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Abstract 

Covalent Labeling of Protein and RNA Using Fluorescent Dyes  

By Tewoderos Ayele 

Living systems are complex machines that are operated by tightly regulated 

interactions and organizations of biomolecules. Therefore, sensitive detection and 

tracking of these molecules are essential for understanding their complex biochemical 

properties. While there are various approaches for labeling and visualization of cellular 

biomolecules, the utility of the majority of these approaches is limited due to their non-

covalent nature. To identify and image biomolecules in the complex environment, 

fluorescent probes must have several essential characteristics. In addition to being 

compatible with the cellular environment, these probes need to be cell-permeable, non-

cytotoxic, selective, produce high signal-to-background ratio, and have minimal effect on 

the native property of the biomolecule. To date, no one technique fulfills all of these 

requirements, creating a unique demand for fluorescent probes that are adaptable for 

various experimental conditions. As a result, synergistic advances in organic chemistry, 

biology, physics, chemical biology, and spectroscopy are underway for improving these 

fluorescent probes. The work presented here aims to address this limitation by 

introducing a broadly applicable strategy for covalently and fluorescently labeling 

proteins and RNAs in complex environments. This strategy utilizes rationally designed 

fluorescent probes containing various reactive linkers.   

Chapter 2 describes a photoaffinity protein labeling approach using a novel malachite 

green analog. We show that this technique selectively and covalently labels target proteins 

in live mammalian cells with temporal resolution and minimal background signal.   

Chapter 3 describes the implementation of a similar photoaffinity approach to covalently 

label cellular RNA. In this work, we report the design of the first covalent light-up aptamer 

system for visualizing the spatiotemporal localization pattern of mRNA in live 

mammalian cells.   

Chapter 4 describes an approach for covalent chemical labeling and affinity capture of 

inosine-containing RNAs using acrylomidofluorescein.   

Taken together, the results demonstrated in this work highlight the advantages and utility 

of covalent and fluorescent labeling of biomolecules in complex environments. 
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Chapter 1: Fluorescent labeling of RNA and proteins  
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1.1 Introduction 

Sensitive analytical labeling and detection of biomolecules are essential to uncover 

the complex biochemical processes in living systems. Chemical probes and intrinsically 

fluorescent proteins (FPs) are primarily employed for investigating the biological function 

and activity of DNA, RNA, and carbohydrates. Despite the availability of various labeling 

strategies, there remains a need for a broadly applicable and covalent functionalization 

approach that enables enrichment, analysis, and visualization of these cellular 

components. The work presented in this dissertation describes the development of 

various covalent labeling approaches of protein and RNA molecules that provide a variety 

of scientific utility enabling enrichment, analysis, and visualization of these cellular 

components.   

1.2 Protein labeling 

1.2.1 FP-based protein labeling 

To enable imaging of proteins in live cells, an early strategy was developed in which 

a protein of interest (POI) is genetically fused in frame to a FP (Figure 1-1a). To obtain 

this gene fusion, the coding DNA sequence for the POI is amplified, isolated, and ligated 

to the gene of an appropriate FP, such as green fluorescent protein (GFP) or one of the 

many other color variants.1 This fusion construct is then inserted into an appropriate 

mammalian expression plasmid vector and introduced into cells, which subsequently 

express the fluorescent fusion product to enable visualization. This technique has been 

widely adopted and is quite useful, as all components needed for visualization are 

genetically encodable and are produced inside of the cell. Further, molecular cloning 
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techniques are relatively cheap and straightforward, and various fusion protein designs 

and iterations can be quickly constructed and inserted into appropriate plasmid vectors 

using economical reagents.2 These constructs can also be easily introduced into most cell 

types using standard transient transfection techniques or, when required, stably 

integrated into cellular genomes using lentiviral or CRISPR-based strategies.3 However, 

the constitutive fluorescence of these FP fusions presents a large limitation in signal-to-

noise resolution. To achieve sufficient fluorescent signal inside this cell, strong expression 

promoters are typically required in mammalian plasmid vectors, including 

cytomegalovirus and elongation factor-1a. While these promoters are often necessary to 

achieve sufficient protein levels for many POI fusions to enable robust visualization, this 

technique can also be problematic in that it results in the uncontrolled production of an 

unnaturally high copy number of the fusion protein. This can generate an overall diffuse 

signal throughout the cell and may not recapitulate natural expression levels or 

subcellular localization.4, 5 

 

Figure 1-1 Methods for genetic tagging and fluorescent visualization of target proteins. 

(a) POI can be genetically fused to a FP, or (b) attached to a peptide or protein tag that is 

recognized by reactive organic fluorescent dye  
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1.2.2 Organic fluorescent dyes for protein labeling 

Organic fluorescent dyes have desirable properties that overcome the limitations 

of FPs such as smaller size, better photochemical properties, lower background, and 

broader spectral range. As a result, several alternative protein labeling techniques have 

been developed that utilize chemical labeling strategy to functionalize POI with 

fluorescent organic dyes (Figure 1-1b). Most notably, self-labeling enzymes such as SNAP-

tag,6 CLIP-tag,7 FIAsH, and ReAsH8 allowed for the direct chemical labeling of the POI 

with organic fluorophores. These systems rely on the selective reactivity of the 

fluorophores with the cysteine residues found in the active site of the enzymes. The 

advantages of these methods include substantially improved control over the intensity 

and timing of fluorescent labeling and the ability to harness the diverse palette of small-

molecule fluorophores. However, techniques of covalent protein labeling that target 

specific amino acids or short peptide sequences still lack the labeling selectivity in 

complex biological systems where other proteins or molecules are likely to have similar 

reactive groups. 

 Together, both FPs and fluorescent dye-based approaches have advanced the field 

of protein labeling and have been invaluable for the current understanding of protein 

structure and function. However, each of these methods have their limitations, and the 

ideal choice of protein labeling strategy is highly dependent on the biological question at 

hand. As a result, there is an active effort in the scientific community to add to the 

currently existing approaches by developing a more robust method that will enable 

unique experimental designs. Chapter 2 of this dissertation discusses in-depth about a 

new protein labeling strategy we developed to complement current approaches. By 
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appending a photocrosslinking group onto a fluorogenic dye, we showed a fast, selective, 

and covalent labeling of cellular POI. We anticipate this approach will elucidate novel 

cellular mechanism by enabling experimental designs that require protein labeling, 

imaging, isolation, and real-time pulse-chase analysis.  

1.3 RNA labeling  

In addition to in situ imaging and tracking of mature proteins, elucidating the 

upstream regulation mechanisms of protein synthesis is necessary to understand cellular 

biology. The process of protein synthesis starts from DNA molecules, which store the 

genetic information necessary for expression and regulation of proteins. Several key 

classes of RNA molecules then work in coordination to translate this genetic information 

into functional proteins. Therefore, the complex stages of RNA maturation, regulation, 

and spatiotemporal transport plays a key role in cellular development and physiology.  

To enable better investigation of RNA biology, significant efforts have been 

directed towards the developments of sequence specific RNA imaging tools. However, 

unlike FPs, there are no intrinsically fluorescent nucleic acid sequences that can be used 

for visualizing intracellular RNA. Therefore, alternative approaches that utilize in situ 

hybridization, aptamers that bind to fluorescent dyes, or engineered RNA motifs that are 

recognized by FP-fused coat protein are used for imaging and studying RNA biology.  

1.3.1 Single molecule fluorescent in situ hybridization for RNA labeling   

While bulk analysis approaches such as RNA-sequencing, quantitative reverse 

transcription polymerase chain reaction (RT-qPCR), and northern blot can be used to 

quantify the abundance of transcripts in tissues or single cells, they do not inform the 
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spatial distribution of specific RNA in different subcellular compartments. Adding to 

these techniques, single-molecule fluorescence in situ hybridization (smFISH) has 

emerged as a powerful tool for investigating both quantity and spatial distribution of 

cellular transcripts.9, 10 In this approach, short oligonucleotides that are complementary 

to different regions of a target cellular RNA are chemically synthesized and functionalized 

with fluorescent molecules. When fixed and permeabilized cells are then incubated with 

a solution containing these prefunctionalized sequences, Watson-Crick-Franklin base 

paring results in the hybridization of these probes to the target RNA in a 'tiling' fashion 

(Figure 1-2a). The use of multiple hybridization probes that recognize a single transcript 

generates bright signal that is distinguishable from the signal produced by excess probes. 

In recent years, smFISH has been used to elucidate various RNA biology, for example 1) 

cell-to-cell heterogeneity of gene expression,11 2) importance of β-actin mRNA 

localization for fibroblast motility,12 and 3) multiplexed visualization of several RNA 

species in a single cell.13  

Despite being the benchmark for analyzing both the localization and expression 

levels of transcripts, smFISH is limited to a static view of RNA. The requirement of cell 

fixation and permeabilization makes this technique not suitable for investigating the 

dynamic processes of RNA. Therefore, smFISH can only be used as an endpoint assay.   
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Figure 1-2 Methods for fluorescent labeling of Intracellular RNA. a, smFISH for RNA 

labeling. Fluorescently labeled synthetic oligos hybridize to their complimentary 

intracellular transcript. b, FP-ta2agged RBPs for RNA labeling. FP-tagged RBPs recognize 

and bind to hairpin sequence that is appended to the transcript of interest. c, FLAPs for 

RNA labeling. RNA aptamers appended to the target RNA bind and enhance the 

fluorescence of fluorogenic small molecules.  

1.3.2 Bacteriophage coat protein-derived RNA labeling 

To address the limitation of smFISH, Singer and coworkers reported the first use 

of RNA-binding proteins (RBPs) as RNA visualization tool.10 These proteins recognize 

and bind to a distinct RNA sequence with high affinity. One such RBP that has been 

primarily used for RNA imaging is the MS2 bacteriophage coat protein (MCP). In addition 

to self-assembling to form the icosahedral capsid of the virus, MCP also binds to a specific 

hairpin structure and sequesters viral RNA inside the capsid. Taking advantage of the 

strong affinity and specificity of this protein-RNA pair, FP-fused MCP have been used to 

label RNA molecules that have tandem repeats of the hairpin structure at the 3' UTR 

(Figure 1-2b). This genetically encodable approach has since been a workhorse for 
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visualizing the localization and dynamics of single mRNA molecules in living yeast, plant, 

bacteria, and mammalian cells. 14-17  

The MS2 system also paved the path for the discovery of other RNA-protein pair 

systems such as PP7 and lambda N. Together, these orthogonal systems, allowed for 

visualization of the spatiotemporal behavior of multiple transcripts in a single cell. 

Although these RNA-protein based approaches are genetically encodable and can be used 

for concurrent labeling of multiple transcripts, several caveats have thwarted their 

robustness. The major drawback being the expression of excess FP-tagged coat proteins 

inside the cell, which results in substantial background signal. This limitation is 

marginally addressed by tagging unbound CP-FPs with nuclear localization signal (NLS) 

sequence, which sequesters the excess NLS-CP-FP proteins to the nucleus.17 

Incorporating a large number of coat-protein recognizing sequences into the transcript 

under study also increased the fluorescence intensity over background.  

While these approaches somewhat improved the signal intensity, they introduce a 

new set of limitations to the system. The incorporation of NLS results in accumulation of 

the CP-FP to the nucleus hindering RNA analysis near the nucleus. This can be a major 

limitation for studying RNA biology as most RNA events such as nuclear export, 

transcription, splicing, editing, and translation occur near or inside the nucleus. 

Additionally, the incorporation of tandem repeats of the aptamer to the RNA of interest 

followed by CP-FP binding results in a significant increase in size to the transcript. This 

major alteration of the size and structure of the transcript could affect the localization 

pattern, secondary structure, and overall function of the RNA.18 
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1.3.3 Light-up aptamer-based RNA labeling 

Aptamers are short oligonucleotides that have high specificity and affinity for a 

target ligand molecule by folding into a structured module. More specifically, fluorescent 

light-up aptamers (FLAPs) are progressively selected in vitro from a large library of 

randomized sequences to have a tight binding to a fluorescent molecule and thereby 

enhancing the fluorescence output. The fluorogenicity of these systems enables for 

minimization of background signal, which alleviates the need for washout of excess dye. 

Additionally, FLAPs can be either genetically encoded into the host DNA or exogenously 

introduced into the cell.  

Tsien and coworkers reported the first FLAP by selecting for a short RNA sequence 

that binds and significantly enhances the fluorescence of the malachite green (MG) 

fluorogen.19 Similarly, Paige and coworkers reported the Spinach aptamer that binds and 

activates the fluorescence of DFHBI, a small molecule mimic of the HBI chromophore 

found in GFP.20 The spinach aptamer was also used for imaging cellular RNA. However, 

it was identified that the intracellular fluorescence enhancement of the Spinach was 

significantly reduced. This property is likely due to the complexity of the intracellular 

environment, which could compromise the small molecule and aptamer binding as well 

as the aptamer folding efficiency. Although multiple iterations of the Spinach aptamer 

(Spinach2,21 Baby Spinach,22 and iSpinach23) have been reported, the requirement for 

high ion concentration restricted their applicability to bacterial RNA imaging and in vitro 

assays.  

The discovery of both the MG and Spinach aptamers spurred the development of 

other FLAPs such as Mango,20 Corn,24 and Broccoli.25 These FLAPs aimed to address 
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some of the limitations of Spinach by providing improvements such as small size, higher 

brightness, reduced reliance on high ion concentration for folding, and stronger affinity 

to their respective chromophore. However, crystal structures of these aptamers show that 

the chromophore binding pockets all contain a G-quadruplex structure.22, 26-30 This 

structural requirement of the FLAPs remains a significant constraint in their broad 

applicability as eukaryotic cells have robust machinery that globally unfolds RNA G-

quadruplexes.31, 32 

Recently, the Pepper FLAP was reported showing significant advancement of 

aptamer-based labeling approaches.33 This aptamer has a strong binding affinity to its 

cognate chromophore with a dissociation constant of ~ 3.5 nM. Compared to Broccoli and 

Corn, the pepper aptamer produced ~ ten-fold greater fluorescence signal in mammalian 

cells. Further enhancing the pepper FLAP, Yang and coworkers demonstrated effective 

tuning of the fluorescence output by functionalizing the HBC chromophore with a 

different electron donor and acceptor groups.  

