

which are essential regulatory subunits of RNA polymerase that confer promoter specificity, 

controlling the expression of a specific set of genes (the so-called “regulon” of the 

corresponding sigma factor) (Helmann, 2019). σ70 is the primary sigma factor in Escherichia 

coli, and acts as the “housekeeping” sigma factor that transcribes most of the genes in dividing 

cells (Lal et al., 2018). There are also specialized sigma factors that respond to specific stimuli, 

such as σ32, which coordinates the heat shock response in E. coli to initiate transcription of 

heat shock proteins (mainly proteases and chaperones to maintain protein quality) (Nonaka et 

al., 2006).  

Bacterial genomes are organized into arrays of operons where clusters of multiple 

genes are co-regulated under the control of the same promoter sequence. Regulatory 

sequences upstream of the operons control transcription of these genes, including 

enhancers/silencers and operator sequences (Bervoets & Charlier, 2019). These sequences 

allow for control at the transcriptional level, causing activation or repression of gene 

expression through binding of activator or repressor proteins, respectively. Gene regulation 

of the lac operon in E. coli was the first operon to be described in detail by Jacob and Monod, 

for which they were awarded the Nobel Prize in Physiology and Medicine 1965 (Jacob & 
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Monod, 1961). In the absence of lactose, the lac repressor protein binds an operator sequence, 

preventing transcription of the downstream genes used for lactose metabolism. When lactose 

is present, it binds to the repressor protein and prevents operator binding, activating gene 

expression. In contrast, the trp operon that encodes genes for tryptophan synthesis is inhibited 

by the presence of tryptophan, which binds the trp repressor protein, causes the repressor to 

bind the operator sequence, and down-regulates the operon. Beyond such mechanisms that 

regulate transcription initiation, there are multiple additional regulatory mechanisms that 

operate on the transcript itself to control gene expression. 

 

RNA as a Regulatory Molecule in Bacteria 
 RNA has evolved a multitude of functions over the last 3.5 billion years of life on 

Earth. Due to its unique chemical structure, RNA can carry information, catalyze chemical 

reactions, and form complex tertiary structures that allow for finely tuned regulation of gene 

expression in response to various ligands in the cell (Gelfand, 2006). While genes are regulated 

mainly on the transcriptional level, RNA’s versatility is widely exploited by bacteria, as 

evidenced by the diverse array of sequences, structures, and mechanisms of action they have 

evolved to regulate gene expression using RNA itself. 

Bacteria have evolved so called “RNA thermometers” (RNATs) that act as 

thermosensors to control translation efficiency by occluding or exposing the ribosome binding 

site (Abduljalil, 2018). Some RNATs behave akin to zippers, reversibly opening and closing in 

response to ambient temperature changes. These RNATs play a pivotal role in controlling the 

expression of heat shock and virulence genes, allowing for bacterial pathogens such as Vibrio 

cholerae, Listeria monocytogenes, and Yersinia pseudotuberculosis to quickly turn on virulence genes 

upon entering a warm-blooded host or turn them off once they leave their host (Loh et al., 
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2018). The wide diversity of RNA thermometer structures using the relatively simple 

mechanism of sequestering the ribosome binding site suggests independent derivation 

multiple times throughout evolutionary history. This independent derivation is also seen for 

another class of regulatory RNAs known as small RNAs. 

Small RNAs (sRNAs) exert their effect through base pairing with target RNAs, 

modulating their translation and stability, or through directly binding proteins to affect their 

structure and function (Waters & Storz, 2009). Since their initial characterization in the 1980s, 

over 6,000 bacterial sRNAs have been identified and implicated in processes such as quorum 

sensing, stress response and virulence, biofilm formation, and metabolism (Li et al., 2013). 

The major families of sRNAs are true antisense RNAs, transcribed from the strand 

complementary to the mRNA that they regulate. sRNA-mRNA interactions are stabilized by 

the RNA chaperone Hfq to target the mRNA for degradation or to modulate translation 

(Vogel & Luisi, 2011). While essential for sRNAs in gram-negative bacteria, most sRNAs in 

gram-positive bacteria do not require Hfq at all to exert their effects, adding to the complexity 

of RNA-based regulation (Watkins & Arya, 2023). Due to their flexible structural 

requirements, the diverse origins of sRNAs range from de novo emergence to repurposing of 

pre-existing genetic elements from duplication events and horizontal gene transfer (Dutcher 

& Raghavan, 2018). Their ability to function with partial complementarity to mRNA targets 

enables rapid adaptation, but also complicates tracing sRNAs over long evolutionary distances. 

Another major class of regulatory RNAs in bacteria are riboswitches, which are 

structured cis-regulatory RNA elements which act on their own mRNA transcripts to regulate 

gene expression. Riboswitches are located in the 5’ untranslated region of some mRNAs and 

consist of a ligand-binding aptamer domain and a downstream expression platform. Ligand 

binding induces a conformational change that either up- or down-regulates downstream gene 
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expression and can act on either the transcriptional or translational level (Fig. 1.1A). The glmS 

riboswitch is a unique example that highlights the versatility of RNA as a regulatory molecule, 

as it acts as both a sensor and an effector. This riboswitch senses the metabolite glucosamine-

6-phosphate, and upon ligand binding acts as an RNA enzyme (ribozyme) that turns off 

expression of the downstream genes by cleaving its own mRNA (Barrick et al., 2004). There 

are over 55 validated classes of riboswitches, many of which regulate essential processes in 

bacteria, making them a promising target for novel antibiotics (Olenginski et al., 2024). Their 

broad distribution also makes them ideal for studying important sequence and structural 

elements that allow them to discriminate from the myriad of molecules within the cell to 

selectively respond to their specific ligand. However, function does not always follow form 

with riboswitches, as homologous sequences that appear to be very similar may in fact have 

distinct ligand specificity. 

 

Siblings or Doppelgängers? The difficulties of structure-function and homology 
In contrast to DNA or protein-coding elements, the primary sequence conservation 

of cis-regulatory RNA elements can be extremely low because the secondary structure or 

folded structure is often more highly conserved than the primary sequence. However, just as 

with DNA or protein-coding elements, identifying apparent homology is still an integral 

component of the process for connecting growing sequence databases with biological 

functions. In recent years, improvements to computational methods have made identifying 

new and homologous cis-regulatory RNA elements easier. Yet, due to the unique properties 

of structured RNA, the use of homology still has some serious limitations. Sequence and 

secondary structure similarity often suggest common ligands for homologous riboswitch 

aptamers, but the detailed biochemical characterization and subsequent three-dimensional 
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structures can reveal minor sequence changes that lead to differences in ligand specificity. This 

phenomenon is exemplified by the ykkC riboswitches. 

Riboswitches exhibit exquisite sensitivity for their ligands. Originally classified as a 

single type of riboswitch, the original ykkC aptamer evaded characterization for over a decade 

(Barrick et al., 2004). Furthermore, the discovery of non-homologous elements regulating 

similar sets of genes (mini-ykkC and ykkC-III) (Weinberg et al., 2007, 2010) only served to 

increase interest in these elements. Eventually, biochemical characterization subdivided the 

original ykkC aptamer into multiple sub-classes that recognize more than 5 distinct ligands: 

guanidine (ykkC subtype 1) (Nelson et al., 2017), guanosine-3′, 5′-bisdiphosphate (ppGpp) 

(ykkC subtype 2a), and phosphoribosyl pyrophosphate (PRPP) (ykkC subtype 2b) (Peselis & 

Serganov, 2018; Sherlock et al., 2018) (Fig. 1.1B). Further validation of the ykkC subtype 2c 

expanded the ligands bound by this motif to include adenosine- and cytidine 5′ diphosphates 

(in either their deoxyribose or ribose forms), while subtype 2d remains an orphan riboswitch 

whose ligand is unknown (Sherlock et al., 2019). RNA’s central role in transcription and 

translation, coupled with the incredible diversity of structures into which an RNA can fold to 

interact with intracellular ligands and proteins, thus make it ideal for gene regulation. 

 

RNA Leaders Regulate Ribosomal Protein Synthesis in Bacteria 
 Cis-acting regulatory RNAs can also regulate gene expression by interacting with the 

protein encoded by its downstream operon. Once enough of a certain protein is produced, 

the excess binds a structured RNA leader in the 5’ untranslated region of its own mRNA. This 

mechanism is commonly used for the regulation of operons encoding ribosomal proteins (r- 

proteins). When cells are actively dividing, r-proteins preferentially bind to their primary 

binding partner, ribosomal RNA, to assemble and form the mature ribosome (Fig. 1.2). When 
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certain r-proteins are present in excess, they bind to the leader region of their own mRNA and 

induce structural changes to the mRNA transcript that compete with ribosome binding 

(displacement) or stall translation initiation (entrapment), acting as a negative feedback loop 

(Boehringer & Ban, 2007; Scott & Williamson, 2001). Nearly all ribosomal proteins are 

regulated by autogenous cis-regulatory RNAs that bind r-proteins, which allows them to 

maintain the correct stoichiometric amounts of ribosomal components (Nomura, 1999). The 

process is best described in the model organism Escherichia coli. More than half of the genes 

encoding ribosomal proteins (r- proteins) in E. coli are localized to twelve operons and the 

expression of the genes from these operons is controlled by specific autoregulatory RNAs. 

(Fu et al., 2013). 22 novel ribosomal leader candidates in bacteria and archaea have recently 

been identified, expanding the possible repertoire of ribosomal leaders even further (Weinberg 

et al., 2007). 

 For many r-proteins (e.g. L1, L20, S2), there is striking homology and often mimicry 

between the recognition motifs within the rRNA and the mRNA leader (Nevskaya et al., 2005). 

However, not all ribosomal leaders are so well-conserved. The most striking example is 

ribosomal protein S15, which has at least 5 distinct regulatory structures in E. coli, Geobacillus 

stearothermophilus, Thermus thermophilus, Rhizobium radiobacter, and most recently in Mycobacterium 

smegmatis (Aseev et al., 2021). These regulators all perform homologous functions, and yet their 

structures are unique and narrowly distributed within their respective phyla (Fig. 1.3). All the 

regulators appear to partially mimic their primary binding partner, the 16S rRNA, but do not 

have a conserved mechanism for preventing ribosome binding. The regulator from E. coli 

utilizes the entrapment mechanism while the regulator from T. thermophilus uses the 

displacement mechanism, for example. Further, inter-species in vitro binding and in vivo 

regulatory assays using a LacZ reporter indicate that all four S15 homologs studied can bind 



 

 8 

and regulate using the mRNA regulator from T. thermophilus but only a subset of the homologs 

can bind and regulate using the mRNA regulator from E. coli, indicating differing requirements 

for S15-RNA interaction (Slinger et al., 2015). The distinct mRNA binding profiles and lack of 

sequence and structural homology thus provide an interesting model to study how such diverse 

regulators came to be.  

