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Cellular RNAs can be regulated by enzymes that covalently modify specific RNA 

substrates. Altering the RNA specificities of these enzymes can provide powerful tools to 

study and manipulate cellular RNAs. I studied the RNA binding properties of the uridine-

54 tRNA methyltransferase, TrmA, using a mutant of the enzyme (TrmA*) that covalently 

binds substrate RNA. This covalent binding protein allowed me to use high-throughput 

sequencing methods to examine the RNA substrates of TrmA in a way that would be 

impossible to do using traditional methyltransferase assays. In addition to substrate 

screening, I employed rational design based on the crystal structure of TrmA and its 

substrate to reengineer the enzyme and substrate RNA specificity. This engineered 

interaction resulted in a substantial change in TrmA binding specificity, but not a complete 

change. Combining rational design of TrmA and high-throughput substrate screening, I 

discovered a triple mutant of the substrate RNA (C56A A58G C60U) that was bound by a 

TrmA* double mutant (E49R R51E) but not by the wild type enzyme. 

In parallel to my work exploring the specificity of TrmA, I have worked to use 

TrmA* to form covalent RNA-protein adducts. One possible application of this would be 

to tag an RNA of interest and use TrmA* to pull it down. In order to study RNA-protein 

interactions, researchers employ a variety of affinity tags to capture an RNA of interest. 
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The ability to purify RNA-protein complexes are limited by low affinity binding, which 

limits the wash conditions that are available to remove background contamination. 

Because TrmA* covalently binds RNA, I am less limited in the wash conditions and have 

successfully pulled down tagged RNA in vivo and in vitro using TrmA* coupled with fully 

denaturing washes. While I have not solved the problem of capturing RNA-protein 

complexes from crosslinked extracts, I have laid the foundations for future researchers to 

use this covalent affinity tagging system. Combining my discoveries of altered TrmA 

specificity with covalent capture will allow researchers to biochemically purify an RNA of 

interest with fully denaturing washes in order to identify bound proteins with high 

confidence. 

Another application I have explored with TrmA* is to tag an RNA transcript both 

5’ and 3’ with TrmA substrate RNA and coexpress TrmA*. This forms protein crosslinks in 

vivo, which could function in a manner similar to sno-lncRNAs to block exonuclease 

degradation and stabilize transcripts. My preliminary results expressing TrmA with a 

tagged luciferase transcript show that this may be possible and could be a valuable tool 

for stabilizing RNAs of interest. My doctoral research on reengineering TrmA provides the 

groundwork for future researchers to covalently bind RNA with TrmA in a variety of ways 

similar, but not restricted to, those described here. 
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Chapter 1 
 
Introduction 
 
Throughout my research, I have been interested in improving techniques to biochemically 

purify and identify the functions of long noncoding RNA (lncRNA) using a covalent RNA-

trap. In order to understand this process, one needs to understand the context of lncRNA 

biology, current efforts to purify RNA, and existing RNA modifying proteins. 

 
1.1 Noncoding RNA  
  
1.1.1 The categorization of noncoding RNA 

The functions of nucleic acids and RNA in particular have always been less obvious than 

the more chemically diverse group of proteins and amino acids. The apparent simplicity 

of RNA and DNA, consisting of primarily four monomeric building blocks each, compared 

to the complexity of proteins, consisting of twenty canonical amino acid monomers, 

directed many biochemists to believe that nucleic acids were too simple to perform many 

biological functions. Evidence suggesting that DNA (and not proteins) carries genetic 

information emerged in 1944, hinting at more important roles for nucleic acids1. While 

DNA was determined to be the critical archive of genetic information, roles for RNA 

remained mysterious until the discoveries of rRNA2, tRNA3, and mRNA4 in the following 

decades. After these discoveries, RNAs were categorized into two major categories – 

protein coding mRNA and RNA that was transcribed but did not contribute to protein 

coding5, noncoding RNA (ncRNA). This broad category of ncRNA contains RNA that 
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functions in many critical biological roles such as protein translation (e.g. rRNA and tRNA) 

and regulation of gene expression (e.g. miRNA, piRNA, siRNA)6. 

 

1.1.2 Long noncoding RNA  

Long noncoding RNAs (lncRNAs) are defined as ncRNA that exceed 200 nucleotides in 

length7,8. Several now-categorized lncRNAs had been studied previously, but it was the 

beginning of high throughput sequencing and cDNA analysis methods such as FANTOM9,10 

and RIKEN11 that illuminated the surprising number of lncRNA transcripts in higher-order 

eukaryotes12. While a few lncRNA species are well studied, the category as a whole, partly 

due to the large number of lncRNAs and their arbitrary definition, remains largely 

unstudied. Two of the lncRNAs that are best characterized regulate dosage compensation 

(e.g. roX2 in Drosophila melanogaster13 and Xist in mammals14,15) . Another example is 

7SK ncRNA, which modifies the activity of transcription factors16,17. While the functions of 

most lncRNA remain poorly understood, most models of lncRNA function assumes their 

function require interactions with proteins, for example through sequestering protein 

factors as a decoy, scaffolding large protein complexes, or guiding proteins to specific 

sites in the cell6,18. 

 

1.1.3 RNA conformation and structure 

RNA is different from DNA because it is mostly produced in a single stranded form and 

has an additional 2’-hydroxyl that can engage in hydrogen bonding and metal chelation. 

These differences underlie RNAs ability to adopt complicated secondary and higher order 
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structures that are generally driven by base pairing19–21. Highly structured RNA motifs play 

important roles in RNA function through generating environments conducive to catalysis 

(such as in the ribosome) and structures that recruit various protein cofactors to form 

functional complexes (such as in the spliceosome)22. Many techniques have been 

developed to determine RNA conformation and structure (SHAPE23, DMS Mapping24,25, 

Targeted Structure-Seq26). These techniques leverage properties such as solvent 

accessibility and 2’-OH flexibility to infer properties of RNA on a transcriptome scale, 

which can be collected using sequencing information.  

 

1.1.4 RNA-protein interactions 

RNA is ubiquitously bound by proteins. Even cotranscriptionally, RNA is bound by proteins 

responsible for RNA processing, localization, export, or other biological functions27. The 

basis of these interactions revolves around the use of modular RNA binding motifs28. The 

most common of these is the RNA recognition motif (RRM), which is found in all kingdoms 

of life29,30. The RRM binds single stranded RNA sequence specifically, such as those 

occurring in the U1A spliceosomal proteins, which recognizes a AUUGCAC sequence31. 

While many RNA binding proteins act by sequence recognition, many also bind structural 

elements. For example, the phage coat PP7 protein binds an operator hairpin containing 

a specific sequence  in the loop region32. Another structure-based interaction occurs in 

the widely used Cas9. The endonuclease has a conserved arginine cluster, which binds the 

variable guide region of guide RNA and drives the structural changes necessary for 

cleavage33. RNA-protein interactions play a critical biological role and are incredibly 
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abundant. Just proteins containing RRMs represent 0.5-1% of human genes28,34 and 

understanding the role of various RNA-protein interactions is critical to fully 

understanding the biological role of many RNAs. 

 

1.2 RNA-protein copurification 

In order to probe the biological functions of a lncRNA, one approach is to biochemically 

purify the RNA of interest with any protein cofactors. As proteins are generally better 

studied and understood than lncRNAs, the identity of co-purifying proteins is likely to 

provide insight into lncRNA function and mechanism. As is frequently done to identify 

factors that copurify with proteins, one approach is to tag the RNA of interest, and use 

this tag to selectively enrich the RNA with associated factors by capturing the tagged 

molecule on a solid support such as a resin. Unfortunately, when compared to the 

strength and variety of affinity tags available for protein study (e.g. KD of 60-200 pM for 

antibodies35, 10 fM for streptavidin-biotin36, and 50 nM for 6-His tags37), the affinities of 

available RNA tags are considerably weaker (e.g. KD of 70 nM for the streptavidin binding 

motif38, 1 nM for MS2 coat protein39, and 1 nM for phage coat PP740). In addition to the 

difficulties associated with weaker affinity tags, biochemical purification of lncRNA is 

complicated by the low abundance of many lncRNAs (some as low as 2-4 copies per cell41), 

which necessitates very high levels of enrichment to be able to detect the co-purifying 

molecules over the background contamination in the experiment. Another challenge is 

that some biologically relevant RNA-protein complexes dissociate rapidly and do not 
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remain bound to each other during handling, further reducing signal from these 

purifications. This dissociation can be overcome by crosslinking samples with UV or 

formaldehyde before lysis, but these treatments complicate sample handling and can 

create biases in sample capture42,43. Lysis of cells during crosslinked or non-crosslinked 

sample preparation also allows for nonbiological interactions to occur in the sample, 

increasing the noise in any purifications of RNA20. While these nonspecific interactors are 

not crosslinked to tagged RNA in such an experiment, the ability of researchers to remove 

these contaminants is limited by the wash conditions that are tolerated by the affinity 

tags. Despite the current difficulties, capturing RNA remains a significant interest in the 

field with many advances to be made. Technologies are continuing to be developed to 

bring the toolkit available to RNA capture in line with the well-developed protein capture 

resources. 

 
 
1.3 RNA modifying proteins 
 
1.3.1 The biological role of RNA modifications 
 
RNA modification occurs extensively throughout all forms of RNA. At least 110 types of 

RNA modifications have been reported44, 93 of which have been found in tRNA45. The 

high abundance and conservation of the location of these modification in structurally 

functional RNA such as tRNA and rRNA indicates that modified ribonucleotides present 

an advantage for highly specialized structures and chemical properties that these 

molecules require46. Even within mRNA, a class of molecules where their roles are thought 

to rely more on primary sequence rather than  structure and chemical reactivity, at least 
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13 types of modifications have been reported47. Some of these modifications, such as the 

ubiquitous 7-methylguanasine in mRNA 5’ caps, stabilize transcripts and protect against 

degradation48. Other mRNA modifications such as 6-methyladenosine are thought to 

destabilize transcripts49 and alter protein translation of modified transcripts50.  

 

RNA modifications on rRNA and tRNA are found on structurally and functionally important 

regions of the molecules. Two of the most common modifications of these RNA are the 

modification of uridine to either 5-methyluridine (m5U) or pseudouridine (Ψ). These 

modifications have been shown to significantly affect mRNA translation and protein 

synthesis19,51,52. In E. coli m5U modification occurs in one position in tRNA (U54, located 

in the loop of the T-arm) and two positions in the 23S ribosomal RNA (U747 and U1939). 

While these three modifications are installed by different modifying enzymes (TrmA, 

RumB, and RumA respectively)53,54, the mechanisms of m5U modification is highly 

conserved, with all three enzymes using a structurally conserved active site to perform 

the same chemical steps. While crystal structures are only available for TrmA and RumA, 

all three enzymes utilize S-adenosylmethionine (SAM) as a methyl donator for chemical 

reactions. Sequence alignments show that all of these reactions occur within a SAM 

methyltransferases protein fold55. 

 

TrmA shares significant mechanistic similarity with the yeast cytosine methyltransferase 

Trm4. The chemical mechanisms of both of these proteins proceed through a covalent 

intermediate with the substrate nucleobase56,57. Each methyltransferase first activates its 
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substrate uridine through a Michael addition of cysteine to carbon 6. A methyl group is 

then transferred to the substrate from a SAM cofactor to form a covalently bound RNA-

protein intermediate. This covalent intermediate is released by β-elimination by Glu-358 

in TrmA and Cys-360 in Trm4. 

1.3.2 Covalent RNA-protein traps using RNA modifying proteins 

In both TrmA and Trm4, researchers have removed the basic residue responsible for β-

elimination. These mutations trap the enzyme-RNA complex in the bound form, creating 

a denaturation resistant RNA-protein complex58,59. Trapping the proteins in a covalent 

intermediate has been used to study the interactions of TrmA with its substrate RNA in 

the intermediate form and to better understand the mechanism of methylation58. While 

this is a very interesting use of this mutant, creating a covalent RNA-protein trap could be 

applied in many fields outside of crystallography to generate useful tools to study RNA-

protein interactions. 