Despite the constant advancements and promising potential of aptamer-based 

systems, their non-covalent nature limits their robustness. Even the Pepper and Mango 

aptamers that have high affinity to their respective ligands with Kd of 3 and 4 nM, were 

shown not to withstand washout conditions.20, 30, 33 This inherent limitation prevents the 

use of aptamer-based systems for pulse-chase and other experiments where media 

exchange is required. Therefore, the development of FLAPs that address these limitations 

is highly desirable to widen their applicability in eukaryotic cells.  
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1.3.4 Remaining challenges in RNA labeling  

The RNA imaging field is no longer in its infancy, and the development of a 

plethora of RNA labeling approaches described in this chapter substantiates this claim. 

These research tools have elucidated various properties of intracellular RNA and primed 

the curiosity for deeper understanding of transcript dynamics, birth, maturation, and 

death. Most notably, these approaches revealed that RNA localization is a very ubiquitous 

cellular phenomenon and cellular homeostasis is highly regulated by this asymmetric 

distribution of transcripts. A comprehensive understanding of RNA biology and its 

localization mechanisms, however, requires the development of new and improved tools 

that will enable visualization of the dynamic nature of RNA in its native environment.  

There are numerous currently impossible experimental designs that will benefit 

from the advancement of robust RNA imaging approaches. These experiments include: 

pulse-chase labeling of RNA to track the localization pattern of transcripts at various 

stages of cell cycle or changing environmental conditions; live-cell tracking of RNA 

dynamics using tags that do not affect the native localization pattern of RNA; and 

sequence-specific pulldown of native RNA to better investigate the transcript-dependent 

role of RBPs. Chapter 3 and 4 of this dissertation describe novel RNA covalent labeling 

approaches that can be used to track RNA localization as well as identify epigenetic 

modifications. Adding to the RNA imaging toolbox, we anticipate these new RNA labeling 

strategies will open the door to new applications that require covalent and temporally 

controlled labeling.  
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2.1 Abstract 

 Genetically encoded fluorescent proteins or small-molecule probes that recognize 

specific protein binding partners can be used to label proteins to study their localization 

and function with fluorescence microscopy. However, these approaches are limited in 

signal-to-background resolution and the ability to temporally control labeling. Herein, we 

describe a covalent protein labeling technique using a fluorogenic malachite green probe 

functionalized with a photoreactive crosslinker. This enables a controlled covalent 

attachment to a genetically encodable fluorogen activating protein (FAP) with low 

background signal. We demonstrate covalent labeling of a protein in vitro as well as in 

live mammalian cells. This method is straightforward, displays high labeling specificity, 

and results in improved signal-to-background ratios in photoaffinity labeling of target 

proteins. Additionally, this probe provides temporal control over reactivity, enabling 

future applications in real-time monitoring of cellular events. 

2.2 Introduction 

Fluorescent labeling of proteins in living systems has provided an invaluable 

window into cellular function.1, 2 Protein expression,3 folding,4 post-translational 

modification,5 and localization6, 7  can all now be monitored with fluorescent labels and 

microscopic analysis. The most common protein labeling technique employs genetic 

fusion of a POI with an intrinsically fluorescent protein (FP) such as green fluorescent 

protein or its variants.8 This process is typically accomplished through transfection of 

cells with a vector containing a promoter that induces the expression of the transgene. In 

most cases, overexpression of FP fusion proteins does not have an observable effect on 

the native properties and localization of the target protein.9, 10 However, the intrinsic 
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fluorescence of these FP labels often results in diffuse signals throughout the cell, making 

it difficult to monitor protein dynamics with high resolution. Additionally, promoters 

such as CMV and EF-1a, commonly used for expression of FP fusions, result in the 

production of large protein copy numbers, which in turn can compromise signal-to-noise 

ratios.11, 12  

Additional protein labeling techniques have been developed using non-covalent or 

covalent attachment of a fluorescent ligand to a peptide or protein sequence. One 

common strategy is the tetracysteine-biarsenical system to covalently attach a green or 

red fluorescent small molecule to a protein of interest.13, 14 Despite the small size and high 

quantum yield of these systems, the arsenic-containing small-molecule dyes are shown to 

have elevated photobleaching properties, diminishing the clarity of subcellular tracking 

of proteins. Systems such as SNAP/Clip-tag,15, 16 LAP,17, 18 Halo-tag,15, 19 and coiled-coil 

tag20 also employ a system where a small organic molecule covalently attaches to the POI. 

While these techniques are simple and enable covalent modification of target proteins, 

they still rely on constitutively active fluorophores, and hence background fluorescence is 

quite high in unreacted probes, requiring additional wash-out steps for effective 

visualization, rendering it difficult to use these systems for real time monitoring of cellular 

behavior. 

Techniques that use fluorogenic molecules21-23 have significantly improved this 

resolution issue, overcoming the background signal generated from unbound molecules. 

However, these techniques lack either covalent attachment or temporal-control of target 

protein labeling, and hence their use is limited to non-covalent associations with short, 

diffusion-limited visualization lifetimes. The ability to temporally control protein labeling 

would enable pulse-chase experiments for studying time-dependent processes such as 
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response to a therapeutic agent or flux in metabolic reactions.24-26 Temporally-controlled 

covalent protein labeling would also prove useful in pull-down experiments, as the 

protein of interest (POI) could be selectively labeled and isolated from a complex 

system.27, 28  Thus, there remains a need for the development of a protein labeling strategy 

that can provide robust, stable, and temporally-controlled labeling with low background 

signal.  

2.3 Design and synthesis of fluorogenic photoaffinity labeling system 

Herein, we address these needs using a photoaffinity labeling strategy, as light-

induced reactions offer covalent attachment with precise temporal control and can also 

offer spatial control of labeling if desired. Specifically, we use a fluorogen activating 

protein (FAP) that has been developed by Waggoner and coworkers and elaborated by 

Bruchez and coworkers. This FAP is composed of a single-chain variable fragment 

antibody that binds to and enhances the fluorescence of malachite green (MG).29  Non-

covalent labeling using this protein-fluorophore pair has been used to image proteins in 

vitro and in live cells,30, 31 however, this strategy has yet to be elaborated to enable 

covalent attachment of the fluorogenic label. Here we extend the functionality of this 

labeling system by appending a reactive diazirine group to the MG fluorogen, such that 

irradiation with light triggers covalent attachment to the FAP (Figure 2-1a). The diazirine 

reactive group is small in size and has been used as a photoactive cross-linker for 

proteomic profiling and fluorescent labeling of proteins,32-34 and the high photostability 

of MG35, 36 minimizes challenges associated with photobleaching. The ability to form a 

covalent interaction will open the door to additional experimental possibilities such as 

immunoprecipitation and enhanced imaging contrast after wash-out.  



20 
 

 

Figure 2-1 a, Temporally-controlled covalent labeling of a protein of interest (POI). b, 

Chemical structure of MG and MG-diazirine. 

To generate our photoaffinity probe, we designed a malachite green (MG) 

fluorophore functionalized with a diazirine reactive group (MG-diazirine) (Figure 2-1b). 

Malachite green, a triphenylmethane dye, has very low fluorescence in solution, but can 

display up to a 20,000-fold increase in brightness when bound to a receptor such as the 

single-chain antibody-derived FAP. This property of MG provides low background signal 

for unbound and unreacted probe molecules, as well as for probes that may non-

specifically react with biomolecules other than the FAP receptor. Another desirable 

feature of the MG-FAP system is its fluorescence emission maximum at 680 nm. This far 

red-shifted fluorescence emission further minimizes background signal by enabling 

imaging outside of the window where cellular autofluorescence is problematic. For the 

photoreactive group, we chose diazirine, which forms a highly reactive carbene species 

upon short bursts of UV irradiation at 355 nm, and is commonly used for photo-
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crosslinking of proteins in cells.32, 37 Finally, we incorporated an arginine moiety in the 

linker connecting the reactive diazirine group and the MG, as this was found to improve 

solubility and membrane permeability of the fluorogenic probe.  

The synthesis of MG-diazirine is outlined in Scheme 1. Amine-modified malachite 

green was generated using the method reported by Deng and coworkers and was coupled 

with Fmoc-Arg(Boc)2-OH.38 After deprotection of the Fmoc group using 20% piperidine 

in CH2Cl2, the resulting amine was coupled with succinimidyl 4,4'-azipentanoate. 

Oxidation of the triphenylmethane using chloranil, followed by deprotection of the Boc 

groups, yielded MG-diazirine. 
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Scheme 2-1 Synthesis of MG-diazirine  

 

2.4 In vitro protein labeling  

With the photoreactive fluorogen molecule in hand, we turned to testing the 

feasibility of our labeling approach in vitro. FAP protein was expressed and purified from 

bacteria, and this was incubated with 50 M MG-diazirine for 10 min to allow for binding, 

then irradiated with 365 nm UV light for 5 min to initiate the diazirine group activation. 

The solution was then mixed 1:1 (v/v) with SDS denaturing loading dye and was heated 

to 90 C for 10 min. Importantly, this denaturation step disrupts any non-covalent 

interactions of the fluorogen with the FAP, allowing for visualization of only the covalently 

bound FAP-MG-diazirine complexes. After cooling to room temperature, the samples 

were separated using SDS-PAGE followed by analysis using both Coomassie staining and 
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fluorescence imaging. MG has very minimal fluorescence after denaturation of the FAP 

binding partner, which introduces a challenge for detection in SDS-PAGE. However, we 

have found that freezing the gel by incubation on dry ice provides a similar rotational 

confinement, producing sufficient fluorescence enhancement to enable visualization of 

the MG signal. As shown in Figure 2-2, labeling is only observed for the sample having 

both FAP protein and MG-diazirine, along with exposure to UV irradiation. No labeling 

is observed when the FAP is not expressed, no UV irradiation is used, or when MG-

diazirine is replaced with MG lacking the photoreactive group. These control experiments 

demonstrate that covalent labeling of the FAP protein is attributable to binding of MG 

and subsequent light-induced reaction of the diazirine group.  

To quantify the rate of covalent labeling, we next conducted a time-course 

experiment. Solutions containing FAP protein and 50 µM MG-diazirine in 1x PBS were 

prepared and incubated at 37 °C to allow for noncovalent equilibration of the MG-

diazirine with the FAP protein. After the initial incubation time, the samples were 

subjected to UV irradiation for varying quantities of time, and SDS-PAGE analysis was 

carried out using similar techniques as described above to determine the extent of 

covalent labeling (Figure 2-3a-b). Under these conditions, 50% labeling was observed 

within 10 min of UV activation (Figure 2-3b), which is comparable to previously reported 

photoaffinity labeling strategies.39, 40   

Figure 2-2 In vitro assessment of covalent photoaffinity labeling 
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While the MG probe only becomes fluorescent after binding to the FAP, we were 

still curious to know whether the diazirine could react non-specifically with other 

proteins.  To investigate this question, we carried out the labeling reaction in a whole-cell 

lysate both with and without addition of FAP (Figure 2-4). The solutions were incubated 

for 30 min, then UV irradiated for 5 min and analyzed by SDS-PAGE. Encouragingly, the 

only bands visible in the fluorescence channel are those corresponding to the molecular 

weight of the FAP (major) and uncleaved FAP-His fusion (minor), and these bands are 

not observed in the no-FAP control.  The absence of any other visible bands indicates that 

labeling is specific to the FAP and that the diazirine does not react with other proteins in 

a complex biological solution.  

 

Figure 2-3 Kinetics of labeling reaction. a, SDS-PAGE analysis of labeling as a function 

of time. b, Normalized fluorescence as a function of time.   
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Figure 2-4 Testing the specificity of FAP labeling in cell lysate.  

2.5 Protein labeling in live cells 

After validating the ability of MG-diazirine to covalently label the FAP in vitro, we 

turned toward our ultimate goal of demonstrating protein labeling in live cells. HeLa cells 

were transfected with a plasmid encoding a FAP-mCerulean3 fusion protein. In this 

design, the blue fluorescent mCerulean3 protein serves as both a transfection reporter 

and as a model POI to evaluate the use of our FAP-MG-diazirine system. Importantly, the 

excitation and emission wavelengths of the mCerulean3 and MG-diazirine do not overlap, 

and thus there is no interference from fluorescence crosstalk or FRET signal. The cells 

were grown to 90% confluency and incubated with 50 µM MG-diazirine for 15 min. UV 

irradiation was then applied for 5 min, which we previously found to be sufficient for 

covalent labeling in vitro, and we verified that this irradiation procedure did not affect 

cell viability (Section 2-7-10 and Figure 2-11  ). UV photolabeling of cells was followed by 

exchange of the media and fluorescence imaging. The media was subsequently exchanged 

every 5 min and wash-out of unreacted probe followed by fluorescence imaging. While 



26 
 

not necessary for using this imaging method in future applications, we performed these 

wash-out experiments to assess the stability of photolabeled versus non-covalent 

fluorogenic signal over time. Initially, the cells showed similar fluorescence intensity to 

control cells incubated with MG-diazirine but not exposed to UV irradiation. As expected, 

cells that were not transfected did not exhibit detectable MG-diazirine fluorescence 

(Figure 2-5a). This result indicates that the MG-diazirine fluorescence signal results from 

binding to the FAP and that UV activation of MG-diazirine in the presence of other 

cellular components does not result in unwanted background fluorescence. After each 

washing cycle, the transfected cells that were not UV irradiated showed a steady decrease 

in fluorescence, while the transfected cells that were irradiated with UV light maintained 

a consistent fluorescence intensity over 40 min of wash-out time (Figure 2-5b&c and 

Figure 2-8). This indicates that the covalent labeling reaction is also robust in the context 

of living cells, and that covalent labeling produced robust signal duration and stability. 