Systematic Evolution of Ligands by EXponential Enrichment (SELEX) to study 
structured RNAs  

Systematic Evolution of Ligands by EXponential Enrichment (SELEX) is an iterative 

process used to select and enrich for DNA or RNA aptamers that bind a specific ligand (small 

molecule, protein, etc.) from a randomized sequence pool through rounds of selection. As 

rounds of SELEX proceed, selective pressure is increased through lowering ligand 

concentration or decreasing incubation time with the ligand, and structurally complex RNAs 

are selected and enriched (Kohlberger & Gadermaier, 2022). SELEX is thus an attractive 

platform to study the important structural determinants for RNA-protein interactions, 

especially when homologous proteins exhibit selectivity for structured RNAs, such as the case 

of r-protein S15 and its structurally distinct mRNA regulators. Previous in vitro evolution 

experiments using SELEX to select for RNAs from a randomized sequence pool that bind 

the S15 homolog from Geobacillus kaustophilus demonstrated that enriching for high-affinity 

RNAs is relatively facile, and a majority of the RNAs selected regulated in vivo (Slinger & 

Meyer, 2016). Given the S15 homolog-specific RNA-binding profiles, performing SELEX 

with various S15 homologs and comparing the RNAs enriched through selection could thus 

offer an ideal system to study if the small differences in RNA-binding profiles could have 

driven the evolution of the diverse extant mRNA regulators we see today. 
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Figures and Legends 
Figure 1.1 Riboswitches in bacteria  
A) Riboswitches are RNA elements located in the 5’ UTR of many bacterial transcripts, 
regulating expression of downstream genes through conformational changes induced by ligand 
binding. Riboswitches can act transcriptionally or translationally and depending on the changes 
in RNA structure induced by ligand binding may act as ON or OFF switches. B) An overlay 
of the 3 riboswitches in the ligand bound state shows nearly overlapping structural scaffolds 
of the ykkC subtype 1, 2a, and 2b riboswitches. C) The cartoon schematic of the ykkC 
riboswitch motif and subtypes highlights the shared structural core of the guanidine-I (top), 
PRPP (middle), and ppGpp (bottom) riboswitches. Ligand selectivity for PRPP and ppGpp is 
conferred by an additional helical element (dashed lines). Assessing the individual active site 
structures shows that PRPP and ppGpp aptamers bind their ligands in overlapping positions, 
while the guanidine binds higher within the stem. The G96A point mutation (aqua, arrow) 
switches ligand specificity from PRPP to ppGpp. D) Chemical structures of the ligands bound 
by the ykkC subtype 1, 2a, and 2b riboswitches. 
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Figure 1.2 Autogenous regulation of ribosomal protein synthesis in bacteria.  
During ribosome assembly, ribosomal proteins typically bind to specific sites on rRNA. 
When rRNAs are saturated with bound proteins or when ribosomal proteins are in excess, 
select ribosomal proteins can interact with RNA structures located in the 5’ UTR of their 
own mRNA transcripts to inhibit further ribosomal protein expression at the transcriptional 
or translational level in a negative feedback loop. Figure from (Babina, 2017.) 
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Figure 1.3 Diversity of S15-interacting RNA cis-regulators  
The RNA structures that regulate gene expression in response to ribosomal protein S15 are 
narrowly distributed to certain bacterial phyla. The regulatory structures found in E. coli, R. 
radiobacter, G. stearothermophilus, T. thermophilus, and M. smegmatis have been experimentally 
verified. Adapted from (Slinger 2016 and Aseev 2021). 
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Chapter II 

Library Design Considerations and Procedure 
Optimization for In Vitro Selection of S15 

Aptamers 
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Introduction 
 Previous work has shown that diverse ribosomal protein S15 homologs have discrete 

binding profiles for the native S15 mRNA regulators both in vitro and in vivo, and reciprocal 

interactions are not necessarily conserved. The S15 homologs from E. coli and T. thermophilus 

(EcS15 and TtS15), for example, can utilize any of the mRNA regulators from diverse bacterial 

phyla to regulate in an in vivo reporter assay, whereas the S15 homolog from G. kaustophilus 

(GkS15) is more specific and only recognizes a subset of the regulators in vivo (Slinger et al., 

2015). Notably, EcS15 can regulate using the Gk-mRNA regulator while GkS15 cannot 

regulate using the Ec-mRNA regulator, highlighting a lack of reciprocal interactions due to 

structural differences. This specificity is also reflected in in vitro binding assays, indicating that 

while all the S15 homologs tested presumably have conserved interactions with the 16S rRNA, 

S15-mRNA regulator interactions are not conserved. We hypothesized that differences in the 

RNA-binding profiles of the S15 homologs is a driver of the RNA regulator diversity seen in 

nature, and through comparing these RNA-binding profiles we can gain insight into how 

diverse sequences and structures may have evolved. It is possible that these regulators arose 

multiple times, or they may share a common ancestor that we are unable to detect using current 

RNA sequence and structure analysis. To assess the various RNA-binding profiles of the S15 

homologs from E. coli, G. kaustophilus, and T. thermophilus, we utilized an in vitro selection 

approach. In vitro selection experiments can select for specific RNA-protein interactions and 

provide insights into the evolution of and requirements for binding. 

Systematic Evolution of Ligands by EXponential Enrichment (SELEX) is an iterative 

process used to evolve RNA or DNA molecules that bind a specific target (from ions to 

proteins to whole cells) with high affinity, known as aptamers (Kohlberger & Gadermaier, 

2022). Briefly, a fully or partially randomized RNA sequence pool is incubated with a target 
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molecule of interest (S15 in this case), S15 binders selected from the population via 

nitrocellulose binding, RNAs eluted from the nitrocellulose filter, reverse transcribed, 

amplified, and subjected to additional rounds of selection (Fig 2.1). As the rounds of SELEX 

continue, the stringency of selection can be increased by lowering protein concentration to 

discriminate between low and high affinity RNAs. For the SELEX process to be successful, 

there are several important considerations and optimization required before successfully 

isolating aptamers, such as library design, RNA renaturing, and binding reaction volume.  

 

Results 
Partially Patterned RNA Libraries Increase Likelihood of Structured RNAs 

 One of the most important considerations for SELEX is the initial library design, 

which will determine all the possible sequences that can be sampled during selection and 

ultimately the success of experiments providing insight into the potential RNA-binding pools 

of S15 homologs. SELEX libraries typically contain a completely randomized region of 30-50 

nucleotides, which corresponds to 430 to 450 sequences, or 1.1x1018 to 1.3x1030 sequences. While 

a larger library size allows for more complex structures in the population, the sheer number 

of possible sequences and the limitations of current high-throughput sequencing technologies 

(~4x108 reads per run) make libraries of this size less suited for our goal to comprehensively 

sample the population over the rounds of in vitro selection. With this goal in mind, we sought 

to design a library of ~1012 sequences that would allow us to better monitor changes in the 

population of S15 binders with better resolution round over round. Previous work by Ruff 

and colleagues demonstrated that partially patterning nucleic acid libraries increases the 

likelihood of secondary structure formation while also reducing the total library size, resulting 

in functional aptamers that bind a protein target (Ruff et al., 2010). Functional DNA and RNA 
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aptamers selected through SELEX often have a high degree of secondary structures, like the 

S15 mRNA regulators. 

To select a library with desirable thermodynamic properties likely to form complex 

structures, we designed libraries with fully and partially randomized variable regions to assess 

computationally. We designed 13 libraries that consisted of fully randomized (N) or partially 

patterned (RY, R*Y*, sz, or qx, with nucleotide ratios in Fig. 2.2A) regions followed by a 

Shine-Dalgarno (SD) sequence and the TTTTAAA spacer from E. coli or a randomized N7 

spacer flanked by 2 constant primer binding regions at the 5’ and 3’ ends. Libraries were 

modeled after the EcS15 mRNA regulator, with the 3’ constant region containing the first 6 

amino acids of the rpsO gene from E. coli to simulate the genomic context in which these 

regulators would naturally evolve.  

To choose the best library for our in vitro selection scheme, we wanted a library that 

had similar characteristics to the mRNA regulators that exist in nature, such as G•U/GC 

wobble base pairing and multi-stem structures. We used a combination of homemade scripts 

with RNAfold to randomly sample 100,000 sequences from each of the 13 libraries and 

evaluated a series of thermodynamic parameters - average Minimum Free Energy (MFE), 

multi-stem percentage, longest stem and longest loop, and average number of wobble base 

pairs (Fig. 2.2C). The average MFE of the libraries ranged from -12 to -22 kcal/mol, indicative 

of structured RNAs (Fig. 2.2C). All the partially patterned libraries had lower average MFEs 

than the completely randomized Library 1 (Fig. 2.2B, C). All of the validated natural S15 

mRNA regulators have multi-stem structures, so libraries with an increased likelihood of 

secondary structure formation are desired. One of the key binding sites for all S15 homologs 

on the 16S rRNA and multiple S15 mRNA regulators includes a G•U wobble base pair, thus 

a library that contained potential wobble base pairing was also desired.  The average number 
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of wobble base pairs for the libraries ranged from 2.46-3.40 per sequence. There is minimal 

difference in the number of wobble base pairs across the libraries, and only one wobble base 

pair is important for binding in vivo (Bénard et al., 1998). Based on our simulations, we selected 

Library 9 because of its low MFE (-17.04 kcal/mol), small loops (average longest loop of 7.45 

nucleotides), multi-stem structures (3.36% of structures contain multiple stems), and wobble 

base pairing (average of 2.92 pairs per structure).  

Library 9 contains a partially patterned stretch of 24 nucleotides (R*Y*24, where R*= 

45%A, 45%G, 5%T, 5%C; Y*=45%C, 45%T, 5%A, 5%G), Shine-Dalgarno (SD) sequence, 

and 7 random bases between the SD sequence and the first 6 codons of the E. coli rpsO gene 

(Fig. 2.2D). This corresponds to a library of roughly 2.7x1011 sequences, which could be deeply 

sampled using in vitro selection, and the thermodynamic parameters reflect that partial 

patterning increased predicted secondary structure formation compared to a fully randomized 

library, which should lead to functional RNA aptamers. 

 

SELEX Highlights EcS15’s Poor in vitro Binding 

 Since our library was designed using the first 6 codons from E. coli in the constant 

region, we performed our first in vitro selection in duplicate with the S15 homolog from E. coli 

(EcS15) and the partially patterned Library 9 (Fig 2.1D). Throughout this chapter, we refer to 

Rounds of SELEX, which encompass the whole process depicted in Fig. 2.1 - removing 

nitrocellulose binding RNA, incubating the RNA pool with S15 at a set concentration, eluting, 

reverse transcribing, PCR amplifying, and transcribing the pool for the next Round. We also 

refer to SELEX schemes, which includes all the Rounds of SELEX using the same conditions 

(i.e. RNA renaturing, amount of RNA, binding reaction volume). We tested the binding 

affinity of the unselected library population by radiolabeling a subset of the library and 
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performing filter-binding assays. EcS15 showed poor binding, even at the highest protein 

concentration, and we were unable to calculate a binding affinity for the unselected library 

(Fig. 2.3A). While low binding affinity for a randomized library before selection is not 

surprising, we still expected to see some binding as EcS15 is an RNA-binding protein. Thus, 

we began SELEX at a relatively high concentration of 4 µM EcS15 in a 500 µL binding 

reaction with 200 pmol of library RNA renatured in water. For reference, a previous SELEX 

scheme with the S15 homolog from G. kaustophilus, GkS15, started at 1250 nM GkS15 and 

exhibited a KD of 1329 nM for the fully randomized library before selection (Slinger & Meyer, 

2016). As we progressed with Rounds of SELEX, we halved the EcS15 concentration every 

other round to increase the selection stringency. This increases competition between the 

RNAs in the pool for that round, and RNAs with higher affinities for EcS15 will survive to 

the next round. As we lowered [EcS15], we periodically measured the population’s binding 

affinity through filter-binding assays to test for enrichment in EcS15-binding RNAs. We saw 

an increase in binding at the higher EcS15 concentrations (4.096 µM EcS15) over the Rounds, 

though there was not much shift in the fraction bound at lower concentrations (Fig. 2.3A). 

Following Round 11 of SELEX ([EcS15] was 15 nM in this round), the population KD was 

885 nM. Typically, the population KD is approximately equal to the concentration of protein 

used in that Round of SELEX, which was 15 nM in Round 11, but we attributed this low 

binding affinity to EcS15 generally being a poor in vitro binder.  