 
1.3.3 Engineered RNA-protein interactions 
 
Because of the biological importance of RNA-protein interactions, the ability to engineer 

and manipulate these interactions has been the topic of much research interest. In order 

to be able to manipulate RNA-protein interactions in a predictable way, it is often helpful 

to understand the processes by which specificity is created in the RNA binding protein60. 

One simple approach to study RNA-protein interactions has been to focus on the RNA side 

of interactions. Because RNA contains easily readable information content, techniques 

such as systematic evolution of ligands by exponential enrichment (SELEX) can be used to 



 8 

find RNA aptamers that have a desired property, such as protein binding61. On the protein 

side of this engineering, work has focused around using structural information to 

generate point mutants of proteins in residues interacting with RNA. By screening a wide 

range of point mutations, researchers are able to create a variety of different binding 

strengths and specificities, which can be used to further alter RNA-protein interactions in 

vivo62–64. 

 

1.4 Overview 

My doctoral research focused on two separate protein engineering studies of TrmA: 

altering the substrate specificity of TrmA and using TrmA to covalently capture RNA for 

the purpose of tagging and capturing RNA. My first aim was to establish TrmA as a tool to 

covalently bind a specific RNA sequence based on the T-loop of tRNA, hereafter referred 

to as the TrmA-substrate RNA tag (TSR-tag). Due to the highly conserved nature of tRNA 

and modifying enzymes, the TSR-tag is modified by endogenous methyltransferases, and 

therefore a TSR-tag corresponding to the wild-type tRNA T-loop sequence is unlikely to 

be ideal. Furthermore, capturing the TSR-tag with a version of TrmA that retains its native 

substrate preference is likely to introduce complications as TrmA can bind cellular tRNA 

which is highly abundant. Combined, these two factors have the potential to substantially 

reduce signal and increase noise in enrichment experiments, particularly if the target RNA 

has few copies per cell. With the assistance of Madeline Zoltek, I sought to create a TrmA-

RNA substrate pair that would be orthogonal to the natural TrmA-tRNA specificity. The 

reengineering of TrmA to recognize new RNA substrates described in Chapter 2. In parallel 
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to these efforts, I sought to establish TrmA as a capture reagent to capture TSR-tagged 

RNAs in two different formats. First, in Chapter 3 I describe my efforts toward capturing 

TSR-tagged RNAs using immobilized TrmA on solid support. To accomplish this, I 

expressed TrmA variants that include a peptide sequence that is biotinylated and applied 

these biotinylated proteins to a streptavidin containing resin, thereby creating a resin for 

covalent capture of RNAs that have TSR-tags. Second, I describe the capture of the 

abundant lncRNA, 7SK, using this RNA-binding resin, as well as capturing 7SK that is bound 

by TrmA in cells. While I was unable to capture RNA-protein complexes as I had hoped, in 

Chapter 4 I describe preliminary results for applications of TrmA in RNA capture, transcript 

stabilization, and RNA subspecies enrichment as well as the limitations and future 

considerations for applying TrmA to such experiments. The combination of a 

reengineered TrmA and a method for applying TrmA to covalently bind RNA transcripts 

of interest lay a foundation for a generally applicable, highly specific, and high stringency 

capture of RNA, which can be used to study many lncRNA and associated proteins by 

future researchers. 
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Chapter 2 
 

Reengineering a tRNA methyltransferase to covalently 

capture new RNA substrates  

 

This chapter is an excerpt from: 

Smith, T. S., Zoltek, M.A., Simon, M.D. (2019) Reengineering a tRNA methyltransferase 

to covalently capture new RNA substrates. J. Am. Chem. Soc. (submitted) 

 

2.1 Author contributions 

I performed all experiments, with assistance from Madeline Zoltek in designing the library 

of substrates for high throughput study of TrmA* activity. 

 

2.2 Summary 

I describe the irreversible reaction of TrmA E358Q (TrmA*) with specific RNA sequences 

leading to a covalent TrmA*-RNA adduct. To make this reaction useful as a tool, I sought 

to engineer the substrate specificity of TrmA* to react with RNA sequences other than 

the T-arm of tRNA. By using an alternative RNA sequence, these RNAs can avoid being 

modified by endogenous methyltransferases when expressed in cells. I describe 

approaching this problem using rational design to generate TrmA mutants with altered 
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substrate specificity. While the RNA-substrate reactivities were not easily predicable, I 

was able to use a library of 2000 RNA substrates to discover a TrmA* mutant (E49R R51E) 

and RNA substrate (C56A A58G C60U) pair where the RNA substrate is specific for the 

mutant but not wild-type TrmA*. 

 

2.3 Introduction 

Cellular RNAs can be regulated by enzymes that covalently modify specific RNA 

substrates. Altering the RNA specificities of these enzymes can provide powerful tools to 

study and manipulate cellular RNAs. The specificity of enzymes can be controlled through 

programing with guide RNAs, including the C/D box small nucleolar RNAs that direct O2’-

methylation65,66, miRNAs that can direct Argonaut proteins to cleave mRNAs67–71 and 

CRISPR-Cas9, which can be directed to cleave RNA72 as well as DNA73. Most RNA-

modifying enzymes, however, do not use RNA-guided strategies and instead recognize 

their substrates through contacts at their protein-RNA interface74–78. Compared with 

protein-DNA and protein-protein interfaces, the engineerability of these protein-RNA 

interfaces is less well explored, and therefore it is unclear how easily these RNA modifying 

enzymes can be re-purposed. While there are abundant encouraging examples where 

RNA-binding proteins have been re-engineered to bind specific RNAs (e.g., PUFs79–81, zinc 

fingers82), the properties of enzyme-RNA interfaces can be more highly constrained83 

raising additional challenges. To explore whether I could re-engineer the specificity of an 

RNA-modifying enzyme, I first examined TrmA, a tRNA methyltransferase that methylates 

uridine-54 of the T-arm of tRNA – a 17-nucleotide stem loop that is highly structurally 



 12 

conserved, but has a variety of base identities within the stem-loop even within the tRNA 

population of a single species84. I performed both rational design and high-throughput 

screening to identify a mutant version of TrmA that can covalently capture a non-tRNA 

17-mer RNA substrate that is not recognized by the wild-type enzyme.  

 

I focused my study on TrmA because its structure, activity, and mechanism are well 

studied56,58,85,86. While TrmA recognizes its substrates through a combination of RNA-

conformation and base-specific contacts, it has been demonstrated to have high 

tolerance for substrate mutations that do not significantly alter substrate structural 

conformations58,85,87. TrmA forms a covalent intermediate with its substrate RNA (Scheme 

2.1)56. By using mutagenesis to remove the basic residue (glutamate-358) responsible for 

resolving this intermediate, the resulting TrmA mutant (hereafter TrmA*) can be trapped 

in a covalent complex with its substrate. This covalent complex has been used to trap the 

protein-RNA complex for structural studies58 and similar reactivity of TrmA homologues 

(NSUN) has been used to capture and identify RNA substrates78. I reasoned that trapping 

the TrmA* covalent intermediate could be useful to more generally covalently tag RNAs, 

and this utility would be enhanced if the RNA substrate specificity TrmA* could be re-

engineered to recognize an alternative sequence other than the highly conserved tRNA 

stem loop.  
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Scheme 2.1 (B) TrmA first activates its substrate uridine-54 through a Michael addition of 
TrmA cysteine-324 to carbon 6 of U54 to form a covalently bound RNA-protein 
intermediate. A methyl group is then transferred to carbon 5 of U54 from an S-adenosyl 
methionine cofactor. The covalent intermediate is released by β elimination by TrmA 
glutamate-358 (E358)56. By creating TrmA mutant E358Q (TrmA*), the basic residue 
responsible for β elimination is removed, trapping the covalently bound RNA-protein 
intermediate. (B) TrmA minimal substrate RNA (TSR) sequence (T-arm of tRNAphe)53. 
 

 

2.4 Results 

2.4.1 TrmA* covalent capture and rate measurements 

In order to explore the utility of TrmA* as a covalent RNA binding protein, I first sought 

to characterize the ability TrmA* to form covalent complexes with a minimal substrate 

loop, the T-arm (nt 48-66) of bacterial tRNAPhe, hereafter referred to as the TrmA 

substrate RNA (TSR). N-terminus-hexahistidine-tagged TrmA* was expressed from E. coli 

and affinity purified using nickel-NTA resin. Using a synthetic 5’ Cy3-labeled TSR, TrmA* 

reactivity was measured by observing the retarded mobility of fluorescent TSR by urea-

PAGE. To control for nonspecific or noncovalent binding, I added a 5’ Cy5-labeled TSR with 
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the mutation U54C (TSR-U54C) to the same reaction mixture as an internal control. By 

reacting TrmA and TrmA* with equimolar TSR and TSR-U54C I confirmed that TrmA* binds 

TSR covalently and specifically (Figure 2.1A). In order to characterize the activity of 

TrmA*, the protein was incubated with an excess of fluorescent TSR over time and 

separated by urea-PAGE (Figure 2.1B). Measuring the fluorescence intensity of the shifted 

RNA and total sample allowed me to determine the fraction of RNA bound for each 

timepoint and to calculate the apparent second order rate constant (kobs) of the TrmA* 

reaction (Figure 2.1C) (Table 2.1). These values were fit from the data using the 

fluorescent intensity of the shifted vs unshifted bands as described in Appendix A.  

 

 

 
Table 2.1: Measured values of	kobs (nM-1s-1) for TrmA mutants and TSR substrates (95% CI) 

Protein TSR  G57C C60G C56A A58G C60U 
TrmA* 7.69 0.32 1.39 < 5 x 10-5  

 (6.52, 9.05) (0.30, 0.35) (1.06, 1.77)  
E49R 0.56 0.39 0.89 < 5 x 10-5 

 (0.54, 0.65) (0.35, 0.43) (0.64, 1.17)  
R51E 7.10 0.16 3.27 0.10 

 (5.74, 8.83) (0.15, 0.18) (2.58, 4.18) (0.09, 0.11) 
E49R R51E 3.18 0.25 1.73 0.84 

 (2.51, 4.00) (0.23, 0.26) (1.19, 2.45) (0.78, 0.90) 
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Figure 2.1: TrmA* binds substrate RNA (TSR) covalently. (A) Urea-PAGE separated 
reactions of no protein, TrmA, and TrmA* reacted with equimolar fluorescently labeled 
TSR and TSR-U54C RNA. (B) Urea-PAGE separated reactions of TrmA* with 20 pmol TSR 
RNA for 0, 1, 3, 9, and 27 minutes. (C) Triplicate data from (B) fit by non-linear regression 
to determine the rate of TrmA* covalent binding of TSR RNA, 7.69 nM-1s-1. 
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2.4.2 TrmA* specificity can be altered by rational design 

In order to develop a TrmA*-TSR pair that is orthogonal to the TSR sequence of the T-arm 

of tRNA, I first searched for related methyltransferases that already possessed alternate 

RNA substrate specificity. The binding pocket of TrmA has significant structural homology 

to the rRNA uridine methyltransferase RumA54,88,89. Furthermore, each of these enzymes 

modify RNA stem-loops with a seven-membered loop. Examining a structural alignment 

of the enzyme-substrate pairs55,58,89 reveals important differences. Hydrogen bonds 

between Glu-49 of TrmA and G57 of tRNAPhe stabilize the flipped conformation of U54 

into the active site of TrmA. In RumA, these interactions are replaced with hydrogen 

bonds between Arg-132 of RumA and C1942 of its rRNA substrate (Figure 2.2A). I 

hypothesized that mutating both the RNA substrate and the TrmA* enzyme to match the 

interactions found in RumA (TrmA* E49R and TSR-G57C) would generate a protein-

substrate pair with orthogonal reactivity. TrmA* E49R demonstrated reduced activity, but 

consistent with my hypothesis, TrmA* E49R shows increased reactivity with TSR-G57C 

versus TSR, resulting in a nearly 10-fold change in specificity from TrmA*.  While TrmA* 

is still reactive with TSR-G57C, its reactivity is significantly reduced, particularly in the 

presence of competing TSR RNA (Figure 2.2B). While these results are encouraging, TSR-