While the fluorescence of non-irradiated cells does not fully reach background levels, we 

hypothesize that this is due to the high binding affinity of the FAP for MG, making it 

difficult to fully deplete the non-covalently FAP-bound MG fraction in this control 

condition. However, the dramatic fluorescence decrease that we do observe suggests that 

unbound MG-diazirine is increasingly depleted from the cytoplasm, and thus our system 

would still meet this key requirement for pulse-chase labeling applications.  
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Figure 2-5 Fluorescence imaging of HeLa cells transfected with mCerulean3-FAP. a, 

Transfected cells and non-transfection control. b, Wash-out of MG-diazirine from non-

irradiated cells demonstrates robustness of covalent labeling approach. b, Fluorescence 

signal as a function of washout time for cells irradiated and not irradiated with UV light. 

2.6 Conclusion  

In conclusion, we report a new approach for covalent fluorescent labeling of 

proteins of interest in vitro as well as in living cells. To accomplish this, we have 

synthesized a fluorogenic MG-diazirine probe that has an arginine unit to provide cell 

permeability and a diazirine reactive group for photoaffinity labeling. The MG-diazirine 

exhibits very low background signal and has red-shifted fluorescence emission that is well 
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outside of the cellular auto-fluorescence region.  We show that this probe is capable of 

covalently labeling its FAP binding partner. The MG-diazirine probe is facile to 

synthesize, and plasmids encoding the FAP protein are widely available, making this 

approach very user friendly and broadly applicable. Unlike other covalent protein labeling 

approaches, the use of UV light to initiate probe attachment to the protein of interest 

provides temporal control over the labeling reaction to enable future applications such as 

pulse-chase imaging and studies of cellular behavior with enhanced signal stability and 

reduced background. Complimenting currently existing protein labeling strategies, this 

research provides a facile approach to covalent protein labeling in a format that is 

anticipated to open the door to new applications requiring temporal control.  

2.7 Methods and supplemental information  

2.7.1 Synthesis of MG-diazirine  

p-nitro-leucomalachite green  

This molecule was synthesized using the same protocol described by Deng and 

coworkers.38 First p-nitro-malachite green was synthesized by reacting p-

nitrobenzaldehyde (250 mg, 1.6543 mmol) and N,N-dimethylaniline (0.503 ml, 3.9704 

mmol) in the presence of zinc chloride (451 mg, 3.3086 mmol) at 100 ⁰C for 5 h. The 

reaction was then cooled down to room temperature. The solution was filtered and 

concentrated under reduced pressure. The product was then purified with column 

chromatography by gradually changing the polarity of the mobile phase from 100% 

Hexane to 40% Hexane/ ethyl acetate. 1H NMR (400 MHz, CDCl3) δ 2.93 (s, 12H), 5.45 

(s, 1H), 6.66 (d, 4H, J = 8.3 Hz), 6.94 (d, 4H, J = 8.8 Hz), 7.28 (m, 2H, J = 8.3 Hz), 8.101 
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(d, 2H, J = 8.3 Hz). LRMS (ESI-TOF) m/z Calcd for C23H26N3O2 [M + H]+ 376.20195; 

Found 376.19890. 

p-amino-leucomalachite green (1) 

p-nitro-leucomalachite green (100 mg, 0.2665 mmol) was then reduced using 

Pd/C (5% w/w) and 9 ml of methanol and THF solution (1/2 v/v) under hydrogen for 3h. 

The solution was then filtered through celite and concentrated under r educed pressure 

to yield a light blue solid. Yield = 91.0 mg, 98.9%. 1H NMR (400 MHz, CDCl3) δ 2.90 (s, 

12H), 3.53 (s, 2H), 5.27 (s, 1H), 6.58-6.66 (m, 6H), 6.89-6.98 (m, 6H). LRMS (ESI-TOF) 

m/z Calcd for C23H27N3 [M + H]+ 346.22832; Found 346.22868 

(9H-fluoren-9-yl)methyl (1-((4-(bis(4-

(dimethylamino)phenyl)methyl)phenyl)amino)-5-N,N-diboc-guanidino-1-

oxopentan-2-yl)carbamate (2) 

To a solution of compound 1 (50.00mg, 0.1483 mmol) in pyridine (500.0 µL), 

N,N′-Diisopropylcarbodiimide (70.0 µL, 0.4449 mmol) and Fmoc-Arg(Boc)2-OH (106.0 

mg, 0.1780 mmol) were added at room temperature and the reaction mixture stirred for 

12 h. After completion of the reaction, the solvent was removed in vacuo and the product 

was extracted with dichloromethane. The organic layer was dried over anhydrous Na2SO4 

and purified using column chromatography (50% EtOAc/hexane) to obtain compound 2. 

Yield = 30.0 mg, 23%. 1H NMR (400 MHz, CDCl3) δ 1.36 (s, 9H), 1.49 (s, 9H), 1.65-1.72 

(m, 2H), 1.78-1.91 (m, 2H), 2.89 (s, 12H), 3.41-3.55 (m, 2H), 4.20 (t, 1H, J = 8.0 Hz), 4.36-

4.47 (m, 2H), 5.33 (s, 1H), 6.30 (d, 1H, J = 8.0 Hz), 6.63 (d, 4H, J = 8.0 Hz), 6.94 (d, 4H, 

J = 8.0 Hz), 7.06 (d, 2H, J = 8.0 Hz), 7.26-7.39 (m, 5H), 7.57-7.62 (m, 2H), 7.74 (d, 2H, J 

= 8.0 Hz); 8.41 (s, 1H), 8.48 (t, 1H, J = 8.0 Hz), 11.44 (s, 1H); LRMS (ESI-TOF) m/z Calcd. 

for C56H67N5O7 [M + H]+ 924.5024; Found 924.5016.  
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(Z)-N-(4-((4-(5-(2,3-bis(tert-butoxycarbonyl)guanidino)-2-(3-(3-methyl-3H-

diazirin-3-yl)propanamido)pentanamido)phenyl)(4-

(dimethylamino)phenyl)methylene)cyclohexa-2,5-dien-1-ylidene)-N-

methylmethanaminium (3) 

To a solution of compound 2 (30.00mg, 0.0325 mmol) in DMF (500.0 µL), 0.5 mL 

of 20% piperidine in DMF was added and stirred room temperature for 1h. The free amine 

was purified by preparative TLC using 2% MeOH/DCM, then coupled with NHS-diazirine 

(22.0 mg, 0.0975 mmol) in DMF. The solvent was evaporated in vacuo and the coupled 

product was subjected to oxidation using chloranil (16.0 mg, 0.0650 mmol) and acetic 

acid (30.0 µL) in chloroform. The reaction mixture was refluxed for 4h. After completion 

of the reaction, the solvent was removed in vacuo, and the compound 3 was purified by 

preparative TLC using 10% MeOH/DCM. Yield = 20.0 mg, 76%. 1H NMR (400 MHz, 

CD3OD) δ 1.00 (d, 3H, J = 4.0 Hz), 1.42-1.51 (m, 18H), 1.66-1.70 (m, 4H), 2.14-2.22 (m, 

2H), 2.89 (s, 6H), 3.31 (s, 6H), 3.34-3.44 (m, 2H), 4.44-4.61 (m, 3H), 6.68 (d, 2H, J = 8.0 

Hz), 7.03 (d, 2H, J = 8.0 Hz), 7.17 (d, 2H, J = 8.0 Hz), 7.33 (m, 2H), 7.42(d, 2H, J = 8.0 

Hz), 7.86 (d, 2H, J = 8.0 Hz); LRMS (ESI-TOF) m/z Calcd for C44H60N9O6+ [M]+ 

810.4661; Found 810.4664. 

N-(4-((4-(dimethylamino)phenyl)(4-(5-guanidino-2-(3-(3-methyl-3H-

diazirin-3-yl)propanamido)pentanamido)phenyl)methylene)cyclohexa-2,5-

dien-1-ylidene)-N-methylmethanaminium (5) 

Compound 3 (20.00mg, 0.0246 mmol) was subjected to Boc-deprotection using 

2.0 mL of 50% TFA/DCM for 1 h to obtain compound 4. The solvent was removed in 

vacuo and the product was treated with 10% aq. HCl in order to remove excess TFA to 

obtain pure compound 5. Yield = 14.8 mg, 98%. 1H NMR (400 MHz, CD3OD) δ 1.01 (s, 
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3H), 1.67-1.72 (m, 2H), 1.77-1.98 (m, 4H), 2.20 (t, 2H, J = 8.0 Hz), 3.22-3.26 (m, 2H), 

3.32 (s, 12H), 4.52-4.57 (m, 1H), 7.04 (d, 2H, J = 8.0 Hz), 7.34 (d, 2H, J = 8.0 Hz), 7.42 

(d, 2H, J = 8.0 Hz), 7.87 (d, 2H, J = 8.0 Hz); LRMS (ESI-TOF) m/z Calcd for C34H44N9O2+ 

[M]+ 610.3612; Found 610.3589. 

2.7.2 Preparation of FAP fusion vectors  

To prepare a plasmid for transfection into HeLa cells for subsequent live cell 

imaging with MG-diazirine probe, we utilized a commercially available pcDNA vector 

from Addgene (Figure 7), which contains the FAP protein fused to a fluorescent 

mCerulean3 (mCer3) reporter protein.23 The fluorescence reporter protein served as a 

transfection control in the initial validation of this approach, but use of a fluorescent 

protein is not required for imaging applications. The vector also contains both bacterial 

replication features and appropriate promoters for mammalian expression. These vectors 

are typically supplied as agar stabs containing pre-transformed E. coli cells harboring the 

plasmid of interest. We outline how to replicate and extract this plasmid from bacteria for 

eventual transfection into HeLa cells for expression. This vector also contains numerous 

restriction enzyme sites surrounding the mCer3 gene (Figure 2-6), allowing users to clone 

and insert virtually any POI into this backbone and fuse to FAP.  
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Figure 2-6 Plasmid map of mCer3-FAP control expression vector highlighting important 

component for cloning and expression.  

2.7.3 Preparation of mCer3-FAP plasmid vector 

First, luria broth (LB) aga (Miller) plates were supplemented with ampicillin by 

combining 37 g of the powder media mixture for every liter of ultrapure water. This 

solution was dissolved completely and sterilized in a suitable container by autoclaving. 

Separately, LB broth without ampicillin was prepared by combining 25 g of the powder 

media mixture for every liter of ultrapure water followed by autoclave sterilization. The 

hot LB broth and agar mixtures were placed in water bath equilibrated to 50 ⁰C. When 
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LB broth and agar are cool to touch, a concentrated solution of ampicillin (amp) was 

added to give a final concentration of 100 µg/ml. While LB agar is still a molten liquid, 

~20-25 mL was poured into 100 mm x 15 mm sterile petri dishes and allowed to solidified 

at room temperature.  

Addgene vectors typically arrive as agar stabs which contain E. coli cells 

transformed with the plasmid of interest. To grow more bacteria through replication, a 

sterile pipet tip was used to streak the bacteria onto a LB + amp agar plate. The plates 

were then incubated upside down at 37 ⁰C overnight. The next day, the streak plates 

showed robust bacterial growth and many distinct colonies was observed. Individual 

colonies were then picked using sterile pipet tip and dropped in a culture tube with broth 

and cap. This starter culture was placed in a 37 ⁰C shaker overnight. The next day, the 

culture tubes were noticeably turbid indicating successful bacterial growth. The plasmid 

was then extracted using QIAprep Spin Miniprep kit according to the manufacturer’s 

instructions.  

2.7.4 HeLa cell culture and maintenance  

Complete EMEM media was prepared by combining 450 mL of EMEM base media 

and 50 mL FBS. Starter culture was prepared by fully thawing cryovials in 37 ⁰C and 

transferring the contents fo the vial to a 15 ml conical tube containing 10 ml of EMEM 

complete media prewarmed to 37 ⁰C. The cells were then pelleted by spinning at 500 x g 

for 5 minutes. The supernatant was then carefully removed, and the cell pellet was 

resuspended in 10 ml of fresh EMEM complete media. This solution was transferred to a 

T25 flask and incubated at 37 ⁰C, 5% CO2 for 12 hours. The next day, using brightfield 

microscope adherence of cells and absence of floating or dead cells was confirmed. The 
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cells were then placed back into the incubator and allowed to grow to ~80% confluency 

while replacing media as necessary. When cells reached the desired confluency, the media 

was removed and cells were rinsed with 2-3 mL of -.25% Trypsin/EDTA and this solution 

was discarded. A fresh 2 mL of 0.25% Trypsin/EDTA was added and the cells were placed 

in the incubator for 6 min, or until the cells detached from the T25 surface. After full 

detachment, the cell suspension in 0.25% Trypsin/EDTA was transferred to 9.5 ml of 

fresh EMEM complete media. The cells were split 1:2 into a large T75 flask by combining 

5 mL of the resuspended mixture with 20 mL of fresh media. The cells were split 2-3 times 

before they are suitable for tranfection.  