To evaluate which sequences were enriched through our first SELEX scheme, we 

prepared amplicons for sequencing from Rounds 1, 3, 5, 8, 10, and 11 to monitor changes in 

the RNA population as the Rounds of SELEX progressed. After merging and removing low-

quality reads, we had ~50,000 reads per round per replicate. By Round 11, the population was 

still relatively diverse, though there were 9 unique high frequency sequences that ranged from 
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2-15% of the total reads for the final round. Looking at the sequences manually, they appeared 

to cluster together into roughly 4 groups that had related sequences with identical R*Y*24 

randomized regions and differentiated only by their N7 regions. We selected 5 of these 

sequences to test individually – 1 from each of the 4 “clusters” and an additional sequence 

that lacked a SD sequence (Fig. 2.3B). All 5 of these sequences bound EcS15 with a better 

affinity than the Round 11 population, with KD’s ranging from 453 to 559 nM (Fig 2.3B). We 

repeated filter-binding assays with the individual sequences to get more replicates using a 

different EcS15 preparation but were unable to replicate our previous results. Filter-binding 

assays with the new EcS15 preparation and SELEX 1, the most frequent sequence from 

Round 11 of this SELEX scheme, showed non-specific binding and did not bind this aptamer 

with the same affinity (Fig. 2.3C). It is possible that other proteins co-purified with our original 

EcS15 preparation that were not present in the new preparation, causing non-specific binding 

at higher concentrations. 

To determine why this may be the case, we compared the protocols for SELEX and 

filter-binding assays, which only differed in how we renatured the RNA. During SELEX, we 

renatured the RNA pool in water, then added binding buffer (Buffer A) before incubating 

with EcS15 in the binding reaction. During our filter-binding assays, we renatured our 

individual RNAs in Buffer A before incubating with EcS15. Buffer A contains magnesium, 

which is an important divalent cation that can affect RNA folding (Bowman et al., 2012). We 

hypothesized that our RNA folded differently when renatured in Buffer A versus renatured in 

water.  

To test this hypothesis, we renatured the dominant RNA from Round 11, SELEX 1, 

in either water or Buffer A to determine if our renaturing protocol was affecting RNA folding 

and S15 binding. Using these two renaturing conditions, we then performed a series of binding 
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reactions from 0 to 500 nM EcS15 in Buffer A. When we ran these reactions over the 

nitrocellulose and nylon membranes, the RNA renatured in water bound to the nitrocellulose 

regardless of the EcS15 concentration (65% bound at 0 nM EcS15), indicating that binding 

was nonspecific and SELEX 1 RNA was not interacting with EcS15 (Fig 2.4A). SELEX 1 

RNA renatured in Buffer A did not bind to the nitrocellulose at any EcS15 concentration, 

supporting our hypothesis. This difference in renaturing partially explains why this SELEX 

scheme with EcS15 was unsuccessful since we were not removing nonspecific nitrocellulose 

binders and thus enriched for nitrocellulose-binding aptamers in our populations (Fig 2.4B).  

To correct for improper RNA folding and reduce nitrocellulose binding, we 

performed a second SELEX scheme where we changed our protocol to renature the RNA 

pool in Buffer A for every round. After 4 Rounds of SELEX, the population affinity for this 

Round was the same as the unselected population (Fig. 2.4C). We continued with another 8 

Rounds of SELEX, halving the [EcS15] every other round, but were unable to isolate any high 

affinity RNAs for this homolog using this SELEX scheme (Fig 2.4C). Additional SELEX 

schemes to increase stringency in early rounds by starting at 2 µM or 1 µM EcS15 in the first 

SELEX Round also failed to enrich for EcS15 aptamers (data not shown). To determine if 

there was an issue with the EcS15 preparation, we performed filter-binding assays with a 

positive control RNA (Rr-mRNA, which binds EcS15 with a KD ~ 29 nM) and found our 

EcS15 preparation had a similar affinity for this RNA.  

 

Discussion 
Randomized RNA libraries allow for the full complexity of sequence and structure of 

a population to be explored, but these libraries are limited by synthesis scale and experimental 

sampling in vitro. In a typical SELEX experiment, the unselected library has a randomized 
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region of 30 nucleotides (N30), which corresponds to 430 possible combinations of the 4 bases, 

or 1.1x1018 unique sequences. This would require 7.65 µmoles of library to sample every 

sequence just once, and in a binding reaction with 200 picomoles of RNA there would be 

0.0000261 copies of each sequence. By utilizing a partially patterned library, we sought to 

reduce the total library size to roughly 1012 sequences to both fully sample the sequence space 

of the library for potential S15 binders in vitro and more comprehensively sample the selected 

sequences through high-throughput sequencing following in vitro selection.  

We designed 13 libraries containing either a fully randomized N20 region or partially 

patterned randomized region ranging from 24-30 nucleotides in length with A:C:G:U at 8 

different ratios. We chose this range of lengths since RNAs with long stems can form helices, 

and all S15 homologs are known to interact with the 16S rRNA at 2 distinct but conserved 

sites that are separated by ~1 helical turn. We calculated thermodynamic properties of the 

libraries by randomly sampling 100,000 sequences from each library design and determining 

the average Minimum Free Energy, average longest loop and average longest stem, multi-stem 

percentage, and average number of wobble base pairs. The lower the minimum free energy, 

the more thermodynamically stable the predicted structures are. All the libraries with partially 

patterned regions, regardless of length, had lower average minimum free energies than the 

fully randomized library.  This correlates with previous studies that showed partial patterning 

increases the likelihood of base pairing compared to randomized sequences, which is desirable 

for structured RNAs to form (Ruff et al., 2010). We also calculated the longest loop and 

longest stem for each library, as long loops are more likely to disrupt secondary structure while 

long stems are more likely to stabilize secondary structure and found the partially patterned 

libraries to have smaller longest loops and longer stems. Strikingly, the number of RNAs with 

multi-stem structures for the fully randomized library was 0.74% while the partially patterned 
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libraries ranged from ~3-12%. All the validated S15 mRNA regulators identified contain 

multi-stem structures, as well as the 16S rRNA, S15’s primary binding partner, so we expected 

an increased likelihood of complex secondary structures in the partially patterned libraries. 

Finally, all the libraries evaluated had ~3 wobble base pairs in the sampled sequences, which 

was the one thermodynamic property of the libraries that did not seem to be affected by a 

totally randomized region versus partially patterned region, and S15 requires only 1 wobble 

base pair for its interaction with the 16S rRNA and is equally likely to occur in all the libraries 

sampled. The library we chose had a 24 base partially patterned region and fully randomized 

N7 spacer sequence between the Shine-Dalgarno sequence and the start codon to simulate the 

genomic context the S15 mRNA-regulators would have evolved in. This represents ~2.75x1011 

sequences, or 0.45 picomole of library to sample every sequence once in a SELEX binding 

reaction, which corresponds to 444 copies of each sequence in the 200 picomoles used in an 

S15 binding reaction. 

We performed our first in vitro selection using the S15 homolog from E. coli (EcS15) 

and the partially patterned library as a proof of concept. Following 11 Rounds of SELEX with 

EcS15 in our first SELEX scheme, we sequenced our populations and selected 5 individual 

RNAs for further study. Although it appeared that we had enriched for binders, we were 

unable to replicate our results with a different EcS15 preparation. Further experiments showed 

that due to renaturing the RNA pool in water, we selected for RNAs that bound nitrocellulose 

rather than EcS15 in this SELEX scheme.  

Still, it is puzzling as to why the individual aptamers tested bound the old EcS15 

preparation. Since we used the same EcS15 preparation for our first SELEX scheme and all 

the filter-binding assays, it is possible that another protein co-purified with our initial EcS15 

preparation that bound our RNA pool was not present in our newer preparation. Regardless, 
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following repeated attempts using the EcS15 homolog using a new protein preparation and a 

different SELEX scheme with the RNA pool renatured in Buffer A, we were unable to enrich 

and select for aptamers that bind this homolog. Notably, the native Ec-mRNA interaction 

with EcS15 has a KD  of 231 nM, which is significantly higher than other native interactions 

(2.11 nM for TtS15 and 3.47 nM for GkS15), and strictly requires a G•U/G-C motif for 

binding (Slinger et al., 2015). Therefore, it is possible that due to our library design, high affinity 

aptamers for EcS15 are very infrequent in our RNA pool. 

While we were unable to enrich for EcS15-binding aptamers through in vitro selection, 

our SELEX experiments did highlight some of the unique aspects of regulation with EcS15. 

In contrast to GkS15 and TtS15, EcS15 uses an “entrapment” mechanism to regulate 

expression of the rpsO operon When there is an excess of EcS15 in the cell compared to the 

16S rRNA, EcS15 binds the structured mRNA regulator of its own transcript and the pre-

initiation complex of the ribosome simultaneously, which ultimately prevents full ribosome 

assembly and thus inhibits translation of the rpsO operon (Philippe et al., 1993). This 

mechanism is difficult or impossible to replicate with in vitro experiments. In our experiments 

the only ribosomal component in our binding reaction is EcS15 and thus we cannot simulate 

this evolutionary context. To successfully isolate EcS15-binding aptamers, we could utilize an 

in vivo selection approach. Previous work in our lab has shown that it is possible to assess an 

RNA library for regulatory activity with S15 and a fluorescent reporter, though this method 

has not been fully optimized (Gray, 2022). One of the major drawbacks for this method is that 

forming the droplets used in this assay is a severe bottleneck (~50,000 maximum per library), 

which would severely limit our ability study the full RNA-binding profile of the S15 homologs. 

However, given the unique challenges posed by this S15 homolog, this may still be the most 

viable option for studying the RNA-binding profile of EcS15. 
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Materials and Methods 
Library Folding Simulations 

We computationally simulated thirteen libraries containing randomized or partially 

patterned sequences. Utilizing a combination of perl and clojure scripting with RNAfold, we 

randomly sampled 100,000 sequences from each library to assess key thermodynamic, folding, 

and structural parameters. We folded and calculated the average Minimum Free Energy 

(MFE), multi-stem percentage, average longest stem and longest loop, and average number of 

wobble base pairs for each library. Following these simulations, we selected Library 9 for use 

in our in vitro selection. 

Protein Preparation 

The E. coli rpsO ORF was previously cloned into the pET-HT overexpression vector 

and transformed into chemically competent BL-21(DE3) cells (Invitrogen). Protein was 

overexpressed and cells lysed by freeze-thaw lysis followed by sonication in S15 Resuspension 

Buffer (100 mM Tris-HCl, pH 8.0, 800 mM NaCl, 150 mM MgCl2). S15 was soluble and 

purified at 4°C using non-denaturing FPLC cation exchange chromatography (pH 8.0) with a 

linear salt gradient (20 mM – 1 M KCl). Fractions containing protein were tested for nucleases, 

and RNase-free protein fractions were concentrated, analyzed via SDS-PAGE, and buffer 

exchanged for the S15 Storage Buffer (50 mM Tris-Acetate, pH 7.5, 20 mM Mg-Acetate, 270 

mM KCl, 0.02% sodium azide). Final protein concentration was determined by Bradford assay 

and stored at 4°C. 

RNA Preparation and SELEX 

 The transcription template for the unselected library was generated through annealing, 

extending, and amplifying the primers Library 9-24 rev and T7 + A fwd to make double-

stranded template containing a T7 promoter, as previously described (Urak et al., 2016) (Fig. 



 

 24 

2.5). Double-stranded DNA library was gel-purified (Zymo) and used as template for 

transcription reactions using T7 polymerase (Milligan et al., 1987). Transcription products 

were purified by 6% denaturing PAGE, bands visualized using UV shadow, excised from the 

gel, eluted into crush-soak buffer (200 mM NaCl, 1 mM EDTA pH 8, 10 mM Tris-HCl pH 

7.5), and ethanol precipitated overnight at -20º. 

