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ABSTRACT OF THE DISSERTATION 

 

Enzymatic Methods for the Study of RNA in Mammalian Cells  

 

By 

 

Kayla Nicole Busby 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2020 

Professor Neal K. Devaraj, Chair 

 

Technologies for the labelling, detection, and manipulation of biomolecules have 

drastically improved our understanding of cell biology. As the myriad of functional roles for RNA 

in the cell are increasingly recognized, such tools to enable further investigation of RNA are the 

subject of much interest.  

We demonstrate the site-specific incorporation of nucleobase derivatives bearing 

fluorophores or affinity labels into a short RNA stem loop recognition motif by exchange of a 

guanine residue. The RNA-TAG (transglycosylation at guanosine) is carried out by a bacterial (E. 

coli) tRNA guanine transglycosylase (TGT), whose natural substrate is the nitrogenous base 

PreQ1. Remarkably, we have successfully incorporated large functional groups including biotin, 
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BODIPY, thiazole orange, and Cy7 through a linker attached to the exocyclic amine of PreQ1. 

Larger RNAs, such as mRNA transcripts, can be site-specifically labeled if they possess the 17-

nucleotide hairpin recognition motif. The RNA-TAG methodology could facilitate the detection 

and manipulation of RNA molecules by enabling the direct incorporation of functional artificial 

nucleobases using a simple hairpin recognition element. 

Leveraging the ability to site-specifically and covalently label an RNA of interest using E. 

Coli TGT and unnatural nucleobase substrate, we establish the identification of RNA-protein 

interactions and the selective enrichment of cellular RNA in mammalian systems. We demonstrate 

the utility of this approach through the identification of known binding partners of 7SK snRNA 

via mass spectrometry. Through a minimal 4-nucleotide mutation of the long noncoding RNA 

HOTAIR, enzymatic biotinylation enables identification putative HOTAIR binding partners in 

MCF7 breast cancer cells that suggest new potential pathways for oncogenic function. 

Furthermore, using RNA sequencing and qPCR, we establish that an engineered enzyme variant 

achieves high levels of labeling selectivity against the human transcriptome allowing for 145-fold 

enrichment of cellular RNA directly from mammalian cell lysates.  

Finally, we examine the use of RNA-TAG labeling in live cells, exploring design principles 

of the nucleobase substrate for use in applications in RNA imaging and beyond. The flexibility 

and breadth of this approach suggests that this system could be routinely applied to the functional 

characterization of RNA, greatly expanding the toolbox available for studying mammalian RNA 

biology. 
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1 Introduction 

1.1 Motivation 

Once overlooked as a transient messenger between DNA and protein, the role of RNA as 

an important functional molecule in cell biology has been increasingly recognized. Cellular 

functions not only rely on the production of canonical ribosomal RNA (rRNA), transfer RNA 

(tRNA) and messenger RNA(mRNA) molecules, but also functional small nuclear RNAs 

(snRNAs), microRNAs (miRNAs), and long noncoding RNAs (lncRNAs).1,2 Furthermore, the 

complexity of mammalian mRNAs has emerged as an important aspect of gene regulation and 

expression, with complex networks of RNA-protein interactions controlling mRNA stability, 

localization, and expression.3 This growing interest in RNA biology has spurred the demand for 

new tools to enable further investigation of RNA structure and function.  

Functional characterization of biomolecules through their direct conjugation to small 

molecule probes has proven to be an extremely effective strategy. For example, various 

methodologies have been developed for protein labelling, enabling advances in our understanding 

of protein structure and function. These strategies include the use of amine-reactive handles as 

well as enzymatic labelling approaches, such as SNAP-TAG and other self labelling proteins, 

among others.4–6 While numerous robust tools exist for protein labelling, few tools exist for the 

site-specific covalent modification of RNA. A commonly used approach employs T4 ligase for 3' 

end-labelling with various fluorophores or biotin7. Recently, other enzymatic methods based on 

RNA modifying enzymes have been developed. For example, the methyltransferase Tgs has been 

engineered to enable labelling of the 5' cap of mRNAs.8 Another approach used an archaeal tRNA 

modifying enzyme to enable labelling of tRNA or RNAs encoding a complete tRNA sequence 

with an amine reactive handle.9  In this dissertation, the use of a bacterial RNA modifying enzyme 
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to label a small, encodable hairpin structure within an RNA of interest using a method called RNA-

Transglycosylation at Guanosine (RNA-TAG) is discussed. The advantages of this approach 

include its specific recognition of a unique small molecule nucleobase analog, the ability to directly 

add functional groups without the need for secondary click reactions, as well as its recognition of 

a short, 17-nucleotide stem loop that can be encoded at any site within the RNA of interest.  

1.2 RNA modification by tRNA Guanine Transglycosylase 

The tRNA guanine transglycosylases (TGTs) are a well-characterized class of enzymes 

that are found in archaea, eubacteria and eukaryotes. While most RNA post-transcriptional 

modifications occur through chemical modification of an existing nucleoside, TGTs are 

extraordinary in their catalysis of transglycosylation reactions. Bacterial and eukaryotic TGTs 

recognize and modify four tRNAs, namely tRNAAsn, tRNAAsp, tRNATyr, and tRNAHis, by 

exchanging a guanine at the wobble position of the anticodon stemloop with a 7-deazaguanine 

derivative. Bacterial TGTs introduce PreQ1 into the tRNA substrate, which is then enzymatically 

transformed to the hypermodified base queuine. In contrast, eukaryotic TGTs modify their cognate 

tRNAs directly with queuine that has been salvaged from the environment (Figure 1.1). Despite 

the conservation of queuine modification across kingdoms, its functional role is not fully 

understood. Previous studies have established potential contributions to invasion and proliferation 

in bacteria, ribosomal frameshifting in viruses, and roles in development, proliferation, 

metabolism, cancer, and tyrosine biosynthesis in eukaryotes.10  
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Figure 1.1. Nucleobase structures recognized by TGT enzymes in bacteria, eukaryotes, and archaea. 

. 

TGTs are also observed in archaea, though their function differs significantly from 

bacterial and eukaryotic TGTs. Sharing approximately 20-25% of sequence identity with bacterial 

TGTs, archaeal TGTs recognize and modify position 15, a site within the D-arm in the majority 

of tRNAs.11 An alternative nucleobase, preQ0, is inserted, which is further modified to form 

archaeosine; it is thought that this modification stabilizes tRNA structure at high temperatures.12 

1.3 RNA recognition by bacterial TGT 

Previous biochemical studies of E. Coli TGT have established that the entire tRNA 

structure is not required for recognition of an RNA substrate. Curnow and coworkers initially 

identified that ECY-A1, a truncated 17 nucleotide RNA hairpin derived from the anticodon stem 

loop of tRNATyr, was recognized by E. Coli TGT.13 Extension of this RNA hairpin by 4 base pairs 

(ECYMH) was found to improve reaction kinetics at 37 °C, most likely due to increased thermal 
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stability.14 RNA mutational studies of truncated hairpins have demonstrated the importance of the 

U33G34U35 loop sequence (Table 1.1).14,15 

Table 1.1.  Kinetics values of select RNA substrates as reported by Curnow, et al.14 N.D.=no detectable activity 

Substrate Name 

(from 

reference)14 

Stem loop sequence Km 
µM 

Vmax 

µM▪s-1 ▪mg-1 
Vmax/Km 

s-1 ▪mg-1 

ECY2 

(unmodified 

tRNATyr) 

...GCAGACUGUAAAUCUGC... 2.0 3.0 1.5 

ECY-A1 GCAGACUGUAAAUCUGC 13.3 0.48 0.04 

ECYMH GGGAGCAGACUGUAAAUCUGCUCCC 6.9 2.2 0.3 

SCDMH  GGCGGCGCUUGUCGCGUGCCGCC 11.4 2.7 0.24 

     SCDMH-

U33C 

GGCGGCGCUCGUCGCGUGCCGCC 22.4 0.06 0.003 

     SCDMH-

G34A 

GGCGGCGCUUAUCGCGUGCCGCC N.D. N.D. N.D. 

     SCDMH-

U35C 

GGCGGCGCUUGCCGCGUGCCGCC N.D. N.D. N.D. 

 

Crystallographic studies of bacterial TGT derived from Z. mobilis in complex with a 

hairpin RNA substrate have also provided insight into how TGT recognizes its RNA substrate.16 

In agreement with the biochemical data, conserved interactions are observed with U35 and G34 

nucleobases. With respect to U35, Arg286 donates two hydrogen bonds to O2, and Arg289 donates 

a hydrogen bond to O4. Further interactions such as a cation-pi interaction with Lys52 and 

hydrophobic interactions with Val282 strengthen recognition of U35. U33 also makes hydrogen 

bonding interactions with Lys264 and Asp267. However, these residues are not strictly conserved, 

and it was hypothesized that instead, U33 plays an important role in the formation of an unusual 

zig-zag conformation in the loop region.16 Because there are few base-specific interactions 

between TGT and its RNA substrate, this conformational change is necessary for optimal binding 

of TGT through surface and charge complementarity. Crystallographic evidence has also 
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supported the functional significance of a TGT homodimer, where the first unit is catalytic and the 

second unit plays a role in recognition and proper orientation of the bound tRNA.17  

1.4 Nucleobase recognition and catalytic mechanism 

More than 170 RNA modifications have been identified in nature, with most modifications 

carried out through enzymatic functionalization of existing nucleobases18. TGTs are therefore 

unusual in their removal and replacement of a nucleobase with a different, functionalized, 

nucleobase, making them an excellent candidate for catalyzing RNA labelling with synthetic 

analogs. The mechanism of catalysis by bacterial TGT has been studied extensively, and has been 

shown to follow a ping-pong mechanism (Figure 1.2).19 A highly conserved catalytic aspartate 

residue (Asp264)  acts as a nucleophile to break the glycosidic linkage of the guanosine, forming 

a TGT-RNA covalent intermediate.16 Exchange of the excised guanine in the binding pocket for 

PreQ1 then allows for nucleophilic attack of the ribose by N9 of PreQ1, reforming a glycosidic 

bond. While TGT can catalyze the reversible exchange of guanine, insertion of PreQ1 is 

irreversible20. 

The binding pocket of TGT responsible for nucleobase recognition has been studied 

extensively though biochemical and crystallographic studies. Asp89 is a strictly conserved residue 

involved in recognition of guanine through hydrogen bonding at N2; it is also thought to play a 

role as a general base in catalysis16. Asp143 plays a key role in recognizing the Watson-Crick face 

of guanine and PreQ1 through hydrogen bonding interactions to N1 and N2.21,22 Additional 

interactions with Ser99, Gln187, and the backbone of Gly214 also contribute to binding of 

guanine.11,16 PreQ1 recognition is mediated through hydrogen bonding interactions of the carbonyl 

group in the Leu215/Ala216 peptide bond with the aminomethyl moiety of PreQ1, which is most 
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likely in a protonated form at physiological pH.23 It has been hypothesized that 

  

Figure 1.2. Catalytic mechanism and binding interactions of bacterial TGT with guanine and PreQ1. E. Coli 

numbering is used. (A) Asp264 acts as a nucleophile to attack the anomeric carbon of ribose 34, breaking the N-C 

glycosidic linkage. (B) a covalent TGT-RNA covalent intermediate is formed. (C) PreQ1 replaces guanine in the 

binding pocket, assisted by a conformational change of the Leu215/Ala216 peptide bond. (D) N9 of PreQ1 acts as a 

nucleophile to reform a glycosidic bond with ribose 34. 

this amide bond changes conformation, to present either the NH or carbonyl functionality for 

hydrogen bonding, to mediate alternative binding of guanine and PreQ1.
11 This conformational 

change, mediated by Glu219 in bacterial TGT, can explain the differential substrate specificities 

of archaeal TGTs. In crystal structures of the archaeal TGT from Pyrococcus horikoshii, this 

peptide bond is only observed in the NH-presenting form, consistent with its recognition of preQ0 

instead of PreQ1.
24,25 Recent biochemical and structural studies of human TGT have also 
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uncovered the basis for the preferential recognition of queuine in eukaryotic systems. The 

substitution of Val217 for a glycine in human TGT enlarges the binding pocket, allowing for the 

binding of the cyclopentadiol moiety of queuine.26 Based on biochemical evidence, it also seems 

likely that Cys145, which is replaced with a valine in human TGT, plays a role in the differential 

nucleobase recognition.27  

Table 1.2. Kinetic parameters of various nucleobase substrates. *kcat were calculated from reported  vmax values using 

the reported enzyme concentration (50 nM), and reaction volume (400 µL).28 

Compound Km 
µM 

kcat
*  

(× 10-3) s-1 
kcat/Km

*
 

(× 10-3)s-1 
▪µM-1 

guanine 2.2 61* 28* 

 

 

  

-CH2NH2 (PreQ1) 0.39 45* 115* 

-CN (preQ0) 2.35 72* 31* 

-CH2OH 23.0 45* 2.0* 

-H 172 45* 0.3* 

-CH3 255 45* 0.2* 

-CH2OCH3 57 47* 0.8* 

-CH2N(CH3)2 75 43* 0.6* 

-CONH2 26 69* 2.7* 

-CO2CH3 87 73* 0.8* 

-COCH3 26 73* 2.8* 

-CHO 22 73* 3.3* 

-CO2H 126 21* 0.2* 

 

Structure-activity studies examining the recognition of PreQ1 have shown that there is a 

strong impact of the aminomethyl group on bacterial TGT binding affinity.28 While native 

substrates lacking the aminomethyl substituent, such as guanine and preQ0, are recognized with 

only a slightly reduced binding affinity (5-6 fold), other 7-deazaguanine derivatives have 

dramatically reduced binding (Table 1.2). This evidence suggests that the exocyclic amine plays a 

large role in bacterial TGT recognition of PreQ1, which is further supported by the crystallographic 



8 

 

evidence of hydrogen bonding of this group with the peptide backbone.16 Because the pKa of 

PreQ1’s exocyclic amine is in the range of 10,23 it is likely that this amine is protonated at 

physiological pH, and it has been postulated that charge-assisted binding is also possible.29  

1.5 Key differences in TGT systems for applications in mammalian models 

RNA contributes greatly to the complexity of eukaryotic systems, with various controls of 

gene expression including alternative splicing, polyadenylation, protein binding sites, and 

microRNAs; therefore, many potential applications of TGT-mediated RNA labeling include its 

use in the context of mammalian cells. Accordingly, it is important to consider the ways in which 

bacterial and eukaryotic TGT modifications compare in order to understand where the use of 

bacterial TGT may be appropriate as a tool.  As previously discussed, the small molecule 

selectivity for bacterial and mammalian TGTs differ; PreQ1 is the preferred substrate for bacterial 

TGT, while queuine is the preferred substrate for mammalian TGT (Table 1.3).27 Furthermore, 

while it has been shown that a minimal stem loop substrate is accepted by bacterial TGTs, the 

mammalian TGT requires the full tRNA structure for recognition.30 

Table 1.3. Kinetic parameters for E. Coli and human TGTs with heterocyclic substrates. Data from Chen, et al.31 

 Km 
µM 

kcat  
(× 10-3) s-1 

kcat/Km 

(× 10-3)s-1 ▪µM-1 

Guanine    

   E. Coli 0.35 6.29 18.0 

   Human 0.41 5.86 14.2 

PreQ1    

   E. Coli 0.05 9.57 191 

   Human 132 8.23 0.062 

Queuine    

   E. Coli N.D. N.D. N.D. 

   Human 0.26 8.22 31.6 
 

Importantly, PreQ1 and queuine modification is irreversible, so queuine-modified tRNA 

present in mammalian systems would not be expected to be a substrate for further modification by 
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TGTs 20,32. Mitochondrial tRNAs have also been found to be queuine-modified 33. However, in 

certain cancer cells, it has been shown that tRNA is under-modified by queuine; therefore 

optimization may be necessary for use in these cells 34. Furthermore, queuine modification is not 

observed in yeast tRNAs, which would make applications in this model challenging.35  
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2 Site-Specific Covalent Labeling of RNA by Enzymatic Transglycosylation 

2.1 Introduction 

The detection and manipulation of RNA is greatly aided by chemical modification. 

Therefore, there is tremendous interest in novel methods to site-specifically associate RNA with 

small molecules such as imaging probes and affinity labels.36–38 Conventional methodologies for 

detecting RNA include the use of antisense probes,39 aptamers,40–42 and fusion proteins that 

recognize specific RNA secondary structures.43,44 Relatively less explored is the use of enzymatic 

reactions for site-specific RNA labeling.45,46 It is known that RNA can be post-transcriptionally 

modified in numerous ways by specialized enzymes. For instance, there are approximately 85 post-

transcriptional modifications of various transfer RNA (tRNA) structures, with the majority of 

modifications present on the anticodon stem loop.47 There are several examples of utilizing 

enzymes to accomplish site-specific covalent modification of RNA.48,49 Recent work has also 

shown that several tRNA-modifying enzymes can covalently attach small analogs bearing either 

azide or alkyne handles to RNA.38,50 Notably, these past approaches have not demonstrated the 

ability to append large functional molecules directly onto the RNA of interest. Instead they 

typically rely upon small bio-orthogonal handles, which after undergoing a second chemical 

reaction can be modified by functional probes such as fluorophores or affinity ligands. An ideal 

enzymatic reaction for labeling RNA would involve recognition of a minimal RNA structural 

motif, would result in irreversible covalent modification, and would be capable of directly 

incorporating a diverse array of functional molecules (fluorophores, affinity ligands, etc.) in a 

single step. Here we introduce RNA-TAG (transglycosylation at guanosine), an enzymatic method 

to directly append large functional molecules site-specifically to RNA. This method utilizes a 

bacterial tRNA guanine transglycosylase (TGT) to exchange specific guanine nucleobases with 

functional derivatives of the bacterial nucleobase PreQ1. By enabling the direct incorporation of 
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functional artificial nucleobases using a simple hairpin recognition element, RNA-TAG should 

have numerous applications as an RNA labeling tool. TGTs are a well-characterized class of 

enzymes that are found in archaea, eubacteria, and eukaryotes.11 While most RNA post-

transcriptional modifications occur through derivatization of a genetically encoded nucleoside, 

TGTs are capable of performing transglycosylation reactions in which a guanine at the wobble 

position of the anticodon loop is exchanged with 7- deazaguanine derivatives. While eukaryotic 

TGTs selectively incorporate queuine salvaged from the environment, bacterial TGTs instead 

incorporate an amine-containing queuine precursor, PreQ1, which is later enzymatically modified 

to yield queuine.27 Extensive prior studies with the bacterial TGT from E. coli revealed a minimal 

binding domain of a single 17- nucleotide hairpin (ECY-A1) mimicking the anticodon stem loop 

of the tRNA substrate.13 Furthermore, complementary studies have shown that the enzyme can 

recognize extended RNA molecules bearing minimal hairpin recognition elements, including 

tRNA dimers and mRNA.51,52  

2.2 Design and incorporation of PreQ1 derivatives 

Since transglycosylation is an efficient mechanism for the incorporation of highly modified 

bases into RNA,53 we speculated that TGT-catalyzed nucleobase exchange could be harnessed to 

covalently modify RNA site-specifically with synthetic molecules such as fluorophores and 

affinity ligands. However, although bacterial TGTs have been shown to tolerate various PreQ1 

analogs, loss of the exocyclic amine or sterically hindered derivatives can cause a dramatic loss of 

activity.28 For instance, several studies have demonstrated that bacterial TGT will not accept 

queuine as a substrate.27,54 Indeed, crystal structures of a bacterial TGT with bound RNA and 

nucleobase substrates reveal several protein contacts with PreQ1, including a key hydrogen bond 

between the exocyclic amine of PreQ1 and the carbonyl oxygen of a leucine residue.16,55 To 

maintain this important hydrogen bonding interaction in our synthesized PreQ1 derivatives, we 
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decided to link functional groups through alkylation of the exocyclic amine. Furthermore, we 

appended our functional groups via a short oligoethylene glycol spacer, with the goal of extending 

any large functional groups away from the active site.  

 

Figure 2.1. TGT-catalyzed transglycosylation of ECY-A1 minihelix RNA with PreQ1 derivative nucleobases 

 

To initially test for RNA modification, we utilized the previously reported 17-nucleotide 

RNA hairpin ECY-A1, which mimics the anticodon arm of tRNATyr and has been shown to be 

recognized as a substrate by bacterial TGT.13 We incubated ECY-A1 with TGT along with PreQ1 

derivatives linked to various fluorophores and affinity ligands such as BODIPY, thiazole orange 

(TO), Cy7, and biotin (Figure 2.1). To our delight, we found that all PreQ1 derivatives could be 

successfully incorporated into the RNA hairpin, as judged by liquid chromatography (LC) 

retention time shifts and high resolution mass spectrometry (HRMS) (Figure 2.2, Figure 2.3, and 

Table 2.1). It is worth mentioning that the modification worked with large functional groups—in 

the maximum case, a near-IR cyanine dye of 534 Da molecular weight. To test for RNA substrate 
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selectivity, we incubated PreQ1- TO, TGT, and RNA hairpin ECY-A1 and compared modifications 

to alternative RNA hairpins ECY-A1ΔC and ECY-X1 (Table 2.2). ECY-A1ΔC has the reactive 

guanine changed to a cytosine, while ECY-X1 maintains the 7-member hairpin loop and UGU 

recognition element, but shifts the location of the UGU and the neighboring bases. In either case, 

we were unable to detect incorporation of PreQ1-TO by LC/ MS, demonstrating that RNA-TAG 

is selectively incorporating PreQ1 analogs in place of guanine and that the process is specific to 

the hairpin recognition element, in agreement with previous studies.14,15  

 

Figure 2.2. TGT labeling reactions of RNA with PreQ1 derivatives. (A) HPLC trace at 260 nm of ECY-A1 and ECY-

A1 modified with PreQ1-TO, indicating covalent modification resulting in a shift of retention time and single TO-

labeled product. (B) Fluorescence emission spectra of fluorogenic RNA labeling reaction with PreQ1-TO. 

Fluorescence normalized to PreQ1-TO in the absence of RNA and TGT enzyme. (C) Biotin gel shift assay illustrating 

functional biotin covalently linked to ECY-A1. PreQ1-Biotin-modified samples were incubated with streptavidin and 

analyzed on a 15% denaturing PAGE gel. 
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Figure 2.3. LC Chromatograms of TGT labeling of ECY-A1 with PreQ1 derivative probes after 6 hour incubation at 

37 °C. Chromatograms shown were recorded at 260 nm. Colored diamonds denote product peak. Asterisk ( * ) denotes 

no starting material RNA mass was observable. Biotin required a 24 hour reaction time for completion. Injection front 

omitted from plots to clarify product peaks. 