2.7.5 Plasmid Transfection 

After a suitable number of passages, HeLa cells were ready for transfection at 

confluencies between 50 – 75% in 96-well plates. The media from the wells was removed 

and replaced with 100 µL pre-warmed Opti-MEM reduced serum medium. Transfection 

solution A was then prepared by combining 5 µL Opti-MEME reduce serum medium and 

0.15 µL Lipofectamine 3000. Transfection solution B was prepared by combining 10 µL 

Opti-MEM reduced serum medium, 200 ng pcDNA FAP Plasmid Vector, and 0.4 µL 

P3000 Reagent. Transfection solutions A and B were combined and incubated at room 

temperature for at least 30 minutes. 10 µL of this combined A/B mixture was added into 

the desired well of the 96-well plate. The cells were then incubated at 37 °C, 5% CO2 for 

12 hours. After this period, the Opti-MEM from each well was removed and replaced with 

100 µL fresh EMEM complete media and the cells were placed back into the incubator for 

additional 6 hours.  
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 50 mM MG-diazirine stock solution (~30.5 mg/mL) in DMSO was prepared. A 

working solution of 50 µM MG-diazirine was prepared by dilution the stock solution 

1:1000 in EMEM complete media. The media from each of the wells was removed and 

100 µL of this working solution was added. The cells were incubated for 15 minutes at 37 

37 °C, 5% CO2 then the MG-diazirine solution from each well was removed. The wells were 

briefly washed three times with 100 µL fresh EMEM complete media. The cells were then 

UV-irradiated for 5 minutes before imaging.  

2.7.6 Imaging  

Fluorescent images were obtained using Leica DMi8 confocal laser scanning 

microscope equipped with HC Plan Fluotar x10/0.15 air objective and two HYD GaAsP 

detectors. For mCer3-FAP plasmid, excitation of 433 nm and emission of 475 nm were 

used. For imaging of the FAP/MG-diazirine, excitation of 640 nm and emission of 669 

nm were used. Images for each appropriate channel were obtained using the microscope 

where clear distinction were shown when comparing between cells that have been 

transfected with the reporter mCer3-FAP plasmid versus non-transfected controls. 

Representative images are shown in Figure 2-7, illustrating signal from both mCer3 and 

FAP-MG diazirine. This experiment thus confirms successful synthesis of MG-diazirine 

and functional introduction into cells. Additionally, the images obtained from this 

experiment also provide a good overall measure of plasmid transfection efficiency in HeLa 

cells. 
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Figure 2-7 Representative fluorescence microscopy images of transfected HeLa cells 

incubated with MG-diazirine. Transfection with the reporter mCer3-FAP plasmid results 

in both mCer3 and MG-diazirine fluorescent signal confirming successful transfection 

and expression of the construct, as well as functional MG-diazirine binding and 

fluorogenic activity. Cells not exposed to the vector produce no detectable background 

fluorescence. 

2.7.7 Washout experiment  

After the cells were transfected, incubated with MG-diazirine solution, and UV-

crosslinked, images of the same cells were taken after replacing the media every 10 

minutes. Figure 2-8 shows that UV-treated cells retained signal after 40 minutes of 

washout. However, cells that were not UV-treated showed a decrease in fluorescence 

brightness over time.  
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Figure 2-8 Washout experiment. Fluorescence microscopy images in transfected cells 

with or without UV irradiation. Increasing wash time produced a steady loss of 

fluorescence in cells without UV treatment, while maintenance of signal is indicative of 

successful photo-crosslinking of MG-diazirine with FAP. 

2.7.8 Kinetic experiment for protein concentration  

50 µM MG-diazirine was incubated at 37 ⁰C in a solution containing different FAP 

concentrations for 30 min. After the incubation time, the solutions were then mixed 1:1 

(v/v) with SDS denaturing loading dye and were heated to 90 ⁰C for 10 min and allowed 

to cool down to room temperature. These samples were loaded on SDS-PAGE and the 

fluorescence of the bands were quantified using the same technique described in the 

manuscript. 
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Figure 2-9 Protein concentration dependent kinetic experiment.   

Table 2-1 Tabular data for protein concentration dependent kinetic experiment  

FAP concentration (ng) Average Normalized RFU Standard deviation 

0 0.000 0.000 

1 11.621 5.588 

6 45.025 10.903 

12 67.384 20.615 

15 69.342 8.058 

18 78.356 3.528 

21 100.000 0.000 
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2.7.9 MG-diazirine concentration dependent kinetic experiment 

20 µg of FAP was dissolved in 1XPBS. MG-diazirine was added to this solution to 

give different final concentration of MG-diazirine. The solution was then incubated at 37 

⁰C for 30 min. After the initial incubation time the protein was denature by missing 1:1 

(v/v) with SDS denaturing loading dye and were incubated at 90 ⁰C for 10 min and 

allowed to cool down to room temperature. These samples were loaded on SDS-PAGE and 

the fluorescence of the bands were quantified using the same technique describe in the 

manuscript. 

 

Figure 2-10 Kinetic experiment for MG-diazirine concentration. 

  



40 
 

Table 2-2 Tabular data for protein concentration dependent kinetic experiment  

MG-diazirine concertation (µM) Average RFU Standard deviation 

0 0.609 0.542 

1 6.653 2.057 

20 40.474 7.762 

40 60.360 6.617 

80 85.145 9.752 

160 100.000 0.000 

2.7.10 Cell viability experiment 

The effect of UV-irradiation on cell viability was tested using HeLa cells. The cells 

were grown on 96-well plates containing 100 µl media until they reached 90% confluency 

and were exposed to UV-irradiation for different amount to time. A well without cells 

containing 100 µl media was used as a negative control. After the UV-irradiation, the 96-

well plate was placed back in 37 ⁰C cell incubator for 12 h. Then 10 µl of WST-1 (4-[3-(4-

lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Thermo 

Fisher) was added to each well and allowed to incubate at 37 ⁰C cell incubator for 4 h. 

After the 4h incubation, the plate was shaken thoroughly for 1 min on a shaker and 440 

nm absorbance of each of the wells was measured.  
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Figure 2-11 Cell viability 

Table 2-3 Tabular data for cell viability experiment  

UV-irradiation Time (min) 0 3 5 10 no cell 

Normalized cell viability 100.000 90.570 116.700 91.886 8.755 

Standard deviation 9.111 13.490 15.992 22.554 0.966 
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Chapter 3: Imaging and tracking mRNA in live mammalian cells via fluorogenic 

photoaffinity labeling 
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3.1 Abstract 

Cellular RNA labeling using light-up aptamers that bind to and activate fluorogenic 

molecules has gained interest in recent years as an alternative to protein-based RNA 

labeling approaches. Aptamer-based systems are genetically encodable and cover the 

entire visible spectrum. However, the relatively weak nature of the non-covalent aptamer-

fluorogen interaction limits the utility of these systems in that multiple copies of the 

aptamer are often required, and in most cases the aptamer must be expressed on a second 

scaffold such as a transfer RNA. We propose that these limitations can be averted through 

covalent RNA labeling, and here we describe a photoaffinity approach in which the 

aptamer ligand is functionalized with a photoactivatable reactive group such that 

irradiation with UV light results in covalent attachment to the RNA of interest. In addition 

to the robustness of the covalent linkage, this approach benefits from the ability to 

temporally control RNA labeling. To demonstrate this method, we incorporated a 

photoaffinity linker onto malachite green and fused the malachite green aptamer to a 

specific mRNA reporter of interest. We observed markedly improved sensitivity for fixed 

cell imaging of mRNA using this approach compared to in situ hybridization. 

Additionally, we demonstrate visualization of RNA dynamics in live cells using an mRNA 

having only a single copy of the aptamer, minimizing perturbation of the structure and 

localization. Our initial biological application utilizes the photoaffinity labeling approach 

to monitor RNA stress granule dynamics and we envision future application of this 

method for a wide range of investigations into the cellular localization, dynamics, and 

protein binding properties of cellular RNAs.  
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3.2 Introduction 

Trafficking of messenger RNA (mRNA) to subcellular compartments plays an 

essential role in RNA homeostasis and cellular function. This spatiotemporal control of  

mRNA localization  is a common characteristic for a significant fraction of transcripts,1-3 

and in recent years, fluorescent microscopy has dramatically increased our understanding 

of the heterogeneity of transcript regulation and the complex subcellular interactions of 

RNAs and proteins. However, this relies on the ability to fluorescently label cellular RNAs 

without significantly perturbing their structure or localization. The earliest approaches to 

fluorescently tagging cellular RNAs utilized probes capable of binding to the RNA of 

interest (ROI) through Watson-Crick-Franklin base pairing, including fluorescent in situ 

hybridization (FISH) and molecular beacons. While these methods yielded much of the 

current day knowledge on RNA localization, they generally require cell fixation, and thus 

cannot provide insight into trafficking and dynamics of cellular RNAs.4-6 Currently, the 

most ubiquitous approach for visualizing mRNA uses GFP-fused RNA binding proteins 

such as MS2, λN, PCP, or Cas proteins.7-10 These fluorescently-tagged proteins recognize 

a specific sequence that is incorporated multiple times onto ROI. While this does enable 

visualization of RNAs in living cells, these methodologies suffer from the fact that the 

unbound fluorescent protein creates significant background signal. This necessitates 

functionalization of the ROI with multiple copies of the target RNA sequence, and the size 

of that sequence as well as the heavy load of the associated proteins (>1300 kDa) can alter 

the native localization and functional properties of the RNA.11, 12  

In 2003, Tsien and coworkers proposed that the small-molecule recognition 

capabilities of RNA could potentially be used for RNA labeling, and they reported an RNA 
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aptamer that binds to the fluorogenic dye malachite green (MG). Over the past decade, a 

number of other RNA aptamers binding to fluorogenic dyes have been reported, including 

the Spinach13, 14, Broccoli15, and Mango16 aptamers. These aptamers have been fused to 

RNAs and expressed in cells to enable RNA visualization. However, these approaches 

remain predominantly used in bacterial cells and typically require fusion of multiple 

copies of the aptamer to enable fluorescence imaging. Recently, Yang and coworkers 

reported the Peppers aptamer system, which has a high signal-to-background ratio and 

was used to image genomic loci in mammalian cells.17 While the stability and cellular 

brightness of the Peppers aptamer was a significant improvement compared to the 

previously reported aptamer-based systems, this approach still suffers from inherent 

limitations as a result of its non-covalent nature. For example, the reversibility of the 

fluorescent probe interaction with the ROI makes Peppers and other non-covalent 

systems unusable for applications that require media exchange, as labeling does not 

withstand washout steps. This inherent limitation of non-covalent approaches also makes 

them unsuitable for time-resolved investigations such as pulse-chase experiments.  

 We hypothesized that the limitations of the current RNA labeling approaches could 

be overcome through covalent attachment of the fluorescent molecule to the target RNA. 

Compared to all of the existing methods, which rely on non-covalent binding, covalent 

attachment would provide increased robustness to maximize signal-to-background and 

would allow the labeling to withstand media exchange or washing steps. Additionally, we 

envisioned that using a photoactivatable reactive group would provide temporal control 

over the labeling process, which is not possible using any of the existing methods. To 

achieve this goal, we utilized the malachite green aptamer (MGA) first reported by Tsien 

and coworkers.18 Similar to the Peppers aptamer, MGA binds to the MG fluorogen and 
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induces significant red-shifted fluorescence enhancement.19 The excitation and emission 

maxima for the MG fluorogen are also located in the far-red region of the UV spectrum, 

averting the inherent challenges associated with cellular auto-fluorescence and making 

this aptamer-ligand pair exceptionally well-suited for live cell imaging.  

 

Figure 3-1 Characterization of MGA-functionalized mRNA in the presence of MGD2 a, 

Schematic representation of fluorogenic photoaffinity labeling of MGA-functionalized 

mRNA. The MGA-functionalized mRNA binds to the fluorogenic dye and induces 

fluorescence enhancement. UV-irradiation results in covalent attachment of the dye to 

the ROI. b, Structures of MG and MGD2. The canonical MG molecule was functionalized 

with a diazirine linker to enable photoaffinity labeling of MGA. c, Emission (solid) and 

excitation (dashed) spectra of MGD2 bound to 1xMGA-mGFP. d, Fluorescence of MGD2, 

1xMGA-mGFP, and 6xMGA-mGFP in 1xPBS. Statistical comparison was performed using 
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one-way ANOVA. (****P<0.0001). Bars and error bars represent the mean and standard 

deviation from n = 4 independent samples. e, Time-dependent fluorescence enhancement 

of 1xMGA-mRNA and control mRNA upon irradiation at 360 nm in 1x PBS. Points and 

error bars represent the mean and standard deviation from n = 3 independent samples. 

f, Denaturing PAGE gel analysis of UV-dependent covalent labeling of 1x MGA-mGFP and 

control GFP mRNAs with MGD2.  

To covalently label the target RNA, we envisioned that the aptamer could be fused 

to the ROI, expressed in cells, and the cells incubated with the MG ligand having a 

photoactivatable handle. UV-irradiation would convert the non-covalent binding 

interaction into a covalent linkage, resulting in robust and temporally-controlled labeling 

of the ROI (Fig. 1a). To create the photo-reactive fluorogen, we appended a diazirine 

linker to the dye (Fig.  1b) and termed this new MG derivative malachite green diazirine-

2 (MGD2). We previously used a similar approach to design a derivative of MG termed 

MGD for photoaffinity labeling of proteins in live cells;20 however, this strategy has yet to 

be applied to RNA labeling. Upon UV-A irradiation at 365 nm, the diazirine linker is 

activated and produces a carbene moiety that readily reacts with nearby C-H and 

heteroatom-H bonds. UV-C (254 nm) irradiation has been used for cross-linking RNA-

protein interactions by taking advantage of the photo-responsiveness of natural amino 

acids such as Cys, Lys, Phe, Trp, and Tyr.21, 22 However, the longer wavelength of 365 nm 

used to activate MGD2 ensures that our design does not result in unwanted cross-linkage 

of RNA with cellular proteins.  