 In the first SELEX scheme, 200 pmol of RNA was renatured in water at 42º for 15 

minutes and cooled to room temperature for 10 minutes, then filtered through a 0.45 μM 

nitrocellulose filter. Surviving RNAs were incubated with EcS15 in Buffer A (50 mM Tris-

Acetate, pH 7.5, 20 mM Mg-Acetate, 270 mM KCl, 5 mM dithiothreitol, 0.02% bovine serum 

albumin) at 25º for 30 minutes. RNA-EcS15 complexes were isolated by filtering over a second 

nitrocellulose filter and washed twice with Buffer A. RNAs were eluted from the filter at 95º 

in elution buffer (7 M Urea, 100 mM Na3C6H5O7, 3 mM EDTA pH 8.0), protein removed 

through phenol-chloroform extraction, and ethanol precipitated overnight at -20º. The 

selected RNA was reverse transcribed using M-MuLV and half of the cDNA amplified using 

standard PCR with primers complementary to the library constant region and to add the T7 

promoter (Fig. 2.5). The remaining cDNA was amplified with primers to add Illumina 

sequencing adapters and barcodes. T7 PCR products were gel purified and used as template 

for T7 transcription reactions to make RNA for the next round of selection. In the subsequent 

SELEX scheme, 200 pmol RNA was renatured in Buffer A for 15 minutes at 42º and cooled 

to room temperature for 10 minutes, filtered through a 0.45 μM nitrocellulose filter, and the 

binding reaction and selection performed as described above. 

Filter Binding Assays 

 EcS15-RNA binding affinity was periodically examined throughout SELEX by filter-

binding assay. 10 pmole of RNA to be tested (unselected library, round, or individual 
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sequence) was 5’-labeled with 32P-ATP. 5’-labeled RNA was renatured for 15 minutes at 42º 

in Buffer A then cooled to room temperature for 10 minutes. Trace amounts of RNA (1000 

cpm, <1 nM per binding reaction) were then incubated with serial dilutions of EcS15 in Buffer 

A for 30 minutes at 25º. Nitrocellulose membrane (GE Healthcare) was used to collect EcS15-

RNA complexes and nylon (GE Healthcare) to collect unbound RNA under suction. 

Membranes were air-dried 5 minutes and fraction bound quantified by imaging membranes 

following an overnight exposure to a phosphorimaging screen. Radioactivity counts per 

sample per membrane were measured using the GE Healthcare Typhoon™ FLA 9500 

Phosphorimager and ImageQuant. The fraction bound was calculated per individual protein 

concentration: Fb = (counts nitrocellulose)/(counts total). To determine the KD and the 

maximum fraction bound (Max %), the resulting values were fit to the equation: Fb = (Max % 

* [S15])/([S15] + KD) where [S15] corresponds to the concentration of EcS15 in the reaction. 

The residuals were minimized using the Solver function in Microsoft Excel to find both the 

Max % and the KD. 

 

Amplicon Sequencing 

 2-step PCRs were used to add Illumina adapters, barcodes, and a unique molecular 

identifier (UMI) to the cDNA generated following each round of SELEX. Amplicon was gel 

purified and double-stranded DNA quantified using a Qubit fluorometer. Amplicon from 

rounds 1, 3, 5, 8, 10, and 11 for both replicates were sequenced through GENEWIZ. Raw 

FASTQ files were merged, low-quality reads removed, and frequencies for individual 

sequences calculated using AmpUMI (Clement et al., 2018). The top 100 most frequent 

sequences from Round 11 from both replicates were compared and the 5 most frequent 

sequences shared between the replicates were used for filter-binding assays. 
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Figures and Legends 
Figure 2.1 Overview of the SELEX process 
Diagram of the in vitro selection process using Systematic Evolution of Ligands by 
EXponential Enrichment (SELEX).  A DNA pool of the library of interest containing a T7 
promoter is transcribed using T7 RNA polymerase to generate the RNA pool. RNA is 
renatured, then non-specific nitrocellulose binders removed through filtering in “Negative 
Selection”. The RNA pool is then incubated with the S15 homolog of interest in a binding 
reaction, then run over a second nitrocellulose filter in “Positive Selection” to isolate the S15-
RNA complex and non-binding species remain in the flow-through. As the rounds of SELEX 
are run, [S15] is decreased to increase the stringency of selection. S15-RNA complexes are 
eluted from the filter, protein removed, RNA reverse transcribed, then amplified using PCR 
to add the T7 promoter for the next round of SELEX or using primers to add Illumina 
adapters and barcodes for sequencing. This completes a round of selection. [S15] was 
decreased to increase the stringency of selection over the rounds, and population binding 
affinity periodically measured using radiolabeled RNA. 
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Figure 2.2 Libraries tested in folding simulations  
A) Libraries with randomized and partially patterned regions of varying lengths were folded 
and characterized computationally. Different nucleotide ratios for the partially patterned 
sequences were also tested in our simulations. N = 1:1:1:1 probability of A/C/G/U, R = 1:1 
probability of A/G, r = 9:1:9:1 probability of A/C/G/U, Y = 1:1 probability of C/U, y = 
probability of 1:9:1:9 A/C/G/U, q = probability of 42:7:43:8 A/C/G/U, x = probability of 
7:42:8:43 A/C/G/U, s = probability of 47:2:48:3 A/C/G/U, and z = probability of 2:47:3:48 
A/C/G/U. Constant regions are underlined, randomized regions bolded, and the Shine-
Dalgarno sequence italicized. B) Histogram of the Minimum Free Energy of the 100,000 
sequences sampled and folded for the fully randomized Library 1 and partially patterned 
Library 9. C) Thermodynamic parameters of all libraries sampled. D) Schematic of Library 9, 
our chosen starting pool. 

 
  



 

 28 

Figure 2.3 Filter-binding Assays from First SELEX Scheme with EcS15  
11 Rounds of SELEX were performed with the RNA pool renatured in water using the EcS15 
concentrations listed in the table. A) Filter-binding assays to determine relative binding affinity 
of the RNA populations in each round and the concentration of EcS15 used in each round of 
selection. Note that we only determined population KD after round 11. B) Binding curves and 
affinities for individual sequences tested.  The randomized region of the individual sequences 
are listed below, with the N7 underlined with the SD sequence italicized. SELEX 1 and 4 have 
identical N7 sequences and SELEX 1641 lacks a SD sequence. C) Binding curves with the 
new EcS15 preparation compared to the old preparation used in the first SELEX scheme. 
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Figure 2.4 SELEX with New Renaturing Protocol Fails to Select for EcS15 Binders 
A) SELEX 1 RNA, the most frequent sequence from Round 11 of the initial EcS15 SELEX, 
does not bind EcS15 when renatured in Buffer A. B) Schematic of why our first SELEX 
experiments failed to remove nitrocellulose-binding RNAs. C) Filter-binding assays of Round 
4 and 12 RNA pool from our second SELEX scheme with EcS15 using new RNA renaturing 
protocol. We were unable to isolate high affinity EcS15-binding aptamers, as binding for the 
RNA pool from Round 12 of selection was identical to the unselected library. 
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Table 2.1 Table of Primers 
A) To generate double-stranded DNA library with T7 promoter for transcriptions, where 
N=25%A, 25%C, 25%G, 25%T, N1=45%A, 45%G, 5%T, 5%C, and N2=45%C, 45%T, 
5%A, 5%G. 
Name Sequence 
Library 9-24 
rev 

5’-TTCAGTACTTAGAGACATNNNNNNNCTCC 
(N1)(N2)(N1)(N2)(N1)(N2)(N1)(N2)(N1)(N2) 
(N1)(N2)(N1)(N2)(N1)(N2)(N1)(N2)(N1)(N2)(N1)(N2) 
(N1)(N2)GTCGATCAGCTACGACTACG 

T7 + A fwd 5’-CCAAGTAATACGACTCACTATAGGCGTAGTCGTAGCTGATCGAC 
B) For reverse transcription to generate cDNA for T7 template or sequencing. 
Name Sequence 
Library rev 5’-TTCAGTACTTAGAGACAT 
RT primer w 
universal 
adapter cP7 

5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGA 
TCTNNNNNNNNTTCAGTACTTAGAGACAT 

C) To amplify cDNA to generate amplicon for sequencing. 
Name Sequence 
Adapter cP5 
BC01 

5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTG 
CTTCGTAGTCGTAGCTGATCGAC 
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Chapter III 

In vitro selection of Gk- and TtS15 aptamers 
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Introduction 
 The work presented in Chapter II demonstrated that possibly due to its unique 

“entrapment” binding mechanism, the EcS15 homolog was not well-suited for in vitro selection 

experiments. While we were unsuccessful at generating aptamers that bind EcS15, the GkS15 

and TtS15 homologs both readily bind both their native mRNA regulators and each other’s 

regulators in vitro, displaying binding affinities in the low nanomolar range (Slinger et al., 2015). 

Inter-species S15-mRNA experiments demonstrated that the Gk- and TtS15 homologs have 

overlapping binding profiles in vitro and in vivo, and both homologs utilize a so-called 

“displacement” mechanism to regulate in vivo in which excess S15 actively competes with the 

ribosome to bind the mRNA and turn off the rpsO operon (Ehresmann et al., 2004). Since the 

displacement mechanism relies solely on RNA binding and does not require additional 

ribosomal components, we hypothesized that our SELEX scheme was more likely to 

successfully enrich for Gk- and TtS15 aptamers from our partially patterned library than with 

EcS15. Notably, we His-tagged Gk- and TtS15 to ensure that our purified protein was not 

contaminated with native EcS15 from the BL21 overexpression strain, which could have 

confounded our examination of the RNA-binding profiles of the specific homologs. 

We performed in vitro selection experiments to identify novel Gk- and TtS15 aptamers 

and compare RNA-binding pools. To our knowledge the work presented in this chapter is the 

first comparative study of two homologous proteins using SELEX to evolve aptamers from 

the same starting RNA library. Our experiments indicate that aptamers that bind Gk- or TtS15 

are readily evolved from our partially patterned library, though to lower affinities than a larger 

completely randomized library. On the population level, TtS15 had a higher affinity for the 

unselected library and enriched for a population of higher affinity aptamers in earlier rounds 

than GkS15, despite using the same selection conditions. Thus, TtS15 appears to bind and 
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select for higher affinity sequences from this library more frequently than GkS15 in vitro, 

highlighting the different selective pressures applied by these S15 homologs to their mRNA 

regulators that led to the diverse array of regulators seen in nature. 

 

Results 
In vitro selection enriches for Gk- and TtS15 aptamers 

Following our studies with SELEX using EcS15, we renatured our unselected library 

and Round RNA in Buffer A before selection. We performed 12 Rounds of selection against 

our partially patterned library in duplicate with GkS15 and 14 Rounds with TtS15 using this 

SELEX scheme. Interestingly, the unselected library was 52% bound at 2048 nM TtS15 versus 

only 7% bound at 2048 nM GkS15 (Fig. 3.1A). To make more direct comparisons between 

the RNA-binding profiles of the homologs, we chose to use the same concentrations for both 

Gk- and TtS15 in their respective SELEX rounds. To enrich for higher affinity aptamers, we 

halved the S15 concentration every other round of SELEX to increase the selective pressure 

on the population (Fig. 3.1B). Filter-binding assays reflected an increase in affinity round over 

round for the S15 homologs (Fig. 3.1D and F). 

For SELEX with GkS15, the starting affinity for the unselected library was poor. As 

we decreased protein concentration, there was a modest shift in binding affinity from Round 

7 to Round 12 from a KD of 1430 nM to 851 nM (Fig. 3.1D). Despite this modest shift, there 

was a consistent trend toward increased binding at higher GkS15 concentrations and the Fmax 

reached 80% bound by Round 12. This could be due to a diverse RNA pool with relatively 

poor affinity whose ensemble of structures still saturated GkS15 at the highest protein 

concentration. Notably, even native interactions with high affinity often do not reach 100% 

bound at saturation due to dynamic RNA folding in vitro, with the most stable conformation 
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not necessarily saturating the protein (Hall & Kranz, 1999). When compared to Round 12 of 

EcS15 SELEX with an Fmax of only 10% at the same [S15] (Fig. 2.4C), we considered our 

GkS15 SELEX to be modestly successful, despite the lack of a dramatic shift in affinity. 