Table 2.1. Deconvoluted MS expected and found data for RNA hairpins modified by TGT 

Modified RNA 

Oligonucleotides 

Expected Parent m/z Observed Deconvoluted m/z 

Native ECY-A1 [M + Na -2H] - 5431.309 [M + Na -2H] - 5431.709 

ECY-A1-PreQ1-TO [M + Na -2H]- 6020.180 [M + Na -2H]- 6020.976 

ECY-A1-PreQ1-BODIPY [M-H]- 5887.119 [M-H]- 5887.998 

ECY-A1-PreQ1-Cy7 [M + Na -2H]- 6166.719 [M + Na -2H]- 6166.193 

ECY-A1-PreQ1-Biotin [M + Na -2H]- 5861.460 [M + Na -2H]- 5861.947 
 

Table 2.2. RNA oligonucleotide sequences 

RNA Oligonucleotide Sequence 

ECY-A1 5’GCA GAC UGU AAA UCU GC3’ 

ECY-A1ΔC 5’GCA GAC UCU AAA UCU GC3’ 

ECY-X1 5’CG UCU AAA UGU CAG ACG3’ 
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Figure 2.4 Kinetics analysis of preQ1-TO incorporation. (A) Plot of raw fluorescence data as a function of TGT 

reaction time progress. (B) Plot of background subtracted fluorescence data as a function of TGT reaction time 

progress. (C) Plot of estimated amount of PreQ1-TO incorporated into ECY-A1 as a function of TGT reaction time 

progress based on D. (D) Calibration curve of ECY-A1-PreQ1-TO product relating fluorescence and concentration. 

(E) Plotted initial rates observed from A to determine enzyme reaction kinetic parameters kcat and km for PreQ1-TO 

with ECY-A1. 
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There is significant interest in methods to detect and image RNA.36–38 RNA-TAG could be 

useful for RNA imaging; however, to limit background fluorescence due to an unreacted probe, it 

would be beneficial if nucleobase exchange was accompanied by an increase in fluorescence 

intensity. To explore fluorogenic RNA-TAG reactions, we focused our attention on the PreQ1- TO 

probe. TO probes are known to dramatically increase in fluorescence intensity upon intercalation 

into double-stranded nucleic acids.56–58 While this can lead to nonspecific binding, recent work 

has demonstrated that TO derivatives bearing functional group handles show decreased 

nonspecific binding to nucleic acids and, when coupled to small molecules which bind to RNA 

aptamers, can be used to induce specific fluorogenic responses.59 As such, we speculated that 

PreQ1- TO modification of RNA could lead to an increase in fluorescence intensity due to 

intercalation of the TO probe into the RNA stem, driven by the high local concentration of the 

covalently bound TO. We tracked the fluorescence intensity of PreQ1-TO before and after covalent 

incorporation into the RNA hairpin ECY-A1. We found that incorporation of PreQ1-TO led to an 

approximately 40-fold increase in TO fluorescence intensity, indicating that covalent modification 

by RNA-TAG likely drives TO-RNA intercalation (Figure 2.2B).  

The ability to use RNA-TAG to introduce a biotin group could have applications for the 

affinity tagging and pull-down of specific RNAs. While many studies utilize biotinylated RNA, 

the biotin group is typically incorporated during in vitro RNA synthesis.60 RNA-TAG could be a 

facile way to covalently incorporate biotin into native RNAs. As a proof of concept, we subjected 

both ECY-A1 and ECY-A1ΔC to TGT with PreQ1- Biotin and performed a streptavidin gel-shift 

assay (Figure 2.2C). We observed a gel shift of ECY-A1 upon binding streptavidin only when the 

RNA was covalently modified by TGT with PreQ1-Biotin, indicating that the biotin remains 

functional as an affinity tag, even after incorporation into RNA by TGT. 
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As our PreQ1-derivatives have structures that deviate significantly from that of natural 

PreQ1, we next estimated the kinetics of enzymatic incorporation of a fluorophore-linked PreQ1 

analog. We capitalized on the fluorogenicity of PreQ1- TO as a facile way to track TGT-catalyzed 

incorporation of this analog. Monitoring the increase in fluorescence intensity, we determined 

initial rates and derived an estimated Km = 9.8 μM and kcat = 1.6 × 10−3 s −1 (Vmax = 1.8 μM 

s−1 mg−1 ) (Figure 2.4). Comparatively, PreQ1 has a reported Km = 0.39 μM and Vmax = 2.6 μM 

s−1 mg−1 , albeit with full-length tRNA.27,28 Although our substrate has a higher Km than the 

natural substrate PreQ1, it does not greatly differ from results found using alternative analogs of 

PreQ1 with much smaller perturbations in structure.13,15,28 

2.3 mRNA labeling with enzymatic transglycosylation 

Having demonstrated that RNA-TAG could append unnatural PreQ1 analogs onto minimal 

RNA hairpins, we next sought to determine if the minimal recognition hairpin could be recognized 

on much larger RNA molecules such as mRNA transcripts. We inserted the ECY-A1 hairpin 

within the 3′ UTR of an mRNA transcript coding for the red fluorescent protein mCherry 

(mCherry-TAG). Transcripts were exposed to PreQ1-BODIPY and PreQ1-Cy7 with and without 

enzyme. The transcripts were run on a denaturing polyacrylamide gel, and labeling was detected 

by fluorescence imaging (Figure 2.5A). When TGT was present, labeling of the transcript took 

place, as indicated by observation of strong fluorescent bands on the polyacrylamide gel that co-

localized with the transcript RNA (Figure 2.6). The mCherry mRNA transcript contains 11 

instances of UGU, making it possible that TGT could modify an off-target sequence. To test this, 

we mutated the G of the hairpin recognition motif to C (mCherry-TAGΔC) and attempted to 

incorporate PreQ1-BODIPY. In this case, we observed negligible fluorescence staining of the RNA 

transcript, demonstrating that labeling is specific to the UGU sequence of our appended hairpin 

with minimal off-target reactions (Figure 2.7). To determine if fluorogenic labeling was also 
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possible on in vitro transcribed RNA, transcripts were isolated and exposed to PreQ1-TO with or 

without bacterial TGT. Although background fluorescence was observed due to nonspecific 

binding of PreQ1-TO to RNA,19 when TGT was present, we observed a significant increase in 

fluorescence intensity, which persisted after protease degradation of the enzyme (Figure 2.5B). 

Furthermore, this fluorescence increase was reversed upon degradation of the RNA, indicating the 

probe’s ability to serve as a metric for RNA lifetime (Figure 2.8). We also tested mCherry-TAGΔC 

for its ability to react with PreQ1-TO. In this case, we observed negligible fluorescence turn-on in 

the presence of enzyme.  

 

Figure 2.5. TGT labeling reactions with full-length RNA transcripts containing a recognition sequence in the 3′ UTR. 

(A) Fluorescent labeling of mCherry-TAG transcript with PreQ1-BODIPY and PreQ1-Cy7 visualized via 4% 

denaturing PAGE. (B) Fluorescence emission spectra of fluorogenic labeling reaction with PreQ1-TO. Fluorescence 

normalized to PreQ1-TO with RNA in the absence of TGT enzyme. (C) PAGE analysis of streptavidin pull-down 

assay. Transcript subjected to TGT reaction conditions with PreQ1-Biotin was subsequently pulled down with 

streptavidin M-280 Dynabeads. Lanes representing recovered mCherry-TAG and mCherry-TAGΔC are shown. 
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Figure 2.6. PAGE gel of mCherry-TAG labeled with PreQ1 fluorescent probes imaged by multi channel fluorescence 

imaging (left) and by white light imaging after methylene blue staining (right). PreQ1-TO in the absence of enzyme is 

visible due to non-specific binding of PreQ1-TO with the in vitro transcribed RNA. 

 

Figure 2.7. PAGE gel of PreQ1-BODIPY labeled mCherry transcripts imaged by fluorescence imaging (left) and 

white light imaging after staining with methylene blue (right). 

 

Figure 2.8. 10 µM TGT enzyme, 20 µM PreQ1-TO, and 100 nM transcript RNA were incubated at 37 °C for 2 hours. 

Samples were then diluted 30-fold, and subjected to micrococcal nuclease (NEB) at the time point indicated and 

fluorescence was monitored over time. Fluorescence was normalized to 20 µM PreQ1-TO in buffer 
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Transcript labeling with PreQ1-Biotin should allow for effective pull-down assays with 

avidin-based solid support beads. We subjected both mCherry-TAG and mCherryTAGΔC to TGT 

labeling with PreQ1-Biotin. The RNA was subsequently treated with streptavidin-linked 

Dynabeads. The beads were then washed extensively, and the bound RNA was recovered and 

analyzed using gel electrophoresis. We observed a single RNA band corresponding to the 

transcript only when mCherry transcript contained the ECY-A1 hairpin in its 3′ UTR (Figure 2.5C 

and Figure 2.9). Additionally, we demonstrated that the mCherry-TAG could be selectively labeled 

and pulled down in the presence of total CHO RNA extract (Figure 2.10). This demonstrates that 

RNA-TAG could have application for the isolation of specific RNA transcripts genetically 

encoded with the minimal ECY-A1 hairpin.  

 

Figure 2.9. 4% PAGE gel illustrating RNA present during different stages of the streptavidin pull-down assay imaged 

by fluorescence imaging after staining with Sybr Green-II. 
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Figure 2.10. 4% PAGE gel illustrating selectivity of the reaction in total extracted CHO RNA. Lanes represent RNA 

present during different stages of the streptavidin pull-down assay visualized with methylene blue. 

Given the substrate specificities of bacterial and eukaryotic TGTs, it may be possible to 

selectively label RNA in eukaryotic cells using RNA-TAG. To test if cellular imaging is possible, 

we transiently transfected Chinese hamster ovary (CHO) cells with plasmids coding for mCherry-

TAG. After verifying transfection by detecting the expression of mCherry by fluorescence 

microscopy, we fixed and permeabilized the CHO cells and incubated them with 1 μM TGT and 

50 μM PreQ1-Cy7. We also performed controls where cells were not administered TGT or 

transfected with the mCherry-TAG plasmid. We observed significantly greater staining of fixed 

cells only when they were treated with both TGT and mRNA plasmid. This suggests that 

endogenous mRNA labeling and imaging is possible using RNA-TAG (Figure 2.11, Figure 2.12, 

Figure 2.13). 
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Figure 2.11. Labeling of mCherry-TAG RNA expressed in CHO cells. CHO cells were transfected with a plasmid 

expressing mCherry-TAG RNA for 16 h at 37 °C. Cells were fixed, permeabilized, and then treated with PreQ1-Cy7 

± TGT for 4 h at 37 °C, subsequently washed with PBS, and imaged. 

 

Figure 2.12. CHO cells were transfected with mCherry-TAG plasmid for 16 hr at 37 °C. Cells were fixed, 

permeabilized, and then treated with PreQ1-BODIPY-FL +/- TGT for 4 hr at 37 °C, subsequently washed with PBS 

and imaged via confocal microscopy with a 100x (1.4 N.A.) objective. 
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Figure 2.13. CHO cells were transfected with mCherry-TAG plasmid for 16 hr at 37 °C. Cells were fixed, 

permeabilized, and then treated with PreQ1-Cy7 +/- TGT for 4 hr at 37 °C, subsequently washed with PBS and imaged 

via confocal microscopy with a 40x (1.3 N.A.) objective. 
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2.4 Conclusions 

The RNA-TAG methodology presented herein has been used to fluorogenically label RNA, 

pull-down RNA from a complex mixture, and image mammalian mRNA transcripts in a fixed cell 

environment. We believe that site-selective enzymatic transglycosylation will be a powerful tool 

to covalently modify native transcripts containing a minimal and encodable 17- nucleotide 

recognition sequence in a facile, plug-and-play manner. 

2.5 Experimental Methods 

2.5.1 General Information 

All reagents used for the synthesis of PreQ1 derivatives were purchased from Sigma-

Aldrich (St. Louis, MO) or Acros Organics (Geel, Belgium) and used without further purification. 

Thiazole Orange (TO) carboxylic acid was purchased from Octava Chemicals (Toronto, Canada). 

NHS-Ester molecular probes were purchased from Life Technologies (Carlsbad, CA) or 

Lumiprobe (Hannover, Germany) All DNA and RNA Oligonucleotides and synthetic gene blocks 

were purchased as custom syntheses from Integrated DNA Technologies (Coralville, IA). All 

restriction enzymes, bio-reagents, nucleotide stains, and competent bacterial strains were 

purchased from New England Biolabs (Ipswitch, MA), Promega (Madison, WI), or Life 

Technologies (Carlsbad,CA). Custom gene synthesis for the tRNA Guanine Transglycosylase 

(TGT) enzyme was ordered and synthesized by Genscript (Piscataway, NJ). Reactions were 

monitored by thin layer chromatography using Merck silica gel 60 F254 plates. Reaction mixtures 

were visualized on TLC plates by UV irradiation or by treatment with KMnO4 and I2. 1 H and 

13C NMR spectra were recorded on a Varian VX 500 NMR Spectrometer. Chemical shifts are 

reported in ppm using TMS or the residual peak from the NMR solvent as a reference. Liquid 

Chromatography with tandem low resolution mass spectra were acquired with an Agilent Infinity 

1260 LC and tandem Agilent 6120 Quadrapole mass spectrometer (Santa Clara, CA). High 
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resolution mass spectroscopy was collected on an Agilent Infinity 1260 LC and tandem Agilent 

6230 high resolution time of flight (TOF) mass spectrometer managed by the UCSD Department 

of Chemistry and Biochemistry Molecular Mass Spectroscopy Facility. Reverse-phase HPLC 

purification and analysis was performed using an Agilent 1260 Infinity HPLC with an Agilent 

Zorbax SB-C18 semi-prep column (ID 9.4 x 250 mm, 5 µm, 80 Å) using a water/methanol gradient 

containing 0.1% TFA. Oligonucleotide HPLC analysis was carried out on a Phenomenex Clarity 

Oligo-MS analytical column (ID 2.1 x 50 mm, 2.6 µm, 100 Å) using a gradient of water containing 

20% hexafluoroisopropanol (HFIP) and 0.1% TEA and methanol containing no additives. 

Fluorescence measurements were collected either on a Horiba Fluoromax-P spectrometer (for 

spectral analysis) (Kyoto, Japan) or a Tecan Saphire-II plate reader (for kinetic analysis) (Tecan, 

Männedorf, Switzerland). Absorbance measurements were obtained with a Thermo Scientific 

Nano-Drop 2000c UV-Vis spectrophotometer (Waltham, MA). All polyacrylamide gels were 

imaged either on a Bio-Rad ChemiDoc-MP gel imager (Bio-Rad, Hercules, CA) or a MaestroTM 

In Vivo Imaging System (CRI, Woburn, MA). 

2.5.2 Buffers 

TGT Lysis Buffer: 20 mM Tris pH 7.9, 500 mM NaCl, and 100 μM PMSF  

T7-RNAP Lysis Buffer: 50 mM phosphate buffer, pH 8.0, 300mM NaCl, 5mM BME, 5% 

glycerol (v/v), and 100 μM PMSF  

TGT Storage Buffer: 25 mM HEPES, pH 7.3, 2 mM DTT, 1 mM EDTA, and 100 μM PMSF.  

TGT Reaction Buffer: 100 mM HEPES, pH 7.3, 5 mM DTT, and 20 mM MgCl2.  

T7 Reaction Buffer: 40 mM Tris pH 7.5, 5 mM DTT, 25 mM MgCl2, 2 mM spermidine.  

TBE Buffer: (10x stock) 108 g Tris base, 55 g boric acid, 7.5 g EDTA in 1 L Milli-Q water.  
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2X RNA Loading Buffer: 95% Formamide, 0.02% SDS, 0.02% bromophenol blue, 0.01% 

xylene cyanol, 1 mM EDTA  

Streptavidin pull-down Binding and Washing (B&W Buffer): 5 mM Tris-HCl, pH 7.5, 0.5 mM 

EDTA, 1 M NaCl, 0.05% Tween 

2.5.3 Chemical Synthesis 

2.5.3.1 Synthesis of PreQ1-PEG3-NHBoc 1 

 

Scheme 2.1. Synthesis of PreQ1-PEG3-NHBoc 

PreQ1 dihydrochloride (Sigma-Aldrich, St. Louis, MO) (7.4 mg, 0.029 mmol) was 

suspended in 150 µL anhydrous DMF. DBU (13.7 mg, 0.09 mmol) was added to the mixture, 

followed by N-Boc-PEG3-bromide (BP-22234, Broadpharm, San Diego, CA) (12.5 mg, 0.035 

mmol). The mixture was heated at 65 °C overnight. Solvent was removed in vacuo and the residue 

was purified by column chromatography (DCM : MeOH : 30% NH4OH = 7 : 1 : 0.1) to yield 4.13 

mg (31%) of 1 as a light yellow oil. 

1H NMR (500 MHz, D2O) δ 6.87 (d, J = 4.0 Hz, 1H), 4.23 – 4.11 (m, 2H), 3.80 – 3.48 (m, 

12H), 3.20 (q, J = 5.6 Hz, 2H), 3.14 (q, J = 4.7 Hz, 2H), 1.49 – 1.32 (m, 9H).  

13C NMR (126 MHz, D2O) δ 163.32, 158.09, 154.58, 151.68, 117.84, 110.77, 98.81, 80.89, 

69.58, 69.58, 69.48, 69.33, 69.33, 67.08, 45.92, 43.53, 39.58, 27.58, 27.58, 27.58.  

HRMS [M+H]+ m/z calcd. for [C20 H35N6 O6]
+ 455.2613, found 455.2615 (Δ = 0.4 ppm). 
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2.5.3.2 Synthesis of PreQ1-PEG3-NH2 2 

 

Scheme 2.2. Synthesis of PreQ1-PEG3-NH2 

PreQ1-PEG3-NHBoc 1 was dissolved in 1 mL DCM, 0.6 mL TFA was slowly added. The 

mixture was stirred at room temperature for 1 hr. The solution was concentrated in vacuo. The 

resulted yellow oil was used for next reaction without further purification. 

2.5.3.3 General Procedure for synthesis of fluorophore or biotin modified PreQ1 

PreQ1-PEG3-NH2 2 (1 eq.) was dissolved in DMF to give a final concentration of 300 mM. 

Triethylamine (5 eq.) was added to the mixture, followed by a solution of the corresponding NHS 

Ester (1 eq.) in DMF. The mixture was stirred at room temperature for 30 minutes. Upon the 

completion of the reaction, the solvent was removed in vacuo and the mixture was purified by 

preparative TLC or HPLC. 

2.5.3.4 PreQ1-BODIPY 3 

 

Scheme 2.3 Synthesis of PreQ1-BODIPY 

0.9 mg of 2 and BODIPY NHS Ester (D-2184, Molecular Probes, Eugene, OR) yielded 1.3 

mg (82%) of 3 as an orange solid . 3 was purified by using preparative TLC (DCM : MeOH : 30% 

NH4OH = 10 : 1 : 0.1).  

1H NMR (500 MHz, D2O) δ 7.20 (d, J = 6.7 Hz, 1H), 6.98 (dd, J = 5.2, 3.9 Hz, 1H), 6.76 

(s, 1H), 6.36 (t, J = 3.8 Hz, 1H), 6.24 (d, J = 3.6 Hz, 1H), 4.07 (dt, J = 3.9, 1.9 Hz, 2H), 3.78 - 3.61 
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(m, 12H), 3.46 (t, J = 5.0 Hz, 2H), 3.22 - 3.11 (m, 4H), 2.70 (t, J = 7.7 Hz, 2H), 2.46 (s, 3H), 2.22 

(d, J = 3.7 Hz, 3H).  

13C NMR (126 MHz, D2O) δ 174.97, 161.17, 160.84, 155.37, 152.55, 151.13, 146.14, 

135.15, 132.87, 128.28, 124.04, 120.77, 119.00, 116.23, 98.31, 69.74, 69.62, 69.56, 69.45, 68.97, 

65.43, 62.51, 45.53, 42.91, 39.03, 34.75, 24.21, 14.06, 10.44. 

HRMS [M+H]+ m/z calcd. for [C29 H39BF2N8O5]
 628.3214, found [M+H] 628.3212 (Δ = 

0.3 ppm). 

2.5.3.5 PreQ1-PEG3-Biotin 4 

 

Scheme 2.4 Synthesis of PreQ1-PEG3-Biotin 

0.9 mg of 2 and biotin NHS Ester (H1759, Sigma-Aldrich, St. Louis, MO) yielded 1.3 mg 

(88%) of 4 as a white solid. 4 was purified by using preparative TLC (DCM : MeOH : 30% NH4OH 

= 15 : 1 : 0.1).  

1H NMR (500 MHz, D2O) δ 6.91 (s, 1H), 6.91 (s, 0H), 4.57 – 4.49 (m, 1H), 4.33 – 4.27 

(m, 3H), 3.75 (t, J = 4.9 Hz, 2H), 3.67 – 3.57 (m, 8H), 3.52 (t, J = 5.3 Hz, 2H), 3.31 – 3.23 (m, 

4H), 3.20 (dt, J = 9.6, 5.2 Hz, 1H), 2.90 (dd, J = 13.1, 5.0 Hz, 1H), 2.69 (d, J = 13.0 Hz, 1H), 2.15 

(t, J = 7.3 Hz, 2H), 1.67 – 1.39 (m, 4H), 1.34 – 1.22 (m, 2H).  

13C NMR (126 MHz, D2O) δ 176.69, 165.18, 161.26, 152.81, 151.47, 119.35, 107.68, 

98.38, 69.57, 69.51, 69.51, 69.27, 68.76, 65.37, 61.92, 60.11, 55.22, 45.73, 43.11, 39.56, 38.72, 

35.28, 27.77, 27.55, 25.01. 

HRMS [M+H]+ m/z calcd. for [C25H41N8O6S]+ 581.2864, found 581.2863 (Δ= 0.2 ppm). 
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2.5.3.6 PreQ1-PEG3-Cy7 5 

 

Scheme 2.5. Synthesis of PreQ1-PEG3-Cy7 

1 mg of 2 and Cy7 NHS Ester (25020, Lumiprobe, Germany) yielded 1.3 mg (52%) of 5 

as a dark blue solid. 5 was purified by reverse phase HPLC.  

1H NMR (500 MHz, CD3OD) δ 7.91 - 7.66 (m, 2H), 7.64 - 7.34 (m, 5H), 7.34 - 7.16 (m, 

4H), 6.84 (s, 1H), 6.23 - 6.09 (m, 2H), 4.29 (s, 2H), 4.09 (t, J = 7.3 Hz, 2H), 3.80 - 3.44 (m, 15H), 

3.24 (t, J = 4.9 Hz, 2H), 2.56 (q, J = 6.2 Hz, 4H), 2.21 (t, J = 7.3 Hz, 2H), 2.01 - 1.89 (m, 2H), 

1.89 - 1.78 (m, 2H), 1.78 - 1.59 (m, 14H), 1.52 - 1.40 (m, 4H).  