Using our photoaffinity approach, we demonstrate that an mRNA of interest can 

be labeled and imaged in both fixed and live cells using a single 57 nt fusion. This is 

significantly smaller than the fusions required in other aptamer-based methods, 
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minimizing perturbation of RNA structure and localization. We demonstrate that 

covalent labeling enables RNA visualization under conditions where the non-covalent 

system fails, and we utilize our approach to monitor the dynamics of RNAs in stress 

granules. Together, this research introduces the first covalent method for cellular RNA 

labeling and provides an effective and easy-to-use tool for the RNA community. The 

added robustness and temporal control achieved using this approach is anticipated to 

significantly advance RNA imaging capabilities, providing important new insights into 

the role of RNA trafficking in biological processes such as development and disease. 

3.3 Results 

3.3.1 In vitro characterization   

We first utilized in vitro studies to investigate the reactivity and selectivity of the 

aptamer when functionalized to an mRNA. This was accomplished by transcribing the 

acGFP mRNA appended with one or six copies of the aptamer sequence at the 5’ UTR, 

which will be referred to as 1xMGA-mGFP and 6xMGA-mGFP, respectively. Both MGA-

functionalized mRNAs displayed a well-defined absorbance and fluorescence profile with 

an excitation maximum at 625 nm and an emission maximum 660 nm in the presence of 

MGD2 (Fig.  1c). Prior to UV-irradiation, fluorescence measurements revealed a 251-fold 

fluorescence enhancement for MGD2 bound to 1xMGA-mGFP and >1000-fold 

fluorescence enhancement for MGD2 bound to 6xMGA-mGFP (Fig.  1d). We next 

investigated the effect of UV-irradiation on the fluorescence enhancement. For this 

experiment, we used 1xMGA-mGFP and a control mGFP mRNA that does not contain the 

aptamer sequence (Fig.  1e). We observed that up to 15 minutes of UV-irradiation did not 
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result in any detectable fluorescence enhancement of MGD2 in the presence of the control 

mRNA. However, the fluorescence enhancement of 1xMGA-mGFP declined slightly over 

time and stabilized at approximately 140-fold after 15 minutes of UV irradiation. This 

decrease in enhancement was not entirely unexpected, as covalent attachment may limit 

the fluorogen to binding modes that have slightly less rotational restriction, but 

nonetheless we remained encouraged by these data as they indicated that a single copy of 

MGA could produce a detectable and stable signal-to-background ratio for cellular 

imaging experiments.  

 We also investigated the specificity of labeling using denaturing PAGE analysis. 

Both the control GFP mRNA lacking MGA (4 µM) and 1xMGA-GFP mRNA (4µM) were 

incubated with MGD2 and UV-irradiated for different lengths of time (Fig.  1f). We 

observed non-specific labeling of the control mRNA after 15 minutes of irradiation in the 

presence of 30 µM MGD2 and after 10 minutes of irradiation in the presence of 100 µM 

MGD2. These data were somewhat surprising given the lack of fluorescence enhancement 

observed for the control RNA in the previous experiment. However, this observation can 

be explained by considering that in the case of non-specific labeling, the energy from the 

absorbed light is dissipated through nonradiative rotational relaxation of the phenyl 

groups of MGD2.18, 23 However, the tight target-specific binding of the aptamer restricts 

the rotational relaxation of the dye and results in the enhanced fluorescence output. Thus, 

while our approach does result in some non-specific RNA labeling, we anticipated that 

this would not create problematic background signal during imaging experiments. We 

were further encouraged to this notion upon testing the selective reaction of MGD2 (30 

µM) with 6xMGA-mGFP in the presence of cellular RNA (Supplementary Fig. 1). After 10 

min of UV irradiation, we observed bands in the MG channel corresponding to the target 
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RNA and slight impurities, but no bands from labeling of other cellular RNAs. The 

collective observations from these experiments served as guidelines for irradiation time 

and dye concentrations used in subsequent cellular labeling experiments.  

3.3.2 Fixed-cell imaging of RNA. 

Having demonstrated our photoaffinity labeling approach in vitro, we next turned 

to fixed cell experiments, as this would enable us to directly compare our method to FISH 

and validate labeling of the target RNA in cells. As a biological context for testing our 

labeling method, we chose stress granules. In response to stress conditions, cells form 

non-membrane-bound cytosolic and nuclear RNA-protein assemblies to stall the 

translation of mRNA until the cells are no longer under stress. While most mRNAs can be 

concentrated to stress granules, different mRNAs have vastly distinct localization 

efficiencies.5, 24, 25 Using FISH, Parker and coworkers showed that the CDK6 mRNA is  

highly enriched in stress granules of mammalian cells.5 Inspired by this finding, we used 

mCDK6 as a model system to fluorescently label and image the unique distribution 

pattern of the mRNA. Both the 6x and 1x MGA sequences were inserted at the 5’ UTR of 

the transcript, and the construct was placed under the control of the cytomegalovirus 

(CMV) promoter (Fig.  2a). Mouse neuroblastoma Neuro-2a cells were then transfected 

with these plasmids and incubated with 30 µM MGD2 for 20 min. The cells were then 

irradiated using 365 nm UV light to allow for covalent labeling of the aptamer. The media 

was replaced to washout excess dye, and cell stress conditions were induced by 45 min of 

arsenite exposure, a well characterized paradigm to induce formation of stress granules. 

Following fixation and immunofluorescence labeling of one stress granule marker protein 

(G3BP1), the cells were imaged using confocal microscopy. 
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Figure 3-2 RNA labeling in fixed cells a, Schematic representation of MGA-

functionalized mRNA constructs. b, Representative confocal images of cellular granule 

formation in Neuro-2a cells with and without NaAsO2 stress. For this experiment, 6xMGA 

was used to label mCDK6 RNA. c, Representative confocal imaging of Neuro-2a cells 

transfected with 1xMGA-mCDK6, 6xMGA-mCDK6, control mCDK6, and cells that were 

not transfected. For figures 2b and c, G3BP1 protein immunolabeling was used to see the 

formation of granules. d, Fluorescence intensity of RNA foci in untransfected Neuro-2a 

cells or Neuro-2a cells expressing mCDK6 functionalized with 1xMGA or 6xMGA at the 

5’UTR. (n = 6 foci for no transfection and transfection with control RNA, n = 50 foci for 

1xMGA and 6xMGA).  Statistical comparison was performed using one-way ANOVA. 

(****P<0.0001). Box plots show median, upper and lower quartiles, whiskers extending 
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to 5th and 95th percentile, and mean represented by a cross sign. e, Confocal mCDK6 RNA 

labeling in Neuro-2a cells using 6xMGA and FISH. f, Confocal mCDK6 RNA labeling in 

Neuro-2a cells using 1xMGA and FISH. White arrow represents RNA granules detected 

by 6xMGA but not by FISH. Scale bars represent 10 µm. g, Representative normalized 

line-scan of colocalized FISH (red line) and MGA-mCDK6 (black line) labeling with 

MGD2. h, Representative normalized line-scan of RNA granules detected by MGA-

functionalized mCDK6 (black line) but not with FISH (red line).  

In Neuro-2a cells exposed to arsenite stress, we observed the formation of distinct 

cytoplasmic RNA granules with the 6xMGA-functionalized mCDK6 (6xMGA-mCDK6). In 

contrast, the signal from cells that were not exposed to arsenite was diffused uniformly 

throughout the cytoplasm, and no detectable stress granule enriched mCDK6 was 

observed (Fig. 2b). Encouraged by the ability to visualize RNA granules having six copies 

of the aptamer appended to the mRNA, we attempted to image cells that were transfected 

with 1xMGA-functionalized mCDK6 (1xMGA-mCDK6). After similar arsenite treatment, 

we observed that RNA granules could be detected with a single copy of the aptamer fused 

to the mRNA. Moreover, when arsenite-treated cells were not UV-irradiated, no 

detectable foci formation was observed, indicating that RNA visualization is dependent 

on covalent attachment of the probe to the aptamer. We were especially excited by this 

observation, as it validated our hypothesis that covalent RNA labeling would provide a 

more robust imaging method than the existing non-covalent approaches. To further 

validate the specificity of this system, we transfected cells with CDK6 lacking the MGA 

sequence and then incubated the cells with MGD2 and performed UV irradiation. These 

control cells did not show any labeling, indicating the absence of non-specific labeling of 

other cellular components (Fig. 2c). When comparing the stress granules detected with 
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1xMGA versus 6xMGA-functionalized mRNA, we did observe reduced fluorescence 

intensity in cytoplasmic mRNA granules (Fig 2c and d). However, the difference was only 

~2-fold compared to the 6-fold smaller fusion of the 1xMGA construct, and the ability to 

detect RNA localization using a single aptamer fusion allows for minimal alteration of the 

target mRNA. Together, these results demonstrate that we are able to fluorescently label 

cellular mRNAs in a sequence-specific manner and observe their localization to stress 

granules. 

3.3.3 Comparison of fixed cell imaging of MGA/MGD2 with FISH.  

To validate that the fluorescence signal observed was arising from labeling of the 

target CDK6 mRNA, we simultaneously incubated the Neuro-2a cells with FISH probes 

complementary to the CDK6 sequence but bearing a spectrally orthogonal fluorophore. 

This experiment also enabled us to directly compare the sensitivity of the MGA/MGD2 

system to the commonly used FISH technique for RNA labeling in fixed cells. Following 

arsenite stress, MGD2 labeling, and cell fixation, we incubated the cells with our custom 

FISH probes. Merged image analysis of the 1xMGA- and 6xMGA-labeled mRNA with the 

FISH signal showed an overlap of the fluorescence generated from these two approaches 

(Fig. 2e-g). Interestingly, we observed some RNAs by our MGA/MGD2 system that were 

not identified by FISH (Fig. 2e, f, and h). This enhanced sensitivity was observed for both 

1xMGA- and 6xMGA-functionalized mRNAs, indicating that our approach has a higher 

sensitivity for RNA detection than FISH. We reason this is because during FISH labeling, 

the fluorescent probe is hybridized after the ROI is localized to granules. While this 

approach can identify ROIs that are spatially accessible to the FISH probes, other proteins 

and RNAs found within the granules compromise the ability of the probes to hybridize 
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with the ROI. In contrast to FISH, our approach ensures that the MGA-functionalized 

mRNA is labeled with the fluorescent reporter before it is localized to the granules. This 

important distinction in the timing of RNA labeling allows for the detection of mRNA that 

otherwise would be inaccessible for FISH labeling.  

 
 

Figure 3-3 Live cell tracking of RNA and protein granules a, Real-time confocal 

microscopy images showing dynamic localization of mCDK6 (top panel), G3BP1 protein 

(middle panel), and merged (bottom panel) in Neuro-2a cells with 5.2 min intervals. Scale 

bars represent 10 µm. b, Fluorescence signal comparison of MGD2-labeled mRNA vs 

GFP-labeled G3BP1 protein.  Line graph represents the mean and error bars represent 

SEM from n = 3 granules. c, Image showing phase separation and RNA granule 
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maturation. Top panel shows image slices taken every 2.8 min, and bottom panel is line-

scan showing relative intensity of the dotted lines. Scale bar represents 2 µm d, Real-time 

confocal microscopy images showing granule deliquescence of mCDK6 (top panel), 

G3BP1 protein (middle panel), and merged (bottom panel) upon the addition of 5% 1,6-

Hexanediol. Time slices were taken every 3.9 min. Scale bar represents 10 µm. e, 

Disappearance of RNA granule with 5% 1,6-Hexandiol treatment. Top panel shows 

confocal microcopy image of RNA granule and bottom panel shows relative intensity line-

scan of the dotted lines. Scale bars represent 2 µm 

3.3.4 Live cell imaging of mRNA.  

Having established the applicability and robustness of our approach for both in 

vitro and fixed cell RNA imaging, we next investigated whether the MGD2/MGA system 

would be suitable for live cell imaging of endogenous mRNA localization and dynamics. 

Moreover, we sought to determine whether we could simultaneously track the real-time 

localization properties of both RNA and proteins within a living cell. For this assay, we 

co-transfected Neuro-2a cells with expression plasmids for 1xMGA-mCDK6 and dual 

GFP-tagged G3BP1 protein. The expressed mRNA was labeled with MGD2 and photo-

crosslinked. The cells were then imaged to record the spatiotemporal features of both 

mRNA and protein in stress granules. After arsenite exposure, real-time confocal 

microscopy imaging of the granules revealed the dynamic nature of both the mRNA and 

the protein (Fig 3a and Supplemental video 1). Monitoring the signal intensity, we 

observed the fluorescent signal generated from the MGD2 labeled granules remained 

consistent over >25 min of imaging. However, the GFP signal showed a sharp signal 

decrease after 17 min of imaging (Fig 3a and b). Time-lapse imaging of the RNA granules 
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also showed a gradual phase separation and maturation of RNA granules (Fig 3c). These 

data highlight the ability of our approach to enable live-cell monitoring of RNA dynamics 

using only a single copy of the aptamer fusion and demonstrate the high photostability of 

the MG-aptamer pair.  

After observing the motility and maturation of the granules, we questioned 

whether we could also observe their dissolution. In mammalian cells, stress granules 

disassemble in the presence of small aliphatic molecules that disrupt weak hydrophobic 

interactions.26 Therefore, we added 1,6-hexanediol, an aliphatic alcohol commonly used 

for disassembly of stress granules.26, 27 After arsenite-induced stress granule formation, 

we incubated the cells in 5% 1,6-hexanediol solution and observed the fluorescence signal 

of the labeled 1xMGA-mCDK6. In this experiment, signal from the protein granules 

disappeared after 7 min of incubation with 5% hexanediol. In contrast, most of the RNA 

granules exhibited a more sustained structural integrity, indicating that granules having 

high RNA content may be more resistant to dissolution (Fig 3d). In some RNA granules, 

however, hexanediol triggered an observable dissolution of these phase-separated 

compartments (Fig 3e and Supplemental video 2). This observation indicates that the 

strength of intermolecular forces of the RNA granule components is heterogeneous across 

different granules. Although we did not further investigate this property of RNA granules, 

the heterogeneity of the intermolecular forces of RNA granules is reported to be highly 

dependent on the composition of RNA, well-folded domains of proteins, and proteins 

having intrinsically disordered regions.28 Therefore, these data indicate that our RNA 

labeling approach is able to validate previously held assumptions of RNA properties as 

well as uncover lesser-known physical and biological characteristics of these 

biomolecules.  
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3.4 Conclusion.  