For SELEX with TtS15, the starting affinity for the unselected library was relatively 

high, with a KD of 1644 nM (Fig. 3.1F). By Round 6, the population affinity (KD of 873 nM) 

was already comparable with the final round of GkS15 SELEX (KD of 851 nM). As we halved 

the protein concentration, we successfully enriched for TtS15 aptamers and increased the 

population affinity to a KD of 435 nM following selection at 31.25 nM TtS15 in Round 12 

(Fig. 3.1F). We completed two further rounds of SELEX at lower concentrations, with a 

comparable population affinity in Round 13 but a notable decrease in Fmax following round 14 

at 10 nM TtS15. Since our SELEX protocol does not have a mutagenic PCR step, it is possible 

that we selected most of all the possible binders left in our population or that our protein 

concentration limited our ability to effectively enrich our population further. Since many 

natural regulators have affinities in the hundreds of nanomolar range, we considered the 

population affinity to be sufficient and thus progressed to further analysis. 

Inter-species Binding Assays Show Overlap in Gk- and TtS15 RNA-binding Profiles 

 Previous work has shown that Gk- and TtS15 interact with both the Gk- and Tt-

mRNA regulators (summarized in Fig. 3.2A and B). To gauge whether there was any overlap 

in the RNA-binding profiles of the Gk- and TtS15 homologs with our Tt SELEX population, 

we performed filter-binding assays with the RNA population from Round 6 of TtS15 SELEX 

(Tt6, since the affinity was comparable to that of Round 12 of Gk SELEX) with Gk- and 

TtS15 (Fig. 3.1D and F). We also tested Tt6 with EcS15 to assess the specificity of the TtS15 

aptamers in our population, since EcS15 does not interact with the TtS15-mRNA regulator in 

vitro (Fig. 3.2B). TtS15 exhibited the highest affinity for Tt6 (KD = 873 nM), as expected, and 
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GkS15 was also able to bind this population (KD = 1203 nM vs >2000 nM for the unselected 

library and 1430 nM for Gk Round 7 RNA). EcS15 showed no binding interaction, with an 

Fmax at 2048 nM equal to the fraction bound without protein.  

 

Discussion 
To explore the RNA-binding profiles of Gk- and TtS15, we used the in vitro SELEX 

scheme optimized in Chapter II and successfully enriched for aptamers to these S15 homologs 

from our partially patterned library. Before any in vitro selection, TtS15 exhibited a higher 

affinity for the unselected library than GkS15. Following selection, our experiments 

qualitatively suggest that TtS15 may have a larger RNA-binding profile than GkS15 with this 

library, as we isolated populations with a higher affinity from in vitro selection with TtS15 

(Round 12 KD = 435 nM) than we did with GkS15 (Round 12 KD = 851 nM). This larger 

binding profile fits well with the previous inter-species study that showed that TtS15 was more 

tolerant of mutations that abolish native interactions and may generally have fewer 

requirements for RNA binding outside of a GGC base triple at the base of a 3-way helical 

junction, whereas GkS15 has stricter requirements for both the GGC base triple and G•U/GC 

motif to binding mRNA regulators in vitro and in vivo (Slinger et al., 2015).  

TtS15 may generally have a larger RNA-binding profile than GkS15, or the library and 

selection conditions were not optimized for GkS15 SELEX. The starting partially patterned 

library may have been biased toward TtS15 binding aptamers, or the GkS15 concentrations in 

the early rounds of selection were not high enough to efficiently isolate aptamers from this 

sequence pool. Lowering the target concentration (i.e. S15) generally increases the stringency 

of selection, but libraries dominated by low affinity sequences actually favor weak binders over 

strong binders when the target concentration is too low (Kohlberger & Gadermaier, 2022). 
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High-affinity sequences present in fewer copies that are lost in early rounds both because they 

are less frequent in the population and are lost during amplification (Komarova & Kuznetsov, 

2019). This may explain the difference in the final population KD between the Gk- and TtS15 

homologs, as well as why we were unable to enrich the TtS15 population for higher affinity 

aptamers in rounds 13 and 14 with such low [TtS15]. As selection progressed, the maximum 

fraction bound plateaued and the filter-binding assay curves exhibited the sigmoidal shape 

characteristic for specific binding for the population enriched by TtS15 but not for the 

population enriched by GkS15. This further supports the hypothesis that this SELEX scheme 

was less efficient for selecting GkS15 aptamers than TtS15 aptamers. This could be due to 

fewer GkS15 aptamers in the initial starting population from this library, or that the GkS15 

concentration was not high enough in the early rounds of SELEX to effectively select against 

low-affinity aptamers. 

Our inter-species filter-binding assays with the TtS15 round 6 population suggest that 

Tt- and GkS15 may have overlapping RNA-binding profiles in our SELEX experiments, as 

GkS15 was able to bind the aptamers enriched by TtS15. EcS15, which can interact with the 

Gk-mRNA regulator but not the Tt-mRNA regulator in vitro, does not bind the Tt6 

population, which potentially reflects the specificity of the population enriched by TtS15. The 

differences between the larger RNA-binding profile of TtS15 and the smaller profile of GkS15 

for the natural mRNA regulators, along with the possible overlap in binding profiles observed 

for the in vitro selected Tt6 RNA population for both homologs, thus made our SELEX 

experiments well-suited for comparative high-throughput sequencing analysis. 
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Materials and Methods 
Protein Preparation 

The G. kaustophilus and T. thermophilus rpsO ORFs were cloned into the pET-HT 

overexpression vector with a 6X-His tag, sequence verified, and transformed into chemically 

competent BL-21(DE3) cells (Invitrogen). Protein was overexpressed and cells lysed by 

freeze-thaw lysis followed by sonication in Native Binding Buffer (50 mM NaH2PO4, pH 8.0, 

500 mM NaCl, 10 mM imidazole). Lysate was incubated with Ni-NTA Agarose resin for 1 

hour at 4º and eluted with 250 mM imidazole at 4º. Following IMAC purification, fractions 

containing His-tagged S15 were analyzed via SDS-PAGE, concentrated, and the 6X-His tag 

cleaved using ProTEV Plus Protease (Promega) according to the manufacturer’s protocol. 

Protease and 6X-His tag were removed through a second purification at 4°C using non-

denaturing FPLC cation exchange chromatography (pH 8.0) with a linear salt gradient (20 mM 

– 1 M KCl). Fractions containing cleaved S15 were tested for nucleases, and RNase-free 

protein fractions were concentrated, analyzed via SDS-PAGE, and buffer exchanged for the 

S15 Storage Buffer (50 mM Tris-Acetate, pH 7.5, 20 mM Mg-Acetate, 270 mM KCl, 0.02% 

sodium azide). Final protein concentration was determined by Bradford assay and stored at 

4°C. 

 

RNA Preparation and SELEX 

 Library template was prepared and transcriptions were performed as described in 

Chapter II. 

 SELEX rounds were performed in duplicate for by renaturing 200 pmol of RNA in 

Buffer A at 42º for 15 minutes and cooled to room temperature for 10 minutes, then filtered 

through 0.45 μM nitrocellulose filter to remove nonspecific binders. Surviving RNAs were 
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incubated with the respective S15 homolog in Buffer A (50 mM Tris-Acetate, pH 7.5, 20 mM 

Mg-Acetate, 270 mM KCl, 5 mM dithiothreitol, 0.02% bovine serum albumin) at 25º for 30 

minutes. RNA-S15 complexes were isolated by filtering over a second nitrocellulose filter and 

washed twice with Buffer A. RNAs were eluted from the filter at 95º in elution buffer (7 M 

Urea, 100 mM Na3C6H5O7, 3 mM EDTA pH 8.0), protein removed through phenol-

chloroform extraction, and ethanol precipitated overnight at -20º. The selected RNA was 

reverse transcribed using M-MuLV and half of the cDNA amplified using standard PCR with 

primers complementary to the library constant region and to add the T7 promoter. The 

remaining cDNA was amplified with primers to add Illumina sequencing adapters and 

barcodes. T7 PCR products were gel purified and used as template for T7 transcription 

reactions to make RNA for the next round of selection.  

Filter Binding Assays 

 S15-RNA binding affinity was periodically examined throughout SELEX by filter-

binding assay as described in Chapter II. 
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Figures and Legends 
Figure 3.1 Filter-binding assays to monitor binding affinity during SELEX 
Filter-binding assays were used to measure changes in affinity round over round as SELEX 
progressed. A) FBAs with Gk- and TtS15 and the unselected library before SELEX. B) 
Concentrations of S15 used for the Rounds of SELEX with each homolog. C) Compilation 
of all the population FBAs we performed during GkS15 SELEX. D) GkS15 round 
concentration and population KD for the rounds tested. E) Compilation of all the population 
FBAs we performed during TtS15 SELEX. F) TtS15 round concentration and population KD 
for the rounds tested. The binding affinity for the population plateaued by Round 13 of Tt 
SELEX. 
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Figure 3.2 Inter-species S15-mRNA interactions 
Inter-species S15-mRNA interactions have been previously characterized both in vitro and in 
vivo. A) Cartoon representing S15 binding sites on 16s rRNA and natural mRNA regulators. 
Green and red circles highlight specific sequence and structural features for binding, and blue 
circles highlight secondary binding sites that are not sequence specific. M1 indicates mutations 
made to the mRNA to disrupt the native interaction. (modified from Slinger 2015). B) Inter-
species interactions of S15 homologs with native mRNA regulators were previously measured 
in vivo using a LacZ regulatory assay and in vitro through filter-binding assays. Green indicates 
an interaction, red indicates no interaction was observed, and “–” indicates that the interaction 
was not measured. C) Filter-binding assays were performed with RNA from Round 6 of 
SELEX with TtS15 (Tt6) and Ec-, Gk-, and TtS15. Binding curves of single replicates with 
Tt6 and the 3 S15 homologs are shown. Inset shows the KD for each homolog. 
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Chapter IV 

High-throughput sequencing and in vitro analysis 
of Gk- and TtS15 aptamers 
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Introduction 
 SELEX experiments have traditionally been limited by low-throughput Sanger 

sequencing to sample a subset of the final population. The advent of high-throughput 

sequencing allows us to fully interrogate the SELEX process across every round of selection, 

capturing the diversity of the population round over round as the selection stringency 

increases. High-throughput sequencing of SELEX rounds has shown that enrichment of 

binders often occurs early within the process. ssDNA aptamers for the bacterial protein 

streptavidin were enriched from a DNA library consisting of a 40 base fully randomized region 

(representing 1.2x1024 sequences) (Schütze et al., 2011). The authors directly compared cloning 

and Sanger sequencing with a high-throughput sequencing approach and showed that high 

affinity aptamers were easily identified in the early rounds of SELEX from simple copy 

number enrichment in the high-throughput sequencing data, but not Sanger sequencing.  

Much work has been done to explore the specificity of DNA-protein interactions 

through SELEX. SELEX with the nuclear factor-κB (NF-κB) p50 protein and the Hox-Exd-

HM complex in Drosophila melanogaster identified an array of DNA motifs and preferences for 

these transcription factors (Gu et al., 2013; Riley et al., 2014). The high-throughput sequencing 

data helped identify preferences for certain DNA motifs and how multi-protein complexes 

can modulate transcription factor specificity to help explain their preferences in vivo, with 

resolution impossible using Sanger sequencing. While many studies have looked at the 

specificity of DNA-protein interactions, they focus mainly on motif identification and much 

less work has been done to characterize RNA-protein interactions using SELEX, where RNA 

structure can play a much larger role than its primary sequence.  