G57C is still a reasonable substrate for TrmA*, demonstrating incomplete reengineering 

of the protein-RNA binding interaction to create an enzyme that reacts with an RNA 

substrate that will not be modified by endogenous TrmA-family methyltransferases. 
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Figure 2.2: TrmA* binding specificity alteration by rational design. (A) TrmA Glu-49 
interactions with tRNA G57 (cyan) superimposed over rRNA methyltransferase, RumA, 
Arg-132 interactions with 23S rRNA C1942 (orange). (B) Top: Urea-PAGE separated 
reactions of no protein, TrmA*, and designed TrmA* E49R reacted with excess equimolar 
RNA mixtures of TSR and designed TSR-G57C. Bottom: ratio of the fraction bound of TSR-
G57C and TSR for TrmA* and TrmA* E49R 
 

Next, I examined the TrmA-RNA structure and identified other base-specific interactions 

that might provide a handle for changing TrmA substrate specificity. One site of interest 

was the hydrogen bonding interaction between Arg-51 of TrmA and C60 of tRNAPhe. I 

pursued an analogous approach as the design of TrmA* E49R and TSR-G57C described 

above; I hypothesized that TrmA* R51E would remove a critical hydrogen bond that could 

be rescued with C60G mutation in the TSR RNA substrate. Consistent with my hypothesis, 

TrmA* R51E was more reactive than TrmA* with TSR-C60G in isolation. However, TrmA* 

R51E did not exhibit preferential binding to TSR-C60G over TSR and TrmA* still 
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Figure 2: TrmA* binding specificity alteration by rational design. (A) TrmA Glu-49 interactions with tRNA 
G57 superimposed over rRNA methyltransferase, RumA, Arg-132 interactions with 23S rRNA C1942. (B) 
Top: Urea-PAGE separated reactions of no protein, TrmA*, and designed TrmA* E49R reacted with excess 
equimolar RNA mixtures of SL and designed SL-G57C. Bottom: ratio of the fraction bound of SL-G57C and 
SL for TrmA* and TrmA* E49R
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demonstrated significant reactivity with C60G (Table 2.1). I conclude that I was able 

engineer TrmA* mutants with altered TSR specificities, but that the TSR sequences from 

rational design retained significant activity with wild-type TrmA* suggesting they would 

be substrates for endogenous methyltransferases. Next, I sought RNA substrates that are 

reactive with TrmA* mutants but not wild-type TrmA*.  

 

2.4.3 TrmA* specificity can be determined using high-throughput screening 

In order to investigate a wide spectrum of RNA substrates for TrmA* and mutants, I 

sought to create a higher-throughput screen for probing TrmA* binding specificity. While 

likely substrates would retain some features of the TrmA* TSR, it is possible that multiple 

mutations could together shift specificity toward a TrmA* mutant and away from the 

wild-type enzyme. As there are 540 different possible triple mutants possible starting 

from a 6-mer RNA loop, I estimated that identifying such RNAs would require screening 

hundreds-to-thousands of well-defined substrates. Such screens have been previously 

developed to probe the substrate specificity of pseudouridine synthase enzymes90 using 

an array of synthetic DNA substrates that can be converted to RNA using in vitro 

transcription. Based on this precedent, I developed a synthetic DNA library encoding 1955 

unique TSR mutants including all single, double, and triple mutants of positions 55-60 as 

well as all quadruple and quintuple mutants of positions 55-59 (Appendix B). 

Furthermore, I included 27 positive control and 20 negative control sequences each with 

unique barcodes. This duplication was designed to prevent biases created by barcodes or 

stochastic effects in library preparation. 
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To simultaneously screen these libraries, I developed a sequencing-based assay (Figure 

2.3). Covalent binding of TrmA* creates a peptide adduct on the modified uridine. Even 

after proteinase K degradation of TrmA*, this adduct blocks reverse transcriptase 

(discussed further in Chapter 4). Reverse transcription and sequencing of TrmA substrates 

would be complicated by our inability to reverse transcribe past this adduct. To 

circumvent this challenge, Madeline Zoltek and I designed the substrate library and 

included unique 12-nucleotide barcodes to identify each variant. This barcode is located 

on the 3’ side of each substrate loop and at a location remote from where TrmA* reacts. 

These barcode regions can be reverse transcribed, amplified and sequenced in order to 

determine the identity of bound RNA species without having to reverse transcribe past 

the substrate loop. The synthetic substrate library was in vitro transcribed, purified, and 

reacted with TrmA*, TrmA* E49R, TrmA* R51E, double mutant TrmA* E49R R51E, and an 

unreactive mutant of TrmA* where the reactive cystine is mutated to alanine (TrmA* 

C324A). After the reaction with TrmA* mutants, for either 30 seconds or 30 minutes, RNA 

samples were purified and reverse transcribed.  

Figure 2.3: TSR library screen workflow. In vitro transcribed TSR libraries (schematized as 
a stem loop with cartoon barcode region) are reacted with TrmA* mutants and then 
reverse transcribed. TrmA* covalent attachment blocks reverse transcription, creating 
two different sizes of cDNA corresponding to unreactive and reactive TSR substrates, 
which can be separated by urea-PAGE. Separated populations can then be cut from gels 
and prepared for sequencing.  
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To identify those sequences that acted as substrates versus those that did not react, I 

used the property that the TrmA* reaction leads to a well-defined, truncated reverse 

transcription product. The cDNA product of the reactive sequences is shorter and can be 

separated from unreactive species by urea-PAGE. Full-length and truncated cDNAs were 

sequenced as were the input RNA libraries.  

 

Sample reads were demultiplexed and perfect matches of barcode reads were counted 

and assigned to corresponding TSR loops. All of the active variants of TrmA* with the 

exception of TrmA* E49R showed enrichment of all 26 positive controls and did not enrich 

any of the 20 negative control samples (Figure 2.4A). Using DESeq2 to compare reacted 

and unreacted TSR libraries, substrates more highly represented in bound samples with p 

< .05 were labeled as enriched. From these enriched samples, I determined the sequence 

motifs enriched and depleted from each binding reaction. The results from TrmA* are 

very similar to the naturally occurring T-arm substrates of TrmA* (Figure 2.4B) (TrmA 

substrates determined by aligning all known T-arm tRNA sequences84). Furthermore, 

while TrmA* E49R reactive RNA demonstrates similar trends, consistent with my earlier 

experiments I found that TSR C57 is enriched with E49R relative to wild-type TrmA*.  
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Figure 2.4: TrmA* binding of 1955 TSR mutants in vitro shows enrichment of tRNA-like 
substrates. (A) Scatterplot of TrmA* bound versus unbound TSR sequencing read counts. 
Red: Positive control tRNAphe-like substrates. Blue: tRNAphe-U54C negative control RNA 
substrates. (B) Consensus motif of E. coli tRNA T-arm substrates of TrmA84. (C) Consensus 
motif of 165 TrmA* enriched TSR mutants. (D) tRNAPhe T-arm stem loop sequence. 
 
 

2.4.4 TrmA* E49R R51E has novel specificity for TSR C56A A58G C60U 

As part of the analysis I searched for RNA sequences that were uniquely enriched by a 

TrmA* variant but not reactive with wild-type TrmA*. The triple mutant C56A A58G C60U 

was enriched by TrmA* E49R R51E in both 30-second and 30-minute long reactions, but 

was not significantly enriched in any of the other TrmA* variants. Previous work has 
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shown that each of the single mutations present in this substrate are reactive with TrmA, 

but have significantly reduced reactivity87. If these mutants have combinatorial effects, 

reactivity with TrmA* would be dramatically reduced. In order to confirm that this finding 

was not an artifact of sequencing or sample handling, I used a synthetic fluorescent 

substrate loop containing these mutations and a 5’-Cy5 label, TSR-TM. In my analysis of 

TrmA* mutants, TrmA* and TrmA* E49R showed no observable reactivity with TSR-TM. 

TrmA* R51E displayed low activity and TrmA* E49R R51E showed moderate activity as 

predicted from high-throughput screen (Figure 2.5A). TrmA* E49R R51E exhibits a greater 

than 10,000-fold higher rate of binding TSR-TM than TrmA* (Figure 2.5B) (Table 2.1). 

 

 

 

Figure 2.5: TrmA* E49R R51E has specificity for RNA substrate C56A A58G C60U (TSR-
TM) that is significantly different from TrmA*. (A) Scatterplot of TrmA* E49R R51E bound 
versus TrmA* bound TSR RNA populations. (B) Urea-PAGE separated reactions of TrmA* 
and TrmA* E49R R51E reacted with excess TSR-TM RNA. 
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2.5 Discussion 

The TrmA*-RNA substrate interactions are engineerable, with both predictable and 

surprising changes to substrate specificity. Using rational design and structural homology 

to related enzymes, I created a TrmA* mutant with altered substrate specificity (TrmA* 

E49R). Another structure-based approach to redesign TrmA* yielded a mutant that 

maintained the same specificity as wild type. Combining the rationally-designed mutants 

and high-throughput screening of RNA substrates, I identified an RNA substrate that 

reacts exclusively with non-wildtype variants of TrmA*. TSR-TM binding by TrmA* is 

dramatically reduced compared to TSR, which makes it a very good candidate to explore 

for use as a covalent capture reagent in tandem with TrmA* E49R R51E. It is possible that 

this interaction can be further developed to generate a completely orthogonal system in 

which the TrmA* mutant does not bind TSR or endogenous tRNA substrates, but will likely 

require high-throughput screening of TrmA* mutants.   
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Chapter 3 
 

Covalent capture of RNA using an engineered RNA 

methyltransferase. 

3.1 Author contributions 

I performed all experiments in this chapter. 

 

3.2 Summary 

As described in Chapter 2, using a single point mutation, I am able to trap a covalent 

intermediate of the uridine methyltransferase and its 17-nucleotide RNA substrate. Using 

this covalent adduct I am able to conjugate TrmA-fusion protein to RNA both in cells and 

in vitro. By adding affinity tags including biotinylation to TrmA*, this approach has allowed 

me to efficiently capture tagged RNA and remove off-target RNA background with high 

stringency, denaturing washes. This method could be generally applied to target and 

capture any RNA of interest by addition of the 17-nucleotide substrate loop. 

 
3.3 Introduction 

Biochemical isolation of specific RNA sequences is valuable for several reasons including 

the determination of RNA structure and intermolecular interactions. In order to isolate 

RNA, many techniques have been developed using RNA binding proteins, chemically 

modified nucleotides, complementary oligos, and small-molecule binding aptamers 
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engineered into RNA91–94. The use of tagging approaches based on naturally occurring 

interactors, such as RNA-binding proteins, benefits from the binding specificity developed 

by evolution. However, previously developed approaches are based on relatively week 

interactions, in some cases, likely due to the requirements for efficient turnover for 

biological function. In contrast, chemical modifications can provide high strength 

interactions, but are limited by low specificity or an inability to be used in vivo due to low 

bioavailability. An ideal system would leverage the strength of covalent modification with 

the specificity of a selected biological system.  

 
tRNA is heavily modified in order to correctly fold, to participate efficiently in translation 

and to be recognized by aminoacyl-tRNA synthetases95. The enzymes that install these 

modifications recognize specific tRNA folds and sequences to specifically modify tRNA. 