Fluorescent labeling and imaging of RNA is key to understanding its roles in 

cellular function and disease processes. While a number of methods have been reported 

for labeling RNA, these all suffer from limitations related to either the requirement for 

cell fixation, the need for a large fusion added to the RNA, or lack of robustness due to the 

weak nature of non-covalent interactions. We sought to develop a broadly applicable 

strategy that can be implemented for both fixed cell and live cell imaging and that would 

enable robust labeling with only a single small RNA fusion and fluorophore tag. To 

achieve these goals, we recognized that all of the current methods rely on non-covalent 

binding interactions, and that covalent tethering of the fluorescent probe and the RNA of 

interest could provide increased signal-to-background ratio with a smaller RNA fusion. 

Specifically, we envisioned a photoaffinity labeling approach, as this would also provide 

temporal control over the RNA labeling process. We modified the malachite green 

fluorogen to incorporate a photo-reactive diazirine linker, which allowed for covalent 

labeling of its cognate aptamer upon irradiation with UV light. By placing this aptamer at 

the 5’ UTR of the mRNA, we showed target-specific fluorescence enhancement and 

labeling of the ROI. Fixed cell imaging of aptamer-functionalized mRNA showed 

formation of RNA stress granules in response to arsenite exposure. Compared to 

hybridization-based RNA labeling, we obtained enhanced sensitivity and lower 

background signal with our MGD2/MGA system. Furthermore, we showed that the 

dynamics of RNA granules containing a single aptamer-functionalized ROI can be tracked 

in live cells upon covalent attachment of the fluorogenic probe.  

This novel strategy provides several advantages for RNA imaging applications. 

First, the far red-shifted fluorescence emission wavelength and the fluorogenic nature of 



64 
 

the MGD2 dye allows for minimal background signal generated from cellular 

autofluorescence and unbound small molecules, respectively. Second, the temporally 

controlled covalent attachment of the fluorogen to its cognate aptamer enables the 

labeling to withstand washout steps and allows tracking of RNAs labeled during a specific 

time window, a feature which is necessary for pulse-chase studies and other experiments 

that require media exchange. Third, a single aptamer fusion of 57 nt was sufficient to 

image RNA granules in both live and fixed cells. This is significantly smaller than the 

fusions required in other RNA labeling approaches, which typically append numerous 

copies of the respective tag and fluorescent probe or proteins, producing a fusion that can 

add thousands of kDa. Finally, this strategy is anticipated to be highly generalizable to 

enable the development of additional aptamer-photoaffinity probe combinations for 

multiplexed and multicolor imaging. Together, the research reported here significantly 

advances RNA labeling technology and introduces a robust and reliable tool for use by the 

RNA community to study basic mechanisms that underlie localization and dynamics of 

diverse types of RNA granules and how these mechanism go awry in disease models and 

other important biological contexts. 

3.5 Methods and supplemental material 

3.5.1 In vitro fluorescence enhancement 

A solution of 30 µM of MGD2 was mixed with 4 µM of the corresponding mRNA 

in 1x PBS (1.54 mM Potassium monobasic, 155.17 mM Sodium Chloride, and 2.71 mM 

Sodium Phosphate dibasic with pH = 7.2) (ThermoFisher) and incubated at room 

temperature for 20 min. For comparison, a solution of MGD2 without any RNA was also 
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prepared in 1x PBS. The fluorescence of these solutions was measured using a BioTek 

Cytation 5 plate reader with ex = 620 ± 20 nm and em = 680 ± 20 nm. The average 

fluorescence value from replicate experiments was used to calculate fluorescence 

enhancement (Fenhancement) using Eq. 1, where FMGA-mRNA is the fluorescence of the solution 

containing both MGA-fused mRNA and MGD2 and FMGD2 is the fluorescence of the MGD2 

solution.  

 

𝐹𝑒𝑛ℎ𝑛𝑐𝑒𝑚𝑒𝑛𝑡=
FMGA-mRNA

FMGD2
   (Eq. 1) 

3.5.2 Cell culture and transfection 

Neuro-2a cells were used for all cellular experiments. These cells were cultured in 

DMEM (high glucose, Gibco) supplemented with 10% FBS at 37 ⁰C in a humidified 

atmosphere of 5% CO2 and 95% air. The cells were split every two days or once they 

reached > 85% confluency. All cellular imaging was done on Cellview cell culture slides 

(Greiner Bio-One cat. No. 543079). All transfections were done using the Lipofectamine 

3000 (Invitrogen) transfection reagent following the manufacturer recommended 

protocol with minor modifications: a solution of 5 µl of Opti-MEM media (Gibco) and 0.3 

µl of Lipofectamine 3000 was mixed with a solution of 5 µL of Opti-MEM, 0.3 µg of DNA, 

and 0.8 µL of P3000. This solution was incubated at room temperature for 20 min. The 

media from the cell culture wells was removed and the DNA lipofectamine mixture was 

added directly to each chamber containing 60-80% confluent cells. Immediately after, 90 

µl of 37 ⁰C warmed media was added to each well for a total of 100 µL of solution. The 

cells were then placed back into the cell culture incubator for 12 h before conducting 

further experimentation. 
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3.5.3 RNA FISH and MGA/MGD2 co-imaging 

RNA FISH probes were designed against mCDK6 by using the Stellaris® RNA 

FISH Probe Designer (Biosearch Technologies, Inc) available online at 

www.biosearchtech.com/stellarisdesigner (Version 4.2). The synthesis of these probes 

was done in-house using a solid-phase oligonucleotide synthesizer (MerMade 12). The 

probes were then labeled with Fluorescein using the Label IT® nucleic acid labeling 

reagent (Mirus) using the manufacturer recommended protocol. Cells were incubated 

with 20 µM MGD2 in 37 ⁰C prewarmed media for 20 min and irradiated with UV light at 

365 nm for 10 min. The cells were then incubated in 0.5 mM sodium arsenite for 45 min 

at 37 ⁰C. Cells wells were fixed with 4% paraformaldehyde (Biotium) for 15 min at room 

temperature and permeabilized with 0.1 % Triton X-100 (Sigma) for 1h. FISH probes were 

hybridized to the target mRNA for 12 h at 37 ⁰C using Stellaris® hybridization buffer 

containing 10% formamide. Cells were washed with 200 µL Wash Buffer A (Stellaris®) 

for 30 min in the dark followed by a wash with 200 µL Wash Buffer B for 5 min. Cells 

were then imaged in Vectashield® antifade mounting media with DAPI (Vector 

Laboratories).  

3.5.4 Immunofluorescence and MGA/MGD2 co-imaging 

Immunofluorescence and MGA/MGD2 imaging on fixed Neuro-2α cells were 

performed following transfection, MGA/MGD2 labeling, and cell fixation protocol 

described in the RNA FISH and MGA/MGD2 co-imaging methods section above. 

After fixing the MGD2 labeled cells with 4% formaldehyde, the cells were permeabilized 

for 1 h using blocking buffer containing: 5% rabbit serum (Millipore), 0.1% bovine serum 

albumin (Millipore), and 0.1% Triton (Sigma) in 1x PBS. The blocking buffer was then 
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removed and replaced with 1:200 (v/v) diluted primary rabbit anti-G3BP1 antibody (Cell 

Signaling Technology® # 17798). The primary antibody was diluted in dilution buffer 

containing: 1% bovine serum albumin (Millipore), and 0.1 % Triton X-100 (Sigma) in 1x 

PBS. After 12 h incubation with the primary antibody buffer solution, the buffer was 

removed and cells were washed for three times, 5 min each, with 1x PBS. The cells were 

then incubated in a solution of secondary goat anti-rabbit IgG H&L (Alexa Fluor® 488) 

antibody (abcam #150077) for 1 h. The secondary antibody solution was prepared by 

diluting the secondary antibody to 1:200 (v/v) in the same dilution buffer as above. The 

cells were then washed three times for 5 min each with 1x PBS and imaged in 

Vectashield® antifade mounting media with DAPI (Vector Laboratories).  

3.5.5 Confocal microscopy 

Live and fixed cell images were taken on Cellview cell culture slides (Greiner Bio-

One cat. No. 543079) using a Leica SP8 confocal laser scanning microscope equipped with 

an HC Plan Fluotar x10/0.15 air objective, an HC PL APO CS2 x20/0.75 air objective, an 

HC PL APO CS2 x63/1.4 oil objective, and two HYD GaAsP detectors. 405 nm Argon laser 

excitation was used to image DAPI; 488 nm Argon laser excitation was used to image 

Alexa488 labeled secondary antibody and FAM labeled FISH probes; 633 nm Helium-

Neon laser was used to image MGD2.  

  Cellular images were obtained by taking Z-stack images with the instrument 

optimized step size and enough steps to cover the depth of each cell. Gain for each channel 

was optimized to minimize oversaturation while obtaining a clear fluorescent foci signal 

above background.  
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3.5.6 Live cell imaging 

Cells were transfected with Phage Ubic G3BP1-GFP-GFP which was gifted from 

Jeffery Chao (Addgene plasmid # 119950; http://n2t.net/addgene:119950 ; 

RRID:Addgene_119950). Twelve hours after transfection, the cells were incubated in 30 

µM MGD2 in media for 20 min followed by 10 min UV-irradiation. The media was then 

removed and replaced with 37 ⁰C prewarmed media. The live cell images were acquired 

using the same microscope and settings outlined above with the following modifications: 

the 6-well cell culture slides were placed in an environmental chamber to control 

humidity and temperature during imaging, and images were taken using a 60x oil-

immersion objective with instrument minimized framerate. The MTrackJ ImageJ plugin 

was used for granule tracking in live cells. 

3.5.7 MGA array plasmid construction 

Single copy malachite green aptamer-containing plasmids were derived from 

pcDNA3.1(+) (Thermo), digested with BamHI and NotI and similarly cut acGFP from 

pAcGFP-N1-SialT29 (pAcGFP1-N1-SialT was a gift from Lei Lu (Addgene plasmid #87324 

; http://n2t.net/addgene:87324 ; RRID:Addgene_87324) was inserted to create 

pcDNA3.1-acGFP. pcDNA3.1-acGPF was digested with AgeI and XbaI and inserted a 

similarly digested PCR product of mCDK6 from pcDNA3.1 mouse cdk6 wt (pcDNA3.1-

mouse cdk6 wt was a gift from Martine Roussel (Addgene plasmid #75170; 

http://n2t.net/addgene:75170; RRID: Addgene_75170). Amplification was achieved 

using 5’- ATATATACCGGTACCATGGAGAAGGACAGCCT-3’ and 5’-

ATATATTCTAGAATCAGGCTGTGTTCAGCTCC-3’, resulting in pcDNA3.1-mouse Cdk6 



69 
 

wt.  The single copy malachite green aptamer19 was inserted by digesting pcDNA3.1acGFP 

with NheI and BamHI and inserting an annealed oligo pair, 5’–

CTAGCGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATCC-3’ and 5’- 

GATCCGGATCCATTCGTTACCTGGCTCTCGCCAGTCGGGATCC-3’ with compatible 

overhangs.  The resulting vector, pcDNA3.1-1xMGA-acGFP was digested with AgeI and 

XbaI and inserted a similarly digested PCR product of mCDK6 from pcDNA3.1 mouse 

cdk6 wt. Amplification was achieved using 5’- 

ATATATACCGGTACCATGGAGAAGGACAGCCT-3’ and 5’-

ATATATTCTAGAATCAGGCTGTGTTCAGCTCC-3’, resulting in pcDNA3.1-1xMGA-

mouse Cdk6 wt. pcDNA3.1-6xMGA-acGFP was made by digesting pcDNA3.1acGFP with 

NheI and AflII and inserting similarly cut 6xMGA30 PCR amplified from pUC57-6xMGA 

(Genscript) with 5’-ATATATGCTAGCTAGATGGTGTTTTGGTTTGG-3’ and 5’-

ATATATCTTAAGCGAATTCGGATCCGCG-3’. pcDNA3.1-6xMGA-mouse Cdk6 was made 

by digesting pcDNA3.1-6xMGA-acGFP with AgeI and XbaI and inserted a similarly 

digested PCR product of mCDK6 from pcDNA3.1 mouse cdk6 wt.  Amplification was 

achieved using 5’- ATATATACCGGTACCATGGAGAAGGACAGCCT-3’ and 5’-

ATATATTCTAGAATCAGGCTGTGTTCAGCTCC-3’, resulting in pcDNA3.1-6xMGA-

mouse Cdk6.  
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3.5.8 Synthesis of MGD2 

 

Leucomalachite green diazirine. The synthesis of p-amino-leucomalachite green 

was performed using the protocol described by Deng and coworkers.31 In an oven dried 5 

mL flask, p-amino-leucomalachite green (25.0 mg, 72.7 µmol) was dissolved in 1 mL of 

dry pyridine under inert gas. To this solution, 1.2 eq. of NHS-diazirine (19.6 mg, 86.83 

µmol) was added and the solution was stirred at room temperature overnight. The 

reaction was then concentrated under reduced pressure to obtain dark green oil. The 

crude oil was dissolved in minimal amount of methanol and loaded on a preparative TLC 

with 30% EtOAc/MeOH as a mobile phase. The product band was scraped off from the 

preparative TLC and the product was filtered from the silica using MeOH and dried under 

reduced pressure. Yield = 11.6 mg, 35.31%. 1H NMR (500 MHz, DMSO) δ 0.99 (s, 3H), 

1.64 (t, 2H, J = 7.57 Hz), 2.20 (t, 2H, J = 7.3 Hz), 3.04 (s, 12H), 5.63 (s, 1H), 7.03 (d, 2H, 

J = 8.3 Hz), 7.24 (d, 4H, J = 7.3), 7.52-7.69 (m, 6H), 10.15 (s, 1H). 13C NMR (500 MHz, 

DMSO) δ 19.36, 25.76, 29.53, 30.69, 44.52, 53.93, 119.21, 129.06, 130.14, 137.68, 169.75. 