13C NMR (126 MHz, CD3OD) δ 175.91, 173.79, 172.41, 167.82, 162.60, 156.65, 154.58, 

153.92, 150.30, 150.16, 149.37, 144.38, 143.83, 142.32, 133.86, 133.63, 129.71, 126.01, 125.77, 

123.35, 123.25, 123.21, 119.30, 111.59, 109.72, 101.00, 100.51, 99.79, 71.56, 71.49, 71.43, 71.19, 

70.56, 67.12, 67.06, 67.00, 47.35, 44.78, 44.73, 44.63, 40.23, 36.63, 31.43, 28.05, 28.02, 27.98, 

27.89, 27.86, 27.48, 26.52, 24.97, 22.74.  

HRMS [M+H]2+/2 m/z calcd. for [C52H71N8O5]
+ 443.2729, found 443.2726. (Δ = 0.7 ppm). 
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2.5.3.7 PreQ1-PEG3-Thiazole Orange 6 

 

Scheme 2.6. Synthesis of PreQ1-PEG3-Thiazole Orange 

3 mg of (Z)-1-(5-carboxypentyl)-4-((3-methylbenzo[d]thiazol-2(3H)-

ylidene)methyl)quinolin-1-ium bromide (Otava Chemicals, Canada) was dissolved in 0.5 mL 

DMF, followed by the addition of 2.2 mg HATU and 7 µL of DIEA. The mixture was stirred at 

room temperature for 10 min, before the addition of 2 mg of 2. The mixture was stirred for 1 hr. 

Upon completion of the reaction, the mixture was concentrated in vacuo and the residue was 

purified by reverse phase HPLC. The 3.6 mg (62%) of product 6 was collected as an orange solid. 

1H NMR (500 MHz, CD3OD) δ 8.67 (d, J = 8.6 Hz, 1H), 8.43 (d, J = 7.2 Hz, 1H), 8.07 (d, 

J = 8.6 Hz, 1H), 7.98 (t, J = 7.4 Hz, 0H), 7.91 (d, J = 7.9 Hz, 1H), 7.76 (t, J = 7.4 Hz, 1H), 7.69 

(d, J = 8.2 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.49 (d, J = 7.0 Hz, 1H), 7.44 (t, J = 7.4 Hz, 1H), 6.94 

(s, 1H), 6.82 (s, 1H), 4.60 (t, J = 7.1 Hz, 2H), 4.26 (s, 2H), 4.02 (s, 3H), 3.81 - 3.46 (m, 12H), 3.23 

(t, J = 4.9 Hz, 2H), 2.22 (t, J = 7.1 Hz, 2H), 2.00 (q, J = 7.6 Hz, 2H), 1.70 (q, J = 7.8 Hz, 2H), 1.46 

(q, J = 8.1 Hz, 2H), 1.30 (s, 2H).  

13C NMR (126 MHz, CD3OD) δ 178.32, 164.98, 164.65, 156.98, 156.34, 153.48, 147.43, 

144.44, 141.25, 136.93, 131.95, 130.59, 129.08, 128.66, 128.38, 128.13, 126.11, 121.67, 121.36, 

116.18, 112.21, 112.09, 102.19, 91.70, 73.99, 73.91, 73.85, 73.60, 72.99, 69.52, 58.25, 49.80, 

47.22, 42.67, 39.00, 36.53, 32.45, 29.50, 28.69.  

HRMS [M]+ m/z calcd. for [C39H49N8O5S]+ 741.3541, found 741.3543 (Δ = 0.3 ppm). 
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2.5.4 Plasmids 

2.5.4.1 TGT enzyme plasmid 

The sequence of E.coli TGT was written into a custom synthesis within a pUC19 vector from 

Genscript USA Inc. (Piscataway, NJ). The gene was then cloned out using standard PCR with 

flanking upstream PstI and downstream HindIII cut sites. The PCR product was purified using 

the QIAquick PCR Purification Kit (Qiagen, Venlo, Limburg Netherlands). The PCR product 

was subsequently inserted between PstI and HindIII within a derivative based upon pUCIDT-

Kan. BL21 E. coli competent cells (Life Technologies, Carlsbad, CA) were then transformed 

with the ligation product and screened against kanamycin on agar plates overnight. Colonies 

were selected and overgrown, and the overgrowth was subjected to DNA extraction with a 

QIAGEN Plasmid Mini Kit (Qiagen, Venlo, Limburg Netherlands) and sequencing was 

performed to verify the inserted gene. 

2.5.4.2 mCherry-TAG plasmid 

A synthetic gene block containing the sequence for mCherry was designed and ordered 

from IDT (Coralville, IA). Specifically, the gene was designed with the ECY-A1 hairpin 

downstream of mCherry flanked by two 40nt spacers designed to have minimal secondary 

structure when transcribed into RNA. The geneblock was cloned into a mammalian expression 

vector pSNAPf (NEB, Ipswitch, MA) between cut sites EcoRV and XhoI. DH5a competent cells 

(Life Technologies, Carlsbad, CA) were then transformed with the ligation product and screened 

against ampicillin on agar plates overnight. Colonies were selected and overgrown, and the 

overgrowth was subjected to DNA extraction with a QIAGEN Plasmid Maxi Kit (Qiagen, Venlo, 

Limburg Netherlands) and sequencing was performed to verify the inserted gene. 
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2.5.4.3 mCherry-TAGΔC plasmid 

The G to C replacement variant was constructed by using a primer 

“cgcagactctaaatctgcccccatg” based on the hairpin recognition element of the bacterial tRNA 

guanine transglycosylase with a single base change GΔC. The primer and its complement was first 

re-suspended at 20 µM in CutSmart® buffer in the presence of T4 ligase and NsiI (NEB, Ipswitch, 

MA) to prevent any reverse ligations. After 20 min at RT, the enzymes where heat inactivated and 

the mixture was used as the primers for the amplification of mCherry-TAG by polymerase chain 

reaction (PCR) using KOD Hot Start polymerase (Merck, Kenilworth, NJ) according to the 

manufacture’s protocol. The PCR product was first gel purified using QIAquick Gel Extraction 

Kit (Qiagen, Venlo, Limburg Netherlands) and then inserted in between an EcoRV and an Xho1 

site of a PsnapF vector (NEB, Ipswitch, MA). Colonies were selected and screened for those 

containing GΔC point mutation with an fspI cut site just after the incorporated ECY-A1ΔC hairpin. 

2.5.5 Protein expression and purification 

2.5.5.1 TGT enzyme 

The TGT Enzyme was expressed and purified adapting a previously described literature 

procedure.61 BL21 cells previously transformed with the TGT-His plasmid described above were 

seeded into two one-liter culture flasks containing 50 µg/mL kanamycin in freshly autoclaved LB 

media. The cultures were placed in a shaker / incubator and incubated at 37 °C until the optical 

cell density reached OD ~0.6 AU. Expression was then induced via inoculation with IPTG 

(Teknova, Hollister, CA) at a final concentration of 1 mM, and the cells continued to incubate for 

an additional 4 hours. Cells were then pelleted at 10,000 RPM for 15 minutes at 4 °C and stored 

at -20 °C overnight until lysed. Cells were suspended in 10 mL of TGT Lysis Buffer containing 5 

mM Imidazole, and passed through a French press for lysis (4 rounds at roughly 1000 psi). Cellular 
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debris was centrifuged away by spinning at 10,000 rcf for 30 minutes at 4 °C. The supernatant was 

then mixed with 1 mL of freshly prepared nickel charged HisPur Ni-NTA resin (Thermo Scientific, 

Waltham, MA) that had been pre-equilibrated with TGT lysis buffer containing 5 mM Imidazole 

and gently shaken at 4 °C for 3 hours. The resin was placed into a column at 4 °C and washed with 

20 mL of TGT lysis buffer containing 5 mM Imidazole, followed by 15 mL of wash buffer (TGT 

lysis buffer + 60 mM imidazole). The protein was eluted with 15 mL of elution buffer (TGT lysis 

buffer + 350 mM imidazole). Elution fractions were combined and dialyzed through a 20 kDa 

MWCO Slide-Α-Lyzer dialysis cassette (Thermo Scientific, location) into TGT storage buffer 

over 18 hours across 4 x 500 mL buffer exchanges at 4 °C. The enzyme was verified by PAGE gel 

and distributed into 100 µL aliquots of roughly 1 mg/mL and stored at -80 °C until used. 

2.5.5.2 T7 RNA polymerase 

T7-RNA Polymerase expression plasmid was graciously donated by the Toor lab of UCSD 

as BL21 transformed cells. The transformed cells were seeded into a one liter culture flask 

containing 100 µg/mL carbenicillin in freshly autoclaved LB media. The culture was placed in a 

shaker / incubator and incubated at 37 °C until the optical cell density reached OD ~0.6 AU. 

Expression was then induced via inoculation with IPTG at a final concentration of 1 mM, and 

allowed to continue to incubate for an additional 4 hours. Cells were then pelleted at 10,000 RPM 

for 15 minutes at 4 °C and stored at -20 °C overnight until lysed. Cells were resuspended in 10 mL 

of T7-RNAP lysis buffer containing 5 mM Imidazole, and passed through a French press for lysis 

(4 rounds at ~1200 psi). Cellular debris was centrifuged away by spinning at 10,000 g for 30 

minutes at 4 C. The supernatant was then mixed with 1 mL of freshly prepared nickel charged 

HisPur Ni-NTA resin that had been pre-equilibrated with T7-RNAP lysis buffer containing 5 mM 

Imidazole and gently shaken at 4 °C for 3 hours. The resin was placed into a column at 4 °C and 
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washed with 10 mL of T7-RNAP lysis buffer containing 10 mM imidazole, followed by 10 mL of 

T7-RNAP lysis buffer containing 20 mM imidazole. The protein was then eluted with T7-RNAP 

lysis buffer containing 100 mM imidazole and collected at 4 °C. The combined eluent was spin 

dialyzed with a 50 K MWCO Amicon centrifuge filter (EMD Milipore, Billerica, MA) with fresh 

T7-RNAP lysis buffer lacking imidazole. The polymerase was verified by PAGE gel and 

distributed into 100 µL aliquots of roughly 10 mg/mL and stored at -20 °C until used. 

2.5.6 Enzymatic Modification of RNA Oligonucleotides by tRNA Guanine Transglycosylase 

(TGT) 

2.5.6.1 General TGT reaction with RNA oligonucleotide hairpins 

TGT reaction conditions were adapted from a previously reported literature procedure.61 

An eppendorf tube containing 10 µM RNA oligonucleotide, 100 µM PreQ1 derivative, and 10 µM 

TGT enzyme were prepared in a final volume of 50 µL of TGT reaction buffer. The reactions were 

incubated at 37 °C for a minimum of 2 hours. The reactions were halted by chilling samples to 4 

°C or freezing at -80 °C until purified or analyzed. 

2.5.6.2 Liquid chromatography and mass spectroscopy analysis of PreQ1 modified RNA 

hairpins 

Samples were first prepared according to the general procedure. Samples were allowed to 

react for 6 hours and frozen at -80 °C until analyzed (PreQ1-Biotin required 24 hours for 

completion). Samples were diluted 1:2 with milli-Q water and injected onto a clarity Oligo-MS 

column (Phenomenex, Torrance, CA) and analyzed by HPLC according to the following gradient: 

(A= Milli-Q water containing 20% hexafluoroisopropanol (HFIP) and 0.1% TEA, B= methanol), 

Initial conditions 95% A, 5% B, hold 2 min then a linear gradient starting at 2 min and ending at 

10 min with 45% A, 55% B. Samples were monitored at 260 nm as well as either 505 nm or 700 
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nm as appropriate when fluorophore PreQ1 derivatives were employed. HRMS samples were 

collected in negative ion mode and analyzed in a similar manner by combining the mass spectrum 

traces across the peak of interest. Raw mass spectrum were deconvoluted using MagTran software 

package v. 1.03 b3 (Zhongqi Zhang, Amgen) to calculate the observed parent mass reported in 

Table S2. 

2.5.6.3 Fluorescence emission spectra of PreQ1-TO probe turn-on with ECY-A1 hairpin 

Samples of ECY-A1, ECY-A1ΔC, and ECY-X1 were first prepared in a similar fashion to 

the general protocol except only 20 µM PreQ1-TO was employed to avoid non-specific binding to 

the hairpins. Samples were allowed to react for 2 hours, verified to be at completion by HPLC, 

and diluted 30-fold into TGT reaction buffer. Spectra were then collected on a Fluoromax-P 

spectrophotometer by excitation at 501 nm and scanning emission from 510 to 600 nm with 

excitation and emission slit width at 5 nm and an integration time of 1 s. All spectra were 

background subtracted from TGT reaction buffer and Normalized against the fluorescence 

intensity values of a sample containing an analogous concentration of PreQ1-TO (0.667 µM) in 

TGT reaction buffer. 

2.5.6.4 Estimation of PreQ1-TO substrate kinetics with ECY-A1 

An estimation of PreQ1-TO substrate kinetics with ECY-A1 was performed under similar 

concentrations and conditions to that found from previous kinetic analyses using radiolabeled 

substrates. 2 A triplicate set of 20 µL reactions was analyzed using a Tecan Saphire-II plate reader 

in a Greiner 384 well flat bottom plate (VWR, CAT# 89089-584). Each well was prepped with 10 

µM ECY-A1 and a variable amount (from 100 µM to 10 nM in serial 1/3 dilutions) of PreQ1-TO 

in TGT reaction buffer. The plate was covered and allowed to warm up to 37 °C for 10 minutes. 

The plate was then placed upon a 37 °C metal sheet and to each well was added TGT enzyme to a 
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final concentration of 100 nM. Each well was then covered with 10 µL of light mineral oil (to 

prevent evaporation of water) and the plate was immediately subjected to a fluorescence reading 

for the first kinetic time point at 37 °C. Each well was monitored with an excitation of 501 nm and 

emission of 531. The excitation bandwidth was set to 20 nm and the emission bandwidth was set 

to 5 nm. The gain was held fixed and the integration time set to 1 second with 10 reads averaged 

to each data point collected. The sample was monitored for 30 minutes at 37 °C with a reading 

taken every 2 minutes. The data was worked up using an ECYA1-PreQ1-TO calibration curve to 

convert fluorescence into concentration of product in each sample for each time point to achieve 

an estimation of the initial rate of each reaction in M-1 /s-1 . The data was plotted in Graph Pad 

Prism v. 6.0a (La Jolla, CA) and the slope of each line resulting from each concentration was taken 

to be the initial rate. The initial rates were then plotted against the concentration of substrate to 

achieve a standard kinetic curve. This curve was analyzed with Graph Pad Prism v. 6.0a utilizing 

the “Enzyme Kinetics- Substrate v Velocity kcat” curve fitting package to obtain the reported Km 

and Kcat. 

2.5.6.5 Streptavidin gel shift of RNA hairpins  

ECY-A1 RNA and ECY-A1ΔC was incubated in a mixture of 10 μM RNA, 100 μM PreQ1- 

Biotin, and 1 μM TGT (omitted in control samples) in TGT reaction buffer at 37 °C for 24 hours. 

After the reactions were complete, the RNA was precipitated by addition of 10% volume of 3M 

sodium acetate and 2.5 volumes 95% ethanol and incubation at -20 °C overnight. After 

centrifugation at 4 °C (16,100 g, 30 min), the resulting RNA pellet was resuspended in water, and 

the concentration of RNA was quantified. The prepared RNA was then incubated in the presence 

of streptavidin (Life Technologies, Carlsbad, CA) at 37 °C for 1 hour in a mixture containing the 

following: 10 mM Tris (pH 8.1), 2.5 μM RNA, and 50 μM streptavidin. 1X RNA loading dye 
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(NEB, Ipswitch, MA) was added to the sample (without heat denaturation) and samples were 

analyzed by 15% denaturing PAGE. 

2.5.7 RNA Transcript Synthesis 

DNA plasmid template was first cut to ensure uniform length transcriptions. mCherry-TAG 

plasmid was digested by EcoRV and XhoI, while mCherry-TAGΔC was digested by EcoRV and 

FspI. Approximately 50 ng of intact plasmid was dissolved in CutSmart Buffer to a final 

concentration of roughly 500 ug/mL and 50 units of each enzyme were added. The solution was 

heated at 37 °C for 2 hours and cooled to room temperature. The DNA was extracted with equal 

volume of molecular biology grade phenol / chloroform / isoamyl alcohol (25:24:1) (Sigma) and 

vortexed for 2 minutes followed by a 5 min centrifuge at 10,000 g. 85% of the top aqueous layer 

was carried to a fresh tube and an equal portion of chloroform was added and again vortexed for 

2 minutes followed by 5 minutes of centrifugation at 10,000 g. 75% of the aqueous layer was 

placed into a fresh tube for DNA precipitation. The cut DNA was precipitated by addition of 10% 

volume of 3M sodium acetate pH 5.2 and 2.5 volumes of 95% ethanol. The sample was chilled to 

-20 °C for one hour, centrifuged at 16,100 g for 20 minutes at 4 °C, and ethanol was removed 

gently via pipette. The DNA pellet was air dried and resuspended in 100 µL of RNAse free 

molecular biology grade water and used directly in a 1 mL transcription reaction.  

Each transcription reaction was setup with approximately 30-40 ng of cut plasmid, 5 mM 

RNA NTPs (1.25 mM each ATP, CTP, GTP, UTP) (NEB, Ipswitch, MA), 1 unit of Thermostable 

Inorganic Pyrophosphatase (NEB, Ipswitch, MA), 57 µg/µL T7-RNAP, and 0.05% Triton X-100 

(Sigma, St. Louis, MO) in T7 Reaction Buffer. The transcription was run at 37 °C for 3-4 hours 

and halted over 1 hour at 37 °C by addition of 2.4 µL of 0.5 M CaCl2 followed by 20 Units of 

Turbo DNAse (Life Technologies, Carlsbad, CA). The sample was then treated with 8 Units of 
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Proteinase K (NEB, Ipswitch, MA) and incubated an additional 45 minutes at 37 °C. The 

transcription reaction was then centrifuged at max speed for 10 minutes at room temperature to 

pellet any remaining magnesium pyrophosphate and the supernatant was decanted and spin 

dialyzed 6 x 500 µL into molecular biology grade RNAse free water via Nanosep 100K Omega 

spin filter (Pall Corporation, Port Washington, New York). The RNA was quantified at 260 nm, 

confirmed as a single observable UV shadowing band by 4% denaturing PAGE (4% 

polyacrylamide in TBE with 8M urea) and kept frozen at -20 °C until used. 

2.5.8 TGT in vitro Reactions with RNA Transcripts 

2.5.8.1 General labeling reaction procedure for fluorescence spectra and gel analysis 

A 25 µL reaction was setup in a small eppendorf tube containing 100 nM RNA transcript, 

50 µM PreQ1 derivative, and 1 µM TGT in TGT reaction buffer. 1 unit of RNaseIn (Promega, 

Madison, WI) was added to each reaction to prevent degradation of the transcript. The reaction 

was allowed to proceed for 4 hours, after which the sample was cooled to 4 °C and either used 

directly or stored at -80 °C until further analyzed. 

2.5.8.2 Gel Analysis of TGT reactions with PreQ1 derivatives 

To perform the multi-label gel image, mCherry-TAG was labeled according to the general 

labeling procedure for transcripts with PreQ1-TO, PreQ1-BODIPY, and PreQ1-Cy7. After the 

reactions were complete, the RNA was precipitated by addition of 10% volume of 3M sodium 

acetate and 2.5 volumes 95% ethanol. The samples were then precipitated at -80 °C for 2 hours 

after which they were centrifuged at 16,100 g for 30 minutes at 4 °C. The ethanol was carefully 

pipetted away and the RNA pellet was allowed to air dry for 10 minutes on the bench. The pellet 

was resuspended in 10 µL of 1X RNA loading dye (NEB, Ipswitch, MA), heated to 95 °C for 2 

minutes, placed on ice for 20 minutes, and subsequently loaded into a freshly poured denaturing 
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4% polyacrylamide gel (4% polyacrylamide in 1X TBE buffer with 8% urea) and run at 120 V for 

approximately 2 hours until the xylene cyanol blue dye had reached the bottom of the gel. The 

electrophoresis was halted and the gel was imaged using a MaestroTM In Vivo Imaging System 

(CRI, Woburn, MA) with both a GFP filter set (for BODIPY and TO imaging) and a Cy7 filter set 

(for Cy7 imaging). The images were merged and false colored accordingly to achieve the multi-

colored gel image. The gel was then stained with methylene blue (0.02% methylene blue (Sgima) 

in 0.4 M sodium acetate pH 5.5) for 30 minutes, followed by an overnight destain in milli-Q water. 

The gel was then imaged on a white light trans-illuminator with a digital camera. 

To determine the specificity of TGT for the ECY-A1 loop within full length transcripts, 

PreQ1- BODIPY was reacted with either mCherry-TAG or mCherry-TAGΔC in the presence and 

absence of TGT enzyme as previously described. The samples were then precipitated and run on 

a 4% denaturing polyacrylade gel as described and imaged first using a Bio-Rad ChemiDoc-MP 

imager (Bio-Rad, Hercules, CA), and then treated with methylene blue and imaged as described. 

2.5.8.3 Dynabeads Streptavidin pull-down of PreQ1-Biotin modified transcripts 

mCherry-TAG and mCherry-TAGΔC transcripts was incubated in a mixture of 1 μM RNA, 

100 μM PreQ1-Biotin, and 1 μM TGT (omitted in control samples) in TGT reaction buffer at 37 

°C for 4 hours. 1unit of RNAseIn (Promega, Madison, WI) was added to the reaction to prevent 

transcript degradation. Samples were drop dialyzed through 0.02 µm MF-Millipore membrane 

filter (Millipore, Billerica, MA) using 25 mL Milli-Q water and subsequently ethanol precipitated 

by addition of 10% volume of 3M sodium acetate and 2.5 volumes 95% ethanol and incubation at 

-20 °C overnight. After centrifugation at 4 °C (16,100 g, 30 min), the resulting RNA pellet was 

resuspended in water, and the concentration of RNA was quantified.  
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Streptavidin M280 Dynabeads® (Life Technologies, Carlsbad, CA) were washed 

according to manufacturer’s instructions for RNA applications using binding and washing (B&W) 

buffer. Beads were blocked in B&W buffer with yeast tRNA (0.1 mg/100 uL of beads). Following 

the blocking step, beads were washed twice with B&W buffer. Pull down was then performed by 

incubation of 1 μg of prepared RNA with 10 uL of washed beads in B&W buffer at room 

temperature for 30 minutes with constant rotation. The beads were then washed three times with 

B&W buffer. Elution of bound RNA from beads was achieved by incubation in 2X RNA loading 

dye (NEB, Ipswitch, MA) for 3 min at 96 °C. Samples were then analyzed by 4% denaturing 

PAGE.  

To examine the selectivity of the reaction in the presence of cellular RNA, we performed 

the above reaction with an equal mass of total RNA extracted from CHO cells (Chinese Hamster 

Ovary cells; CRL-9606, ATCC, Manassas, VA) with Trizol® (Thermo Scientific, Waltham, MA) 

according to manufacturer protocols. The pull-down was performed in a similar manner as 

described above. 