The T-arm of tRNA is the clover “leaf” 3’ of the anticodon loop and contains two conserved 

types of modification, pseudouridine and methyuridine47. This methyluridine is generated 

by the methylation of uridine-54 by a uridine methyltransferase. In E. coli this is reaction 

is performed by TrmA53. This enzyme proceeds through a covalent intermediate with the 

RNA that can be trapped by a single amino acid mutation57. In the wild type protein, the 

catalytic cysteine attacks the carbon in position six of uridine 54, which subsequently is 

methylated by S-adenosyl methionine (SAM) on carbon five56. After this methylation is 

completed, the basic glutamate in position 358 abstracts a proton from carbon five and 

releases TrmA to continue further rounds of catalysis (Figure 3.1A). As discussed in 

Chapter 2 and recreated in Figure 3.1B for ease of reading, by mutating the glutamate to 

a glutamine, the covalent protein-RNA adduct is stable to denaturing gel separation96.  
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Figure 3.1: TrmA mutant E358Q (TrmA*) binds RNA covalently. (A) The mechanism of 
TrmA reaction proceeds through a covalent intermediate with its substrate. Removal of 
the basic glutamate 358 by mutation to glutamine traps this covalent intermediate. (B) 
TrmA simultaneously reacted with fluorescently-labeled TSR and TSR-U54C separated by 
12% urea-PAGE. TrmA* captured RNA becomes significantly more retarded than unbound 
RNA. 
 

 

 



 27 

One of the RNAs that I studied using TrmA* is the 7SK lncRNA. 7SK forms the core scaffold 

of the 7SK small nuclear ribonucleoprotein97. This RNP regulates transcription by binding 

and inhibiting CDK998,99. The 7SK RNP is a good complex to study as it has previously been 

isolated through a variety of techniques both using sucrose gradient separation and 

affinity purification to study its structure and associated proteins100. Like many other 

ncRNAs, 7SK exists in multiple conformations that can be identified by mapping 

techniques101. In these proof-of-principle experiments, 7SK conformations were 

separated using antibodies against known protein cofactors, an experiment which would 

be impossible to perform on an RNA with unknown interaction partners. Other methods 

such as sucrose gradient purification102, or even RIP103 and CLIP104 are effective for 

purifying some RNAs, but not generally applicable to less abundant RNA or those without 

known protein interactors. In order to analyze these types of unstudied RNA, a more 

efficient, stringent, and specific technique is necessary.  

 

As discussed in Chapter 1, RNA-protein complexes are common and have been 

extensively studied. Through the modification of nucleoside bases, such as in uridine 

methyltransferases, these proteins and RNA form covalent intermediates that have been 

identified and even used as crystallographic tools to study the structural interactions of 

these types of reactions as is the case with the E. coli U54 tRNA methyltransferase, 

TrmA58. Using the covalent trap mutant of TrmA, TrmA*, I hoped to use create a covalent 

pull-down reagent to capture RNA-protein interactions. 
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3.4 Results 

3.4.1 TrmA* can be used to create a covalent affinity capture resin 

Using the covalent capture system for wild-type TrmA* and wild-type TSR characterized 

in Chapter 2, I sought to develop conditions to enrich tagged RNAs from cell lysate (Figure 

3.2A). I created a vector (pLPCX) containing 7SK 5’-tagged with the TSR or TSR-U54C 

sequences used in in vitro fluorescent binding assays (Chapter 2). Placing affinity tags on 

the 5’ end of 7SK has been shown to significantly increase RNA abundance relative 3’ 

tagging100. To further control for potential nonspecific binding of TrmA* to RNA, I used 

site-directed mutagenesis to create an inactive version of TrmA* by adding a point 

mutation changing the reactive cysteine to an alanine (C324A). To generate recombinant 

protein, I coexpressed TrmA* or inactive TrmA* C324A with the biotin ligase BirA in E. 

coli. After purifying each biotinylated protein, I bound 20 µg of each purified protein to 

100 µL streptavidin-agarose beads in PBS for 30 minutes at room temperature to create 

a TrmA*-affinity resin. Following binding, I washed these beads twice with 5 bead 

volumes PBS + 10 µM biotin to block any unoccupied streptavidin sites and minimize the 

binding of cellular biotinylated proteins. Finally, I equilibrated the beads with TrmA 

reaction buffer.  

 

To test if the resin could enrich TSR-tagged 7SK, I incubated each affinity resin with cell 

lysate from hypotonic-lysed 293T extract (5x105 cells) transiently transfected with TSR-

7SK or TSR-U54C-7SK. I carried out each reaction for 30 minutes at room temperature 

with constant agitation. After the reaction, I washed the resin with denaturing wash 



 29 

buffers (1% SDS and 4M urea) and RNA was eluted by the addition of 40 µg proteinase K 

and incubated at 40˚C for 30 minutes with agitation. The eluted RNA was isolated, reverse 

transcribed, and analyzed by qPCR (see methods in Chapter 5 for more details on wash 

conditions and cDNA preparation). Primers unique to the transfected, tagged 7SK were 

used to determine the extent of capture of different RNA species including 7SK, MALAT1, 

and NEAT1. While NEAT1 and MALAT1 are significantly larger that 7SK, both are similarly 

abundant to 7SK and serve as controls for off-target binding to the resin (FIGURE 3.2B). 

 

Figure 3.2: TrmA* can be used to purify RNA from complex mixtures. (A) Purification 
scheme for RNA bound by TrmA* in vitro or in vivo. Because both methods utilize the 
strength of TrmA* covalent binding and streptavidin-biotin interactions, washing under 
denaturing conditions (4M urea and 1% SDS) is possible. qPCR quantification of RNA 
pulled down by TrmA* capture resin (B) or bound by TrmA* in vivo and captured on 
streptavidin agarose (C). Primers specific for tagged 7SK (TSR-7SK or TSR-U54C-7SK) are 
used to quantify capture efficiency. MALAT1 and NEAT1 are used as background controls 
as both are abundant lncRNA species. 
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Through this capture system, I was able to enrich TSR-7SK ~30-fold over MALAT1 and 

NEAT1. Using this method of capture and stringent washes it is possible to capture RNA 

efficiently and in a manner that is capable of withstanding very highly denaturing wash 

conditions. Because TrmA* is covalently bound to TSR-7SK, the wash conditions are 

limited only by the strength of streptavidin-biotin interaction. 

 

3.4.2 TrmA* can react with TSR RNA in living cells 

In complementary work, I explored an alternative strategy where TrmA* was co-

expressed with TSR-7SK to allow the reaction to proceed in living cells. By cloning TrmA* 

into a mammalian expression vector (pCDNA3) that results in TrmA* being expressed 

fused to a peptide motif that is biotinylated in cells. Successful conjugation leads to RNA 

biotinylation. 293T cells were transfected using calcium phosphate with TrmA* or TrmA* 

C324A and TSR-7SK or TSR-U54C-7SK as described previously. Twenty-four hours post 

transfection, cells were harvested by scraping, washing with PBS, and pelleting by 

centrifugation. Whole cell extracts were prepared by sonic disruption. This extract was 

applied to streptavidin-agarose beads and allowed to bind for 30 minutes at room 

temperature while rotating. After binding, samples were washed with the same series of 

washes, eluted, extracted, precipitated, and analyzed by qPCR as described previously for 

in vitro capture (Figure 3.2C). Similar to the results from in vitro capture, this method 

showed high levels of enrichment of 7SK over MALAT1 and NEAT1. 
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3.4.3 TrmA* enriches tagged RNA from the entire transcriptome 

These strategies show that it is possible to efficiently capture RNA using TrmA* affinity 

capture. Due to the targeted nature of qPCR, these assays do not comprehensively 

address the numerous background RNAs that could conceivably be enriched from whole 

cell lysate. In order to examine the enriched RNAs globally, I prepared TrmA*/TSR-7SK 

samples as described for in-cell labeling above, but analyzed the resulting RNAs using 

NEBNext for Illumina library preparation prior to single end sequencing on an Illumina 

HiSeq 2500. Sequencing reads were demultiplexed, and processed using Cutadapt to 

remove adapter sequences. Processed reads were aligned to the human genome (hg19) 

using BowTie2 and sorted with bedtools. Read density was visualized in IGV with 

bedGraphs generated from bedtools. Examining aligned tracks at the genomic positions 

for 7SK, MALAT1, and NEAT1 confirms the same enrichment seen by qPCR (Figure 3.3A). 

In order to quantify different RNA species, I calculate the fragments per kilobase of 

transcript per million mapped reads (FPKM) for each transcript (hg19) using HISAT2. By 

graphing the FPKM for each transcript comparing the eluted samples to input cellular 

RNA, it is possible to visualize the enrichment of each RNA transcript (Figure 3.3B). In this 

preliminary analysis, cells transfected with TrmA* and TSR-7SK enriched 7SK more than 

100-fold over background transcripts in the eluent relative to input. This suggests that 

TrmA* can be used to enrich a tagged RNA of interest from the complicated mixture of 

the cellular transcriptome. 
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Figure 3.3: TrmA* specifically enriches tagged RNA from the transcriptome. TSR-7SK 
bound by TrmA* in vivo was sequenced to determine enrichment and to examine 
nonspecific background capture. (A) RNA seq tracks of RNA species quantified in Figure 
3.2. (B) log2 FPKM values for each captured sample eluent and input are plotted. 7SK is 
labeled in red for each eluent/input sample. Eluent = Input is plotted in blue to easily 
visualize enrichment/depletion.  
 

3.5 Discussion 

In summary, I have established a technique for covalently capturing a targeted RNA on 

beads using a single mutated protein and a minimal 17-nucleotide substrate, which can 

be performed in vitro and in vivo. This capture of RNA on beads, which can be washed 

with high stringency, in principle allows isolation of a single RNA species with high levels 

of enrichment. The ability to biotinylate RNA using biotinylated TrmA* in cells allows 

specific enrichment of one species of RNA from a complex mixture. Both of these methods 

form a baseline for further researchers to develop a covalent capture of RNA-protein 
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complexes. Future experiments might seek to use RNA spike-ins in order to quantify the 

total amount of target RNA versus background as opposed to simply looking for relative 

levels of enrichment, which are less informative of overall background levels. Using 

crosslinkers such as formaldehyde or UV, it is likely possible to purify proteins bound to a 

TrmA*-tagged RNA in methods similar to those I have described here. This technique will 

allow high precision capture and identification of RNA associated proteins by introducing 

the 17-nucleotide substrate into an RNA of interest. 
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Chapter 4 
 

TrmA* covalent capture applications and other 

considerations 

4.1 Author contributions 

I performed all experiments in this chapter. 

 

4.2 Summary 

In the process of conducting my research on TrmA and its ability to covalently capture 

specific RNA from complex mixtures, I sought to develop several applications for the 

technology. This chapter describes the preliminary results for several applications of 

TrmA* and my thoughts on possible roadblocks and considerations for future 

applications. 

 
4.3 Introduction 

TrmA* shows promise for covalently capturing RNA and purifying it from a complex 

mixture, as demonstrated in Chapter 3. Despite the high level of specificity and stringency 

of wash conditions available, I encountered challenges in my attempts to use TrmA* to 

enriched proteins crosslinked to an RNA of interest. I believe that this has been due to 

several limitations and complexities associated with protein pull down. These limitations 

include variability in the activity of TrmA* preparations, challenges in crosslink extract 
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preparation for enrichment studies, challenges in developing assays sensitive enough to 

observe enrichment and low yields of enrichment from crosslinked extracts. The following 

discussion summarizes my insights into these considerations as I developed applications 

for TrmA* in the course of my Ph.D.  

 

4.4 Challenges enriching proteins from crosslinked extracts  

Throughout my attempts to capture tagged RNAs (mainly 7SK), I have consistently 

observed the highest yields of tagged material from pull downs where TrmA* is co-

expressed with TSR-RNA. While in vitro pull downs did produce enriched samples, the 

results were variable. The overall yield from in vitro capture experiments was an order of 

magnitude lower that I have seen with capture from co-expressed TrmA* in cells. Low 

yields are less problematic for analysis such as qPCR, which benefits from high sensitivity 

due to amplified signals, but most protein-based assays are significantly less sensitive and 

require more material or higher yields. One of the reasons I believe the in vitro pull downs 

are less effective is due to issues discussed in Chapter 2, namely that the TrmA substrate 

loops are methylated by endogenous methyltransferases, which prevent their being 

bound by TrmA* on beads. In the pull downs from co-expressed TrmA* in cells that I have 

performed on 7SK, I am overexpressing TrmA* simultaneously with tagged 7SK. This 

allows TrmA* to compete with endogenous methyltransferases and bind 7SK. With the 

new TrmA* E49R R51E and corresponding substrate, I believe that TrmA* capture of 

tagged RNA in vitro will be more effective by having a much higher fraction of RNA 

substrate loops unmethylated and therefore available for binding by TrmA*. 
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While TrmA* capture in vivo worked well for RNA in non-crosslinked extracts, I believe 

there are fundamental problems with in vivo capture of RNA from crosslinked extracts to 

correct, which are essential to fully realize the potential for a covalent tagging strategy. 