 Given that Gk- and TtS15 have slightly different RNA-binding profiles for the natural 

mRNA regulators and appear to have somewhat overlapping binding profiles in the aptamers 
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isolated from in vitro selection, we sought to characterize their RNA-binding profiles using 

high-throughput sequencing and filter-binding assays. To monitor population-level changes as 

the stringency of selection increased, we utilized the RaptRanker algorithm to analyze our 

sequencing data as it easily allows for enrichment analysis of individual aptamers round over 

round (Ishida et al., 2020). To our knowledge the work presented in this chapter is the first 

comparative study of two homologous RNA-binding proteins using in vitro selection against 

an RNA library. 

 

Results 
RaptRanker analysis shows enrichment of relatively low-diversity aptamer pools 

 We sequenced the unselected library and rounds 1, 2, 3, 5, 7, 9, and 12 for both 

replicates for both homologs (~3-4 million reads per sample per replicate) to monitor changes 

in the population as SELEX increased population binding affinity. In the unselected library, 

virtually all of sequences had the constant SD sequence and consisted of mostly singletons 

(sequences appearing only once in the population), as expected. We utilized the RaptRanker 

algorithm to integrate the data from all sequenced rounds of each replicate of Gk- and Tt-

SELEX (Ishida et al., 2020). One of the main advantages of this tool is that it assigns unique 

sequence IDs to track the frequency within rounds as well enrichment round over round. To 

make more direct comparisons within and between rounds, we normalized the raw reads to 

total reads for each sequence per round and used this relative frequency for our enrichment 

analysis. High-throughput sequencing data allows us to detect lower frequency sequences in 

our earlier rounds of selection, and simply comparing round over round enrichment of the 

normalized frequency can help identify high affinity aptamers in earlier rounds than is possible 

with traditional Sanger sequencing.  
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As early as Round 2, where the SELEX populations were under low selective pressure, 

we saw an enrichment of a subset of sequences for both Gk- and TtS15, most of which 

contained the SD sequence (Fig. 4.1A). Interestingly, a growing proportion of sequences lost 

the SD sequence as SELEX progressed. In round 2, 96% of the Gk and 98% of the Tt SELEX 

had a SD sequence (Fig. 4.1B). By round 12, only 12% of the Gk and 29% of the Tt SELEX 

had a SD sequence. Looking across rounds, the GkS15 population saw a significant and 

continual decline in aptamers with the SD sequence while the TtS15 population plateaued at 

~30% with the SD sequence (Fig. 4.1B). Most of the sequences are the expected length, and 

looking at the position where the SD would be, it is often mutated from GGAG to GGTG 

or GCTG (bolded sequences in Fig. 4.1C and D have the SD sequence, with GGAG or the 

mutations underlined). Since this sequence was not within the constant region (Fig. 2.2D) and 

we utilized a low fidelity Taq polymerase, there was no selective pressure to maintain the SD 

sequence. 

 In our Round 12 populations for both replicates and both homologs, our in vitro 

selection scheme isolated highly enriched and dominant sequences leading to a relatively low-

diversity final population (Fig. 4.1C and D). Our sequencing data indicate that we were 

successful in comprehensively sampling our populations, so we then sought to characterize 

any relationships between the sequences in our Round 12 populations through clustering 

analysis and validate their binding in vitro with filter-binding assays. 

 

Clustering analysis reveals significant sequence overlap within Gk- and TtS15 SELEX 

replicates 

 To broadly assess the diversity of our Round 12 populations, we took the top 500 

most frequent sequences for each replicate with each homolog and collapsed all duplicate 
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sequences. The top 500 individual sequences account for 56% and 52% of the total reads in 

Round 12 for Gk- and TtS15, respectively. For GkS15, 375 of the top 500 sequences were 

shared between the replicates, including all the highest frequency sequences. The sequences 

not shared by the replicates were much lower frequency and by visual inspection appear to 

differ by 1-2 nucleotides from the most frequent sequences. For TtS15, 340 sequences were 

shared between the replicates, also including all the highest frequency sequences. Similarly to 

GkS15, the sequences not shared are lower frequency and differ by 1-2 nucleotides from the 

most frequent sequences. We then assessed the relatedness of the sequences within the Gk 

and TtS15 SELEX replicates by performing clustering analysis of those 375 and 340 

sequences, respectively (Crum et al., 2019). We find a high degree of relatedness within both 

populations of the Gk- and TtS15 SELEX (Fig. 4.2 and 4.3). As we reduce stringency and 

allow sequence distances up to 5 mutations, GkS15 SELEX collapses to 3 major clusters of 

sequences (Fig 4.2C) while TtS15 SELEX has 6 major clusters (Fig. 4.3C), anchored by high 

frequency sequences at the centers of the clusters. TtS15 had a higher affinity for its round 12 

population than GkS15 did (Fig. 3.2D and E), and our clustering analysis highlights that TtS15 

had slightly fewer shared sequences between replicates (340 v. 375 for GkS15), potentially 

reflective of a larger binding pool for TtS15. 

Clustering analysis reveals significant sequence overlap between Gk- and TtS15 

SELEX  

 To compare the RNA-binding profiles between the S15 homologs, we performed 

clustering analysis using sequences from Round 12 of Gk- and TtS15 SELEX. We combined 

the top 500 sequences from Round 12 from all replicates with both homologs to compare the 

diversity between the populations selected by the S15 homologs (Fig. 4.4). 1059 of the 

sequences were shared between the homologs, including all the highest frequency sequences. 
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Subsequent clustering analysis showed 8 clusters of related sequences, which we named 

Cluster A-H (Fig. 4.5A). 3 of the 8 clusters contained the SD sequence.  

Cluster A, which lacks a SD sequence, contains the 2 most frequent sequences for 

GkS15 (sequence #273 and 51) and most of the high frequency sequences from GkS15 

SELEX (Fig. 4.5A). 51 is a high frequency sequence for TtS15 as well, though 273 is not (Fig. 

4.5B). Comparing the randomized regions, sequences 273 and 51 differ by only 1 base (Fig. 

4.5C). Cluster B, which has a SD sequence, has most of the high frequency sequences from 

TtS15 SELEX. Generally, the clusters that have a SD sequence tend to have most of the high 

frequency sequences from TtS15 SELEX. Conversely, the clusters that lack a SD sequence 

tend to correlate more with the high frequency sequences from GkS15 SELEX. Cluster F, for 

instance, has a SD sequence but only 2 sequences from this cluster are represented in Gk 

SELEX (Fig. 4.5A).  

Taken as a whole, TtS15 appears to have a larger RNA-binding pool, as nearly every 

sequence from the clusters is found in one or both Tt SELEX replicates while the same is not 

true for GkS15. 

Individual sequences bind Gk- and TtS15 

 To validate that individual aptamers bind S15, we chose a subset of sequences to test 

in vitro with filter-binding assays (Fig. 4.5B). To determine if the SD sequence had any effect 

on in vitro binding, we chose 1 sequence that had the SD sequence and 2 that did not. We 

chose Sequence 31 from Cluster B, as it was high frequency across all replicates for both 

homologs, contains a SD sequence, and has the shortest distance mean distance from all other 

sequences in cluster B (Fig. 4.5B). We find that both homologs bind this sequence with similar 

affinities (Fig 4.6A). We chose sequences 51 and 273 from Cluster A (no SD sequence), as 

they were the highest frequency sequences for GkS15 and have the shortest distance mean 
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distances to all other sequences in Cluster A. We find that both homologs bind sequence 51 

with similar affinities, indicating that the specific SD sequence was not required for binding 

(Fig. 4.7A). 51 was the most frequent sequence for GkS15 SELEX and 2nd most frequent for 

TtS15 SELEX. While 51 is high frequency for TtS15, 273 is not, though they differ by only 

one base. 273 is the 3rd most frequent sequence for GkS15 SELEX but drops to 41st for TtS15 

SELEX. Interestingly, these mutations occur in the same position as the GGAG SD sequence 

in sequence 31, and contain GGTG for sequence 51 and GCTG for sequence 273. 

To determine if the difference in relative frequency for sequence 273 in Gk- and TtS15 

SELEX was due to a structural change caused by this single base change, we computationally 

evaluated the structures of both 51 and 273. RNAfold simulations indicate this single 

nucleotide change alters the predicted structure of the RNAs and disrupts a predicted stem 

(Fig. 4.7B and C) to form a stem loop (Fig. 4.7E and F). Thus, we hypothesized that the 

difference in frequency in the sequencing data is reflective of this structural change and would 

lower the binding affinity for TtS15 compared to GkS15. Our filter-binding assays confirm 

this hypothesis, as Gk- and TtS15 have similar affinities for sequence 51 while the KD is higher 

for sequence 273 with TtS15 (992 nM) versus GkS15 (733 nM) (Fig. 4.7D). It is possible that 

the structural change disrupts a binding site for TtS15 while GkS15 is unaffected, but 

confirming this would require structural probing assays.  
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Discussion 
Our results indicate that we successfully enriched for S15 binders with our in vitro 

selection experiments for the Gk- and TtS15 homologs. TtS15 was generally a better binder 

with this library, though we still enriched for GkS15 binders using SELEX. Using a partially 

patterned library allowed us to comprehensively sample our binding populations throughout 

SELEX, while also enriching for high frequency sequences. The top sequences in Round 12 

for all SELEX replicates were on the order of thousands to tens of thousands of reads. This 

is in stark contrast to the GkS15 SELEX against a fully randomized N30 library, where 95.33% 

of the sequences in the final round were singletons, and of the 4.67% of “multitons”, 69.5% 

of those sequences were seen fewer than 10 times in the data (Pei et al., 2017). 

To better understand how our populations changed as we increased selection 

stringency, we utilized the RaptRanker algorithm for our sequencing analysis. This method 

integrates sequencing data from every round of SELEX, allowing us to track the trajectory of 

individual sequences throughout selection. We find significant overlap between the S15 

homologs. Clustering analysis revealed that our populations converged on a few families of 

RNAs, both within replicates and between the S15 homologs. One limit of our clustering 

analysis is that it considers sequences of different lengths to be distinct, even if there is only a 

one base gap in the sequence along an otherwise homologous sequence, though most of our 

sequences were of equal length. Based on our clustering analysis, we selected representative 

sequences to test with our S15 homologs. We demonstrate binding for all the aptamers tested, 

as well as a one nucleotide change that causes a marked difference in affinity for the same 

sequence selected by both S15 homologs. 

Our work shows that the SD sequence is subject to mutation for Gk- and TtS15 

without in our SELEX scheme without significantly affecting binding in vitro, though TtS15 
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enriched for sequences containing the SD sequence to a greater degree than GkS15. 

Interestingly, while the natural Gk- and Tt-mRNA regulators are >100 nt and our aptamers 

are only 75 nt, deletion analysis of the natural sequences has shown that the stems containing 

the SD sequence are dispensable for GkS15 but necessary for TtS15 binding their respective 

mRNA regulators in vitro (Scott & Williamson, 2001; Serganov et al., 2003). It is therefore 

possible that there may be some selective pressure for aptamers to contain the SD sequence 

for TtS15 and less pressure for GkS15. Looking at the mutation that separates sequences 51 

and 273, there is a GGTG for sequence 51 and GCTG for sequence 273 at the SD sequence 

position (Fig. 4.5B). The SD sequence for the Tt-mRNA regulator is base paired in the stem 

adjacent to the GGC base triple binding site for TtS15, so it is also possible that the SD 

sequence may stabilize a similar structure for the TtS15 aptamers in our population that a 

mutation, such as the one in sequence 273, would disrupt. 

Clustering analysis showed overlapping RNA-binding profiles for Gk-and TtS15 (Fig. 