LRMS (ESI-TOP) m/z Calcd for C28H33N5O [M + H]+ 456.2758; Found 456.2746  
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Malachite green diazirine (MGD2). 11.64 grams (25.55 µmol) of leucomalachite 

green diazirine was dissolved in 20% MeOH/EtOAc. To this solution, 1.2 eq. of chloranil 

(7.54 mg, 30.66 µmol) was added and the solution was stirred at room temperature for 3 

h. The dark green solution was concentrated under reduced pressure and flash column 

purified using EtOAc to remove excess chloranil. Then mobile phase was then switched 

to 50% MeOH/DCM to isolate the crude product. The collected crude product was 

concentrated under reduced pressure and further purified by preparative TLC using 20% 

MeOH/DCM as mobile phase. Yield = 10.30 mg, 88.68%. 1H NMR (500 MHz, DMSO) δ 

1.03 ( s, 3H), 1.69 (t, 2H, J = 7.1 Hz), 2.37 (t, 2H, J = 7.3 Hz), 3.14 (s, 6H), 3.27 (s, 6H), 

7.07 (d, 4H, J = 8.8 Hz), 7.31 (t, 6H, J = 9.3 Hz), 7.94 (d, 2H, J = 8.3 Hz). 13C NMR (500 

MHz, DMSO) δ 19.35, 25.70, 28.93, 29.37, 40.39, 48.50, 113.63, 118.52, 126.24, 133.20, 

136.25, 140.06, 156.23.  LRMS (ESI-TOP) m/z Calcd. for C28H32N5O+ [M]+ 454.2601; 

Found 454.2595 

3.5.9 Determination of MGD2 selectivity in cellular RNA. 

To determine the selectivity of MGD2 labeling, we spiked in 6MGA-mGFP (200 

ng) into cellular RNA extracted from HeLa cells (400 ng) in 1x PBS. To this solution, 

MGD2 (50 µM final concentration) was added and the solution was incubated for 20 min 
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at room temperature. After 10 min of UV irradiation, the sample was mixed with equal 

volume of 50% glycerol solution and heated to 70 ⁰C to denature the RNA. This sample 

was loaded on to 1% agarose gel containing 1% v/v Clorox® bleach and Sybr Gold 

(Thermofisher). After running the gel for 1 h at a constant 100 V, the gel was frozen with 

dry ice for 10 min and imaged using GE Amersham Typhoon (Supplementary Fig 1). This 

freezing step enhanced the fluorescence output of the malachite green molecule. Analysis 

of this gel indicates that the MGD2 selectively labeled the aptamer functionalized mRNA 

and did not have any detectable labeling of cellular RNA. 

 

Figure 3-4 Selective labeling of MGA functionalized mRNA in the presence of cellular 

RNA extracted from HeLa cells. 

  

28S rRNA

18S rRNA

6MGA-mGFP

SYBR GreenMGD2
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Table 3-1 Tabular data fluorescence output of MGA array   

 
MGD2 1xMGA-mGFP + MGD2 6xMGA-mGFP + MGD2 

Sample 1 5 1621 6594 

Sample 2 7 1507 6342 

Sample 3 7 1646 6568 

Sample 4 6 1507 6312 

mean 6.25 1570 6454 

stdev 0.96 73 150 

Table 3-2 Tabular data for UV dependent fluorescence enhancement of 1xMGA-mRNA 

compared to MGD2 in 1xPBS 

1xMGA-mGFP 

UV irradiation time (min) Sample 1 Sample 2 Sample 3 mean stdev 

0 337.25 223.83 232.33 264 63 

5 210.75 142.83 147.83 167 38 

10 175 114 116.17 135 35 

15 189.25 127.83 127.33 148 36 

 

Table 3-3 Tabular data for UV dependent fluorescence enhancement of control mRNA 

compared to MGD2 in 1xPBS 

control mRNA 

UV irradiation time (min) Sample 1 Sample 2 Sample 3 mean stedv 

0 7.5 4.1667 4.5 5.4 1.8 

5 3.5 2 2.5 2.67 0.76 

10 2.5 2.1667 2 2.22 0.25 

15 3.5 2 1.6667 2.39 0.98 
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Table 3-4 Raw data table for fluorescence intensity of RNA foci in untrasfected Neuro-

2a cells or Neuro-2a cells expressing mCDK6 functionalized with 1xMGA or 6xMGA at 

the 5’UTR   

no transfection Transfected with control RNA 1x MGA 6x MGA 

6.7234 3.647 55.4355 50.7431 

-0.0716 -2.631 30.9835 27.3111 

2.0024 6.093 55.4635 42.1601 

1.4524 2.766 55.4105 25.8611 

0.0904 3.403 45.8785 61.7121 

-0.2626 3.162 21.8995 65.4781 
  

35.7165 68.4491 
  

36.8405 48.6931 
  

48.8965 40.0551 
  

47.6815 24.4571 
  

27.4985 27.0291 
  

34.3785 36.3681 
  

43.5045 50.4931 
  

54.8165 45.1181 
  

48.3165 65.2311 
  

21.9635 48.2431 
  

19.3935 48.0551 
  

22.5045 54.8381 
  

21.8785 59.6751 
  

34.3165 52.9041 
  

42.9705 63.7431 
  

53.0815 69.4491 
  

9.0855 54.6871 
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24.7335 45.1491 

  
55.9545 60.2431 

  
38.8005 46.1751 

  
34.9555 40.7911 

  
42.0895 30.2591 

  
26.3785 27.7431 

  
17.2335 54.9141 

  
11.8455 56.9251 

  
41.0265 66.8281 

  
35.8545 64.7431 

  
38.6915 56.0101 

  
48.0305 63.9621 

  
14.6915 68.2431 

  
11.7225 50.0081 

  
8.6915 52.9251 

  
6.9355 43.3881 

  
14.4755 51.8051 

  
8.9105 58.5821 

  
14.0615 49.1811 

  
14.4415 45.7431 

  
23.6495 23.0291 

  
17.8665 37.5051 

  
15.8545 51.4101 

  
13.7335 20.4571 

  
15.3935 45.1001 

  
11.3165 51.3971 

  
11.5385 16.4021 
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Figure 3-5 UV dependent labeling of RNA. a, Representative confocal images of RNA 

labeling with and without UV irradiation using cells transfected with 6xMGA. b, 

Representative confocal images of RNA labeling with and without UV irradiation using 

cells transfected with 1xMGA. G3BP1 protein immunolabeling was used to see the 

formation of granules. Scale bars represent 10 µm. 

 

Table 3-5. Tabular data for fluorescence of RNA foci 

 
no transfection Transfected with control RNA 1x MGA 6x MGA 

Lower quartile -0.119 1.42 14.6 40.6 

Median 0.771 3.28 26.9 50.3 

Upper quartile 3.18 4.26 43.1 58.9 

5% Percentile -0.263 -2.63 8.81 21.9 

95% Percentile 6.72 6.09 55.5 68.3 

Mean 1.66 2.74 29.7 48.2 
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Table 3-6 Tabular data for fluorescence signal comparison of GFP-tagged cellular 

protein and MGD2 labeled RNA granules 

Time (min) 

Protein RNA 

Mean SEM Mean SEM 

0 0.955 0.0116 0.756 0.220 

1.334 0.952 0.0106 0.783 0.154 

2.668 0.985 0.00747 0.846 0.112 

4.002 0.974 0.00603 0.895 0.0371 

5.337 0.940 0.0187 0.939 0.0231 

6.671 0.982 0.0114 0.950 0.0394 

8.005 0.957 0.0197 0.939 0.0284 

9.339 0.972 0.0187 0.959 0.0151 

10.673 0.974 0.00936 0.924 0.0492 

12.007 0.944 0.0119 0.955 0.0322 

13.342 0.944 0.0175 0.935 0.0344 

14.676 0.924 0.0112 0.928 0.0603 

16.01 0.942 0.0073 0.934 0.0540 

17.344 0.908 0.0284 0.980 0.00924 

18.678 0.873 0.0361 0.980 0.0133 

20.012 0.799 0.0577 0.959 0.0226 

21.347 0.708 0.0556 0.960 0.0098 

22.681 0.622 0.155 0.970 0.0116 

24.015 0.509 0.122 0.897 0.0419 

25.349 0.362 0.129 0.928 0.0411 

26.683 0.330 0.0933 0.933 0.0347 

28.017 0.259 0.0964 0.960 0.00347 

29.352 0.199 0.0863 0.938 0.0314 
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30.686 0.188 0.0906 0.948 0.0164 
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4.1 Abstract 

Adenosine-to-inosine (A-to-I) RNA editing is a wide-spread and conserved post-

transcriptional modification, producing significant changes in cellular function and 

behavior. Accurately identifying, detecting, and quanti-fying these sites in the 

transcriptome is necessary to improve our understanding of editing dynamics, its broad-

er biological roles, and connections with diseases. Chemical labeling of edited bases 

coupled with affinity enrichment has enabled improved characterization of several forms 

of RNA editing. However, there are no approaches currently available for pull-down of in-

osines. To address this need, we explore acrylamide as a labeling motif and report here 

an acrylamidofluorescein reagent that reacts with inosine and enables enrichment of 

inosine-containing RNA transcripts. This method provides improved sensitivity in the 

detection and iden-tification of inosines towards a more comprehensive transcriptome-

wide analysis of A-to-I editing. Acryla-mide derivatization is also highly generalizable, 

provid-ing potential for the labeling of inosine with a wide va-riety of probes and affinity 

handles. 

4.2 Introduction  

RNA is extensively edited after transcription. Adenosine-to-inosine (A-to-I) 

conversion is of one of the most common and impactful forms of editing and is catalyzed 

by adenosine deaminases acting on RNA (ADARs).1 Resulting inosines base pair with 

cytidine and are effectively decoded as guanosine by cellular machinery. A-to-I editing 

occurs in both coding and non-coding RNA transcripts, eliciting dramatic changes in 

overall cellular function and behavior. Editing of mRNA can alter protein sequence 

through direct modification of codons or by altering splice sites and regulatory elements 
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in untranslated regions. A-to-I editing events are also extensive in non-coding RNAs, 

including microRNA and small-interfering RNA precursors, significantly altering their 

biosynthesis, trafficking, specificity, and gene regulation properties.2-4 Accurately 

identifying A-to-I RNA editing sites in the transcriptome is necessary to improve our 

understanding of these modifications and their biological functions. A recently developed 

method to map A-to-I editing locations employs chemical modification of inosines with 

acrylonitrile to form N1-cyanoethylinosine (Figure 1a).5, 6 Termed inosine chemical 

erasing sequencing (ICE-seq), this technique leverages the observation that inosine 

cyanoethylation inhibits Watson-Crick base pairing and effectively arrests reverse 

transcription at A-to-I editing sites. Resulting truncated cDNAs fail to undergo PCR 

amplification and are “erased” from RNA sequencing chromatograms, allowing 

bioinformatic detection of editing sites. Although ICE-seq has improved the accuracy and 

scalability of mapping and discovering A-to-I RNA editing sites, this method is also 

limited in sensitivity, as labeled inosine-containing transcripts cannot be enriched.  
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Figure 4-1 Chemical labeling of inosine. a, Acrylonitrile and b, acrylamidofluorescein 

produce N1 addition products. c, Acrylamidofluorescein labeling enables affinity capture 

of transcripts containing inosine. 

Additionally, while millions of A-to-I sites have been identified across the human 

transcriptome, actual editing rates at these sites are highly variable and dependent on 

cellular and environmental cues, rendering them difficult to detect, characterize, and 

measure with these techniques. This is particularly true in coding RNAs, where I/A ratios 

can range anywhere from <0.001-5% depending on tissue type or external stimuli.7-9 

Together, these challenges mask the overall prevalence and true landscape of A-to-I RNA 

editing across the transcriptome. 

 The ability to enrich A-to-I edited transcripts from more complex total RNA 

samples would largely address this limitation and allow for deeper interrogation and 
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characterization of the epitranscriptome. Approaches using chemical labeling and/or 

antibody immunoprecipitation to capture edited transcripts have enabled significant 

advances in identifying and cataloging a number of other RNA modifications, including 

N1- and N6-methyladenosine, 5-methylcytidine, 5-hydroxymethylcytidine, and 

pseudouridine (Ψ).10-18 While a previous study reported the production of antibodies 

targeting inosine for the enrichment of tRNAs, this method also displayed adsorptivity to 

other nucleobases and has not been further demonstrated in any other contexts.19 Thus, 

no generally applicable methods currently exist for the derivatization and/or enrichment 

of inosines in RNA, significantly limiting both depth and sensitivity in identifying and 

studying A-to-I RNA editing dynamics across the transcriptome. 

4.3 Results and discussion 

 

Figure 4-2 a, Representative HPLC traces depicting the reaction between inosine and 

acrylamidofluorescein over 24 hours. Disappearance of inosine (I) correlates with the 

appearance of a new putative N1-fluoresceinacrylamidoethylinosine (FAE1I) product 
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peak. b, ESI-MS analysis confirming mass identity of FAE1I product. c, Reactivity panel 

of acrylonitrile and acrylamidofluorescein with ribonucleosides after 24 hours. d, 

Dependence of reaction rate constants on pH for the major reacting nucleosides inosine 

(I) and pseudouridine (Ψ). 