Specifically, the denaturing wash conditions that set the TrmA* approach apart from 

those associated with more traditional RNA affinity tags and crosslinking might interfere 

with each other. While the inactive TrmA* (C324A) that I have used in previous 

experiments does not react with RNA to form a covalent adduct, I predict that the protein 

would still fold normally and therefore bind substrate loops noncovalently. This is not 

normally a problem for my pull downs because I use denaturing washes to remove this 

non-covalent background binding. However, if I crosslink cell extracts that are expressing 

TrmA*, whether it be by UV or formaldehyde, any TrmA* that would be used as a negative 

control, such as C324A, that is associated with the substrate loop will now be covalently 

attached. This would make the background binding of TrmA* C324A indistinguishable in 

strength from the protein-based crosslinking of TrmA*. Similarly, I expect the same 

nonspecific binding to occur and result in crosslinking in the interactions between TrmA* 

and the TSR-U54C RNA loop.  

 
While the use of an orthogonal TrmA* system will improve the ability of future studies to 

capture RNA in vitro, I believe that there are still significant difficulties to overcome with 

the crosslinked protein extracts. Crosslinked cell extracts can be more difficult to work 

with due to the variability of crosslinking, local concentration effects of chemical 

crosslinkers, and differences in solvent accessibility for proteins of interest. This is 

particularly true for formaldehyde crosslinked extracts, which would likely be used for 
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TrmA* RNA-protein capture. Because TrmA* relies on an accessible nucleotide in order 

to function, many aspects of crosslinking could prevent efficient capture of RNA in vitro. 

If the substrate loop or nearby regions is bound by any other proteins, the accessibility of 

the substrate RNA could be dramatically reduced. While crosslinkers such as 

formaldehyde are thought to react with a maximum of ~1% due to accessibility of reactive 

amines105, the process of crosslinking is likely to modify the nucleotides of the substrate 

loop in a manner that will perturb TrmA* binding.  

 

In order for TrmA* to bind RNA, the loop must be sufficiently flexible to adopt the flipped-

out conformation of U54. If crosslinking alters the flexibility of this loop, it will reduce 

binding efficiency. For UV crosslinking in particular, there is reason to believe the process 

of crosslinking might chemically affect the substrate loop. Similar to the canonical DNA 

damage, a T-T dimer, uridine dimers are a frequent result of UV irradiation of RNA106. The 

TrmA substrate RNA contains two consecutive uridines, U54 and U55, which allow the 

possibility of such dimerization. Furthermore, because one of these uridines is the bound 

substrate, any dimerization would prevent covalent binding of TrmA*. In the capture of 

TrmA* substrates (Chapter 2 Figure 4), I showed that TrmA* readily binds RNA with 

adenosine in position 55. If UV crosslinking-induced U-U dimers are a concern, it may be 

worthwhile to include the U55A mutation in any future substrates (e.g. test the TSR-TM 

mutant with this addition: U55A C56A A58G C60U).  
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4.5 Substrate RNA pull down concerns 

Another concern in application of TrmA* capture is the location of possible TSR insertions. 

As described in Chapter 1, many lncRNAs are thought to function through structural 

interactions6,18. Indeed, studying the structure of lncRNA is a focus of many labs23,26. 

Insertion of the TrmA* substrate into a lncRNA of unknown function or structure might 

perturb the function or interactions of that RNA. One of the appealing aspects of TrmA* 

is that the substrate is much smaller than other RNA affinity tags. This makes it less likely 

than other methods to significantly impact the structure of the tagged RNA and will also 

allow for easier insertion by CRISPR/Cas9 if used in such a manner. While these 

considerations illustrate several significant advantages over existing technologies, this 

system is not without disadvantages. For example, in capture of 7SK, the choice of 5’ or 

3’ tagging has dramatic effects on the RNA transcription and biological interactions. 

Instability of 3’-tagged 7SK was observed (but not fully commented on) in previous work 

purifying 7SK and associated proteins100. In my own experience overexpressing 7SK 5’- or 

3’-tagged, I observed dramatically lower expression of 3’-tagged 7SK than 5’-tagged 7SK. 

By RT-qPCR comparison normalized to total 7SK levels, 3’-TSR-tagged 7SK expression was 

approximately 600-fold lower than 5’-TSR-tagged 7SK. If an RNA of interest is not well-

characterized to know what the best locations for substrate loop placement are, it is 

possible that a researcher applying TrmA* capture might unknowingly choose locations 

that disrupt RNA structure, protein binding, or transcriptional stability. For future studies, 

it may be best for researchers to insert the TSR into several different locations separately 

to determine the effects of TSR insertion empirically. Ideally, the TSR-RNA would be 
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tested to ensure it can rescue biological functions in a cell where the RNA is genetically 

ablated. 

 

4.6 Crosslinked extract preparation 

In the process of attempting to capture crosslinked RNA interactions with TrmA*, I sought 

to apply TrmA* in several different biological systems. Because I had already worked out 

conditions for efficient capture of 7SK from 293 cell extract, I hoped to first apply TrmA* 

capture with this lncRNA. After trying several different crosslinking conditions (.5%, 1%, 

3% formaldehyde; .4, .8 J/cm2 UV light) and capture of RNA both in vitro and in vivo 

(despite concerns about background binding as described previously), I was unsuccessful 

in capturing 7SK-associated proteins Hexim1 or CDK9 by western blot or in observing 

differences in protein samples by silver stain. Despite numerous different extract 

preparations ranging from hypotonic lysis, ChIP style extracts, CHART extract, and 

NEXSON (Nuclei EXtraction by SONication)107 and many different attempts to vary 

washing conditions including my own fully denaturing washes, ChIP washes, PiCH108, and 

ePiCH109 washes, I was unsuccessful in even enriching 7SK RNA as I had been with non-

crosslinked extracts. Without this enrichment, I could not be confident that any 

proteomics signal I would have seen did not result from non-specific binding or stochastic 

differences in the extracts.  
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4.7 Capture of RNA-protein complexes in other model systems 

Because of the challenges I encountered when enriching TSR-7SK from crosslinked 293T 

extracts, I attempted TrmA* capture in other biological systems. I focused on the lncRNA 

roX2 in D. melanogaster embryonic cell culture (S2) because of its well-characterized 

protein binding partners and well-described genomic binding sites. This approach was 

potentially appealing because of the variety of different assays I could use as a proof of 

principle for my ability to apply TrmA* to capture RNA interactors. The most 

straightforward of these would be to capture any of the male sex lethal (MSL) complex 

proteins, MOF, MLE, and MSL1-3 known to form a complex with roX2110. Despite attempts 

to capture these complexes in crosslinked or native conditions, I failed to detect any of 

the proteins by western blot. Part of this difficult was due to low quality commercial 

antibodies for these targets, but another potential flaw in the assay revolved around the 

expression of roX2. roX2 structure has been studied and critical regions determined by 

protein interaction mapping and DMS probing111, so I was confident in my ability to place 

the TSR RNA in a region of roX2 that was unlikely to affect structure or function. 

Furthermore, roX2 has previously been tagged with RNA affinity tags for purposes such 

as localizing DNA methyltransferases in DamID112. However, the only instances I have 

found for successful tagging of roX2 were with tags integrated genomically into whole 

organisms, not expressed from plasmids in Drosophila cell culture as I was performing. 

Perhaps tagging roX2 genomically would have resolved my issues with capture of roX2-

associated proteins, but would add other complexities and heterogeneities to the process 

of roX2 capture and was outside my areas of expertise for the purposes of these studies. 
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4.8 Use of TrmA* to isolate RNA for structural studies 

Another possible application of high efficiency purification of an RNA from complex 

mixture using TrmA* is studying the structures of specific subpopulations of RNA. 7SK has 

been shown to exist in two structural subpopulations depending on whether it is bound 

to BAF or Hexim1113. Furthermore, it is possible to alter Hexim binding in 7SK by altering 

nucleotides 43, 44, 65, and 66 of 7SK114. I hoped to use TrmA* to isolate a mutant form 

of 7SK and demonstrate that I was able to isolate this subpopulation and show that its 

structure by DMS probing was significantly different than total 7SK. 

 

To start, I created a tagged 7SK mutant predicted to abolish HEXIM binding 

(A43G/U44C/A65G/U66C). 293T cells were then cotransfected by calcium phosphate with 

mutant TSR- or TSR-U54C 7SK and TrmA* or TrmA* C324A. 24 hours post transfection, 

cells were treated with 5 mL PBS +/- 0.5% dimethyl sulfide (DMS) for five minutes. After 

removing DMS, samples were washed with 5 mL quench buffer (50 mM Tris, pH 7.5, 100 

mM NaCl, 3 mM MgCl2, and 40 mM β-mercaptoethanol) three times and finally washed 

in PBS where cells were harvested by scraping. After lysis by sonic disruption, cell extract 

was exposed to streptavidin beads and RNA extracted as described previously. The 

samples were then processed for DMS-seq and compared to inputs. Unfortunately, 

despite several attempts at performing DMS probing of 7SK and mutant 7SK I was not 

able to observe reproducible differences in the regions of 7SK known to have altered 

flexibility with either BAF (232 – 245) or Hexim1 (290 – 299) binding. Despite these 

negative results, I observed that in TrmA* bound RNA populations there was a very sharp 
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drop off of reverse transcription read-through at the site of TrmA* binding, despite having 

treated the samples with proteinase K. This finding that TrmA* caused RT stops more than 

90% of the time (Figure 4.1) could prove very useful in determining a way to separate 

RNA that had be bound by TrmA* without the need to physically separate the RNA. This 

drop off formed the foundation for the RT stop assay I used to generate the bound and 

unbound populations of the high throughput RNA library screen in Chapter 2. 

 

Figure 4.1: TrmA* tag and RT-stops estimations. 7SK and tagged 7SK reads are plotted by 
the percentage of reads that contain each nucleotide position. Drop off of RT reads is used 
to calculate the percentage of RNA that were either untagged (at nucleotide 70) or bound 
by TrmA* (at nucleotide 8) 
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4.9 TrmA* can create useful RNA-protein adducts in vivo 

In addition to these purification methods, it is possible to append other protein moieties 

to RNA through fusion proteins with TrmA*. For example, RNA could be fluorescently 

labeled in vivo by the addition of fluorescent proteins such as GFP. By creating TrmA* 

fused to other affinity proteins it might be possible to generate novel RNA-protein 

complexes. I also hypothesize that TrmA* could also be used to stabilize RNA transcripts. 

The covalent adduct that TrmA* forms with its RNA substrate could possibly block 5’->3’ 

by Xrn1 and/or 3’->5’ decay by the exosome115 in the same manner that it blocks reverse 

transcriptase as demonstrated in Figure 4.1. This strategy of RNA stabilization has already 

been observed in nature with particles such as sno-lncRNAs. These RNAs are thought to 

utilize the formation of snoRNPs on either end of the lncRNA transcript to block 

exonuclease degradation116. By placing TSR sequences on either side of a transcript of 

interest and coexpressing tagged RNA with TrmA* in vivo, RNA degradation might be 

reduced. Preliminary data with TSR-tagged luciferase genes suggest that this may be 

possible, but still requires substantial validation.  

 

I designed an RNA transcript containing both renilla and firefly luciferase in series based 

on the commonly used internal ribosome entry site assay plasmid. I added TSR hairpins 

5’ of the IRES before the firefly luciferase and 3’ of the end of the gene as illustrated in 

(Figure 4.2A). If TrmA* blocks exonucleases, coexpressing TrmA* with this transcript 

should stabilize the transcript, causing turnover to be lower and leading to higher levels 

of the RNA in these cells. Since the firefly luciferase is protected by TrmA sites on both 
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sides of the transcript and the renilla luciferase is protected only on the 3’ end, I expected 

that the firefly luciferase RNA would be more highly stabilized by TrmA* overexpression. 