2.5.9 Fixed Cell Labeling of Endogenously Expressed mCherry-ECY-A1 Transcript 

Chinese Hamster Ovary (CHO) cells (CRL-9606, ATCC, Manassas, VA) were cultured in 

Ham’s F-12K media (Life Technologies, Carlsbad, CA) and kept under 20 passages from the 

ATCC standard line. CHO cells were plated at an initial density of 10,000 cells per well in a Nunc 

Lab-Tek 8 well chamber slide (Thermo Scientific, Waltham, MA). Cells were allowed to adhere 

overnight and washed with Opti-MEM media (Life Technologies, Carlsbad, CA) and S18 

subsequently transfected with 0.5 ng of mCherry-TAG plasmid per well with 1.5 µL of 

Lipofectamine® 2000 (Life Technologies, Carlsbad, CA) in Opti-MEM as per manufacture’s 

protocol. Control wells lacking transfection were treated and washed with Opti-MEM in the 
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absence of DNA and lipofectamine®. After overnight transfection, the cells were washed twice 

with PBS (200 µL each) and fixed with 100 µL of a 3.7% paraformaldehyde in PBS solution for 

10 minutes at room temperature. Cells were then permeabilized by treatment with 100 µL of 0.1% 

Triton X-100 in PBS for 20 minutes at room temperature and washed 2 x 200 µL with fresh PBS. 

Cells were then treated for four hours at 37 °C with 100 µL of TGT reaction buffer containing 50 

µM PreQ1-Cy7 either with or without 10 µM TGT enzyme added. The cells were washed 2 x 100 

µL of PBS and imaged. Images were acquired on a confocal laser scanner FV1000 (Olympus, 

Japan) built around an Olympus IX81 inverted microscope (Olympus, Japan) with a 40x, 1.30 NA 

oil immersion objective using the FLUOVIEW software package (Olympus, Japan). The Cy7 near 

infrared fluorescent probe was excited with a 633nm HeNe laser, and the mCherry fluorescent 

protein was excited with a 543nm HeNe laser. Images were subsequently analyzed and processed 

using ImageJ (NIH, rsbweb.nih.gov).  

Higher magnification images with PreQ1-BODIPY-FL were obtained in a similar manner 

as above using a 100x, 1.4 NA oil immersion objective. BODIPY-FL was excited with an 488nm 

Argon laser. 
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3 An Enzymatic RNA Biotinylation System for Affinity Purification and 

Identification of RNA-protein Interactions 

3.1 Introduction 

Proper regulation of RNA metabolism, with elaborate networks of RNAs and their 

associated RNA-binding proteins (RBPs), underlies cellular homeostasis. Post-transcriptional 

gene regulation is dictated by the interactions of coding and noncoding RNAs with RNA-binding 

proteins to ensure the accurate coordination of RNA processing, transport, translation, and 

degradation. The 3' untranslated regions (UTRs) of mRNAs are known to be regulatory hubs for 

RNA-binding proteins that control mRNA expression level and stability.3 Furthermore, long non-

coding RNAs, through their interactions with proteins, have been shown to be involved in various 

regulatory processes such as chromatin remodeling and transcriptional activation.62 These 

networks of RNA-protein interactions have been implicated in numerous human diseases, ranging 

from cancer to neurodegeneration.1,63 Therefore, the characterization of these RNA-protein 

interactions is crucial to our understanding of RNA biology and the development of innovative 

RNA-centric therapeutic strategies.  

. With increasing appreciation for the role of RNA-protein interactions in gene regulation 

and disease, there is a growing need for methods enabling their identification via protein-centric 

and RNA-centric approaches. Protein-centric approaches, which allow for identification of RNA 

transcripts bound to a given protein, have progressed rapidly in the past decade as next-generation 

sequencing technologies have become more widely available. Techniques such as RNA 

Immunoprecipitation (RIP-seq) and crosslinking and immunoprecipitation (CLIP-seq) are widely 

used.64 While conceptually simple, RNA-centric approaches that allow for identification of 

proteins bound to a given RNA transcript are not as common as protein-centric approaches for two 

related reasons: (1) a typical mRNA is about 3 orders of magnitude less abundant than a typical 
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protein in mammalian cells,65 and (2) mass spectrometry is needed to identify cognate proteins, 

which, unlike sequencing, is not amenable to signal amplification. Because of these challenges, 

RNA affinity purification and cognate protein identification remains a challenge in RNA biology. 

Despite these obstacles, RNA-centric studies are essential to study the function and regulation of 

targeted RNA transcripts. 

Existing tools for RNA-centric interaction mapping include biotinylated antisense 

probes66,67 and naturally occurring RNA-protein partners, such as MS2 tagging;68 however, these 

approaches rely on non-covalent interactions for isolation. Enzymatic covalent biotinylation of 

RNA has various potential advantages over noncovalent approaches for affinity purification. First, 

due to the covalent interaction, it would have the potential to facilitate recovery of less abundant 

RNA transcripts. Furthermore, by providing a robust covalent linkage, stringent purification 

conditions of the RNA-protein complexes can be utilized, making such purifications much more 

accessible. However, few examples exist whereby enzymes have been harnessed to accomplish 

site-specific covalent modification of RNA.8,9,48 In previous approaches, reactive precursors such 

as primary amines and common metabolites were utilized that are likely not orthogonal to 

mammalian systems.69 Additionally, these approaches have required large stretches of RNA 

sequence, such as an entire tRNA structure, for recognition and modification. 

Recently, we have shown that a bacterial RNA modifying enzyme, tRNA guanine 

transglycosylase (TGT), can be utilized to covalently label an RNA of interest bearing a short 

encoded hairpin recognition motif. Based on the minimal recognition motif, direct covalent 

modification, and potential for selectivity in mammalian systems, we sought to apply this 

methodology, called RNA Transglycosylation at Guanosine (RNA-TAG) to the study of RNA-

protein complexes in mammalian cells (Figure 3.1). Herein, we demonstrate the use of RNA-TAG 
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as a novel and effective approach to label and isolate RNAs for the analysis of RNA-protein 

interactions using immunoblotting and quantitative mass spectrometry. Furthermore, we 

demonstrate that this methodology labels an expressed RNA of interest within cell lysates 

efficiently and selectively, demonstrating the potential breadth of this approach to include the 

study of cellular RNA interactions. 

 

Figure 3.1 Enzymatic RNA labelling with RNA-TAG. Using bacterial tRNA Guanine Transglycosylase (TGT), an 

RNA of interest containing a TGT recognition hairpin is labelled with a derivative of the natural substrate, preQ1. 

3.2 Detection of RNA-Protein Interactions by Immunoblot 

We first sought to apply RNA-TAG to study the protein binding partners of human mRNA 

targets. As a proof-of-concept, we selected a fragment of HDAC2 mRNA known to bind the 

important RNA binding protein HuR,70 as well as full-length β-actin mRNA, which is also a known 

binding partner to HuR.71,72 We designed RNA constructs for each of these sequences, termed 

HDAC2-TAG and β-actin-TAG, which had an appended 25-nucleotide TGT recognition hairpin 

at the 3' end surrounded by a short, unstructured linker at either side. Furthermore, we designed an 
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RNA construct, termed Control-TAG, that encoded the TGT recognition hairpin and linker 

regions, but did not have a specific RNA target encoded (Figure 3.2). To test whether RNA 

transcripts biotinylated using RNA-TAG could be utilized for enrichment of cognate RNA binding 

proteins, we first labeled each transcript through treatment with E. coli TGT and a preQ1-biotin 

conjugate. The resulting purified  RNA product was then folded and incubated directly with 

cellular lysates prepared from HeLa cells in order to allow binding of the labeled RNA with 

cognate RNA binding proteins. Streptavidin-mediated affinity purification was used to enrich the 

target RNA-protein complexes, which were then analyzed via immunoblot (Figure 3.2C). 

Gratifyingly, we found that HuR was enriched in the HDAC2-TAG and β-actin-TAG samples, but 

not in the Control-TAG sample. Furthermore, β-tubulin, which is not expected to interact with 

these RNAs, was not enriched in any samples, indicating specificity of the enrichment. One 

potential advantage of this approach is the strength of the streptavidin-biotin interaction, 

potentially allowing for RNA-protein complexes to be detected at extremely low concentrations. 

In order to examine this, we carried out RNA-protein complexation, affinity purification, and 

immunoblotting with decreasing amounts of labeled HDAC2-TAG RNA (Figure 3.2D). The HuR 

binding partner was detected with as little as 1.5 pg of biotinylated RNA, corresponding to a 

concentration in the sub-picomolar range (10-13 M). For comparison, an average mRNA transcript 

has approximately 20 copies per cell, corresponding to concentrations in the picomolar range (10-

11 M), based on a cell volume of 2.6 pL.65,73  
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Figure 3.2 Analysis of RNA-protein interactions using RNA-TAG. (A) An RNA of interest can be enzymatically 

biotinylated via treatment with E. Coli TGT and preQ1-biotin. The biotinylated RNA can then be used to analyze 

cognate RNA-binding proteins compared to control-TAG RNA binding proteins via streptavidin mediated enrichment. 

(B) RNA constructs used for western blotting experiments contain an RNA of interest (HDAC2-HuR binding domain 

or β-Actin mRNA) followed by a 25-nt TGT recognition element surrounded by short spacer regions. Control-TAG 

RNA has no RNA of interest inserted. (C) RNAs biotinylated with RNA-TAG were used directly to analyze cognate 

proteins via western blotting. (D)HDAC2-TAG-HuR complex detection with reduced RNA concentrations. 

3.3 Identification of RNA-protein interactions by quantitative proteomics 

Encouraged by our immunoblot data, we sought to determine whether this methodology 

for the purification of enzymatically biotinylated RNA-protein complexes could be extended to 

the discovery of RNA-protein interactions using quantitative mass spectrometry. In addition to the 

model RNA HDAC2-TAG, we used 7SK as a target for proteomics experiments. 7SK is an 

abundant small nuclear RNA (snRNA) that is approximately 330 nucleotides in length and is 

involved in transcription regulation. 7SK snRNA has been extensively studied due to its role in 

the regulation of the positive transcription elongation factor b (P-TEFb).74 This activity is regulated 

through its interaction with proteins such as lupus antigen-related protein 7 (LARP7), 

methylphosphate capping enzyme (MePCE), and HMBA-induced proteins 1 and 2 (HEXIM1/2). 

Proteins interacting with 7SK snRNA have recently been reported using the CHIRP-MS 

method,67,75 which utilizes tiling biotinylated antisense probes for RNA affinity purification; 
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therefore, 7SK is an ideal target for validation of RNA-TAG affinity purification. In order to 

mediate RNA-TAG labeling of 7SK, we encoded a TGT recognition element on the 5' end (7SK-

TAG, Figure 3.3).  

 

Figure 3.3 Quantitative proteomics to identify RNA-protein interactions.  (A)The affinity purification of the 

biotinylated RNA of interest was carried out alongside two controls, an unlabeled RNA of interest and a biotinylated 

Control-TAG transcript. Isotope labeling was carried out using reductive dimethylation, samples were pooled and 

analyzed with LCMS/MS. (B) 7SK-TAG RNA construct (C) Isotopic ratios (biotinylated 7SK-TAG/biotinylated 

Control-TAG) for enriched proteins that are known interactors with 7SK snRNA or part of the BAF complex known 

to interact with 7SK snRNP (mean ± S.D.) Number of replicates were as follows: n=5 (CDK9, DDX21, MEPCE, 

LARP7, SMARCA5), n=4 (SMARCE1, SMARCA2, SMARCC1), n=3 (HEXIM1, SMARCA4, SMARCA1, 

SMARCC2) 

In order to ascertain which proteins were enriched by binding these target RNAs, we 

carried out quantitative mass spectrometry using a reductive demethylation-peptide labeling 

strategy.76. To control for background proteins and nonspecific proteins, three samples were 

compared for each target RNA, consisting of biotinylated target RNA (HDAC2-TAG or 7SK-

TAG), unlabeled target RNA (HDAC2-TAG or 7SK-TAG), and biotinylated Control-TAG RNA 

(Figure 3.3A). As before, biotinylation of HDAC2- TAG, 7SK-TAG, and Control-TAG was 

achieved through treatment with preQ1-biotin and E. Coli TGT. Each RNA sample was incubated 
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with cell lysate to allow cognate binding proteins to bind, and complexes were affinity purified, 

with five biological replicates for each target.  In order to verify the biotinylation of the RNA 

constructs, northern blots were performed and transferred RNA was developed directly using 

Streptavidin-HRP (Figure 3.4).  Digested and labeled peptides were pooled and analyzed by liquid 

chromatography-mass spectrometry. Ratios between the experimental samples and the two control 

samples were calculated and used to identify highly enriched proteins. To generate lists of 

interacting proteins, the experimental sample (biotinylated target RNA) was compared to both 

controls (unlabeled target RNA and biotinylated control-TAG RNA). Proteins detected in at least 

three replicates with an average enrichment greater than 3-fold against both controls were 

considered putative binding proteins.   

 

Figure 3.4 Northern blot assay of HDAC2-TAG and 7SK-TAG RNA transcripts used in mass spectrometry 

experiments. (A) Biotin detection (B) SYBR green staining. 

As we expected, HuR was highly enriched (>49 fold) in the HDAC2-TAG affinity 

purification, compared to the Control-TAG affinity purification. Thirteen additional proteins were 

enriched by HDAC2-TAG, which can be categorized as proteins involved in mRNA stabilization 
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and splicing (Appendix I). In the 7SK-TAG affinity purification, we observed enrichment of 

canonical 7SK binding partners, including HEXIM1, CDK9, DDX21, MEPCE and LARP7 

(Figure 3.3C). Other known binding partners, such as members of the BAF complex, were also 

identified.75 These results establish that our RNA-TAG approach can successfully identify RNA-

binding proteins that are associated with specific RNAs. 

3.4 Application of RNA-TAG to target HOTAIR through minimal mutations 

Use of RNA-TAG requires that a TGT recognition element, typically 17-25 nucleotides, 

be encoded into an RNA of interest in order to facilitate its labeling.77 Previous work has 

demonstrated that the minimal requirements for TGT recognition include a 7-nucleotide loop with 

the consensus sequence YUGUNNN, where Y represents a pyrimidine (C or U) and N represents 

any base.14,15 Furthermore, it has been hypothesized that recognition of an RNA substrate by TGT 

through charge complementarity requires adoption of a zig-zag conformation of the loop region.16 

Because many RNAs, especially long noncoding RNAs, are highly structured,78 we next sought to 

explore whether existing stem loop structures within an RNA of interest could be leveraged to 

enable RNA-TAG labeling. HOTAIR, a 2,148 nt lncRNA, is overexpressed in several cancer 

tissues and has been implicated in various oncogenic processes including cell invasion, tumor 

development, and metastasis.79 Structural studies of HOTAIR have found it to be highly structured, 

with over 50% of the nucleotides involved in base-pairing interactions; furthermore, 56 helical 

segments were identified, with 38 terminal loops.80 We hypothesized that perhaps some of these 

existing stem-loops could be mutated in order to transform them into potential substrates for TGT. 

Therefore, we selected four candidate stem loops within HOTAIR that had a loop region of 7 

nucleotides, H12, H22, H23, and H51 (Figure 3.5A). The loop regions of each of these stem loops 

were mutated to match the loop region of the TGT recognition element. These mutated HOTAIR 

transcripts were subjected to TGT labeling conditions, alongside a wild-type HOTAIR transcript, 
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and control transcripts bearing a full TGT recognition element. Detection of biotinylation via 

northern blot showed that mutation of hairpin H22 (HOTAIR-H22-TAG) enabled high labeling 

efficiencies, similar to 5'TAG-HOTAIR, a transcript encoding a full 25-nucleotide TGT 

recognition element (Figure 3.5, Figure 3.6). Importantly, wild type HOTAIR transcript did not 

show significant biotinylation.  

 

Figure 3.5 Analysis of HOTAIR-associated proteins with alternative labeling strategies. (A) Stem loop structures 

derived from previous structural characterization27 with yellow residues indicating bases that were mutated to match 

the loop of the TGT recognition element. (B) Northern blot analysis of RNA transcripts subjected to TGT biotinylation 

conditions, developed with Streptavidin-HRP. (C) Venn diagram showing proteins that were enriched from MCF7 

cell lysates >3 fold compared to both unlabeled and 5’TAG antisense-HOTAIR controls. (D) Top gene ontology 

biological function terms enriched in both samples.35 
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Figure 3.6 Northern blot assay of HOTAIR mutant labelling. (A) Biotin detection (B) SYBR green staining. 

 

Figure 3.7 Northern blot assay of HOTAIR transcripts used in mass spectrometry experiments. (A) Biotin detection 

(B) SYBR green staining. 
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Despite extensive studies on the biological function of HOTAIR, its role in chromatin 

remodeling is still unclear and is a subject of debate.81–85 Therefore, we sought to employ our 

modified HOTAIR construct, along with the quantitative proteomics approach described above, in 

order to identify putative HOTAIR-binding proteins using MCF7-cells, a breast-cancer cell line 

known to express HOTAIR at high levels.86,87 Biotinylated HOTAIR-H22-TAG and 5'TAG-

HOTAIR were compared to unlabeled controls, as well as a biotinylated transcript encoding a 

5'TAG sequence and the antisense sequence corresponding to HOTAIR (5'TAG-antisense-

HOTAIR), across five biological replicates. Biotinylation of the RNA constructs was verified by 

northern blot (Figure 3.7).  To generate lists of putative interacting proteins, the experimental 

sample (biotinylated target RNA) was compared to both controls (unlabeled target RNA and 

biotinylated 5'TAG-antisense-HOTAIR RNA). Proteins detected in at least three replicates with 

an average enrichment greater than 3-fold against both controls were considered putative binding 

proteins.  Comparison of the samples enriched by the differentially labeled transcripts, 5'TAG-

HOTAIR and HOTAIR-H22-TAG, identified 55 proteins that were enriched by both constructs. 

The ability to label HOTAIR with a minimal mutation allows for reduced perturbation of the RNA 

transcript. As such, we expected to observe a lower number of enriched proteins with the 

HOTAIR-H22-TAG RNA compared to the 5'TAG-HOTAIR due to fewer non-specific 

interactions. Several proteins involved in RNA processing, ribonucleoprotein biogenesis, and 

ribosome biogenesis were identified as binding proteins for both HOTAIR-TAG RNAs.  (Figure 

3.5C, D).88 Interestingly, some of these proteins have been previously reported to have RNA-

dependent functions in cancer. The long-noncoding RNA GSEC was previously shown to inhibit 

DHX36 through its g-quadruplexes, leading to cancer cell migration;89 importantly, an alternative 

g-quadruplex structure of HOTAIR has been reported.90 Furthermore, the oncogenic lncRNA 
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MALAT1 has been proposed to influence alternative splicing through interactions with serine-

arginine (SR) proteins, such as SRSF2.91,92 It has also been proposed that the long-noncoding RNA 

SLERT plays a role in the dysregulation of ribosome biogenesis in cancer, which may indicate a 

potential pathway for HOTAIR’s oncogenic function.93 While further studies are needed to 

characterize these binding partners, these findings suggest that HOTAIR may play alternative roles 

in oncogenesis that go beyond regulation of chromatin remodeling complexes.  

3.5 Enrichment of cellular RNA with RNA-TAG 

Having demonstrated the successful purification of various RNA-protein complexes using 

RNA-TAG labeling, we sought to determine, as a proof-of-principle, whether this technology 

could be extended to the purification of cellular RNA directly from cell lysates. In principle, this 

could allow for the study of cellular RNA-protein or RNA-RNA interactions. Using viral 

transduction, we prepared HeLa cells stably expressing the HDAC2-TAG RNA transcript. We 

reasoned that addition of TGT enzyme and preQ1-biotin directly to the corresponding cell lysate 

may enable selective biotinylation of the expressed transcript, which would allow for subsequent 

affinity purification with streptavidin-coupled beads. In this context, the selectivity of the TGT 

enzyme to label the targeted RNA over other RNAs present in the cell would be essential. It has 

been hypothesized that bacterial TGT forms a homodimer, where the first unit is catalytic and the 

second unit plays a role in recognition and proper orientation of the bound RNA substrate.17 

Therefore, we postulated that a stable TGT dimer may have improved labeling selectivity and 

prepared an obligate TGT dimer, connected by a 16 amino acid XTEN linker, to test this 

hypothesis.94  

We first sought to determine whether the expressed RNA could be efficiently and 

selectively labeled within a cellular lysate. TGT enzyme variants and preQ1-biotin was added to 

cell lysates from HeLa cells with stable HDAC2-TAG RNA expression, allowed to react, and total 
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RNA was purified from the cell lysate to allow for RNA quantification. Streptavidin-mediated 

affinity purification was performed, and on-bead reverse transcription, followed by qPCR, was 

utilized to quantify affinity-purified, biotinylated RNA transcripts. As a control, the RNA input to 

the streptavidin affinity purification was also analyzed by RT-qPCR, so that the fraction of RNA 

recovered from a sample could be calculated (Figure 3.8A). From this analysis, we were gratified 

to find that 75% of the target HDAC2-TAG transcript was recovered using the E. Coli TGT 

enzyme and 44% was recovered using the TGT obligate dimer (Figure 3.8B). Other RNA 

transcripts were also quantified by qPCR in order to test the selectivity of this method. Two RNAs, 

GAPDH mRNA and LBR mRNA, were selected due to their sequences, which contain a potential 

UGU-bearing stem-loop structure (Table 3.1), with GAPDH also being a very abundant mRNA. 

Other abundant RNAs, including β-Actin mRNA, U1-snRNA, and 18s-rRNA were also tested. 

From this analysis, significant selectivity was observed against these RNAs using E. coli TGT, 

with GAPDH having a 1% recovery, and other RNAs having recoveries of less than 0.2% (Table 

3.1B, Table 3.2, Table 3.3). An improvement in selectivity was observed in samples labeled with 

the obligate TGT dimer, specifically with the GAPDH transcript (0.02% recovery).  
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Figure 3.8 RNAs expressed in cells can be biotinylated efficiently and selectively in cell lysates. (A) Schematic of 

RNA labeling in cell lysate and qRT-PCR analysis (B) RT-qPCR assay of RNA affinity purified from extracted total 

RNA after lysate biotinylation. Fraction recovered was calculated by comparison to an input RNA sample, as 

described in methods. (C) qRT-PCR assay of RNA transcripts identified from RNA-sequencing. Data represents the 

mean ± standard deviation for 3 replicates. Supporting data can be found in the Supplementary Information. 

 

Table 3.1 Putative TAG-like sequences in human transcripts. 