4.4), while sequences 51 and 273 highlight that single mutations can significantly alter the 

trajectory of a sequence during SELEX. The binding affinities for individual sequences from 

our final populations are relatively weak compared to affinities for their natural regulators, 

which is likely due to our partially patterned library limiting the sequence space we could 

explore through in vitro selection. Further work is needed to elucidate the structures, binding 

sites, and whether any of our aptamers can regulate in vivo. Still, we were able to demonstrate 

that small sequence changes can lead to changes in aptamer binding affinity for Gk- and TtS15, 

which furthers the hypothesis that differences in the RNA-binding profiles of the S15 

homologs is a driver of the diversity of natural S15 mRNA regulators. 
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Materials and Methods 
Illumina sequencing 

 cDNA from rounds 1, 2, 3, 5, 7, 9, and 12 of both replicates of Gk- and Tt SELEX 

were amplified in 2-step PCRs to add Illumina adapters and barcodes (Table 1). Samples were 

pooled and sequenced on an Illumina NextSeq 2000 sequencer. Raw FASTQ files were de-

multiplexed and low-quality reads removed using AmpUMI (Clement et al., 2018). 

Raptranker analysis 

 Raw FASTQ files from rounds 1, 2, 3, 5, 7, 9, and 12 of both replicates of Gk- and 

TtS15 SELEX were first analyzed separately to compare sequence diversity between replicates 

using RaptRanker (Ishida et al., 2020). We then combined all rounds for all replicates and both 

homologs and repeated RaptRanker analysis for the combined Gk- and TtS15 SELEX 

populations. We extracted the sequence IDs, normalized the reads for each sequence based 

on total reads for each round, and calculated enrichment scores round over round based on 

the normalized reads. 

Clustering analysis and choosing individual sequences 

 Following RaptRanker, we took the top 500 most frequent sequences in round 12 for 

each SELEX replicate with their respective homolog and removed duplicates in Excel. We 

assigned a score of 1-7 for each sequence, based on their normalized read scores for each 

round (with 1 being the lowest and 7 being the highest read count frequency). We then 

clustered the sequences using graph clustering as described (Crum et al., 2019, 

doi.org/10.1371/journal.pcbi.1007564) to compare the replicates for each homolog and 

generated plots for Gk- and TtS15 SELEX, using colored nodes as described in Figure 4.4. 

Distances between sequences within clusters were calculated using Hamming distance, with 

the maximum penalty applied to sequences that differ in length. We then combined all 
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replicates from both homologs and removed duplicates in Excel, and clustered and plotted 

the sequences to compare the RNA-binding pools between the homologs, using the same 

scoring as described above. Following clustering of the combined Gk- and TtS15 SELEX 

pools, we selected sequences 31, 51, and 273 for testing in vitro. 

RNA preparation 

T7 template for individual aptamer sequences was synthesized using assembly PCR 

from overlapping oligos (IDT), adding the T7-promoter sequence within the forward primer. 

Transcriptions were performed and RNA purified as described in Chapter II. 

Filter Binding Assays 

 S15-RNA binding affinity was measured for sequences 31, 51, and 273 using 5’-

radiolabeled RNA in filter-binding assays, as described in Chapter II. 
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Figures and Legends 
Figure 4.1 Normalized frequencies and enrichment of sequences across SELEX 
We utilized the RaptRanker algorithm to track individual sequences from the high-throughput 
sequencing data across the rounds of SELEX. A) Relative frequencies for the top 5 sequences 
in Round 2 of Gk and Tt SELEX. RaptRanker assigns the unique IDs, and frequencies are 
normalized to the total reads from that round. The most frequent sequences all contain the 
SD sequence. B) Fraction of unique sequences containing the SD sequence in the 
corresponding round. C) Enrichment analysis of the 20 most frequent sequences from Round 
12 Gk SELEX with normalized frequencies. Enrichment scores were calculated by dividing 
the normalized frequency in round 7 by the frequency in round 5, round 9 by round 7, etc. 
Sequences that contain the SD sequence are bolded (with SD and mutations to the SD 
underlined), and red boxes indicate an enrichment score of >1. D) Enrichment analysis of the 
20 most frequent sequences from Round 12 Tt SELEX with normalized frequencies. Bolded 
and colored as described in C). 
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Figure 4.2 Clustering analysis of combined GkS15 SELEX replicates 
The top 500 most frequent sequences from each GkS15 SELEX replicate were combined and 
duplicates removed. Each node represents an individual sequence and the edges between 
nodes represents the distance between those sequences. A) clustering of the sequences with 
one mutation allowed. B) clustering of the sequences with 1-2 mutations allowed. C) clustering 
of the sequencing with up to 5 mutations allowed, which collapses the clusters into 3 major 
clusters. 
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Figure 4.3 Clustering analysis of combined TtS15 SELEX replicates 
The top 500 most frequent sequences from each TtS15 SELEX replicate were combined and 
duplicates removed. Each node represents an individual sequence and the edges between 
nodes represents the distance between those sequences. A) clustering of the sequences with 
one mutation allowed. B) clustering of the sequences with 1-2 mutations allowed. C) clustering 
of the sequencing with up to 5 mutations allowed, which collapses the clusters into 6 major 
clusters. 
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Figure 4.4 Clustering analysis of combined Gk- and TtS15 SELEX 
The top 500 most frequent sequences from both replicates with both S15 homologs were 
combined and duplicates removed. Each node represents an individual sequence and the edges 
between nodes represents the distance between those sequences. A) Clustered sequences, with 
nodes colored based on representation in the sequencing data, with distances up to 5 
mutations. B) Clustered sequences, with nodes colored based on their frequency in the 
sequencing data, with distances up to 5 mutations. 
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Figure 4.6 Filter-binding assay confirms binding for 31 with Gk- and TtS15 
Filter-binding assays were performed with sequence 31 with Gk- and TtS15. A) Curves for 
the filter-binding assays, with the binding affinity for each S15 to the right. B) The predicted 
structure (minimum free energy) for 31 using RNAfold (Lorenz et al., 2011), with energy 
parameters scaled for 22º, as binding assays occurred at room temperature. Colors 
correspond to base-pair probabilities according to the scale, where red indicates a base-
pairing probability of 1. The start codon and SD sequence are boxed. C) Folded RNA from 
B) drawn using VARNA (Visualization Applet for RNA, (Darty et al., 2009)), with the SD in 
lavender and start codon in green. 
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Figure 4.7 Differences in binding affinity for 51 and 273 with Gk- and TtS15 
Filter-binding assays were performed with sequence 51 and 273 with Gk- and TtS15. A) Curves 
for the filter-binding assays with 51, with the binding affinity for each S15 to the right. B) The 
predicted structure (minimum free energy) for 51 using RNAfold, with energy parameters scaled 
for 22º, base that differentiates it from 273 boxed, and affected structure bracketed. C) Folded 
RNA from B) drawn using VARNA. The single base change that separates 51 and 273 is colored 
in red and start codon in green. D) Curves for the filter-binding assays with 273, with the binding 
affinity for each S15 to the right. E) The predicted structure for 273 using RNAfold, with the base 
that differentiates it from 51 boxed, and affected structure bracketed. F) Folded RNA from E) 
drawn using VARNA. The single base change that separates 51 and 273 is colored in red. 
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Table 4.1 Primers used to generate amplicon for Illumina sequencing 
Name Sequence 
RT primer w 
universal adapter 
cP7 

5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN 
TTCAGTACTTAGAGACAT 

P5 + universal 
adapter 

5’-AATGATACGGCGACCACCGAGATCTACACTCTTT 
CCCTACACGACGCTCTTCCGATCTA 

Adapter P7 + 
BC_01 

5’-
CAAGCAGAAGACGGCATACGAGATTCGTGTGCGTGACTGGAGTTCAGAC 
GTGTGCTCTTCCGATCT 

Adapter P7 + 
BC_05 

5’-
CAAGCAGAAGACGGCATACGAGATATCCGACAGTGACTGGAGTTCAGAC 
GTGTGCTCTTCCGATCT 

Adapter P7 + 
BC_06 

5’-
CAAGCAGAAGACGGCATACGAGATAACATAATGTGACTGGAGTTCAGAC 
GTGTGCTCTTCCGATCT 

Adapter P7 + 
BC_08 

5’-
CAAGCAGAAGACGGCATACGAGATGCTAAGTAGTGACTGGAGTTCAGAC 
GTGTGCTCTTCCGATCT 

Adapter cP5 BC01 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TATTGCTTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC02 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TATGAATTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC03 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAACTTGTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC04 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAGGCTGTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC05 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TATCAGGTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC06 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAATTAGTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC07 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TATTGAGTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC08 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TATGGTCTCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC09 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAGTTTATCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC10 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAATGTATCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC11 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAATTGATCGTAGTCGTAGCTGATCGAC 

Adapter cP5 BC12 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC 
TAGTGGATCGTAGTCGTAGCTGATCGAC 
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Chapter V 

Discussion 
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Summary and significance 
 This thesis offers novel insights into the RNA-binding profiles of two homologous 

proteins using in vitro selection against a partially patterned RNA library, highlighting that 

seemingly inconsequential sequence changes can lead to real changes in affinity which may 

affect the evolution of natural mRNA regulators.  

Discussion 
In Chapter II, I demonstrate the limitations of using a partially patterned RNA library 

for an in vitro selection scheme to analyze the RNA-binding profiles of the EcS15 homolog. I 

show that while partial patterning leads to desirable thermodynamic properties for the starting 

library in silico, it ultimately limited our ability to study the RNA-binding profile of EcS15 due 

to this homolog’s unique mechanism of action compared to the Gk- and TtS15 homologs. I 

show that altering patterning and randomization of potential RNA libraries has a significant 

effect on the minimum free energy (reflective of the ability of the library to fold into stable 

structures) and aspects of structural complexity (stem length, multi-stem percentage, wobble 

base-pairing), as measured through computational modeling of library thermodynamic 

properties. Partial patterning reduces library size to allow for more comprehensive sampling 

of selection rounds via high-throughput sequencing and has been shown to enrich for 

functional aptamers, which is why I chose a partially patterned library for SELEX (Ruff et al., 

2010). However, this choice significantly limited the number of possible sequences available 

for EcS15 aptamer enrichment. While partially patterned libraries increase the likelihood of 

structured RNA formation compared to fully randomized libraries, this also limited the 

sequence space used to study the RNA-binding profile of the EcS15 homolog and potentially 

led to our inability to isolate EcS15 aptamers. 
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I made several attempts to enrich for EcS15 aptamers with SELEX, altering selective 

pressure by starting at different EcS15 concentrations, changing the amount of library in the 

binding reaction, and optimizing the RNA renaturing protocol. Ultimately, I was unsuccessful 

in isolating aptamers for this homolog. Though we could not successfully select for EcS15 

binders, this is still a result, indicating that high affinity aptamers for EcS15 are very infrequent 

in our partially patterned RNA pool. The desirable thermodynamic properties of the library 

did not translate into successfully generating EcS15 aptamers, and a fully randomized library 

might be a better starting point for future EcS15 SELEX experiments. The autogenous 

regulation of the rpsO operon in E. coli has been known for over 40 years and the structured 

mRNA regulator in the 5’ UTR has been extensively studied and characterized. EcS15 utilizes 

an “entrapment” mechanism to simultaneously bind the mRNA regulator and 30S ribosomal 

subunit in the cell, stalling the ribosome and preventing translation of the downstream gene. 