In order to test this hypothesis, I transfected 293T cells with the luciferase construct and 

either an active or inactive TrmA* expression vector. Because I was interested in 

observing degradation, I allowed the transfected cells to reach confluence and harvested 

3 days after confluence was reached. I then isolated the total RNA with Trizol (Thermo) 

and ethanol precipitation and removed contaminated DNA with Turbo DNase (Thermo) 

treatment. I reverse transcribed the total RNA with SuperScript VILO Master Mix with 

random hexamer primers (Thermo) and quantified the abundance of renilla and firefly 

luciferase transcripts by qPCR primers for two different sites in each transcript as 

illustrated in (Figure 4.2A, rluc 1, rluc 2, fluc 1, fluc 2). I normalized each experiment to 

the total amount of RNA using MALAT1 as an indicator of total RNA abundance for each 

sample. I then compared the ratio of each luciferase to total RNA with and without TrmA* 

expression (Figure 4.2B). I saw that while the firefly luciferase was stabilized as expected, 

the renilla luciferase was more highly stabilized. There are several reasons that this could 

be the case. If a majority of the RNA degradation comes from 3’ -> 5’ exonuclease activity, 

any protected firefly luciferase transcripts will also protect the upstream renilla luciferase 

transcripts. Either way, this complexity left these results as ambiguous and further 

exploration of this hypothesis will require an alternative system. 
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Figure 4.2: TrmA* stabilizes tagged mRNA transcripts. (A) Construct design schematic for 
expression in mammalian cells to test the stabilization of RNA by TrmA* binding. (B) 
Enrichment for each qPCR primer set in cells coexpressing TrmA* and luciferase genes 
normalized to cells expressing luciferase only. 
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of RNA may still suffer from difficulties associated with structural constraints and possible 

chemical modification of the substrate uridine, in vitro capture will prevent any possibility 

of crosslinker induced covalent attachment between inactive TrmA* or unreactive RNA 

substrates. Lastly, TrmA* can be applied to create RNA-protein adducts in vivo which can 

possibly applied to problems such as RNA transcript stabilization as preliminarily 

demonstrated with my experiments with tagged luciferase. With the ability to create 

covalent RNA-protein adducts, there many new routes to explore ranging from designed 

RNPs, fluorescent RNA transcript tagging, and engineered RNA localization.  
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Chapter 5 
 

Methods and Data Analysis 

5.1 Methods 

5.1.1 TrmA cloning and mutagenesis 

E. coli genomic DNA was extracted from DH5α cells with phenol-chloroform, precipitated, 

and resuspended in tris-buffered EDTA. TrmA was amplified by PCR, gel purified, 

restriction digested, and cloned into the hexahistidine-tagged bacterial expression vector 

pET28a. For in vivo biotinylated TrmA, the minimal BirA substrate was added by ligation 

of annealed and phosphorylated synthetic oligonucleotides. TrmA mutagenesis was 

performed by QuickChange II Site-Directed Mutagenesis (Agilent) using primers with 25-

nucleotide homology on either side of the nucleotides to be mutated. TrmA* was first 

generated and subsequent mutations were generated from the same TrmA* background. 

 

5.1.2 TrmA expression and purification 

1 L of LB was inoculated with E. coli BL21(DE3) transformed with TrmA containing 

plasmids. Once the culture reached 0.6 OD600, cells were induced with the addition of 1 

mM IPTG for two hours and pelleted by centrifugation at 4000xg for 10 minutes. In TrmA 

mutant samples to be biotinylated, 20µM biotin was added with IPTG inductions. 
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Cells were solubilized by incubating for 15 minutes in B-PER, Bacterial Protein Extraction 

Reagent (Thermo) (1mL/g cell pellet) and cOmplete protease inhibitor cocktail (Roche) 

and lysate was cleared by centrifugation for 15 minutes at 15,000xg. Cleared lysate was 

applied to 5 mL Ni-NTA resin and incubated 1 hr at 4˚C. Samples were then washed 2x 5 

minutes with 1 bed volume of B-PER + protease inhibitor cocktail and 5x 5 minutes with 

1 bed volume of wash buffer. Following washes, samples were eluted for 30 minutes each 

in elution buffer containing 100, 150, and 250 mM imidazole. Fractions were analyzed by 

SDS-PAGE to determine purity of TrmA mutants and eluents were pooled and dialyzed 

into storage buffer and protein concentrations measured by Bradford assay (BioRad). 

 

Protein purification buffers: 
 
Solubilization 

B-PER  

Roche cOmplete protease inhibitor cocktail (manufacture recommended concentration) 

 

Wash 

50 mM NaCl 

2 mM DTT 

20 mM Tris-HCl, pH 7.0 

Roche cOmplete protease inhibitor cocktail 

50 mM imidazole 
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Elution 

50 mM NaCl 

2 mM DTT 

20 mM Tris-HCl, pH 7.0 

Roche cOmplete protease inhibitor cocktail 

+ 100, 150, 250 mM imidazole  

 

TrmA storage buffer 

50 mM NaCl 

2 mM DTT 

20 mM Tris-HCl, pH 7.0 

 

5.1.3 TrmA reactions 
 
TrmA reactions were carried out in 1x TrmA reaction buffer with the addition of 1.5 mM 

SAM and .16 U/µL SUPERase-IN (Invitrogen). Once reactions were complete, one 

equivalent of Quench Solution was added and mixed thoroughly. Quenched samples were 

then loaded onto gels for urea-PAGE analysis and visualized by fluorescent imaging. 

 
TrmA reaction buffer (5x) 

500 mM MOPS, pH 7.8 

500 mM ammonium acetate 

5 mM MgCl2 

25 mM DTT 
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Quench solution 

8 M urea 

10 mM EDTA 

 

5.1.4 TrmA kinetics rate determination 

TrmA reactions of 0, 1, 3, 9, and 27 minutes were performed on each RNA substrate and 

TrmA mutant pair. After quenching, samples were separated by urea-PAGE and 

fluorescently imaged. Signal intensities of bands in each lane were determined using the 

ImageJ. Fraction bound was calculated by dividing the intensity of the upper, bound, band 

by the total fluorescence of the lane. 

 

Triplicate data of each reaction was plotted and fit by non-linear least squares 

regression fit to the equation: 	

[𝑃] = 	
[𝑅]'[𝑇]'𝑒*+,-.([0]12[3]1) − [𝑅]'[𝑇]'

[𝑇]'𝑒*+,-.([0]12[3]1) − [𝑅]'
 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑠ℎ𝑖𝑓𝑡𝑒𝑑 = 	 [𝑃]/([𝑃] + [𝑅]) 
 
Where, R is RNA, T is TrmA mutant, P is shifted product, and t is time calculated by 

dividing the intensity of the upper, bound, band by the total fluorescence of the lane. 

 

Concentrations of RNA ([R]0) added were specifically added. Concentrations of active 

TrmA added ([T]0) and the rate of covalent binding kobs were calculated by NLS and can 

be seen in Table 5.2.1 and Table 2.2 respectively. 
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5.1.5 TrmA competitive binding assay 

TrmA reactions were carried out as described in the TrmA binding assay with equal 

concentrations of TSR (Cy3 labeled) and mutant TSR (Cy5 labeled) in excess of TrmA. 

Gels were fluorescently imaged and intensities measured using ImageJ as in TrmA 

kinetics binding. Fraction bound for each substrate were calculated as previously 

described and compared to the wild type substrate loop. 

 

5.1.6 TrmA substrate library 

The TrmA substrate library was designed with unique 12-nucleotide barcodes of 

Hamming distance 5 for each of 2000 substrate mutants. For a detailed description of all 

substrate variants see Appendix B. DNA template was synthesized by Twist Biosciences, 

amplified by PCR for 10 cycles in order to generate enough template for in vitro 

transcription, but not amplified so much as to create significant PCR biases of the library 

population. Lastly, the substrate DNA was agarose gel purified and eluted into Tris-

buffered EDTA. 

5.1.7 In vitro transcription of TrmA substrate library RNA 

15 ng of gel purified template DNA were added to in vitro transcription buffer with 10 

µg T7 RNA polymerase and incubated at 16˚C over-night. Template DNA was removed 

by Turbo DNase (Thermo Fischer Scientific) and reaction enzymes were subsequently 

removed by proteinase K digestion. RNA was isolated by phenol-chloroform extraction 

and ethanol precipitation and RNA pellet was resuspended in Tris-buffered EDTA and 

stored at -80˚C.  
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In vitro transcription buffer 

75 mM Tris-HCl, pH 7.5 

40 mM MgCl2  

2 mM Spermidine  

5 mM DTT 

5 mM NTPs 

5.1.8 TrmA library screen 

Equal units of each TrmA mutant were reacted with 5 µg in vitro transcribed TrmA 

substrate RNA as described in the fluorescent substrate binding assays for either 30 

seconds or 30 minutes. Following reaction, samples were treated with proteinase K and 

RNA was isolated by ethanol precipitation. Purified RNA was reverse transcribed with 

SuperScript III (Thermo Fischer). RNA was then degraded by addition of 3% volume of 

5M NaOH and heating to 95˚C for 5 minutes. RNA-free cDNA was separated by urea-

PAGE. Bands corresponding to full length and truncated cDNA were excised and 

extracted from the gel by excision, snap freezing in gel extraction buffer, and letting 

samples diffuse overnight. DNA was precipitated by ethanol precipitation with sodium 

acetate and glycogen carrier and resuspended in Tris-buffered EDTA. These samples 

were then amplified by PCR with Phusion (NEB) for 14 cycles. Samples were agarose gel 

purified and relative concentration measured by qPCR. Samples were diluted to 

normalize DNA and then indexed for Illumina sequencing by PCR with Phusion (NEB) 

amplifying for 4 cycles. Finally, relative concentrations of DNA were measured by qPCR 

and samples were mixed evenly for sequencing. 
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Gel extraction buffer 

20 mM Tris, pH 7.5 

250 mM sodium acetate 

1 mM EDTA 

0.25% SDS 

 

5.1.9 Mammalian cell culture and transfection 

HEK 293T cells were grown in DMEM + 10% FBS in 10cm plates. Cells were passaged to 

30-40% confluency before transfecting with calcium phosphate. 

 

For calcium phosphate transfection, 10 µg of DNA were diluted into 437.5 µL final 

volume of ddH2O. 62.5 µL of 2M CaCl2 were then added to a final volume of 500 µL. DNA 

was then added dropwise to 500 µL of 2x HBS in a 50 mL conical tube with constant 

aeration and incubated 5 minutes at room temperature. 9 mL of growth media was then 

added to the precipitated DNA. 293T growth media was then removed and replaced 

with DNA containing growth media. Twenty-four hours post transfection, media was 

exchanged for fresh media. Cells were harvested forty-eight hours post transfection 

except in the case of the luciferase turnover assay in Chapter 4. 
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2x HBS  

50 mM HEPES, pH 7.05  

10 mM KCl 

12 mM glucose 

280 mM NaCl 

1.5 mM Na2HPO4 

 

5.1.10 Cell extract preparations 

Hypotonic lysis 

Confluent 10 cm plates of 293T cells were harvested by scraping into PBS and pelleted 

by centrifugation at 1200xg at 4˚C. Supernatant was removed and cells resuspended in 1 

mL ice-cold PBS. Cells were again pelleted and supernatant removed. In order to remove 

all residual PBS, pelleted cells were centrifuged again and supernatant removed again. 