Gene Transcript accession 

number 

TAG-like cDNA Sequence 

GAPDH NM_001256799.3 'CATGGGTGTGAACCATG' 
LBR NM_002296.4 'ACTCCCTGTAAAGGAGT' 
MRPL51 NM_016497.4 'GGAAACTGTACTTTTCC' 
MALAT1 NR_002819.4 ‘AGAAAATGTTTTTTTCT' 
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Table 3.2 qPCR ΔCt data of initial selectivity screen 

  
ΔCt (purified-input)   

E Coli TGT TGT 

Dimer 

No 

Enzyme 

HDAC2-

TAG 

Rep1 0.34 0.85 13.03 

Rep2 0.21 1.5 15.29 

Rep3 0.75 1.31 16.98 

GAPDH Rep1 5.00 12.83 15.19 

Rep2 8.01 11.8 21.24 

Rep3 8.57 11.72 19.17 

Actin Rep1 10.13 16.45 17.03 

Rep2 14.24 13.83 18.18 

Rep3 12.5 17.54 17.16 

LBR Rep1 9.68 10.46 12.03 

Rep2 9.76 10.3 12.96 

Rep3 9.47 13.25 13.67 

U1 

snRNA 

Rep1 16.8 20.65 13.89 

Rep2 19.09 21.17 20.15 

Rep3 17.61 15.14 12.72 

18s 

rRNA 

Rep1 11.37 18.2 11.6 

Rep2 13.56 17.82 18.81 

Rep3 13.85 14.95 10.61 

 

Table 3.3 Calculated qPCR Recovery of initial selectivity screen 

 
Calculated RNA Recovery (mean ± S.D., 3 

replicates)  
E Coli TGT TGT Dimer No Enzyme 

HDAC2-

TAG 

75.0 ± 13.9% 43.7 ± 10.5% 0.0051 ± 

0.0060% 

GAPDH 1.25 ± 1.62% 0.024 ± 0.009% 0.0010 ± 

0.0015% 

Actin 0.037 ± 

0.045% 

0.0028 ± 

0.0035% 

0.0006 ± 

0.0002% 

LBR 0.13 ± 0.01% 0.054 ± 0.038% 0.015 ± 

0.008% 

U1 

snRNA 

0.0005 ± 

0.0004% 

0.0010 ± 

0.0016% 

0.0072 ± 

0.0074% 

18s 

rRNA 

0.018 ± 

0.018% 

0.0013 ± 

0.0016% 

0.032 ± 

0.032% 
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Table 3.4 qPCR ΔCt data examining RNA-Seq Transcripts 

  
dCt (purified-input)   
E Coli TGT TGT Dimer No Enzyme 

HDAC2-

TAG 

Rep1 0.82 1.14 7.08 

Rep2 0.55 1.11 7.38 

Rep3 0.91 1.21 6.88 

FTH1 Rep1 2.98 6.21 12.62 

Rep2 2.47 6.26 12.59 

Rep3 2.98 6.15 12.38 

RPS6 Rep1 4.27 7.18 13.37 

Rep2 3.07 6.72 13.7 

Rep3 4.13 7.11 12.93 

RPL41 Rep1 4.27 8.07 14.68 

Rep2 4.11 8.04 15.06 

Rep3 4.61 8.25 15.34 

MRPL51 Rep1 2.65 4.75 10.34 

Rep2 1.68 4.22 11.1 

Rep3 2.66 4.74 11.33 

MALAT1 Rep1 8.71 12.36 15.57 

Rep2 7.32 11.55 15.89 

Rep3 8.95 12.16 16.22 

Table 3.5 Calculated qPCR Recovery Data of RNA-Seq Transcripts 

 
Calculated RNA Recovery (mean ± S.D., 3 

replicates)   
E Coli TGT TGT Dimer No Enzyme 

HDAC2-

TAG 

59.4 ± 7.9 % 45.0 ± 1.6% 0.73 ± 0.12% 

FTH1 14.5 ± 3.1% 1.35 ± 0.05% 0.017 ± 

0.002% 

RPS6 7.60 ±  3.74% 0.79 ± 0.14% 0.010 ± 

0.003% 

RPL41 5.02 ±  0.86%  0.36 ± 0.03% 0.003 ± 

0.001% 

MRPL51 21.0 ± 8.9% 4.27 ± 0.95 % 0.054 ± 

0.021% 

MALAT1 0.36 ± 0.23% 0.025 ± 

0.008% 

0.0017 ± 

0.0004% 

 

We then sought to further examine the selectivity of the monomeric and dimeric forms of 

TGT in the context of the human transcriptome through the preparation of RNA sequencing 
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libraries. To accomplish this, we carried out lysate labeling, followed by streptavidin-mediated 

affinity purification of the extracted total RNA, and library preparation, using 3 replicates for each 

condition. Sequencing of these libraries showed that the samples prepared with dimeric TGT had 

much more selective enrichment of the desired HDAC2-TAG-Puro transcript (~13-fold increase 

in transcripts per kilobase million (TPM)). Furthermore, in each of the three replicates prepared 

with the obligate TGT dimer, the HDAC2-TAG-Puro transcript had the highest number of aligned 

reads compared to any other transcript, with an average of 10.95% of all aligned reads mapping to 

the HDAC2 construct. For comparison, RNA-sequencing was previously reported with the 

alternative RAP (RNA Antisense Purification) technique, with 68% of reads aligned to the targeted 

Xist transcript.95 Because the number of reads is dependent on transcript length, and Xist (~17kb) 

is more than 8 times longer than the HDAC2-TAG-Puro transcript (~2kb) studied here, this data 

is consistent with a similar degree of RNA selectivity amongst these techniques. Based on the 

observed improvement in selectivity for the obligate TGT dimer, we sought to further explore the 

selectivity of these two enzyme variants by further analysis of potential off-targets observed in the 

enriched sequencing libraries (FTH1, RPS6, RPL41, MRPL51, MALAT1). We examined whether 

these transcripts were enriched due to labeling by either monomeric or dimeric TGT through 

qPCR, as described above. This confirmed that the E. coli TGT enzyme displayed off-target 

labeling of several of these transcripts (5-21%), whereas the obligate TGT dimer off-target labeling 

was substantially reduced (Figure 3.8C, Table 3.4, Table 3.5). This supports the hypothesis that 

the TGT homodimer aids in RNA recognition.  

Based on the highly selective and efficient labeling of RNA with dimeric TGT, we 

hypothesized that this technique could be utilized to affinity purify an RNA of interest directly 

from cell lysates in the presence of remaining preQ1 biotin probe, which could potentially be 
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applied to the affinity purification of cellular RNA-protein complexes. Treatment of cell lysates 

with enzymatic labeling conditions, followed directly with affinity purification and stringent 

washes allowed for direct enrichment of HDAC2-TAG RNA, approximately 130-fold, compared 

to a sample lacking the TGT enzyme. The obligate dimer showed similar levels of enrichment, 

approximately 145-fold, with significantly lower enrichment of the non-target GAPDH mRNA 

(Figure 3.9, Table 3.6, Table 3.7). This data suggests that RNA labeling in cellular lysates using 

the obligate TGT dimer allows for selective, stringent purification of the expressed RNA, and 

could potentially be extended to the purification of cellular RNA-protein complexes directly from 

cell lysates.   

 
Figure 3.9 Labeling and purification of RNA directly from cell lysates. (A) Enrichment of RNA directly from cell 

lysate after labeling,as measured by RT-qPCR. (B) qRT-PCR enrichment as measured relative to no enzyme control, 

using β-actin as a reference gene, representing mean ± S.D., N=3. Supporting data can be found in the Supplementary 

Information. 
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Table 3.6 qPCR Ct values from lysate purification 

  
Rep1 Rep2 Rep3 

HDAC2-

TAG 

E Coli 

TGT 

19.97304 19.4716 19.509 

TGT 

dimer 

20.42991 19.9254 20.206 

No 

enzyme 

27.73386 26.1111 27.77 

GAPDH E Coli 

TGT 

21.16293 20.2132 20.522 

TGT 

dimer 

24.16379 23.8605 23.997 

No 

enzyme 

25.1854 24.3525 25.03 

Actin E Coli 

TGT 

25.03013 24.2149 24.018 

TGT 

dimer 

25.30845 25.0633 25.064 

No 

enzyme 

25.39997 24.3181 25.256 

 

Table 3.7 Calculated Enrichment values from lysate purification 

 
E Coli 

TGT 

TGT 

dimer 

HDAC 130.2 ± 

37.5 

145.3 ± 

22.0  

GAPDH 12.9 ± 3.4 2.0 ± 0.3 
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3.6 Discussion 

RNA-protein interactions regulate a broad range of critical cellular processes; however, 

identifying the proteins that interact with an RNA of interest in mammalian cells represents a major 

challenge in biology. Direct covalent modification of an RNA of interest with biotin has many 

potential advantages for functional characterization. Due to the strength of the streptavidin-biotin 

interaction, RNA can be affinity purified when present at low concentrations and using stringent 

wash conditions. In this work, we present RNA-TAG as a novel methodology for the purification 

of RNA-protein complexes. By encoding a 25-nucleotide hairpin into mRNA constructs, analysis 

of RNA-protein complexes using immunoblotting was demonstrated using very low RNA 

concentrations. Furthermore, by combining the RNA-TAG methodology with quantitative 

proteomics, the identification of several known binding partners of the model 7SK snRNA was 

achieved.  

In many cases, the addition of exogenous sequence elements to enable RNA labeling and 

isolation may be disadvantageous. In order to overcome this challenge, we mutated HOTAIR, a 

highly structured long noncoding RNA, to transform naturally occurring RNA hairpins into 

substrates for the TGT enzyme. Using this approach, the labeling of HOTAIR through the mutation 

of 4 nucleobases was utilized to enable proteomic analysis. This identified novel putative binding 

partners involved in pathways such as RNA processing, ribonucleoprotein biogenesis, and 

ribosome biogenesis that may play a role in HOTAIR’s oncogenic functions.  

Lastly, the ability of the RNA-TAG system to selectively label RNA expressed in 

mammalian cells was explored. While the bacterially expressed E. Coli TGT was found to be fairly 

promiscuous, the formation of an obligate TGT dimer significantly improved RNA labeling 

selectivity, as demonstrated through RNA sequencing and RT-qPCR. Bacterial TGTs are thought 

to form a homodimer in cells, where one subunit is catalytic and the other subunit plays a role in 
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binding and orienting the RNA substrate properly for catalysis;17 this observation of improved 

selectivity through the use of dimeric TGT supports this hypothesis. Using the dimeric TGT, the 

expressed RNA was labeled in cell lysates with good efficiency (44%), with selectivity similar to 

competitive affinity purification methods.  

Together, this report demonstrates a simple and highly flexible platform for the analysis of 

RNA-protein interactions through direct enzymatic biotinylation of a target RNA.  The simplicity 

and robustness of the RNA-TAG approach creates opportunities for widespread utilization in 

studying RNA biochemistry; we anticipate that this technology will aid in providing new insights 

into the functional characterization of RNA and its broad range of roles in cell biology. 

3.7 Experimental Methods 

3.7.1 Synthesis of preQ1-C6H12-biotin  

 

Scheme 3.1 Synthesis of preQ1-C6H12-biotin 

PreQ1-C6H12-NH2 (2-amino-5-(((6-aminohexyl)amino)methyl)-3,7-dihydro-4H-

pyrrolo[2,3-d]pyrimidin-4-one), prepared as previously described,96 (2.5 mg, 9.0 µmol) was 

dissolved in 200 µL anhydrous DMF, followed by the addition of anhydrous 

diisopropylethylamine (4.6 µL, 27 µmol). A solution of biotin-NHS ester (3.2 mg, 9.3 µmol) in 

200 µL DMF was then slowly added to the mixture. The reaction was stirred for 2 h at room 

temperature. The reaction was concentrated and the residue was purified by HPLC to give a white 

solid (2.2 mg, 49% yield). 
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1H NMR (500 MHz, CD3OD) δ 6.85 (s, 1H), 4.50 (dd, J = 7.8, 4.4 Hz, 1H), 4.31 (dd, J = 

7.9, 4.5 Hz, 1H), 3.24 – 3.15 (m, 4H), 3.06 (t, J = 9.5 Hz, 2H), 2.93 (dd, J = 12.6, 5.1 Hz, 1H), 

2.71 (d, J = 12.7 Hz, 1H), 2.20 (t, J = 7.3 Hz, 3H), 1.79 – 1.32 (m, 18H). 13C NMR (126 MHz, 

CD3OD) δ 174.62, 166.64, 164.73, 161.25, 153.10, 152.57, 117.69, 108.43, 98.21, 61.98, 60.19, 

55.66, 46.19, 43.37, 39.64, 38.57, 35.37, 28.76, 28.38, 28.12, 25.89, 25.62, 25.57.  

HRMS [M+H]+ m/z calcd. for [C23H37N8O3S] + 505.2704, found 505.2707 (Δ = 0.6 

ppm). 

 

3.7.2 In vitro transcription 

All plasmids used for in vitro transcription were prepared using standard cloning 

techniques. The plasmid encoding Control-TAG is available on Addgene (Addgene #138209, 

pcDNA3.1-(empty)-TAG). This vector backbone was used to prepare HDAC2-TAG, β-actin-

TAG, and 7SK-TAG. The plasmid encoding HOTAIR was provided by Anna Pyle.80 Mutated 

HOTAIR constructs were prepared using Q5 site directed mutagenesis with the primers found in 

Table 3.8. T7 RNA polymerase was expressed and purified as previously reported.77 Templates 

were linearized via restriction digest for Control-TAG (XbaI), HDAC2-TAG(XbaI),  β-actin-TAG 

(XbaI) and HOTAIR constructs (SalI). PCR amplification was used to linearize 7SK-TAG and 

append a T7 promoter with the forward primer 

AAGCTGTAATACGACTCACTATAGGGGATCCCCGGGAGCAGAC and the reverse primer 

AAAAGAAAGGCAGACTGCCACATG. Transcription reactions were set up with RNA NTPs (5 

mM each ATP, CTP, UTP, 9 mM GTP) (NEB, Ipswitch, MA), 0.004 U/µL Thermostable 

Inorganic Pyrophosphatase (NEB, Ipswitch, MA), 0.15 μg/μL T7-RNAP, and 0.05% Triton X-100 

(Sigma, St. Louis, MO) in T7 Reaction Buffer. Each transcription reaction was setup with 
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approximately 4 µg of cut plasmid or 1 µg of purified PCR product as a template in a 100 μL 

transcription reaction. The transcription reaction was run at 37 °C for 3-4 hours. RNA was then 

purified via lithium chloride precipitation by addition of LiCl Precipitation Solution (Invitrogen, 

Carlsbad, CA) to reach a final concentration of 2.5 M LiCl, followed by incubation at -20 °C for 

1 h or overnight. The RNA was quantified at 260 nm, confirmed as a single observable UV 

shadowing band by 4% denaturing PAGE (4% polyacrylamide in TBE with 8M urea) and kept 

frozen at -20 °C until used. 

Table 3.8. Primers used for site-directed mutagenesis of HOTAIR 

Primer Name Sequence 

HOTAIR-H12TAG-Fwd aaaCTGGTAGAAAAAGCAACCACGAAG 

HOTAIR-H12TAG-Rev acagCTGGCTTAGGCCCCAACG 

HOTAIR-H22TAG-Fwd aaaGCACCCGGCTCGGGTCAG 

HOTAIR-H22TAG-Rev acagGCACCCGCTCAGGTTTTTCCAG 

HOTAIR-H23TAG-Fwd aaaGCCCCGCCCCTCGCGGCC 

HOTAIR-H23TAG-Rev acagGCCCGGTGTGGGGCAGTGGC 

HOTAIR-H51TAG-Fwd aaaTCCCAATGCCTGAACTTC 

HOTAIR-H51TAG-Rev acagTCTCCATCTGCTGATTTTTTTTC 

 

3.7.3 TGT in vitro Reactions with RNA Transcripts 

E. Coli tRNA Guanine Transglycosylase (TGT) was expressed and purified as previously 

described.77 TGT labeling reactions were carried out in 1X TGT reaction buffer with 5 mM DTT, 

1 µM RNA transcript, 1 µM E. Coli TGT, 10 µM preQ1-biotin, and 1 U/µL Murine RNAse 

Inhibitor (NEB, Ipswitch, MA). Labeling reactions were incubated for 2 h at 37 °C, and purified 

via ethanol precipitation.  

3.7.4 Northern Blot Biotinylation Assay 

Northern blot biotinylation assays were carried out with 2 pmol of RNA for HDAC2-TAG, 

7SK-TAG, and Control-TAG transcripts, and 0.1 pmol of RNA for all HOTAIR constructs. RNA 

was electrophoretically separated by 4% denaturing PAGE (4% polyacrylamide in TBE with 8M 
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urea), stained with SYBR green II (Invitrogen, Carlsbad, CA) and imaged. Subsequently, RNA 

was transferred via electroblot to a positively charged nylon membrane (Invitrogen, Carlsbad, CA) 

in 0.5X TBE. Blot was developed for biotin detection using the Chemiluminescent Nucleic Acid 

Detection Module Kit (Thermo Scientific, Waltham, MA) 

3.7.5 Cell Culture 

Human HeLa-S3 cells were grown in complete DMEM media (Gibco) supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin. Human MCF7 HTB-22 cells were grown 

in Eagle’s MEM (Gibco) supplemented with 10% fetal bovine serum, 1mM pyruvate, 0.01 mg/ml 

human recombinant insulin and 1% penicillin/streptomycin. Cells were cultured at 37°C in a 

humidified incubator under 5% CO2. 

3.7.6 RNA-Protein Analysis by Immunoblot  

Biotinylated RNA was folded in 1X RNA folding buffer (10 mM Tris pH 7, 0.1 M KCl, 

10 mM MgCl2) by heating for 2 min at 90 °C, followed by 20 min at 25 °C. HeLa cell pellets 

(~3x106) were lysed with 500 µL Mammalian Protein Extraction Reagent (Thermo Scientific), 

supplemented with 2X HALT protease inhibitor (Thermo Scientific), according to manufacturer’s 

instructions. Protein concentration was quantified using Pierce BCA Protein Assay Kit (Thermo 

Scientific). Folded RNA (1 pmol, unless otherwise noted) was incubated with 40 µg HeLa cell 

lysate in 1X Immunoblot Binding and Washing Buffer (1X IBW, 25 mM Tris-HCl pH 7.5, 150 

mM KCl, 2 mM MgCl2, 1 mM DTT, 0.25% Nonidet-P40, 1% Tween 20), supplemented with 1 

U/µL Murine RNAse Inhibitor (NEB, Ipswitch, MA) for 1 h at room temperature to allow binding 

of cognate proteins. 10 µL washed Dynabeads M-280 Streptavidin (Invitrogen, Carlsbad, CA) 

were added to each binding reaction and further incubated at RT for one hour. Beads were washed 

3 times in 1X IBW Buffer, followed by 2 washes with PBS. Protein was eluted from beads by 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fetal-bovine-serum
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fetal-bovine-serum
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heating for 5 min at 95 °C in 1X Laemmli Buffer (Bio-Rad, Hercules, CA). Retrieved protein was 

detected by standard immunoblotting techniques using the following antibodies: mouse anti-HuR 

(3A2, Santa Cruz Biotechnology) and mouse anti-β-tubulin (D-10, Santa Cruz Biotechnology). 

3.7.7 RNA-Protein Enrichment, Trypsinization, and Stable Isotope Labeling for Mass 

Spectrometry 

HeLa cell pellets (~2x107) or MCF7 cell pellets (~4x107) were lysed with 3 mL 

Mammalian Protein Extraction Reagent (Thermo Scientific), supplemented with 2X HALT 

protease inhibitor (Thermo Scientific), according to manufacturer’s instructions. Protein 

concentration was quantified using Pierce BCA Protein Assay Kit (Thermo Scientific). 

Biotinylated RNAs were labeled as described above, while unlabeled RNA controls were used 

directly. RNA was folded in 1X RNA folding buffer by heating for 2 min at 90 °C, followed by 

20 min at 25 °C. For HDAC2-TAG and 7SK-TAG experiments, each folded RNA (5 pmol) was 

incubated with 200 µg HeLa cell lysate in 1X Proteomics Binding and Washing Buffer (1X PBW, 

20 mM Potassium Phosphate pH 7.5, 150 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.25% Nonidet 

P40, 1% Tween 20), supplemented with 1 U/µL Murine RNAse Inhibitor (NEB, Ipswitch, MA) 

for 1 h at room temperature to allow binding of cognate proteins. For HOTAIR experiments, each 

folded RNA (10 pmol) was incubated with 400 µg MCF7 cell lysate in 1X PBW, supplemented 

with 1 U/µL Murine RNAse Inhibitor (NEB, Ipswitch, MA) for 1 h at room temperature to allow 

binding of cognate proteins. 25 µL washed Dynabeads M-280 Streptavidin (Invitrogen, Carlsbad, 

CA) were added to each binding reaction and further incubated at RT for one hour. Beads were 

washed 3 times in 1X PBW Buffer, followed by 5 washes with PBS. Beads were then resuspended 

in 50 µL trypsinization solution consisting of 10 ng/µL Trypsin (Promega) in 100 mM 

tetramethylammonium bicarbonate (TEAB), pH 8.0. Trypsinization was carried out overnight at 
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37 °C with sample rotation. The supernatant containing trypsinized peptides was then transferred 

to a new tube and vacuum dried. Stable isotope dimethyl labeling was carried out according to 

previously published protocols.76 The samples were labeled as indicated in Supplementary 

Spreadsheet 1.  

3.7.8 Mass Spectrometry 

The labeled, vacuum dried peptides were resuspended in 5% Formic acid/5% Acetonitrile 

buffer and added to the vials for mass spectrometry analysis. Samples were analyzed with triplicate 

injections by LC-MS-MS using EASY-nLC 1000 liquid chromatography connected with Q-

Exactive mass spectrometer (Thermo Scientific, San Jose, CA) as described previously97 with 

some modification as follows. The peptides were eluted using the 60 minute Acetonitrile gradient 

(45 minutes 2%-30% ACN gradient followed by 5 minutes 30%-60% ACN gradient, a 2 minute 

60-95% ACN gradient, and a final 8-minute isocratic column equilibration step at 0% ACN) at 

250nL/minute flow rate. All the gradient mobile phases contained 0.1% formic acid. The data 

dependent analysis (DDA) was done using top 10 method with a positive polarity, scan range 400-

1800 m/z, 70,000 resolution, and an AGC target of 3e6. A dynamic exclusion time of 20 s was 

implemented and unassigned, singly charged and charge states above 6 were excluded for the data 

dependent MS/MS scans. The MS2 scans were triggered with a minimum AGC target threshold 

of 1e5 and with maximum injection time of 60 ms. The peptides were fragmented using the 

normalized collision energy (NCE) setting of 25. Apex trigger and peptide match settings were 

disabled.    