The Ec-mRNA regulator exists in equilibrium as two stem-loops and a pseudo-knotted 

structure, which is stabilized by EcS15 binding, and is thus structurally distinct from the Gk- 

and Tt-mRNA regulators, whose respective S15 homologs utilize a “displacement” / 

competitive binding mechanism for regulation. Since we did not include any other 

components of the ribosome besides EcS15 in our SELEX, it would be difficult or impossible 

to replicate the entrapment mechanism in our experiments. Intriguingly, the recently described 

regulator from Mycobacterium smegmatis also contains a putative pseudoknot within its 5’ leader 

region upstream of rpsO and may also utilize an entrapment mechanism, though this has yet 

to be experimentally validated (Aseev et al., 2021). EcS15 and other S15 homologs that utilize 

the entrapment mechanism may apply different selective pressures to their RNA leaders than 

Gk- and TtS15 and S15 homologs that utilize displacement, and EcS15’s binding profile may 

be better studied using a fully randomized library or in an in vivo context using a method like 
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FADSRA (Fluorescent Activated Droplet Sorting Regulatory Assay, (Gray, 2022)), where 

entrapment could be replicated. 

 In Chapter III, I apply the optimizations learned from the EcS15 SELEX scheme in 

Chapter II to isolate aptamers for Gk- and TtS15. These homologs both utilize a displacement 

mechanism to regulate their rpsO operons and have evolved mRNA regulators that partially 

mimic the 16S rRNA with a GGC base triple at the base of a 3-way helical junction. Inter-

species interaction studies have shown that the homologs can bind each other’s regulator in 

vitro with comparable affinities and regulate using either mRNA regulator, as shown in an in 

vivo reporter assay. Mutational analysis revealed that the G•U/GC motif in the Gk-mRNA 

regulator is essential for GkS15 binding in vitro and in vivo, while these mutations have no effect 

on the interaction with TtS15, suggesting it interacts with the Gk-mRNA regulator differently 

than the native interaction. The inter-species interaction studies generally showed TtS15 to be 

a more promiscuous binder than GkS15, which indicates it might have a larger RNA-binding 

profile while GkS15 is more selective in its interactions. 

To investigate potential differences in Gk- and TtS15 RNA-binding profiles, I 

performed in vitro selection experiments to isolate aptamers for these S15 homologs from the 

same starting library. Since these S15 homologs do not require any other ribosomal 

components to bind their mRNA regulators in vitro and in vivo and rely only on S15-mRNA 

binding, they were more amenable to our in vitro SELEX with our partially patterned library 

than the EcS15 homolog. Nitrocellulose filter-binding assays indicated that TtS15 bound the 

unselected RNA library with a higher affinity than GkS15, and I find that TtS15 is generally a 

better in vitro binder throughout SELEX with this library than GkS15. While EcS15 is a poor 

in vitro binder, it selectively interacts with the natural Gk-mRNA but not Tt-mRNA regulator. 

I demonstrate that GkS15 and TtS15 have overlapping binding profiles, as GkS15 is able to 
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interact with the round 6 population RNA from Tt SELEX, while EcS15 is unable to bind 

this population. This mirrors the inter-species interaction studies, as EcS15 can interact with 

the Gk-mRNA regulator but not the Tt-mRNA regulator and does not interact with the RNA 

pool enriched using TtS15 in our SELEX experiments. However, following 12 rounds of 

SELEX, neither population enriched by Gk- or TtS15 reached the low nanomolar affinity that 

these homologs have for their natural mRNA regulators. The benefits of using a partially 

patterned library with theoretically desirable thermodynamic properties that could be 

comprehensively sampled with high-throughput sequencing did not effectively translate into 

enriching for high affinity aptamers. I then go on to characterize the RNA-binding profiles 

using high-throughput sequencing and clustering analysis. 

 In Chapter IV, I utilize a combination of high-throughput sequencing and clustering 

analysis to characterize the Gk- and TtS15 RNA-binding profiles, and filter-binding assays to 

confirm individual Gk- and TtS15 aptamers isolated from in vitro selection. I find significant 

overlap in the RNA pools enriched through SELEX for the two replicates with GkS15, with 

75% of the top 500 most frequent sequences shared between the replicates. I find 68% of the 

top 500 sequences are shared between the TtS15 SELEX replicates, which supports the 

hypothesis that TtS15 has a larger RNA-binding profile than GkS15 with this library.  

I also find significant overlap between the RNA pools enriched by the Gk- and TtS15 

homologs. Some overlap is not totally unexpected, as these S15 homologs are able to bind and 

regulate using each other’s mRNA regulators. The extent of the overlap may partially be due 

to the patterning of our library, which decreased the total number of possible sequences in 

our starting RNA pool. As with the individual replicates, TtS15 exhibits a higher diversity of 

sequences in the final population than GkS15, further supporting TtS15’s larger RNA-binding 

profile. Clustering analysis showed a larger number of lower frequency sequences for TtS15 
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than GkS15, also indicative of a potentially larger RNA-binding profile, though these low 

frequency sequences have not been validated as binders. One notable trend seen across both 

populations was the mutation of the Shine-Dalgarno sequence included in the original library 

design, indicating that while this sequence is important for regulating in vivo, it is not required 

for binding in vitro. There was no selective pressure to maintain the specific “GGAG” 

sequence, and as such, this sequence was frequently mutated across rounds of selection. 

I identify 8 clusters of related sequences shared between the S15 homologs and 

confirm binding of 3 individual sequences through filter-binding assays. Sequence 31 from 

Cluster B, which has a SD sequence, was the most frequent sequence for Tt and 4th most 

frequent for GkS15 and binds both homologs with a similar affinity. Sequences 51 and 273 

from Cluster A, which lack a SD sequence, differ by only one nucleotide in their randomized 

region. Despite this small difference, they have strikingly different frequencies in the Gk- and 

Tt SELEX data. Sequence 51 is the most frequent sequence for Gk and 2nd most frequent for 

TtS15 while sequence 273 is the 3rd most frequent sequence for Gk but 41st most frequent for 

TtS15. Folding simulations indicate that this single nucleotide change significantly alters the 

structure for half of the aptamer, which I hypothesize affects Tt but not GkS15 binding for 

this aptamer. The SD sequence for the Tt-mRNA regulator is base paired in the stem adjacent 

to the GGC base triple binding site for TtS15, so it is also possible that the SD sequence may 

stabilize similar structures for the TtS15 aptamers in our selected population. I confirm that 

both homologs bind sequence 51 with similar affinities, while GkS15 binds sequence 273 with 

a higher affinity than TtS15, which may explain its higher frequency in the GkS15 population 

in Round 12. Taken together, our results highlight overlapping but not identical binding 

profiles for Gk- and TtS15 and support the hypothesis that there are differences in RNA-
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binding profiles for S15 homologs that may have driven the diversity of extant mRNA 

regulators. 

Concluding remarks and future directions 
Since its inception over 30 years ago, SELEX and its many derivatives has been widely 

utilized to select for aptamers that bind ions, small molecules, proteins, and even whole cells. 

While often used to select for functional aptamers to use as therapeutics or for diagnostic 

purposes, SELEX also allows us to explore more basic science questions. SELEX has been 

commonly used to explore DNA-protein interactions to determine binding motifs for 

transcription factors, but RNA-protein interactions are not well-characterized through 

SELEX, especially with structured RNAs. The work in this thesis aimed to fill in this gap using 

the diversity of the structured mRNA regulators that interact with r-protein S15 as a model. 

High-throughput sequencing and algorithms designed specifically for SELEX data allow us 

analyze aptamers with greater resolution than ever before. The work presented in this thesis 

provides the first comparative study of the RNA-binding profiles of two homologous proteins 

using SELEX.  

Partially patterning our library allowed us to deeply sample our populations with high-

throughput sequencing, but we were unable to isolate aptamers with the high affinity of the 

natural mRNA regulator we modeled our library after. Our partially patterned library was 

predicted to have more features of highly structured RNAs (long stems, short loops, multiple 

stems) compared to a fully randomized library, but this did not translate to enriching for high 

affinity S15 aptamers in our experiments. Despite this, we were able to enrich for multiple 

families of RNA aptamers that bind our S15 homologs and demonstrate that Gk- and TtS15 

have overlapping but not identical binding profiles. Future work to elucidate the structures of 

the aptamers and identify any Gk- and TtS15-specific interactions will further our 
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understanding of the specific requirements for S15 binding. Our work highlights that due to 

RNA’s incredible capacity for folding into complex and dynamic structures, even seemingly 

inconsequential changes in sequence can have a very real effect on the evolutionary trajectory 

of a sequence, which may also be shaped by the mechanism of action used by the protein to 

exert its regulatory effects. The natural diversity of the S15 mRNA regulators highlight that 

there are often multiple solutions to the same biological problem, and our comparative method 

can help to interrogate how this diversity came to be.  

To better elucidate the RNA-binding profiles of the S15 homologs, future work using 

SELEX with fully randomized libraries may improve our understanding of the selective 

pressures imposed by S15 on mRNA cis-regulators. In our work, the partially patterned library 

significantly reduced our ability to explore the RNA structures able to interact with various 

S15 homologs in vitro. The presumed benefits of the partially patterned library, such as the 

increased likelihood of secondary structure formation and reduced number of SELEX rounds 

needed to enrich for aptamers, did not lead to the isolation of high affinity aptamers. 

Compared to the natural mRNA regulators, the dissociation constant of the Gk- and TtS15 

aptamers isolated were several orders of magnitude higher than their native interactions, and 

we were unable to isolate any aptamers to EcS15 using this library and thus a fully randomized 

library may be better suited to assess all 3 S15 homologs.  

Another possible alternative is to combine in vitro SELEX with an in vivo method in 

later rounds to add a more stringent selective pressure for S15-interacting RNAs. Following 

several rounds of SELEX, the regulatory activity of the aptamers can be assessed with various 

S15 homologs using a fluorescent reporter in FADSRA (Fluorescent Activated Droplet 

Sorting Regulatory Assay). This has the benefit of simulating the context of how these 

regulators would have evolved in the cell, as well as allowing for the possibility of the aptamers 
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to utilize an entrapment mechanism. While droplet formation is a severe bottleneck for this 

method, performing FADSRA in later rounds after the population has narrowed through in 

vitro SELEX would allow for better sampling of the population and monitor the selection of 

the regulators. Efforts to transition this droplet-based microfluidic assay into a more 

straightforward method using flow cytometry and fluorescence activated cell sorting are also 

ongoing and may enable in vivo selection and sampling of a much larger range of regulatory 

RNAs than FADSRA. Additionally, by including in vivo rounds of selection that allow for an 

aptamer to utilize ribosome entrapment, we can interrogate if the specific mechanism of action 

(displacement vs. entrapment) is intrinsic to the S15 homologs themselves, or if either 

mechanism is equally likely to have evolved.  

Results presented in this thesis demonstrate that GkS15 and TtS15 exhibit overlapping 

but not identical RNA-binding profiles following in vitro selection against the same partially 

patterned RNA library. Despite their shared use of the “displacement” regulation mechanism 

in vivo, the small differences in the RNA-binding profiles of these homologs seen in our in vitro 

selection experiments may be indicative of the distinct selective pressures that shaped the 

homologs’ diverse mRNA regulators. We further demonstrated that while partially patterned 

RNA libraries may produce desirable thermodynamic properties in silico, it does not necessarily 

translate to the selection of high affinity aptamers in vitro. Future in vitro selection experiments 

using S15 homologs may benefit from utilizing a fully randomized library to provide a more 

complete view of their RNA-binding profiles. Whether diverse RNA regulators arise 

independently or are so diverged from a common ancestor that we are unable to detect them 

as distant homologs remains an open question in the RNA genomics field. The evolutionary 

processes contributing to the rise and maintenance of RNA-based regulatory mechanisms in 

bacteria are complex, as both the RNA and protein can co-evolve over time. S15 continues to 
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serve as a useful model for the selective pressures driving the diversity of RNA cis-regulators, 

and the work presented in this thesis highlights that the RNA itself, the protein it interacts 

with, and the mechanism of interaction may all contribute in distinct ways to shape the 

regulators we see today. 
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