Cells were then resuspended in 500 µL ice-cold hypotonic lysis buffer with 1 mM DTT 

and 0.1 mM PMSF and incubated on ice for 5 minutes. Cells were then snap frozen in a 

dry ice/ethanol bath and thawed at 37˚C. Freeze-thawing was repeated two more times 

and lysed cells placed on ice and NaCl was gradually added to 400 mM final 

concentration. Lysate was incubated on ice for 5 minutes before centrifugation at 

20,000xg for 10 minutes at 4˚C to clear lysate. 
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Hypotonic lysis buffer 

20 mM HEPES 

2 mM MgCl2 

0.2 mM EGTA 

10% glycerol 

 

Sonic disruption 

Pelleted cells were resuspended in 1 mL of RIPA lysis buffer and incubated on ice for 10 

minutes. Resuspended cells were then lysed by sonic disruption at 50W (10% output 

power) in cycles of 1 second on, 2 seconds off for 30 seconds (10 cycles). This was 

repeated a total of three times to fully lyse cells. Cell lysates were then cleared by 

centrifugation at 20,000xg for 10 minutes at 4˚C. 

 

RIPA lysis buffer 

50 mM Tris, pH 8 

150 mM KCl 

0.1% SDS 

1% Triton-X 

5 mM EDTA 

0.5% sodium deoxycholate 

0.5 mM DTT  

0.1 mM PMSF 

20 U/mL SUPERase IN, RNase inhibitor (Thermo) 
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5.1.11 TrmA* in vitro capture 

TrmA* bead preparation 

25 µL of Pierce high capacity streptavidin agarose resin (Thermo) was washed 3x 500 µL 

with PBS. 20 µg of biotinylated and purified TrmA* (or desired mutant) was then applied 

to washed resin in 500 µL PBS and incubated, rotating, at room temperature for 30 

minutes to bind. Resin was then washed once with 5 bead volumes of PBS + 1 mM biotin 

for 5 minutes in order to wash away nonspecific binding and to block unoccupied 

streptavidin sites. Beads were then washed 2x with 500 µL bead wash buffer and once 

with TrmA reaction buffer. 

 

Bead wash buffer 

2 M urea  

20 mM HEPES, pH 7.4 

 

RNA capture 

33 µL of cleared lysate from tagged-7SK expressing cells was then mixed with TrmA 

reaction buffer into a total volume of 100 µL with 1.5 mM SAM and 20 U/mL SUPERase 

IN (Thermo). This mixture was then applied to TrmA* resin and allowed to react for 45 

minutes at room temperature, rotating. Samples were then washed 2x with 500 µL PBS, 

2x 500 µL low salt wash buffer, 2x 500 µL high salt wash buffer, and 100 µL elution 

buffer. RNA was eluted from beads by treating with 20 µg of proteinase K in 100 µL of 

elution buffer for 30 minutes at 40˚C with constant shaking. 
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Low salt wash buffer 

4 M urea 

1% SDS 

20mM HEPES, pH 7.0 

High salt wash buffer 

4 M urea 

1% SDS 

250 mM NaCl 

20mM HEPES, pH 7.0 

Elution buffer 

4 M urea 

20mM HEPES, pH 7.0 

 

5.1.12 TrmA* in vivo capture 

100 µL Pierce high capacity streptavidin agarose resin was washed with PBS 2x 500µL. 

400 µL cleared lysate expressing both tagged 7SK and biotinylated TrmA* was applied to 

beads and incubated for 30 minutes at room temperature with constant rotation to 

bind. As with in vitro binding, samples were then washed 2x with 500 µL PBS, 2x 500 µL 

low salt wash buffer, 2x 500 µL high salt wash buffer, and 100 µL elution buffer. RNA 

was eluted from beads by treating with 20 µg of proteinase K in 100 µL of elution buffer 

for 30 minutes at 40˚C with constant shaking.  
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5.1.13 TrmA* capture quantification 

RNA eluted from either in vitro or in vivo TrmA* capture was extracted with phenol-

chloroform and pelleted by ethanol precipitation and centrifugation with a glycogen 

carrier and resuspended into 20 µL Tris-buffered EDTA. 5 µL of resuspended RNA was 

DNase treated in 10 µL using RQ1 DNase (Promega). DNase was heat inactivated and 

5µL of the DNase reactions were reverse transcribed in 10 µL using SuperScript VILO 

(Thermo) to generate cDNA. cDNA was then analyzed by qPCR in 15 µL reactions 

containing 1 µL cDNA, 7.5 µL iTaq Universal SYBR Green Supermix (Biorad), and 1 µM 

target primers.  

 

5.1.14 TrmA* capture sequencing 

cDNA from TrmA* capture was prepared for sequencing on Illumina 2500 sequencer 

with the NEBNext DNA Library Prep Master Mix Set for Illumina (NEB) using standard 

protocols.  

 

5.1.15 7SK DMS probing 

90% confluent 10cm plates of 293T cells coexpressing TrmA* and tagged 7SK (or inactive 

variants of either transcript) were rinsed with PBS and then treated with 15 mL of 0.5% 

DMS in PBS for 5 minutes at room temperature. DMS was removed and then quenched 

by washing the cells 3x with DMS quench buffer. After rinses, cells were harvested by 

scrapping into 5 mL PBS. RNA was then extracted from cells as in other protocols using 

Trizol and ethanol precipitation.  
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DMS quench buffer 

50 mM Tris, pH 7.5 

100 mM NaCl 

3 mM MgCl2 

40 mM β-mercaptoethanol 

 

RNA was then reverse transcribed using primers targeted to 7SK. 1 µg of RNA was added 

to 12 µL total volume with 10 pmol primer. This mixture was incubated at 70˚C for 5 

minutes. To this, 3 µL of 5x FS buffer (Thermo) was added and incubated for 10 minutes 

at 55˚C. 5 µL of RT master mix was then added to each reaction. Reaction mixtures were 

then incubated for 45 minutes at 55˚C to reverse transcribe and then heat inactivated 

for 5 minutes at 85˚C.  

 

RT master mix (per reaction) 

1 µL 5x FS buffer (Thermo) 

1 µL 10 mM dNTPs 

1 µL 100 mM DTT 

0.5 µL SuperScript III (Thermo) 

1.3 µL ddH2O 

0.2 µL RNaseOUT (Thermo) 
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cDNA was then prepared for sequencing. First, RNA was purified by SPRI (2.5x volumes), 

washed with ethanol, and resuspended in 16 µL water. Next, 3’ adaptors were ligated 

onto purified cDNA. 6.8 µL DNA were added to 13.2 µL 3’ adaptor ligation mix and 

incubated at 65˚C for 2 hours followed by 85˚C for 15 minutes. 

3’ adaptor ligation mix (per reaction) 

1 µL 1 mM ATP 

1 µL 50 mM MnCl2 

0.2 µL 100 µM adaptor (CAGACGTGTGCTCTTCCGATC) 

8 µL 50% PEG 8000 

 2 µL CircLigase buffer (Epicenter) 

1 µL CircLigase (Epicenter) 

Adaptor ligation products were then SPRI purified with 1x bead volume and again 

resuspended into 16 µL water. Products were then amplified 6 cycles (20 seconds 98˚C, 

20 seconds 64˚C, 90 seconds 72˚C each) by PCR with Phusion master mix (NEB) in 20 µL 

reactions. Amplifications were purified by SPRI with 1.8x bead volumes and level 

measured by qPCR. Samples were then amplified with Phusion master mix again to add 

Illumina indexes to each sample. Each sample was amplified a variable number of cycles 

(4-8) in order to approximately normalized DNA concentrations for high-throughput 

sequencing. Amplified products were again purified by SPRI with 1.8x bead volumes and 

eluted in 16 µL of water. Finally, equal DNA concentrations (as measured by a final 

qPCR) were mixed for sequencing.  
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5.1.16 Luciferase stabilization and qPCR 

TrmA substrate loops were added into a dual luciferase IRES reporter plasmid though 

restriction digestion and ligation with phosphorylated oligos. Tagged luciferase and 

TrmA*/TrmA* C324A containing constructs were transfected into 293T cells with 

calcium phosphate. Once confluent, cells were grown for an additional 3 days with daily 

media changes. Cells were harvested by scraping and RNA isolated by Trizol (Thermo). 

Levels of luciferase gene expression were determined by RT-qPCR. Total RNA 

concentration was normalized to abundance of MALAT1 transcripts measured by qPCR. 

 
5.2 Data analysis 

5.2.1 TrmA* binding quantification 

TrmA* reactions with fluorescent oligos were separated by urea-PAGE and laser scanned 

on a GE Typhoon 9500. Images were then carried into ImageJ117 and fluorescence 

intensity profile of each lane was measured using the ‘analyze gel’ tool. For each lane, I 

divided the image into sections corresponding to bound and unbound RNA products and 

integrated the intensity profile to calculate the total amount of fluorescence in each 

region. In order to determine the fraction of RNA bound by TrmA* from these values, I 

divided the total intensity of bound RNA by the total fluorescence signal for the lane. In 

instances in which I wanted to determine the molar quantity of RNA bound, such as for 

kinetics analysis, I multiplied the fraction of RNA bound by the known quantity 

(determined by synthetic yield post HPLC purification by IDT) of RNA added. 
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5.2.2 TrmA* binding kinetic analysis 

After measuring the fraction of RNA bound for each triplicate TrmA* reaction, values were 

plotted using ggplot2118. Using the formula for product formation described in Appendix 

A, I used the nonlinear fit (NLS) function from the R stats package119 to determine the 

quantity of active TrmA* initially present, [T]0, in each reaction and most importantly, the 

kobs for each enzyme. Because I was able to measure the amount of product formed and 

added a known quantity of TSR RNA, only [T]0 and kobs were fit to describe the binding 

reaction. In reactions with TSR and TSR-G57C, the same exact TrmA* proteins 

preparations and quantities were used. This allowed me to fit curves to both sets of 

reactions, but to maintain the same measured [T]0 value for both reactions. The results of 

kobs determination are described in Chapter 2. Calculated [T]0 values for each reaction are 

shown in Table 5.2.1. 

Protein TSR  G57C C60G C56A A58G C60U 
TrmA* 0.905 0.905 0.127 0.089  

 (0.866, 0.946) (0.866, 0.946) (0.116, 0.143) (0.080, 0.100) 
E49R 0.326 0.326 0.067 0.117 

 (0.219, 0.385) (0.219, 0.385) (0.058, 0.079) (0.080, 0.100) 
R51E 0.715 0.715 0.109 0.135 

 (0.676, 0.756) (0.676, 0.756) (0.101, 0.117) (0.115, 0.163) 
E49R R51E 0.756 0.756 0.236 0.191 

 (0.700, 0.822) (0.700, 0.822) (0.208, 0.274) (0.177, 0.209) 
 

Table 5.2.1: Measured values of [T]0 (µM) for TrmA mutants and RNA substrates (95% CI) 
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5.2.3 TrmA* substrate sequencing data handling: 
 
Paired end sequencing reads were demultiplexed using exact matches for each Illumina 

i5 and i7 index using the ‘grep’ command and divided into .fastq files for each sample, 

lane, and read direction. Each of these sample .fastq files was then searched for barcode 

sequences corresponding to each substrate loop. These matches were done using ‘grep 

-c’ for each barcode sequence (or the reverse compliment for reverse reads). Once all 

2000 barcodes were searched for in each sample, the total number of matched reads 

was calculated by adding the total number of reads for each barcode. Because each 

sample contained different numbers of reads by sequencing, I normalized the counts for 

each barcode by dividing the barcode counts by the total number of reads that matched 

barcodes.  

 
5.2.4 Correlation plot generation: 

Pierson’s R coefficients of correlation of all samples was determined by comparing the 

fractions of reads attributed to each substrate for each sample using the R package 

corrplot120 and ordered using angular order of eigenvectors to determine which samples 

best correlated with each other. 

 

5.2.5 Motif determination: 

Enriched substrates for each TrmA mutant were determined using DESeq2121 comparing 

bound samples to unbound samples (30 second and 30 minute incubations were used 

together for this analysis) with a significance cutoff of p < 0.05. The list of resulting 
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substrate loops was recorded and sequences of only the loop mutants were used for 

motif determination. For each position 55-60 of the loop, I calculated the relative 

fraction of each base at that location to create a matrix of probabilities for each base 

and position. Similarly, I compiled all of the sequences present in the library to create a 

matrix to correct for input biases. These values were then used to generate enriched 

and depleted sequence motifs using Logolas122.  