3.7.9 Mass Spectrometry Analysis 

RAW files were processed, searched, and analyzed essentially as described previously.98 

Converted mzXML files were searched using SEQUEST (version 28) using a target-decoy 
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database containing reviewed UniProtKB/Swiss-Prot Human protein sequences and common 

contaminants. Each mzXML file was searched in triplicate with the following parameters: 50 parts 

per million precursor ion tolerance and 0.01-Da fragment ion tolerance; Trypsin (1 1 KR P) was 

set as the enzyme; up to three missed cleavages were allowed; a dynamic modification of 15.99491 

Da on methionine (oxidation); and a static modification of 57.02146 Da on cysteine for 

iodoacetamide alkylation.  For searches with light and medium reductive dimethyl labels, 

additional dynamic modifications of 4.0224 Da on lysine and peptide N termini and static 

modifications of 28.0313 Da on lysine and peptide N termini were included. For searches with 

light and heavy reductive dimethyl labels, additional dynamic modifications of 8.04437 Da on 

lysine and peptide N termini and static modifications of 28.0313 Da on lysine and peptide N 

termini were included. For searches with medium and heavy reductive dimethyl labels, additional 

dynamic modifications of 4.02193 Da on lysine and peptide N termini and static modifications of 

32.05374 Da on lysine and peptide N termini were included. Peptide matches were filtered to a 

peptide false discovery rate of 2% using the linear discriminant analysis. Proteins were further 

filtered to a false discovery rate of 2%, peptides were assembled into proteins using maximum 

parsimony, and only unique and razor peptides were retained for subsequent analysis. All peptide 

heavy/light, medium/light, and heavy/medium ratios with a signal-to-noise ratio of above 5 were 

used for assembled protein quantitative ratios. 

3.7.10 Generation of cell lines stably expressing HDAC2-TAG 

Stable cell lines expressing HDAC2-TAG was generated using lentiviral transduction and 

subsequent puromycin selection as follows. 293T cells were transfected with the following helper 

plasmids pHAGE - GAG-POL; pHAGE - VSVG; pHAGE - tat1b; pHAGE - rev and pHAGE-

HDAC2-TAG-IRES-Puro using Mirus TransIT 293 transfection reagent. After 24 h fresh media 
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was added to the cells. 48 hour post transfection, the media containing the infectious virions was 

collected and filtered using a 0.45 mm sterile syringe filter. Polybrene (6ug/mL) was added to the 

filtered virus-containing media. The mixture was added to HeLa cells seeded at 30% confluency 

and infected for 24hours, prior to selection with 500 ng/mL Puromycin to obtain stable expression 

clones. 

3.7.11 Expression and purification of obligate dimeric TGT 

A plasmid encoding obligate dimeric TGT was cloned from the TGT-His plasmid 

(Addgene #138201) using DNA HiFi Assembly (New England Biolabs) to add a 16-amino acid 

XTEN linker (SGSETPGTSESATPES) between two identical coding sequences for E. Coli TGT. 

Enzyme was then expressed in BL21-DE3 cells with pG-KJE8 chaperone plasmid (Takara Bio) in 

media supplemented with 0.5 mg/mL arabinose and 5 ng/mL doxycycline to induce chaperone 

expression, and 1 mM IPTG to induce enzyme expression. Expression was allowed to proceed 

overnight at 18 °C, and dimeric TGT was then purified using standard His-tag purification, as 

described previously.77  

3.7.12 RNA Labeling in cell lysate 

Stable HeLa cells expressing HDAC2-TAG, grown to ~80% confluency in a 10 cm plate, 

were lysed directly upon addition of 600 µL of Mammalian Protein Extraction Reagent (Thermo 

Scientific), supplemented with 2X HALT protease inhibitor (Thermo Scientific) and 1 U/µL 

Murine RNAse, according to manufacturer’s instructions. To this cell lysate, 1 µM preQ1-biotin, 

100 nM E. Coli TGT or 500 nM obligate dimeric TGT (as noted), and 1 U/µL Murine RNAse 

inhibitor was added. Reactions were incubated for 2 h at room temperature prior to analysis. 
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3.7.13 qPCR analysis of RNA Recovery 

Following RNA labeling in cell lysate, as described above, total RNA was extracted from 

the lysate upon the addition of 3 volumes of Trizol-LS (Invitrogen) and purification with the Zymo 

Direct-Zol kit (Zymo Scientific) according to manufacturer’s instructions. 10 µL of washed 

Dynabeads MyOne C1 Streptavidin (Invitrogen) were incubated with 200 ng isolated total RNA 

sample in 1X RNA Binding and Washing Buffer (1X RBW, 5 mM Tris-HCl, pH 7.5, 0.5 mM 

EDTA, 1 M NaCl, 0.05% Tween) supplemented with 2 U/µL Murine RNAse inhibitor for 1 h at 

room temperature. Beads were washed 3 times in 1X RBW Buffer, followed by 2 washes with 

ultra-pure water. On-bead reverse transcription was performed in a volume of 20 μl using 200 U 

of Maxima Reverse Transcriptase (Thermo Scientific) according to the product instructions. For 

input controls, 200 ng of the corresponding total RNA sample was used. Following reverse 

transcription, cDNA was diluted 6-fold, and qPCR was performed using 4 μl of diluted cDNA 

template in a 20 μl reaction volume using qPCRBIO SyGreen Blue Mix (PCR Biosystems). 

Quantitative PCR was performed on a CFX-96 Real-Time System with a C100 Thermocycler 

(Bio-Rad). RNA recovery values were determined by comparison of the input and recovered RNA 

CT values by computing the ΔCT(purified-input) according to the following 

equation:𝑅𝑁𝐴 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 2−∆𝐶𝑇, based on the assumptions of the ΔΔCT method.99 Primers used 

for qPCR can be found in Table 3.9. 
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Table 3.9 Primers used for qPCR 

Primer Sequence 

HDAC2-TAG RT CTCCCGGGGATATGAAAATG 

GAPDH RT GTGAAGACGCCAGTG 

β-actin RT GTGGATGCCACAGGAC 

LBR RT CTTCATAATAAAGTGAACTCCCAG 

18S RT GAGGGCCTCACTAAACC 

U1 RT CCCACTACCACAAATTATGC 

HDAC2-TAG qPCR 

fwd 

AATTTCTTTTCTCCACCATGCTTTATGTG 

HDAC2-TAG qPCR 

rev 

GAAAATGATGGTACCGAGAGTCTGTGTTAG 

GAPDH qPCR fwd AATCCCATCACCATCTTCCA 

GAPDH qPCR rev TGGACTCCACGACGTACTCA 

β-actin qPCR fwd AGAGCTACGACGTGCCTGAC 

β-actin qPCR rev CTCCATGCCCAGGAAGGAAGG 

LBR qPCR fwd TGCTGTGCGACTATTCTCC 

LBR qPCR rev CAGGCCATCGACCTCTTACC 

18S qPCR fwd GTAACCCGTTGAACCCC 

18S qPCR rev CCATCCAATCGGTAGTAGCG 

U1 qPCR fwd CCATGATCACGAAGGTGGTTT 

U1 qPCR rev ATGCAGTCGAGTTTCCCACAT 

FTH1 qPCR fwd CCAGAACTACCACCAGGACTC 

FTH1 qPCR rev GTCAAAGTAGTAAGACATGGACAGG 

RPS6 qPCR fwd AAGCACCCAAGATTCAGCGT 

RPS6 qPCR rev TAGCCTCCTTCATTCTCTTGGC 

RPL41 qPCR fwd AGCCAAGTGGAGGAAGAAGC 

RPL41 qPCR rev AGCGTCTGGCATTCCATGTT 

MALAT1 qPCR fwd TGGTGATGAAGGTAGCAGGC 

MALAT1 qPCR rev ATTGCCGACCTCACGGATTT 

MRPL51 qPCR fwd AAGCTTCTCTCTTGGTGTGC 

MRPL51 qPCR rev CCAGGATCCCGATGTTGTCA 
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3.7.14 Enrichment of labeled RNA from cell lysate 

Following RNA labeling in cell lysate, as described above, 25 µL of washed Dynabeads 

MyOne C1 Streptavidin (Invitrogen) was added directly to the lysate labeling reaction and allowed 

to incubate for 1 h at room temperature. Beads were washed 3 times in 1X Stringent Wash Buffer 

I (20 mM Tris-HCl, pH 8, 2 mM EDTA, 150 mM NaCl, 1% Triton-X, 0.1% SDS), followed by 3 

washes with 1X Stringent Wash Buffer II (20 mM Tris-HCl, pH 8, 2 mM EDTA, 500 mM NaCl, 

1% Triton-X, 0.1% SDS), and finally 2 washes with ultra-pure water. On-bead reverse 

transcription was performed in a volume of 20 μl using 200 U of Maxima Reverse Transcriptase 

(Thermo Scientific) and a cocktail of 15 pmol each of gene-specific RT primers, according to the 

product instructions. Following on-bead reverse transcription, we performed qPCR and 

determined the ΔCT(gene-reference) for each condition, using β-Actin as a reference. We then 

calculated the ΔΔCT between the enzyme treated sample and control sample lacking enzyme 

treatment, and then calculated enrichment according to the following equation: 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =

2−∆∆𝐶𝑇, based on the assumptions of the ΔΔCT method.99 Primers used for qPCR can be found in 

Table 3.9. 

3.7.15 RNA Sequencing 

In order to identify transcripts biotinylated using this method, RNA was biotinylated in cell 

lysate, as described above. Total RNA was extracted from the lysate upon the addition of 3 

volumes of Trizol-LS (Invitrogen) and purification with the Zymo Direct-Zol kit (Zymo Scientific) 

according to manufacturer’s instructions. Library preparation was conducted using TruSeq 

Stranded mRNA kit (Illumina), using a modified protocol. In lieu of polyA purification, 25 µL of 

washed Dynabeads MyOne C1 Streptavidin (Invitrogen) were incubated with 10 µg isolated total 
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RNA sample in 1X RBW Buffer supplemented with 2 U/µL Murine RNAse inhibitor for 1 h at 

room temperature. Beads were washed 3 times in 1X RBW Buffer, followed by 2 washes with 

ultra-pure water. Subsequent to RNA binding and washing to the streptavidin beads, 19.5 μL of 

Fragment-Prime-Finish mix was added to each beads sample to elute and fragment the RNA. 

Library preparation was carried out in subsequent steps according to manufacturer’s protocol. All 

libraries were then sequenced using a MiSeq (Illumina) to produce paired end 75-bp reads.  

3.7.16 RNA sequencing raw data processing 

Raw RNA-seq data was first separated in paired fragment mates. Sequence 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA or 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT was used to cut potential sequencing 

adaptor reads from raw RNA-seq read_1 or read_2, respectively. Sequencing reads were aligned 

using Bowtie2 in end-to-end mapping mode with index built from the human hg38 assembly and 

the transgene sequence. Salmon100 was used to map RNA-seq reads to human transcriptome and 

quantify transcript expression. 
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4 RNA labeling in live cells 

4.1 Introduction 

The study of RNA regulation, trafficking, and function has become a subject of immense 

interest over the past decade, as the role of RNA in cell biology has become increasingly evident. 

While RNA plays a crucial role in coding for proteins, the untranslated regions of RNA have been 

shown to play crucial roles in RNA localization and regulation. Furthermore, recent efforts by the 

Encyclopedia of DNA Elements (ENCODE) to characterize the transcriptome have uncovered that 

a majority of the genome is transcribed into RNA, with 62% of the genome represented in 

processed transcripts.101 Many of these noncoding RNAs have been found to have important 

functions and distinct cellular localization. In order to further our understanding of RNA 

regulation, localization, and function, new chemical tools are needed to manipulate RNA.  

Enzymatic modification of biomolecules with small molecule probes has proven to be an 

extremely effective tool for their characterization. While various approaches exist for the 

enzymatic labeling of proteins, enzymatic methods for labeling an RNA of interest in live cells has 

not yet been reported. The RNA modifying enzyme, tRNA guanine transglycosylase (TGT) has 

shown great promise to be leveraged for the site-specific, covalent modification of RNA. We thus 

sought to explore the application of RNA-TAG within live cells for potential applications in RNA 

affinity purification and RNA imaging. We first explored preQ1 modification in bacterial cells, 

demonstrating that our probes are capable of being incorporated into tRNA substrates in E. Coli, 

and exploring the RNA selectivity and phenotypic effects of preQ1 incorporation. We then 

demonstrated RNA biotinylation of a target RNA transcript in live mammalian cells and explored 

probe design principles for use in RNA imaging. Lastly, we developed an orthogonal RNA-TAG 

nucleobase substrate-enzyme pair for use in mammalian systems. 

 



76 

 

4.2 PreQ1 modification in E. Coli  

In order to explore the potential application of RNA-TAG mediated labeling in living cells, 

we first explored E. Coli as a model system to explore whether our preQ1 derivatives could be 

incorporated into bacterial tRNA using the native E. Coli TGT. Because the modified preQ1 

derivatives used for RNA-TAG modification have reduced kinetic properties compared to the 

native preQ1 substrate, we employed an E. Coli strain deficient in the key preQ1 biosynthetic 

enzyme QueC (Figure 4.1). 

 

Figure 4.1. Queuosine biosynthetic pathway in bacterial systems. PreQ1 is synthesized through a series of enzymatic 

reactions from GTP. Once preQ1 is incorporated into tRNA, further modification by QueA and QueC result in fully-

queuine modified tRNA. 

Using E. Coli (ΔQueC), we first sought to explore whether tRNA substrates could be 

biotinylated through treatment of live cells with preQ1-biotin. Following treatment of cell cultures, 

RNA was isolated and subjected to streptavidin-mediated affinity purification, followed by gel 

analysis. From this analysis, bands at the expected molecular weight for tRNA species(~75 bp) 

were observed in the sample treated with preQ1-biotin, but not in the control sample lacking preQ1-

biotin, indicating that the biotin modification was successfully incorporated into tRNA (Figure 

4.2).  
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Figure 4.2. Denaturing polyacrylamide gel electrophoresis of E. Coli RNA after treatment with preQ1-biotin and 

subsequent affinity purification. Live cultures were treated with 10 μM preQ1-biotin. After purification of total RNA, 

RNA samples were subjected to streptavidin-mediated affinity purification, eluted and analysed via gel 

electrophoresis. 

There has been substantial interest in characterizing the RNA substrates of bacterial TGTs 

in order to elucidate potential functional roles for the queuine modification.102 For example, TGT-

mediated labeling of VirF mRNA was previously implicated to play a role in the virulence of 

Shigella flexnieri.52  Our previous work surrounding TGT selectivity in mammalian systems (see 

Chapter 3.5) suggested that E. Coli TGT may label RNA transcripts other than the well-known 

target tRNAs. In order to further explore whether alternative RNA substrates exist in vivo in E. 

Coli, we sought to identify prospective substrates for TGT. Previous work has demonstrated that 

the minimal requirements for TGT recognition include a 7-nucleotide loop with the consensus 

sequence YUGUNNN, where Y represents a pyrimidine (C or U) and N represents any base.14,15 

Furthermore, it has been hypothesized that recognition of an RNA substrate by TGT through 

charge complementarity requires adoption of a zig-zag conformation of the loop region.16 Using a 
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custom MATLAB program, we searched the E. Coli transcriptome for sequences with the potential 

to form such hairpin substrates, specifically looking for 17-nucleotide sequences with 5 

nucleotides on either end with the capacity to form a Watson-Crick base pair, and a UGU sequence 

at positions 7-9. From this analysis, 57 cDNA genes were identified that contained this sequence 

motif. These sequences were further screened using mfold to identify transcripts in which 

formation of the putative hairpin was energetically favored.103 We then analyzed E. Coli RNA 

from treated cells, as described above, using a qPCR assay to evaluate RNA recovery from affinity 

purification. Despite the existence of RNA off-targets in mammalian systems, these putative off 

targets did not show apparent biotinylation in our assay, suggesting that there may be additional 

factors influencing the selectivity in bacteria. Application of the RNA-sequencing workflow 

developed in Section 3.5 may allow future identification of potential bacterial RNA substrates. 

Table 4.1. Calculated qPCR recoveries after streptavidin affinity purification of total RNA samples from E. Coli. 

Transcripts with putative TGT recognition sequences were examined for potential TGT biotinylation and enrichment. 

*rpoA was selected as a negative control, with no putative TGT recognition sequence. n.d. indicates that no RNA was 

detectable in the affinity purified sample. All RNAs were detected in the input sample with Ct<28. 

 
treated with preQ1-

biotin 

no 

treatment 

rpoA* 0.010% 0.002% 

cysK 0.014% 0.005% 

epd 0.006% 0.008% 

cynT n.d. n.d. 

cyoE 0.046% 0.036% 

mdtB n.d. n.d. 

stpA n.d. n.d. 

hofC n.d. n.d. 

mdtH 0.017% n.d. 

gfcD n.d. n.d. 

yfdX 0.039% n.d. 

rplR 0.002% 0.000% 
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Table 4.2. cDNA genes of E. Coli strain bw25113(Accession GCF_000750555.1) containing putative TGT 

recognition sequences (continued on the next page) 

Gene 

symbol 

Description Putative TGT recognition 

sequence 

yaaU putative transporter 'GCGATCTGTTTAATCGC' 

hofC assembly protein in type IV pilin biogenesis, 

transmembrane protein 

'TGGCAATGTATCTGCCA' 

metQ DL-methionine transporter subunit 'TATCTTTGTTGAAGATA' 

cynT carbonic anhydrase 'CCAGTTTGTGCCACTGG' 

lacY lactose permease 'CAAAACTGTGGTTTTTG' 

cyoE protoheme IX farnesyltransferase 'GTTGTGTGTTTAACAAC' 

macB fused macrolide transporter subunits of ABC 

superfamily: ATP-binding component/membrane 

component 

'TAACACTGTCACTGTTA' 

ycaR peroxide and acid resistance protein, UPF0434 

family 

'TTCCAGTGTTGCTGGAA' 

elfC putative outer membrane fimbrial subunit export 

usher protein 

'GTTTAATGTGAATAAAC' 

gfcD putative O-antigen capsule production 

periplasmic protein 

'AGACACTGTATATGTCT' 

ycdZ DUF1097 family inner membrane protein 'CGGTTATGTCATAACCG' 

mdtH multidrug resistance efflux transporter conferring 

overexpression resistance to norfloxacin and 

enoxacin 

'AATGGATGTATGCCATT' 

thiK thiamine kinase 'TAACGCTGTTGCCGTTA' 

adhE fused acetaldehyde-CoA dehydrogenase/iron-

dependent alcohol dehydrogenase/pyruvate-

formate lyase deactivase 

'TCAGGATGTTATCCTGA' 

ansP L-asparagine transporter 'GTTTGGTGTGCGCAAAC' 

dmsD twin-argninine leader-binding protein for DmsA 

and TorA 

'CGCGCGTGTTGGGCGCG' 

yeaJ putative diguanylate cyclase 'CGCGCATGTGATGCGCG' 

fliI flagellum-specific ATP synthase 'TCAGCATGTGTTGCTGA' 

fliQ flagellar biosynthesis protein 'CGCTATTGTTGGTAGCG' 

flu CP4-44 prophage; antigen 43 (Ag43) phase-

variable biofilm formation autotransporter 

'CACTGTTGTGAACAGTG' 

wcaF putative acyl transferase 'GGCAAATGTGGTTTGCC' 

mdtB multidrug efflux system, subunit B 'GCTCGATGTCGCCGAGC' 

mglC methyl-galactoside transporter subunit 'TAAGTCTGTTGAACTTA' 

yfdX uncharacterized protein 'GAGTTATGTAGCAACTC' 

ypdI putative lipoprotein involved in colanic acid 

biosynthesis 

'ATGCAATGTTTTTGCAT' 

cysK cysteine synthase A, O-acetylserine 

sulfhydrolase A subunit 

'GAATATTGTGGTTATTC' 
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Table 4.3. cDNA genes of E. Coli strain bw25113(Accession GCF_000750555.1) containing putative TGT 

recognition sequences (continued from the previous page) 

Gene 

symbol 

Description Putative TGT recognition 

sequence 

hyfJ putative processing element hydrogenase 4 'TTCATCTGTTGGATGAA' 

yphG DUF4380 domain-containing TPR repeat protein 'CGCGCGTGTGCAGCGCG' 

glrK sensor protein kinase regulating glmY sRNA in 

two-component system with response regulator 

GlrR 

'TATTGATGTCATCAATA' 

clpB protein disaggregation chaperone 'CAGAACTGTTCGTTCTG' 

stpA DNA binding protein, nucleoid-associated 'CACCGATGTTAACGGTG' 

ygaZ putative L-valine exporter, norvaline resistance 

protein 

'GCCATGTGTTGTATGGC' 

alaS alanyl-tRNA synthetase 'CAAGGATGTGTTCCTTG' 

casB CRISP RNA (crRNA) containing Cascade 

antiviral complex protein 

'CCAGGATGTTGACCTGG' 

lplT lysophospholipid transporter 'CTTCGTTGTGGTCGAAG' 

epd D-erythrose 4-phosphate dehydrogenase 'TGCCATTGTCGATGGCA' 

yggF fructose 1,6 bisphosphatase isozyme 'TGGCGATGTCGCCGCCA' 

pppA bifunctional prepilin leader peptidase/ methylase 'GGGCATTGTCGCTGCCC' 

parC DNA topoisomerase IV, subunit A 'CGATCGTGTTGAGATCG' 

yqiI fimbrial protein 'TGATGTTGTTAGCATCA' 

greA transcript cleavage factor 'TGATGTTGTGGTCATCA' 

elbB isoprenoid biosynthesis protein with 

amidotransferase-like domain 

'GGTTGATGTTATCAACC' 

rplR 50S ribosomal subunit protein L18 'CAAAGATGTATCCTTTG' 

nudE adenosine nucleotide hydrolase; substrates 

include Ap3A, Ap2A, ADP-ribose, NADH 

'GCGCAATGTCAGTGCGC' 

glyS glycine tRNA synthetase, beta subunit 'CGCCCATGTGAAGGGCG' 

rarD putative chloramphenical resistance permease 'CGGTATTGTCACTACCG' 

fre NAD(P)H-flavin reductase 'ATCGCCTGTTTGGCGAT' 

pfkA 6-phosphofructokinase I 'AACATATGTGTGATGTT' 

oxyR oxidative and nitrosative stress transcriptional 

regulator 

'AGCCAATGTTGCTGGCT' 

yjaA stress-induced protein 'TTTCTTTGTTGCAGAAA' 

yjcD inner membrane putative guanine permease 'GCAACCTGTCTGGTTGC' 

proP proline/glycine betaine transporter 'GTTATTTGTCGCATAAC' 

bsmA bioflm peroxide resistance protein 'AGTGCCTGTAGCGCACT' 

prfC peptide chain release factor RF-3 'ATCGGCTGTGCGCCGAT' 

yedN pseudogene 'AAAGAATGTAATTCTTT' 

ypjC pseudogene 'TAGTCCTGTTGTGACTA' 

yghF pseudogene 'TGTTGCTGTGACCAACA' 
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Figure 4.3. Consensus results of two replicates of the phenotypic microarray comparing the growth of E. Coli 

JW0396-3 (green, ΔTGT) and parent strain E. Coli BW25113(red). Green indicates preferential growth of E. Coli 

JW0396-3 (ΔTGT), while red indicates preferential growth of E. Coli BW25113. Full microarray conditions are 

available from Biolog. 