 

5.2.6 TrmA* capture quantification 

TrmA* capture was quantified by measuring the transcript abundance by qPCR for both 

10% input samples and bead eluents. For each TrmA* mutant and 7SK tag variant, eluent 

ct values were divided by input to determine a fraction of input yield for each sample. 

 
5.2.7 TrmA* capture sequencing data analysis 

Samples were demultiplexed and processed using Cutadapt to remove adapter 

sequences. Processed reads were aligned to the human genome (hg19) using BowTie2 

and sorted with bedtools. After sorting, tracks were visualized in IGV with bedGraphs 

generated from bedtools. Using HISAT2, I generated FPKM values for each transcript and 

created a rank ordered list by sorting each gene from highest to lowest FPKM values. 7SK 

appeared as the highest FPKM value gene in the active TrmA* and reactive 7SK sample. 

Each list of FPKM values was used to compare eluent to input for each experimental 

condition and were used to generate scatter plots of the values with eluent on the y-axis 

and input on the x-axis. To better visualize each sample, I graphed the log2 FPKM values 

to help spread out the data more evenly. 



 65 

5.2.8 TrmA* bound RT stops measurement 

TrmA* bound 7SK RNA was prepared for targeted structure seq as described previously. 

Using published pipelines for this technique I was able to determine the fraction of reads 

that made it to each position of reverse transcription123. Using these values, I can plot the 

percentage of reads at each point and also calculate the change from one nucleotide to 

the next. By subtracting the fractional read value of a later nucleotide from the previous 

nucleotide, I can determine the stop rate for a given nucleotide. 
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Appendix A 

Supplemental equations 

TrmA* binding rate calculations and equations 

 
TrmA* binding of RNA can be represented as a two-step reaction where RNA (R) first 
binds to TrmA* (T) noncovalently. TrmA* then reacts with the RNA to form the RNA-
TrmA* complex (P). 
 

𝑅 + 𝑇 ⇌ 𝑅𝑇 ⇌ 𝑃 
 
If I assume that the rate limiting step in this reaction is the chemical conversion of RT 
into P, the reaction can be simplified into: 
 

𝑅 + 𝑇
*+,-E⎯G 𝑃 

 
The rate of product formation can be defined from this reaction as: 
 

𝑑[𝑃]
𝑑𝑡 = −𝑘IJK[𝑅][𝑇] 

 
 
If the [P] is the only product formed, then [R] = [R]0 – [P] and [T] = [T]0 – [P], and the 
equation can be defined as: 
 
 

𝑑[𝑃]
𝑑𝑡 = 	−𝑘IJK([𝑅]' − [𝑃])([𝑇]' − [𝑃]) 

 
Which can be rearranged to: 
 

𝑑[𝑃]
([𝑅]' − [𝑃])([𝑇]' − [𝑃])

= −𝑘IJK𝑑𝑡 

 
If I integrate this equation from t = 0 to time t, I get: 
 

L
𝑑[𝑃]

([𝑅]' − [𝑃])([𝑇]' − [𝑃])
= −𝑘IJK

[M]

'
L 𝑑𝑡
.

'
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Using partial fractions, I can solve integrate left side of the reaction: 
 

L
𝑑[𝑃]

([𝑅]' − [𝑃])([𝑇]' − [𝑃])

[M]

'
= 	

1
[𝑅]' − [𝑇]'

Oln
[𝑅]'

[𝑅]' − [𝑃]
−	 ln

[𝑇]'
[𝑇]' − [𝑃]

R 

 
This then simplifies to: 

1
[𝑅]' − [𝑇]'

ln
[𝑅]'[𝑇]
[𝑇]'[𝑅]

 

 
Therefore: 
 

−𝑘IJK𝑡 = 	
1

[𝑅]' − [𝑇]'
ln
[𝑅]'[𝑇]
[𝑇]'[𝑅]

 

 

𝑘IJK𝑡([𝑇]' − [𝑅]') = ln
[𝑅]'[𝑇]
[𝑇]'[𝑅]

 

 
Substituting [R] = [R]0 – [P] and [T] = [T]0 – [P]: 
 

𝑒*+,-.([0+]2[3]1) =
[𝑅]'[𝑇]
[𝑇]'[𝑅]

=
[𝑅]'([𝑇]' − [𝑃])
[𝑇]'([𝑅]' − [𝑃])

		 

 
([𝑇]'([𝑅]' − [𝑃])𝑒*+,-.([0]12[3]1) = [𝑅]'([𝑇]' − [𝑃]) 

 
 

[𝑇]'[𝑅]'𝑒*+,-.([0]12[3]1) − [𝑇]'[𝑃]𝑒*+,-.([0]12[3]1) = 	 [𝑅]'[𝑇]' −	[𝑅]'[𝑃] 
 
 

[𝑇]'[[𝑅]']𝑒*+,-.([0]12[3]1) − [𝑅]'[𝑇]' = [𝑇]'[𝑃]𝑒*+,-.([0]12[3]1) − [𝑅]'[𝑃] 
 
 
Which finally simplifies to: 
 

[𝑃] = 	
[𝑅]'[𝑇]'𝑒*+,-.([0]12[3]1) − [𝑅]'[𝑇]'

[𝑇]'𝑒*+,-.([0]12[3]1) − [𝑅]'
 

 
 
My observations of fraction shifted can be fit by substituting this value of [P] into: 
 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑠ℎ𝑖𝑓𝑡𝑒𝑑 = 	 [𝑃]/([𝑃] + [𝑅]) 
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Appendix B 
 
TrmA substrate library design 

Due to a variety of restrictions, it was not practical to synthesize a randomized library of 

all possible TrmA substrates, particularly for a synthetic DNA library in which each 

member is explicitly defined and synthesized. A convenient number for this process 

turned out to be 2,000 members. With this constraint it was not possible to sample all 

possible mutations of the TrmA substrate loop. I instead focused on designing substrates 

that were more similar to the normal TrmA substrate such as all of the single, double, and 

triple mutants of the loop region. In addition to these mutations, I created all possible 

mutations of nucleotides 55-59 by adding the quadruple and quintuple mutants of these 

positions. This left me with several other routes to continue to explore. Some parameters 

I was interested in investigating were if there were any loop structures besides the 5 

membered step and 7 membered loop structure. To perturb these, I first chose to create 

all of the single and double insertions and deletions of the TrmA substrate. While these 

were unlikely to react with TrmA, they would be very surprising results and were a 

relatively small portion of overall sequence space. Finally, with the mutations I wanted to 

see if the stem structure and composition had any effects on TrmA binding. To do this, I 

varied the GC content and altered the length of the stem. Finally, I wanted to create an 

abundance of positive and negative controls to be sure that the barcodes and my own 

handling wasn’t affecting the library. These would allow me to calibrate my results based 

on how well the positive and negative controls were separated from each other and 
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ensure that the TrmA* mutant added to each reaction was active. The breakdown of each 

mutant category is show in Table B.1. 

 
Type Number of 

sequences 
Single deletion 17 

Double deletion (within loop) 15 
Single insertion 72 

Double insertion (within loop) 352 
Single mutations of nt 55-60 18 
Double mutations of nt 55-60 135 
Triple mutations of nt 55-60   540 

Quadruple mutants of nt 55-59 405 
Quintuple mutants of nt 55-59 243 

Altered stem composition 156 
Positive controls 27 
Negative controls 20 

  
Total 2000 

  
 

 

 
Table B.1: TrmA substrate library composition by type of mutation. 
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Appendix C 
 
Primers and oligos 

TrmA cloning primers: 
AAAGGATCCATGACCCCCGAACACCT TrmA with BamHI cut site 5’ 

GGGGAATTCTTACTTCGCGGTCAGTAATACG TrmA with EcoRI cut site 3’ 
/5PHOS/CTAGCATGTCCGGCCTGAACGACATCTTCG
AGGCTCAGAAAATCGAATGGCACGAAG 

To add BriA biotinylation 
motif to TrmA by ligation 

/5PHOS/GATCCTTCGTGCCATTCGATTTTCTGAGCC
TCGAAGATGTCGTTCAGGCCGGACATG 

To add BriA biotinylation 
motif to TrmA by ligation 

 
 
TrmA mutagenesis primers: 
CCCTACACGCACCATATGCAGTGCGGCGTAT E358Q  

ATACGCCGCACTGCATATGGTGCGTGTAGGG E358Q  

GGTCAGTCATTACCGGATGCGCGCGCGGTTCCGCATCTGGCACGATGGCGATG E49R  

CATCGCCATCGTGCCAGATGCGGAACCGCGCGCGCATCCGGTAATGACTGACC E49R  

GGTCAGTCATTACCGGATGCGCGCGGAGTTCGAGATCTGGCACGATGGCGATGACCTGT R51E  

ACAGGTCATCGCCATCGTGCCAGATCTCGAACTCCGCGCGCATCCGGTAATGACTGACC R51E  

GGTCAGTCATTACCGGATGCGCGCGCGGTTCGAGATCTGGCACGATGGCGATGACCTGT E49R R51E  

ACAGGTCATCGCCATCGTGCCAGATCTCGAACCGCGCGCGCATCCGGTAATGACTGACC E49R R51E  

GCGTATTTTGTACATCTCCGCTAACCCGGAAACGTTATGC C324A  

GCATAACGTTTCCGGGTTAGCGGAGATGTACAAAATACGC C324A  

 
 
TrmA RNA substrate loops: 
/5Cy5/rUrGrCrUrGrUrGrUrUrCrGrArUrCrCrArCrArGrC TSR 
/5Cy3/rUrGrCrUrGrUrGrCrUrCrGrArUrCrCrArCrArGrC TSR-U54C 
/5Cy3/rUrGrCrUrGrUrGrUrUrCrCrArUrCrCrArCrArGrC TSR-G57C 
/5Cy3/rUrGrCrUrGrUrGrUrUrCrGrArUrGrCrArCrArGrC TSR-C60G 
/5Cy3/rUrGrCrUrGrUrGrUrUrArGrGrUrUrCrArCrArGrC TSR-TM (C56A A58G C60U) 

 

TrmA substrate library primers: 
GAAATTAATACGACTCACTATAGGGGC Forward amplification primer 
TGTCCTTGGTGCCCGAG Reverse amplification primer 
TGTCCTTGGTGCCCGAGTG RT primer 
CTACACGACGCTCTTCCGATCT 
CGTACTGGACCTGGCTTACG PCR addition of sequencing primer  
CTACACGACGCTCTTCCGATCT Pre-indexing forward primer 
CAGACGTGTGCTCTTCCGATC Pre-indexing reverse primer 
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qPCR primers 
CACAGCGGATGTGAGGC  TSR-7SK qPCR primer forward 
CTAGCCAGCCAGATCAGC  TSR-7SK qPCR primer reverse 
GAATTGCGTCATTTAAAGCCTAGTT  MALAT1 qPCR forward 
GTTTCATCCTACCACTCCCAATTAAT  MALAT1 qPCR reverse 
GGATCCTAGACCAGCATGCC  MALAT1 qPCR forward 
AAAGGTTACCATAAGTAAGTTCCAGAAAA  MALAT1 qPCR reverse 
CCTCCCTTTAACTTATCCATTCAC  NEAT1 qPCR forward 
TCTCTTCCTCCACCATTACCA  NEAT1 qPCR reverse 
GCCTGTTTCAGAGGGTTGTT  NEAT1 qPCR forward 
ATGCTGATCTGCTGCGTATG  NEAT1 qPCR reverse 
GTGTTGGGCGCGTTATTTATC  fLuc qPCR 1 
TAGGCTGCGAAATGTTCATACT  fLuc qPCR 1 
CGGAAAGACGATGACGGAAA  fLuc qPCR 2 
CGGTACTTCGTCCACAAACA  fLuc qPCR 2 
TAACGCGGCCTCTTCTTATTT  rLuc qPCR 1 
GATTTGCCTGATTTGCCCATAC  rLuc qPCR 1 
CATGGGATGAATGGCCTGATA  rLuc qPCR 2 
CAACATGGTTTCCACGAAGAAG  rLuc qPCR 2 
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