Based upon our observations that bacterial preQ1 modification appeared to be highly 

selective, we next sought to explore other phenotypic effects of queuine modification in E. Coli. 

Using a phenotypic microarray (Biolog, Inc), the growth of an E. Coli strain with deletion of the 

TGT gene and kanamycin resistance cassette (ΔTGT, JW0396-3) was compared to the parent 

strain, E. Coli BW25113 across 1,920 growth conditions. From this analysis, strain JW0396-3 was 

observed to have reduced growth in the presence of methyl viologen, hydroxyurea, and guanidine 

hydrochloride(Figure 4.3). Several gain-of-function phenotypes were also observed, such as 

antibiotic resistance, growth in the presence of Arg-Gln, and resistance to urea.  Queuine 

modification has previously been found to promote resistance to oxidative stress in eukaryotes.104 

Specifically, queuine modification stimulates methylation of C38 in the anticodon stemloop of 

substrate tRNAs,105 which promotes resistance to oxidative stress through increased expression of 
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stress response proteins.106 This data suggests that similar pathways may play a role in queuine 

function in bacteria.   

Table 4.4. Observed phenotypes in TGT-deficient E. Coli 

Phenotype 

of E. Coli 

JW0396-3 

relative to 

E. Coli 

BW25113 

Microarray 

Plate/Well 

Condition Description 

Gain PM20B/E07 Dodine (n-

Dodecylguanidine) 

membrane permeability, guanidine, 

fungicide 

Gain PM06/B08  Arg-Gln N-Source, peptide 

Gain PM09/E08 3% Urea osmotic sensitivity, urea 

Gain PM09/E07  2% Urea osmotic sensitivity, urea 

Gain PM19/D12 Phenyl-

methylsulfonyl-

fluoride (PMSF) 

protease inhibitor, serine 

Gain PM12B/C03,C04 Paromomycin protein synthesis, 30S ribosomal 

subunit, aminoglycoside 

Gain PM11C/H07,H08 Kanamycin protein synthesis, 30S ribosomal 

subunit, aminoglycoside 

Gain PM11C/F11,F12 Neomycin protein synthesis, 30S ribosomal 

subunit, aminoglycoside 

Gain PM13B/E07,E08 Geneticin disulfate 

(G418) 

protein synthesis, 30S ribosomal 

subunit, aminoglycoside 

Gain PM11C/H04 Cephalothin wall, cephalosporin 

Gain PM15B/A11 Cefmetazole wall, cephalosporin 

Loss PM15B/A07 Guanidine 

hydrochloride 

membrane, chaotropic agent 

Loss PM15B/E09,E10, 

E11 

Methyl viologen oxidizing agent 

Loss PM15B/H07 Hydroxyurea ribonucleotide DP reductase inhibitor, 

antifolate (inhibits thymine and 

methionine synthesis) 

 

4.3  RNA-TAG labeling in live mammalian cells and characterization of preQ1-

fluorophore conjugates for RNA imaging 

Having demonstrated that preQ1 derivatives are incorporated into tRNA using native E. 

Coli TGT, we next sought to explore weather RNA-TAG labeling could be conducted in 

mammalian cells through expression of E. Coli TGT and treatment of cells with developed preQ1 
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derivatives. Labeling of a target RNA transcript within live mammalian cells could enable 

numerous applications, including RNA imaging, RNA manipulation, and affinity purification of 

cellular (or cell-type specific) RNA-protein complexes. Several factors could potentially affect 

successful RNA-TAG labeling of a target transcript in mammalian cells, including expression and 

folding of E. Coli TGT, permeability of the preQ1 derivatives, and potential inhibition by 

queuine.32 

To test whether RNA-TAG labeling could occur within mammalian cells, we co-expressed 

E. Coli TGT and a target HDAC2-TAG RNA in HeLa cells using transient transfection and treated 

cells with preQ1-biotin. RNA biotinylation was evaluated through an affinity purification-qPCR 

assay of RNA extracted directly from these cells. The target HDAC2-TAG RNA was successfully 

recovered (~40%) in the presence of both E. Coli TGT expression and preQ1-biotin, but such RNA 

enrichment was not observed in the absence of either E. Coli TGT or preQ1-biotin (Figure 4.4). 

This finding indicates that E. Coli TGT is responsible for HDAC2-TAG labeling in these cells. 

Further analysis of a nuclear target RNA, 7SK-TAG, demonstrated that nuclear RNA labeling 

could be achieved using either wild type E. Coli TGT, or E. Coli TGT with an appended nuclear 

localization sequence (TGT-NLS). This data indicates that the expressed E. Coli TGT is correctly 

folded and active within mammalian cells, and suggests that queuine inhibition is not observed in 

the HeLa model cells. Furthermore, this data suggests that preQ1-biotin is cell permeable, and 

passive delivery is sufficient for effective RNA labeling. Interestingly, biotin has been used as a 

drug delivery handle in cancer cell lines, which may contribute to the permeability of this probe in 

HeLa cells.107  
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Figure 4.4. Evaluation of RNA-TAG biotinylation in HeLa cells. (A) Assay used to evaluate live-cell RNA labelling 

mediated by E. Coli TGT. (B) Expression of E. Coli TGT and treatment with preQ1 enables recovery of HDAC2-TAG 

target RNA from three biological replicates. (C) Nuclear RNA 7SK-TAG recovery with expression of either wild type 

E. Coli TGT or E. Coli TGT with an appended nuclear localization sequence from three technical replicates.  

Based on successful RNA-TAG biotinylation in HeLa cells, we sought to examine preQ1-

fluorophore conjugates for potential applications in RNA imaging. Potential preQ1-fluorophore 

conjugates for use in live cell imaging would have to satisfy several requirements, namely: (1) can 

diffuse into live mammalian cells, (2) do not accumulate in cells or bind other cellular 

biomolecules, which would contribute to background, and (3) recognition as a TGT substrate. 

Because of the low cellular concentration of RNA in the cell,65 background binding of fluorophore 

probes is especially crucial. In order to select suitable fluorophore candidates for potential 

applications in RNA imaging, we first examined fluorophores used for live-cell SNAP-Tag protein 

labeling. SNAP-Tag is a system for protein labeling that relies on the activity of an engineered O6-

alkylguanine-DNA alkyltransferase (AGT). Because of the similarity between the nucleobase 

derivatives used for RNA-TAG labeling (preQ1 scaffold) and SNAP-Tag labeling (O-
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benzylguanine), we hypothesized that fluorophores used in the SNAP-Tag system may have 

similar cellular diffusion properties when appended to the preQ1 scaffold.  

Silicon rhodamine (SiR) is a near-infrared fluorophore with fluorogenic properties in polar 

environments that facilitate various live-cell applications.108 Specifically, benzylguanine-silicon 

rhodamine probes were used to image RNA using MS2 phage coat protiens.109 In order to evaluate 

silicon rhodamine as a potential fluorophore for RNA-TAG mediated RNA imaging, we 

synthesized preQ1-silicon rhodamine. We first evaluated the probe for TGT recognition through 

in vitro labeling of the HDAC2-TAG transcript, and analysis via polyacrylamide gel 

electrophoresis to observe incorporation of the SiR probe by fluorescence. We found that the probe 

could be successfully incorporated into the RNA transcript (Figure 4.5A). We next evaluated the 

cell permeability and wash-out characteristics of the developed probe through wash-in-wash-out 

studies, using benzylguanine-SiR (BG-SiR) as an imaging control. From these studies, preQ1-SiR 

 

Figure 4.5 Characterization of preQ1-SiR and comparison to BG-SiR. (A) Polyacrylamide gel electrophoresis 

demonstrating covalent labelling of HDAC2-TAG mRNA with preQ1-SiR. (B) Comparison of cellular accumulation 

of preQ1-SiR compared to BG-SiR in HeLa cells. (C) Comparison of polarity dependence of preQ1-SiR and BG-SiR 

probes.  

showed substantially higher background than BG-SiR, suggesting that while the probe was cell-

permeable, it accumulated in cells to a higher extent than the structurally similar BG-SiR(Figure 
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4.5B). An alternative explanation could be that differences in polarity between the BG and preQ1 

scaffolds may result in higher inherent fluorescence of preQ1-SiR based on its expected polarity-

dependence. To test for this, we measured the absorbance of both probes as a function of solvent 

polarity using water-dioxane mixtures; this analysis showed similar polarity dependence for both  

Probes (Figure 4.5C).   Lysosomal and mitochondrial cell  stains indicated colocalization of preQ1-

SiR with both organelles (Figure 4.6). Mitochondrial localization is a common phenomenon 

observed in rhodamine-based dyes, due to the interaction between the delocalized positive charge 

of the probe and the action potential of mitochondria. Amines with a pKa of 9-10 commonly 

undergo lysosomal accumulation due to passive diffusion into the lysosome and protonation under 

its acidic environment. Thus, we hypothesized that the secondary amine used to tether the 

fluorophore to the preQ1 scaffold was responsible for lysosomal accumulation of this probe.  

 

Figure 4.6. Cellular localization of preQ1-SiR probe in HeLa cells. (A) Colocalization of preQ1-SiR (red) and 

lysotracker green (green). (B) Colocalization of preQ1-SiR (red) and Mitotracker Red (false-colored green for clarity). 

Because the secondary amine is crucial for recognition of preQ1 derivatives, we hypothesized that 

all derivatives based on this scaffold would have the tendency to accumulate in the lysosome. 

Thus, we sought to design a preQ1-fluorophore conjugate that would have reduced fluorescence 

under the acidic conditions in the lysosome. Diacetylfluorescein is a cell-permeable fluorescein 

derivative that is converted to fluorescein by esterases in cells. Importantly, fluorescein has 
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reduced fluorescence in its protonated form, and thus we hypothesized that a preQ1-

diacetylfluorescein derivative would be able to diffuse into cells, and then  be uncaged into a 

preQ1-fluorescein analog that would result in reduced lysosomal staining. After synthesis of preQ1-

diacetylfluorescein (preQ1-Ac2Fl), test labeling with ECY-A1 resulted in the expected gel shift, 

indicating successful recognition by TGT (Figure 4.7). Subsequently, wash-in-wash-out studies 

were conducted to compare the permeability and background signal of preQ1-Ac2Fl and BG-Ac2Fl 

(Figure 4.8). For additional comparison of cellular background, we also tested a preQ1-amide-

Ac2Fl derivative, which is not accepted as a TGT substrate. Comparison of these probes scaffolds 

showed that the preQ1-Ac2Fl derivative had observable lysosomal staining. The preQ1-amide-

Ac2Fl did not have observable lysosomal staining, suggesting that the amine functionality is 

responsible for this phenomenon. Furthermore, attempts to image RNA labeling with the preQ1-

Ac2Fl probe did not result in signal above the background, while SNAP-Tag labeling with BG-

Ac2Fl was clearly evident (Figure 4.9). 

 

Figure 4.7. Gel shift assay to test incorporation of preQ1-Ac2Fl into ECY-A1 model hairpin RNA substrate. RNA 

was stained with SYBR green II for RNA visualization. 
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Figure 4.8. Comparison of lysosomal accumulation of BG-Ac2Fl, preQ1-Ac2Fl, and preQ1-Amide-Ac2Fl in HeLa 

cells. 

 

Figure 4.9. Comparison of SNAP-Tag mediated protein labelling with BG-Ac2Fl to attempted RNA-TAG mediated 

labelling with preQ1-Ac2Fl in HeLa cells. 

These findings suggest that the preQ1 scaffold typically employed for RNA-TAG labeling, 

containing a secondary amine, is ill-suited for RNA imaging applications based on the inherent 

lysosomal background signal and the low expected RNA signal. In order to overcome these 
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challenges, future approaches could include the mutation or engineering of TGT to accept amide-

containing preQ1 derivatives which do not accumulate in the mitochondria. An alternative 

approach could include the incorporation of fluorine substitutions within the alkyl linker to reduce 

the pKa of the secondary amine group. Such modification may be tolerated by the TGT enzyme 

while reducing lysosomal accumulation of preQ1-fluorophore conjugates.  

4.4 Development of an orthogonal enzyme-substrate pair for RNA-TAG applications in 

mammalian cells 

The ability to label RNA in mammalian cells would enable various applications, such as 

RNA imaging and tracking; however, application of RNA-TAG to live mammalian cells would 

require selectivity against preQ1 derivatives by eukaryotic TGTs.  From previous studies, the 

degree of selectivity of eukaryotic TGT against preQ1 has been the subject of debate; Chen, et al. 

have reported a 500-fold increase of binding affinity for queuine compared to preQ1 for human 

TGT, while Shindo-Okada, et al. have reported only a 7-fold difference in binding affinity for TGT 

isolated from rat liver.31,110 Due to the irreversibility of preQ1 incorporation,20 recognition of preQ1 

by human TGT is undesirable and may lead to background tRNA labeling. Importantly, 

comparison of the bacterial and eukaryotic TGTs show very few differences in the binding pocket; 

a cysteine residue in the bacterial TGT is replaced with a valine in eukaryotic TGT, which is 

thought to enlarge the binding pocket, allowing the larger queuine nucleobase to bind.111 However, 

the preQ1 derivatives developed for RNA-TAG labeling are bear some structural similarity to 

queuine, due to the secondary amine with the appended cyclopentadiol group. Furthermore, a 

recent study found that the small molecule NPPDAG, which is highly structurally similar to RNA-

TAG preQ1 derivatives, was inserted into tRNA by human TGTs.112 Therefore, in order to apply 

our RNA-TAG system to mammalian cells, we sought to alter the substrate selectivity of the 

bacterial RNA-TAG labeling system to attain orthogonality to eukaryotic TGTs. 
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The binding pocket of TGT that facilitates nucleobase recognition has been studied 

extensively though biochemical and crystallographic studies. Aspartate 89 (E. Coli numbering) is 

a strictly conserved residue involved in recognition of guanine through hydrogen bonding at N2; 

it is also thought to play a role as a general base in catalysis16. Aspartate 143 plays a key role in 

recognizing the Watson-Crick face of guanine and preQ1 through hydrogen bonding interactions 

to N1 and N2.21,22 Additional interactions with Serine 99, Glutamine 187, and the backbone of 

Glycine 214 also contribute to binding of guanine 11,16. A highly conserved catalytic aspartate 

residue, Aspartate 264, acts as a nucleophile to break the glycosidic linkage of the guanosine, 

forming a TGT-RNA covalent intermediate16. Exchange of the excised guanine in the binding 

pocket for preQ1 then allows for nucleophilic attack of the ribose by N9 of preQ1, reforming a 

glycosidic bond. Based upon these known binding interactions, we postulated that mutation of 

Aspartate 143, which binds the Watson-Crick face of guanine and preQ1, could potentially be 

mutated to alter binding affinity. 

In order to test this, we first made the TGT mutant D143A. By mutating the aspartate 

residue to an alanine residue, we hypothesized that the binding of preQ1 would be reduced. Indeed, 

we found that the TGT(D143A) mutant was able to form a covalent intermediate with its substrate 

RNA hairpin, as indicated by the higher molecular weight band (Figure 4.10). The TGT(D143A) 

covalent intermediate was stable to treatment with preQ1, indicating that its affinity for preQ1 was 

reduced relative to wild type, whose covalent complex largely disappeared upon preQ1 treatment. 

In order to design a new nucleobase substrate for TGT, we postulated that D143 could be mutated 

in such a way to alter binding interactions instead of removing them. Inspired by previous work 

showing that a D143N mutation enabled selective recognition of xanthine over the natural guanine 

substrate,21 we hypothesized that we could design a new nucleobase analog with a Watson-Crick 
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face corresponding to xanthine, but bearing the 2-aminomethyl moiety of preQ1 (Figure 4.11A,B). 

Accordingly, we synthesized such a nucleobase analog, which we named preX1, based on its 

similarity to both xanthine and preQ1, and appended a Cy5 fluorophore (preX1-Cy5) to facilitate 

detection. 

 

Figure 4.10. Protein gel of TGT-RNA covalent intermediate for both wild type (wt) TGT and D143A mutant. The 

covalent complex was treated with either guanine or preQ1 as indicated to determine complex stability to each 

substrate. 

 

Figure 4.11. Design and testing of novel nucleobase substrate for TGT-mediated labelling. (A) Binding interactions 

of preQ1 within the TGT active site (B) Design of nucleobase substrate and TGT mutant (C) Treatment of RNA 

substrate with different enzyme/nucleobase pairs and analysis for Cy5 fluorescence after gel electrophoresis (D) 

Selectivity of nucleobase recognition by wild type TGT and TGT (D143N) using different fluorophores 
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To test for incorporation of our modified nucleobase, we incubated the hairpin RNA 

substrate, ECY-A1, with either TGT(wt) or TGT(D143N) along with preQ1-Cy5 or preX1-Cy5. 

We found that preX1-Cy5 was incorporated very well by  TGT(D143N), though preX1-Cy5 was 

similarly incorporated by TGT(wt); TGT(D143N) accepted preQ1-Cy5 poorly (Figure 4.11C). To 

further examine the substrate selectivity of our enzyme-substrate pairs, we incubated each enzyme 

variant, TGT(wt) and TGT(D143N), with a preQ1 derivative (preQ1-TAMRA) and a preX1 

derivative (preX1-Cy5) simultaneously. In agreement with our previous results, we found that 

TGT(wt) had higher signal from preQ1-TAMRA, whereas TGT(D143N) had higher signal from 

preX1-Cy5(Figure 4.11D). We also studied incorporation of these derivatives by an alternative 

bacterial TGT from Zymomonas mobilis. While preQ1-Cy5 could be incorporated by Z. Mobilis 

TGT, preX1-Cy5 demonstrated extremely low levels of incorporation by the analogous D156N 

mutant, and no detectable incorporation by a D156Q mutant (Figure 4.12). 

 

Figure 4.12. Testing of Zymomonas mobilis TGT for incorporation of PreQ1 and PreX1 derivatives. ECY-A1 was 

treated with Z. Mobilis TGT wild type and D156 mutants in the presence of preQ1 or PreX1-Cy5 analogs. RNA was 

analysed by gel electrophoresis and Cy5 fluorescence. 

Encouraged by the incorporation of preX1-Cy5 into RNA by E. Coli TGT(D143N), we 

hypothesized that while preQ1 analogs could potentially be recognized by human TGT, preX1 

derivatives would likely not be recognized and may be amenable to applications in human cells 

using the E. Coli TGT(D143N) enzyme. In order to explore the selectivity of human TGT against 

preQ1 and preX1 derivatives, we expressed and purified Homo sapiens QTRT1 and QTRT2, 

which represent the heterodimeric TGT complex (human TGT). We then assayed the nucleobase 
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selectivity through incubation of tRNATyr or ECY-MH with either human or E. Coli (wt) TGT, 

along with either preQ1-Cy5 or preX1-Cy5. Electrophoretic separation, followed by detection of 

Cy5 fluorescence showed that preQ1-Cy5 could be incorporated into tRNATyr by human TGT, 

confirming our hypothesis that this probe would be recognized by the human enzyme (Figure 

4.13). In contrast, preX1-Cy5 did not appear to be incorporated into the tRNA substrate by human 

TGT.  Interestingly, labeling of tRNATyr with E. Coli TGT(wt) and preQ1-Cy5 resulted in 

multiple fluorescent bands, which could indicate multiple probe incorporations and recognition of 

degraded tRNA substrate. As expected, E. Coli TGT was able to incorporate both preQ1-Cy5 and 

preX1-Cy5 into the tRNA substrate, though preX1-Cy5 was incorporated by the E. Coli TGT(wt) 

enzyme 

 

Figure 4.13. Comparison of human TGT and E. Coli TGT RNA and nucleobase substrate tolerance. Enzyme, RNA, 

and nucleobase substrates were incubated and analysed using Cy5 fluorescence after gel electrophoresis. 

at lower levels. In accordance with previous literature showing that the full tRNA is required for 

recognition by mammalian TGT,30 no incorporation of either nucleobase into the ECY-MH 
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substrate was detected using human TGT, while both nucleobase substrates were incorporated by 

E. Coli TGT(wt). Together, these findings suggest that the preQ1 scaffold is not orthogonal to 

human cells, while the preX1 scaffold overcomes this obstacle by avoiding recognition by human 

TGT. Accordingly, the developed preX1 scaffold, in conjunction with E. Coli TGT(D143N) is a 

promising platform for future live-cell labeling applications in human cells.  

4.5 Discussion 

Covalent labeling of RNA has a variety of potential applications, in both bacterial and 

mammalian systems. In bacterial systems, RNA-TAG has the potential to be leveraged to 

understand the RNA selectivity of TGT recognition and to explore the functional role of queuine 

modification. In mammalian systems, RNA-TAG can potentially be applied to understand RNA 

localization, RNA interactions, and to modulate RNA function. In this chapter, these potential 

applications were explored through the demonstration of TGT-mediated labeling in both bacterial 

and mammalian systems. The use of preQ1 derivatives for RNA imaging in live mammalian cells 

was explored, and the exocyclic amine was identified as an area for future optimization.  

Furthermore, a novel nucleobase-TGT mutant pair was developed for use as an orthogonal probe 

in mammalian systems.    

Through the use of queuine-deficient E. Coli, the biotinylation of tRNA by treatment with 

preQ1-biotin was observed. tRNA labeling in E. Coli could have potential applications in tRNA 

imaging or ribosome profiling. Furthermore, we utilized this biotinylation, presumably carried out 

by native E. Coli TGT, to explore the labeling selectivity against other putative RNA substrates in 

the E. Coli transcriptome via qPCR analysis. While various off-targets were identified in 

mammalian systems, as discussed in Chapter 3, the selectivity of TGT in E. Coli appears to be 

quite selective, with no observable labeling of mRNA transcripts. RNA sequencing could 

potentially be applied, using the techniques developed in Chapter 3, to confirm whether the native 
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substrates of TGT in E. Coli are limited to the tRNA substrates. Through a phenotypic array, we 

also identified that the phenotypic effects of queuine modification are limited; however, TGT-

deficient bacteria were notably sensitive to oxidative stress, which has also been observed in 

eukaryotic systems.104,106 

Live-cell biotinylation of target RNA in mammalian cells was also observed through 

expression of E. Coli TGT, demonstrating the feasibility of future applications of RNA-TAG in 

live mammalian cells. For example, the methods developed for the analysis of RNA-protein 

interactions using RNA-TAG could be implemented in live cells to enable cell-type specific 

interaction studies. There is significant interest in the development of RNA imaging technologies, 

which allow for RNA localization and tracking studies. Through comparison of preQ1-fluorophore 

conjugates to benzylguanine-fluorophore conjugates, the exocyclic amine of preQ1 was identified 

as a key feature for future optimization. Because the pKa of this amine is approximately 10,23 

lysosomal accumulation is commonly observed for probes with this scaffold, leading to 

background in imaging studies.  

Lastly, we developed a novel nucleobase scaffold for RNA-TAG applications in 

mammalian systems. Because of the similarity of preQ1 derivatives to queuine, we found that these 

derivatives could be incorporated into tRNA substrates by human TGT. A xanthine-based 

nucleobase named preX1 was developed to overcome this obstacle. PreX1 can be incorporated into 

RNA substrates by E. Coli TGT, and recognition was improved using the E. Coli TGT(D143N) 

mutant. PreX1-Cy5 was not recognized by human TGT, and therefore, this novel nucleobase is 

more suitable for potential applications in live mammalian cells, such as RNA imaging.  

Together, this work suggests that RNA-TAG has the potential to be further implemented 

and developed for various applications in both bacterial and mammalian systems. The ability to 
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covalently label RNA within live cells is a powerful tool that may allow for further elucidation of 

the functional role of queuine modification, as well as the study of mRNA and ncRNA transcripts 

in mammalian systems.  

4.6 Experimental Methods 

4.6.1 RNA biotinylation in E. Coli and bacterial RNA isolation  

E. Coli strain JW0434-1 (ΔQueC) was obtained by the Yale Coli Genetic Stock Center 

(https://cgsc.biology.yale.edu/). After preparing overnight starter cultures, two-500μL cultures 

containing LB supplemented with kanamycin were inoculated with starter culture. To one culture, 

preQ1-C6H12-biotin was added to a final concentration of 10 μM. Cultures were incubated, with 

shaking, at 37°C for 9 hours to an OD of >0.2. Cells were then pelleted, and RNA was isolated 

from cells according to a previously reported method,113 followed by RNA clean-up using the 

Zymo RNA Clean and Concetrator-25 kit.  

4.6.2 Affinity purification and PAGE analysis of bacterial RNA 

20 µL of washed Dynabeads M280 Streptavidin (Invitrogen) were incubated with 3 μg 

isolated total RNA sample in 1X RNA Binding and Washing Buffer (1X RBW, 5 mM Tris-HCl, 

pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween) supplemented with 2 U/µL Murine RNAse 

inhibitor for 1 h at room temperature. Beads were washed 3 times in 1X RBW Buffer, and eluted 

with 2X RNA loading dye (New England Biolabs) by heating at 95°C for 3 min. The eluted RNA 

was loaded directly onto an 8% denaturing urea-TBE-PAGE gel. Total input RNA (1.5 μg) loaded 

for comparison to the affinity purified sample. Electrophoresis was conducted at 150 V for 45 min, 

and the gel was subsequently stained with Sybr Green II (Invitrogen) for analysis. 
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4.6.3 Affinity purification and qRT-PCR analysis of bacterial RNA 

Bacterial total RNA samples were treated with DNAse to remove any contaminating DNA 

using the Turbo DNA-Free kit (Invitrogen), according to manufacturers instructions. RNA was 

further subjected to spin filtration to remove the expected tRNA species (~25 kD) using a 30 kD 

spin filter (Amicon Ultra, Millipore). 20 µL of washed Dynabeads MyOne C1 Streptavidin 

(Invitrogen) were incubated with 4 µL total RNA sample in 1X RNA Binding and Washing Buffer 

(1X RBW, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween) supplemented with 

2 U/µL Murine RNAse inhibitor for 1 h at room temperature. Beads were washed 5 times in 1X 

RBW Buffer, followed by 2 washes with ultra-pure water. On-bead reverse transcription was 

performed in a volume of 20 μl using 200 U of Maxima Reverse Transcriptase (Thermo Scientific) 

according to the product instructions. For input controls, 4 µL of the corresponding total RNA 

sample was used. Following reverse transcription, qPCR was performed using 1 μl of cDNA 

template in a 20 μl reaction volume using Maxima SYBR Master Mix (Thermo Fisher). RNA 

recovery values were determined by comparison of the input and recovered RNA CT values by 

computing the ΔCT(purified-input) according to the following equation:𝑅𝑁𝐴 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 2−∆𝐶𝑇, 

based on the assumptions of the ΔΔCT method.99 

4.6.4 Phenotypic array of E. Coli strains 

Phenotypic array services were conducted by Biolog, Inc using strains JW0396-3 and 

BW25113 procured from the Yale Coli Genetic Stock Center (https://cgsc.biology.yale.edu/). 

4.6.5 HeLa Cell Culture 

Human HeLa-S3 cells were grown in complete DMEM media (Gibco) supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin. Cells were cultured at 37°C in a 

humidified incubator under 5% CO2. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fetal-bovine-serum
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4.6.6 RNA biotinylation in HeLa cells 

4.6.6.1 Plasmids 

A plasmid encoding E. Coli TGT in a mammalian expression vector (pcDNA3.1(+)-TGT) 

was obtained from Genscript USA Inc. Q5-site-directed mutagenesis (New England Biolabs) was 

used to insert an SV40 NLS with a glycine linker (GGGGSPKKKRKV) at the C-terminus.   

4.6.6.2 RNA biotinylation and extraction 

HeLa cells were plated in a 24-well plate; after growth to 70% confluency, cells were 

transfected using Lipofectamine 2000 (Life Technologies) with a plasmid encoding E. Coli TGT 

(pcDNA3.1(+)-TGT) or E. Coli TGT-NLS and a plasmid encoding the target RNA (HDAC2-

TAG3.0 or 7SK-TAG3.0). One day after transfection, cells were treated with 20 μM preQ1-C6H12-

biotin, and allowed to incubate for 4 hours. RNA was subsequently extracted using Trizol 

(Invitrogen) and treated with DNAse using the Turbo DNA-Free Kit (Invitrogen).  

4.6.6.3 qPCR analysis of RNA Recovery 

10 µL of washed Dynabeads MyOne C1 Streptavidin (Invitrogen) were incubated with 4 

μL isolated total RNA sample in 1X RNA Binding and Washing Buffer (1X RBW, 5 mM Tris-

HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween) supplemented with 2 U/µL Murine RNAse 

inhibitor for 1 h at room temperature. Beads were washed 3 times in 1X RBW Buffer, followed 

by 2 washes with ultra-pure water. On-bead reverse transcription was performed in a volume of 

20 μl using 200 U of Maxima Reverse Transcriptase (Thermo Scientific) according to the product 

instructions. For input controls, 4 μL of the corresponding total RNA sample was used. Following 

reverse transcription, qPCR was performed using 1 μl of cDNA template in a 20 μl reaction volume 

using Maxima SYBR Master Mix (Thermo Fisher). RNA recovery values were determined by 

comparison of the input and recovered RNA CT values by computing the ΔCT(purified-input) 
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according to the following equation:𝑅𝑁𝐴 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 2−∆𝐶𝑇, based on the assumptions of the 

ΔΔCT method.99 

4.6.7 General procedure for synthesis of preQ1-fluorophore and preX1-Cy5 conjugates 

PreQ1-C6-NHBoc and PreX1-C6-NHBoc were obtained as purified solids from WuXi 

AppTec (Hong Kong) Limited. Deprotection to remove the Boc group was carried out in 5% TFA 

in DCM for 1 h. The solvent was removed in vacuo. The residue was basified by the addition of 

triethylamine, the solvent was removed in vacuo. The resulting oil (PreQ1-C6-NH2 or PreX1-C6-

NH2) was used directly in the next reaction without purification.  

PreQ1-C6-NH2 or PreX1-C6-NH2 (~5μmol) was dissolved in 200 µL anhydrous DMF, 

followed by the addition of 3 equivalents anhydrous diisopropylethylamine. A solution of 1 

equivalent of the appropriate NHS ester in 200 µL DMF was then slowly added to the mixture. 

The reaction was stirred for 2 h at room temperature. The reaction was concentrated and the residue 

was purified by HPLC to give a solid. LCMS was used to confirm the purity of each prepared 

conjugate. 

4.6.8 Comparison of polarity dependence of PreQ1-SiR and BG-SiR probes 

Solutions of 5 μM preQ1-SiR and BG-SiR  in water-dioxane mixtures containing 10%, 

20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% of dioxane (by volume) were prepared. The 

absorbance spectra were recorded using a Tecan SPARK platereader. The absorbance at 648 nm 

was plotted against  the dielectric constant of each water-dioxane mixture.114  

4.6.9 Wash-in-wash-out studies in HeLa cells 

4.6.9.1 Cell treatment 

HeLa cells were plated in a 8-well plate; after growth to 70% confluency, cells were treated 

with 10 μM of fluorophore conjugate (either BG-SiR, preQ1-SiR, BG-Ac2Fl, preQ1-Ac2Fl, or 
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preQ1-amide-Ac2Fl) in full cell media (complete DMEM media (Gibco) supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin). Cells were incubated with probe for 1 h. 

Cells were then washed twice with full media for 10 minutes each, then once with full media for 

30 minutes. Mitochondrial and lysosomal cell stains (Invitrogen) were used according to 

manufacturers instructions.   

4.6.9.2 Microscopy 

All images were acquired on an Axio Observer Z1 inverted microscope (Carl Zeiss 

Microscopy Gmb, Germany) with Yokogawa CSU-X1 spinning disk confocal unit using a 63x, 

1.4 NA oil immersion or 20x, 0.8 NA objective to an ORCA-Flash4.0 V2 Digital CMOS camera 

(Hamamatsu, Japan). Images were acquired using Zen Blue software (Carl Zeiss) and processed 

using Image J.  

4.6.10 Cloning of bacterial TGT mutants 

Mutants of E. Coli TGT were prepared using Q5-Site-directed mutagenesis (New England 

Biolabs) from the parent plasmid (Addgene #138201) to introduce D143A and D143N mutations. 

A bacterial expression vector encoding Z. Mobilis TGT was ordered from Genscript, Inc. Mutant 

plasmids (D156N and D156Q) were prepared using Q5-Site-directed mutagenesis (New England 

Biolabs).  

4.6.11 Expression of bacterial TGT mutants 

E. Coli TGT and mutants thereof were expressed according to previously published 

protocols.115 Z. Mobilis TGT and mutants thereof were expressed according to the same procedure, 

with two modifications: (1)After induction with IPTG, protein was expressed overnight at 14°C, 

and (2) TGT storage buffer was supplemented with 200 mM NaCl.   

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fetal-bovine-serum
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4.6.12 Analysis of TGT-RNA covalent intermediate 

10 μM TGT enzyme was incubated with 20 μM ECY-MH RNA 

(GGGAGCAGACUGUAAAUCUGCUCCC) in 1X TGT reaction buffer (100 mM HEPES, pH 

7.3, 5 mM DTT, and 20 mM MgCl2) for 1 h at 25°C to allow TGT-RNA covalent intermediate to 

form. As indicated, guanine or preQ1 was added to a final concentration of 100 μM and incubated 

for 30 min at 25°C. Laemmli loading buffer was added to a final concentration of 0.67X and 

incubated at room temperature for 5 min. Protein samples were analyzed on a 4-20% SDS-PAGE 

gel and stained with Instant Blue (Expedeon). 

4.6.13 Hairpin RNA labeling with preX1-Cy5 and preQ1-Cy5 

10 μM ECY-A1 RNA (GCAGACUGUAAAUCUGC) was incubated with 10 μM of the 

indicated TGT enzyme and 20 μM nucleobase-Cy5 derivative (preQ1 or preX1) in 1X TGT reaction 

buffer (100 mM HEPES, pH 7.3, 5 mM DTT, and 20 mM MgCl2) supplemented with 1 U/μL 

Murine RNAse inhibitor (New England Biolabs) for 2 h at 37°C. RNA was subsequently purified 

using the Oligo Clean and Concentrator kit (Zymo Scientific). 400 ng of purified RNA was 

analyzed on a 15% denaturing Urea-TBE-PAGE gel and imaged for Cy5 fluorescence using 

Typhoon™ FLA 7000 biomolecular imager.  

4.6.14 Simultaneous RNA labeling with preX1-Cy5 and preQ1-TAMRA 

10 μM ECY-A1 RNA (GCAGACUGUAAAUCUGC) was incubated with 10 μM of the 

indicated TGT enzyme and 10 μM of each nucleobase derivative, as indicated, in 1X TGT reaction 

buffer (100 mM HEPES, pH 7.3, 5 mM DTT, and 20 mM MgCl2) supplemented with 1 U/μL 

Murine RNAse inhibitor (New England Biolabs) for 2 h at 37°C. RNA was subsequently purified 

using the Oligo Clean and Concentrator kit (Zymo Scientific). 400 ng of purified RNA was 
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analyzed on a 15% denaturing Urea-TBE-PAGE gel and imaged for Cy5 fluorescence and 

TAMRA fluorescence using Typhoon™ FLA 7000 biomolecular imager.  

4.6.15 Expression of human TGT 

Gene blocks encoding QTRT1 and QTRT2 proteins, codon optimized for E. Coli 

expression, were ordered with flanking restriction sites (Twist Biosciences). QTRT2 and QTRT1 

were cloned sequentially into the pCDF Duet 1 vector using the restriction enzymes NdeI/KpnI 

and EcoRI/HindIII, respectively, with QTRT1 harboring an N-terminal 6xHis tag, Strep-tag, and 

PreScission cleavage site. The human TGT heterodimer QTRT1 and QTRT2 were co-expressed 

from pCDF-Duet vector in Escherichia coli BL21(DE3) cells via induction with 1 mM IPTG. The 

medium was supplemented with additional 100 μM ZnCl2. Cells were grown at 18°C overnight 

after induction. Cell pellets were stored at −20°C until further use. For purification purposes the 

cells were thawed and purified using the His-tag according to a previously published procedure.115 

Protein was analyzed by SDS-PAGE and dialyzed into human TGT storage buffer (25 mM HEPES 

pH 7.5, 100 mM NaCl).  

4.6.16 Preparation of tRNA(Tyr) RNA 

A DNA template for transcription of tRNATyr was prepared through reverse transcription 

from RNA isolated from HeLa cells and PCR of the resulting cDNA using the following primers: 

tRNATyr rev/RT primer (TCCTTCGAGCCGGATTC) and T7promoter-tRNATyr fwd primer 

(GAAATTAATACGACTCACTATAGGCCTTCGATAGCTCAGTTGG). Reverse transcription 

was carried out using Maxima Reverse Transcriptase (Thermo Fisher), according to manufacturers 

instructions. PCR was conducted using Q5 High-Fidelity 2X master mix (New England Biolabs), 

according to manufacturers instructions. DNA template was purified using QIAGEN PCR cleanup 

kit and analyzed via agarose gel electrophoresis. Each transcription reaction was setup with 
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approximately 1 µg of purified PCR product as a template in a 100 μL transcription reaction. The 

transcription reaction was run at 37 °C for 3-4 hours. RNA was then purified via Oligo Clean and 

Concentrator Kit (Zymo Scientific). The RNA was quantified at 260 nm, confirmed for size by 

12% denaturing PAGE (12% polyacrylamide in TBE with 8M urea) and kept frozen at -20 °C until 

used. 

4.6.17 Comparison of RNA labeling with human TGT and E. Coli TGT 

5 μM RNA (either tRNATyr or ECY-MH) was incubated with 10 μM TGT enzyme (either 

human or E. Coli) and nucleobase-Cy5 conjugate (preQ1 or preX1), as indicated, for 1 h at 37°C 

in 1X TGT reaction buffer (100 mM HEPES, pH 7.3, 5 mM DTT, and 20 mM MgCl2). RNA was 

purified using RNA Clean and Concentrator kit (Zymo Scientific). RNA (1000 ng tRNATyr or 200 

ng ECY-MH) was analyzed via 12% denaturing Urea-TBE-PAGE gel and imaged for Cy5 

fluorescence using Typhoon™ FLA 7000 biomolecular imager. 
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5 Conclusion 

5.1 RNA biology: beyond the central dogma  

Francis Crick first introduced the central dogma of molecular biology in 1957, outlining 

the one-way flow of information from DNA, to RNA, and finally to functional proteins.116  

Messenger RNA, first isolated in 1961,117,118 is a key player in the central dogma, serving as a 

template for protein synthesis. Transfer RNA, first characterized in 1965,119  plays a key role in 

this process as a “translator” from the language of nucleic acids to the language of amino acids. 

While ribosomal RNA was first described in 1954,120 it was not until 1992 that its key role as a 

ribozyme catalyst in peptide formation was recognized.121 While canonical mRNA, tRNA, and 

rRNA molecules provide a mechanism for the transfer of information from RNA to protein, a 

variety of other functional RNAs have been shown to play crucial roles in gene expression and 

gene regulation.  

After the discovery of introns in 1977,122,123 the role of small nuclear ribonucleoproteins 

(snRNPs) containing U1, U2, U4, U5, and U6 snRNAs in splicing was first proposed in 1980.124 

The spliceosome complex containing these snRNPs was subsequently described in 1985,125,126 and 

the key catalytic roles of U2 and U6 snRNAs in splicing was reported in 1992.127 While 7SK 

snRNA was first reported in 1976,128 its crucial regulatory role in transcription through its 

interaction with P-TEFb was not appreciated until 2001.129,130 MicroRNAs, another class of 

regulatory noncoding RNAs, were first discovered in 1993,131 with their important regulatory 

function  becoming more apparent in the early 2000s.132,133 More recently, long noncoding RNAs 

have emerged as an important class of regulatory RNAs, with regulatory functions including 

epigenetic silencing, splicing, translation, and cell cycle control.134 

In addition to the emergence of these diverse classes of functional RNAs, new paradigms 

for the regulation of mRNAs through their processing, transport, localization, translation, and 
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degradation have become increasingly apparent. The  3' untranslated regions (UTRs) of mRNAs 

are known to be regulatory hubs for RNA-binding proteins that control mRNA expression level 

and stability.3  Alternative polyadenylation leads to alternative 3' UTRs, and therefore alternative 

RBP binding sites, in over 70% of mammalian genes; brain tissue has been observed to have 

remarkably long 3' UTRs, while shortened 3' UTRs have been observed in cancer cells.135 

Furthermore, more than 170 RNA modifications have been discovered, and have been found to 

play important roles in RNA metabolism, translation, and stability.18 The broad range of RNA 

functions and regulatory networks has driven innovation in the development of novel tools to 

enable new insights and studies in this notoriously transient, unstable, and diverse biomolecule.     

5.2 Tools for RNA biology 

The emerging complexity of RNA biology has spurred the development of new 

technologies to enable detailed studies of RNA structure, function, and regulation. The 

introduction of next generation sequencing has been one of the most notable developments, 

allowing researchers to get transcriptome-wide data within days. Sequencing technologies enable 

powerful studies of RNA modifications, expression, splicing, polyadenylation, and binding 

interactions on a scale that has vastly accelerated advancements in the field. However, with the 

increase in availability of transcriptome-wide studies, there is an increasing demand for RNA-

centric tools that allow characterization of specific RNAs.  

While conceptually simple, RNA-centric approaches to enable RNA affinity purification, 

imaging, and manipulation remain a challenge in the field. One of the crucial challenges in 

targeting specific RNAs is that their concentration in cells can often be extremely low, 

approximately 3 orders of magnitude less abundant than a typical protein in mammalian cells.65 

The average mammalian mRNA has ~20 copies per cell, which corresponds to a cellular 

concentration of 20 pM; therefore, methods to target RNA must have high affinity.  
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One method that has been commonly employed for the study of a target RNA includes the 

use of naturally occurring RNA-protein interactions, such as the interaction between MS2 coat 

protein and its cognate RNA hairpin. These RNA-protein complexes have been utilized for both 

RNA affinity purification and RNA imaging.136–140 However, the performance of such systems is 

dependent on the expression level of the RNA of interest, as commonly used variants of MS2 have 

an affinity of ~3 nM, making it difficult to target less abundant RNAs.138 Furthermore, in imaging 

applications, the fluorescence of the unbound MS2 coat protein must be controlled through nuclear 

localization or use of split proteins.  

 Another commonly employed strategy for the study of RNA includes the use of labeled 

antisense oligonucleotides (ASOs) for affinity purification or imaging using fluorescence in situ 

hybridization (FISH). Because cellular RNA exhibits intricate secondary and tertiary structure and 

is typically coated with various RNA binding proteins, it has historically been challenging to 

design antisense probes that efficiently purify an RNA of interest, thus requiring the use of libraries 

of tiling probes, probe optimization, or multi-step purifications.66,67,141,142 FISH has been extremely 

powerful tool in RNA imaging, but is only applied in fixed cells and does not allow imaging in 

live cells. 

Because of these challenges, there has been significant interest in the development of 

enzymatic methods for RNA labeling that would enable covalent modification of RNA with small 

molecule probes. Various methods have been developed for enzymatic labeling of RNA, though 

no reported methods have allowed for the site-specific, selective, covalent labeling of an RNA of 

interest in live cells.143  Most of the developed methods rely on 2-step reactions where the 

enzymatic labeling event introduces a click handle, followed by  click chemistry to attach the 

probe. Some methods have targeted the polyA tail, 5' end, or 3' end, which would not allow for 
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RNA selectivity.144–146 An alternative approach utilized tRNAIle2-agmatidine synthetase (TIAS) to 

incorporate substrate analogs bearing click handles into RNA substrates bearing the substrate 

tRNA structure. While these techniques are useful addition to the RNA toolbox, the RNA-TAG 

system described in this work represents unique advantages that have the potential to be further 

developed into a powerful tool in RNA biology.  

5.3 The future outlook of RNA-TAG in the RNA biology toolbox 

In this work, the development of TGT enzymatic labeling as a tool to study RNA biology 

in mammalian systems has been described. While over 160 RNA modifying enzymes have been 

described,147 TGTs are unique in their incorporation of a nucleobase substrate into RNA, instead 

of carrying out chemistry on an existing nucleobase. As such, TGT has proven an extremely 

versatile and useful system for introduction of covalent modification into an RNA of interest. 

Various probes have been appended to the preQ1 scaffold for RNA labeling, enabling RNA 

imaging, affinity purification, and manipulation.148–150 

The ability to selectively and covalently label a target RNA in mammalian cells makes 

RNA-TAG a powerful methodology for future applications in RNA biology. Through 

improvements in RNA selectivity and nucleobase substrate selectivity described in this work, this 

technology is well-positioned to move beyond in vitro labeling applications towards applications 

of RNA labeling in live cells. Because a broad range of probes can be appended to the nucleobase 

substrate for TGT recognition, potential applications also range broadly, including  RNA 

interaction analysis, RNA imaging, and RNA manipulation, among others.  
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Appendix I: Mass Spectrometry Hitlists 

Sample ID Legend    

Experiment Heavy Medium Light 

HDAC2-TAG experiment 

Control-

TAG 

+biotin 

HDAC2-

TAG 

-biotin 

HDAC2-

TAG 

+biotin 

7SK-TAG experiment 

Control-

TAG 

+biotin 

7SK-

TAG 

-biotin 

7SK-

TAG 

+biotin 

5'TAG HOTAIR experiment 

5'TAG-

Antisense 

HOTAIR 

+biotin 

5'TAG-

HOTAR 

-biotin 

5'TAG-

HOTAR 

+biotin 

HOTAIR-H22TAG experiment 

5'TAG-

Antisense 

HOTAIR 

+biotin 

HOTAIR-

H22TAG 

-biotin 

HOTAIR-

H22TAG 

+biotin 
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