In the design of a reagent for affinity capture of inosine-containing RNAs, we 

hypothesized that an acrylamide electrophile would provide similar reactivity towards 

inosine as acrylonitrile, while offering the structural flexibility to install an affinity handle 

for enrichment. To test this hypothesis, we carried out a facile synthesis to generate 

acrylamidofluorescein (Figure S1), as this reagent would provide both fluorescent labeling 

of inosines and the ability to perform affinity capture of A-to-I edited RNA transcripts 

using a commercially available anti-fluorescein antibody (Figure 1b,c). 

After designing and synthesizing the acrylamidofluorescein reagent, we assessed 

initial labeling performance by reacting acrylamidofluorescein and acrylonitrile with each 

of the major ribonucleosides: inosine (I), pseudouridine (Ψ), uridine (U), guanosine (G), 

adenosine (A), and cytidine (C). Closely mimicking the ICE reaction conditions, a mixture 

comprising 50 mM ribonucleoside and 250 mM of either acrylonitrile or 

acrylamidofluorescein was prepared in 50:50 triethylammonium acetate:ethanol at pH 

8.6. The solutions were incubated at 70 °C and the reaction was monitored by HPLC over 

24 hours. As illustrated in Figure 2a, disappearance of inosine peaks is clearly shown 

along with the formation of a new product peak in both 254 nm and 494 nm 

chromatograms. This product peak was isolated and analyzed using ESI-MS and MS/MS 

analysis, confirming the identity of the predicted N1-fluoresceinamidoethylinosine 

(FAE1I) product (Figure 2b, S9). Using ribonucleoside peak areas in the chromatograms, 
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we determined the ratio of reacted vs unreacted ribonucleoside to calculate average 

conversion percentages for each base at various time points over 24 hours (Figures 2c, 

S7). 

While acrylamidofluorescein and acrylonitrile exhibit similar reactivity trends, it 

is clear from the data that acrylonitrile has higher reaction efficiency (Figures 2d, S7). 

This is likely due to the difference in electron withdrawing properties between the two 

reagents, which contributes significantly to the kinetics of addition reactions.20, 21 Given 

that the amide group is less withdrawing than the nitrile moiety, these results are then 

unsurprising. Regardless, acrylamidofluorescein and acrylonitrile display similar overall 

labeling selectivity, exhibiting major product formation with I and Ψ, minimal reactivity 

with U and G, and virtually no reactivity with A and C throughout extended reaction times. 

While both reagents display reactivity with Ψ, these observations are consistent with 

previous studies using acrylonitrile and serve to demonstrate the similar reactivity 

profiles of both acrylonitrile and acrylamidofluorescein. Indeed, the first reports of 

acrylonitrile-nucleoside labeling demonstrated its robust reactivity with N1 on both 

inosine and Ψ.20, 21 

To further validate addition of acrylamidofluorescein at N1 of inosine, we assessed 

the effect of pH on reaction rates. Early characterizations of acrylonitrile reactivity with 

inosine showed that cyanoethylation is strongly pH dependent, suggesting N1 

deprotonation is required for reactivity. Similarly, the data in Figure 2d illustrate the 

direct correlation between reaction rate and pH and highlight the preferred reactivity with 

inosine at ~pH 8.5-8.6, consistent with the known pKa values of N1 for inosine (8.7)22 and 

pseudouridine (9.5).23 Taken together with the MS spectra, these results strongly support 
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the predicted N1 addition to inosine and further suggest a similar labeling mechanism of 

acrylamidofluorescein compared with the well characterized chemistry of acrylonitrile.  

 

Figure 4-3 a, Denaturing PAGE analysis of synthetic oligoribonucleotides labeled with 

acrylamidofluorescein. b, Densitometric quantification of oligoribonucleotide labeling. 

Given the promising results of our reagent with ribonucleosides, we next sought to 

demonstrate acrylamidofluorescein labeling of inosine in RNA oligoribonucleotides. As a 

test system for these studies, we chemically synthesized two short RNAs containing a 5’ 

Cy5 fluorescent label and an adenosine (RNA-A-Cy5) or inosine (RNA-I-Cy5) at a defined 

position. We subjected each of these RNAs to acrylamidofluorescein labeling and 

denaturing PAGE analysis. As shown in Figure 3a, fluorescein labeling is clearly observed 

in RNA-I-Cy5 with increasing reaction times, and the labeled product exhibits a slight 
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decrease in migration rate. In comparison, only a faint signal is observed for RNA-A-Cy5, 

even after a 48 hour reaction time. Given that the presence of inosine is the only molecular 

difference between these two RNA strands, these data are indicative of selective 

fluorescein addition at this nucleotide position. Densitometric analysis was performed on 

the labeled RNA bands in the gels and normalized to standard amounts of fluorescein and 

Cy5-labeled control oligo nucleotides. These data were then used to calculate labeling 

yield as a function of reaction time (Figure 3b), which illustrates good selectivity for 

labeling of RNA-I-Cy5 compared to RNA-A-Cy5. This experiment also highlights the 

importance of reaction time in maximizing inosine labeling efficiency while maintaining 

selectivity, as we observe optimal RNA-I:RNA-A labeling ratios at approximately 24 

hours. While longer RNA transcripts can undergo hydrolysis in mild alkaline conditions 

at elevated temperatures, these data demonstrate the stability of shorter RNA segments 

under our reaction conditions. We envision the use of this labeling method with high-

throughput RNA-seq workflows, which require fragmentation of longer RNAs prior to 

library preparation and amplification. This fragmentation step is employed upstream of 

chemical labeling and pulldown in the analogous strategies described above for mapping 

other RNA modifications,10, 11, 15-17, 24 and thus our results indicate compatibility with these 

platforms.  
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Figure 4-4 a, Workflow for quantifying pulldown efficiency with acrylamidofluorescein 

labeling and immunoprecipitation. b, Fold enrichment of inosine-containing 

oligoribonucleotides from varying mixtures. 

Encouraged by these results, we sought to establish feasibility for our ultimate goal 

of enriching inosine-containing transcripts via immunoprecipitation (IP) of labeled 

oligonucleotides. To test this approach, we utilized the same RNA sequences from the 

previous experiment but labeled the inosine and adenosine variants with Cy5 and Cy3, 

respectively, to allow for simultaneous fluorescence-based quantification of each species. 

RNA-I-Cy5 and RNA-A-Cy3 were combined in varying ratios, subjected to 
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acrylamidofluorescein labeling, and then affinity captured using an anti-fluorescein 

monoclonal antibody and protein A/G magnetic beads. After extensive washing, bound 

oligoribonucleotides were eluted and quantified using a fluorescence plate reader (Figure 

4a). Final concentrations of RNA-A-Cy3 and RNA-I-Cy5 after pull-down were compared 

to input ratios to calculate fold-enrichment. As shown in Figure 4b, acrylamidofluorescein 

labeling coupled with IP enables upwards of 7-fold enrichment of inosine-containing 

oligoribonucleotides, with the highest enrichment factors achieved for samples 

containing the lowest ratios of the inosine-containing RNA. 

Chemical modification strategies coupled with affinity capture have significantly 

improved the sensitivity and accuracy in sequencing, mapping, and characterizing several 

modified RNA bases.10-18 However, there are no extant methods for enriching A-to-I 

edited transcripts, greatly limiting our ability to understand the true scale and impact of 

A-to-I modifications on cell and tissue function. Here we address this challenge through 

the synthesis of a novel acrylamidofluorescein reagent that chemically labels inosine and 

enables the enrichment of A-to-I edited transcripts.  

While the observed reactivity between acrylamidofluorescein and Ψ may seem 

problematic for the effective isolation and enrichment of inosine-containing transcripts 

from biological samples, Ψ is found predominantly in ribosomal RNAs and tRNAs, and 

thus effective fractionation of total RNA samples can remove significant quantities of this 

modified base. In coding RNAs, I also vastly outnumbers Ψ, with current estimates of 

~500:1 I:Ψ.7, 17, 25 Additionally, methods have now been developed to selectively label 

and/or deplete Ψ from total RNA pools using biotinylated carbodiimide reagents.17 We 

envision that acrylamidofluorescein could be coupled with carbodiimide labeling to 
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achieve simultaneous selective modification and separate enrichment of transcripts 

containing I and Ψ, respectively. We also recognize the potential to improve enrichment 

by reducing reactivity with the natural ribonucleosides U and G, and efforts are underway 

to explore alternative acrylamide structures toward this goal. Regardless, given the 

present lack of methods for isolating inosine-containing RNAs, the research presented 

here represents a critical first step toward integrating chemical labeling and enrichment 

methods for this important application. 

A-to-I RNA editing is among the most widespread epitranscriptomic modifications 

and is integral to a variety of cellular processes. Additionally, direct links to malfunctions 

in A-to-I RNA editing are being rapidly discovered for a growing number of diseases.  

Robust identification and characterization of these RNA modifications is vital to 

understanding their biological function and dynamics. The research reported here is 

anticipated to advance the study of A-to-I RNA editing by enabling a more comprehensive 

and deeper detection of inosines in the transcriptome through pre-enrichment of edited 

transcripts from complex RNA mixtures.  While our initial investigation utilized 

acrylamidofluorescein, the acrylamide scaffold offers considerable flexibility for the 

attachment of other affinity handles and functional probes.  Thus, we envision that our 

labeling and affinity capture approach can be expanded into a rich toolbox for elucidating 

the true scale and dynamics of A-to-I editing. 
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4.4 Supporting information 

4.4.1 Synthesis of Acrylamidofluorescein 

 

Figure 4-5 Synthesis of acrylamidofluorescein 

To a solution of 5-aminofluorescein (1.00 g, 2.88 mmol) in pyridine (8.00 ml, 98.9 

mmol), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (828 mg, 4.32 

mmol) and acrylic acid (0.390 ml, 5.76 mmol) were added and left to stir at room 

temperature overnight. Once the 5-aminofluorescein was consumed, as determined by 

TLC, the reaction was dried under reduced pressure to form a crude oil. The crude oil was 

added into 20 mL of 10% sodium hydroxide and extracted using dichloromethane. The 

organic layer was collected and acidified by adding concentrated hydrochloric acid until 

orange precipitates formed. The product was then vacuum filtered and dried to yield 

0.930 g (80.7%) of orange powder. 1H NMR (400 MHz, DMSO-d6) δ 10.93 (s, 1H), 8.47 

(s, 1H), 7.96 (d, J = 8.6, 1H), 7.22 (d, J = 8.2, 1H), 6.77 (s, 2H), 6.53-6.68 (m, 5H), 6.35 

(d, J = 16, 1H), 5.84 (d, J = 11.3, 1H). 13C NMR (400 MHz, DMSO-d6) δ 168.9, 164.2, 

160.9, 152.8, 141.2, 132.0, 130.0, 128.2, 127.7, 126.7, 125.4, 114.8, 113.7, 110.6, 102.7. 

HRMS m/z (ESI) calcd for C23H15NO6 (M+H)+ 402.09776, found 402.09658. 
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4.4.2 Ribonucleoside Labeling and HPLC Analysis 

Ribonucleosides inosine, guanosine, adenosine, cytidine and uridine were 

purchased from Sigma Aldrich Corporation (St. Louis, MO). Pseudouridine was obtained 

from MP Biomedicals LLC (Santa Ana, CA). Labeling reaction mixtures were comprised 

of 50 mM ribonucleoside and 250 mM reagent (acrylonitrile or acrylamidofluorescein) in 

50:50 EtOH:reaction buffer. Phosphate buffered saline (PBS) was used for reactions from 

pH 6.5-7.5 and 1M triethylammonium acetate (TEAA) for pH 8.0-10.5. Reactions were 

incubated at 70 ⁰C for the time periods indicated. Reversed-phase HPLC analysis was 

performed on an Agilent 1260 Infinity II system using a 4µm, 150 x 4.6 mm Phenomenex 

Synergi Fusion-RP 80A C18 column. Samples were prepared in a stationary phase 

solution of 5% acetonitrile in PBS. Acrylonitrile reactions were analyzed using an isocratic 

mobile phase of 5:95 acetonitrile:water. Acrylamidofluorescein reactions were analyzed 

using a linear mobile phase gradient from 5% to 45% acetonitrile in water over 25 

minutes. All mobile phases contained 0.1% trifluoracetic acid. 

Inosine 

 

Pseudouridine 
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Uridine 

 

Guanosine 

 

Adenosine 

 

Cytidine 
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Figure 4-6 Representative HPLC traces of ribonucleoside reactivity with acrylonitrile. 

All chromatograms were monitored at 254nm. Blue = 0 hours, red = 1 hour, green = 8 

hours, pink = 24 hours. 

Inosine 

254 nm 

494 nm 

Pseudouridine 
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254 nm 

494 nm 

Acrylamidofluorescein alone (no ribonucleoside) 

254 nm 

494 nm 

Figure 4-7 Representative HPLC traces of ribonucleoside reactivity with 

acrylamidofluorescein. Chromatograms were monitored at 254 and 494 nm, as 

indicated. Blue = 0 hours, red = 1 hour, green = 8 hours, pink = 24 hours. 
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Figure 4-8 Percent conversion of ribonucleosides when reacted with 

acrylamidofluorescein (green bars) or acrylonitrile (blue bars) after 1, 8 and 24 hours at 

70 ⁰C, pH 8.6 
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Figure 4-9 ESI-MS and MS/MS spectra of isolated product fraction for the reaction of 

inosine and acrylonitrile 
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Figure 4-10 ESI-MS and MS/MS spectra of isolated product fraction for the reaction of 

inosine and acrylamidofluorescein 
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Figure 4-11 ESI-MS and MS/MS spectra of isolated product fraction for the reaction of  

pseudouridine and acrylonitrile. 
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Figure 4-12 ESI-MS and MS/MS spectra of isolated product fraction for the reaction of 

pseudouridine and acrylamidofluorescein 

4.4.3 RNA Oligoribonucleotides 

RNA oligoribonucleotides were custom designed and synthesized from 
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Integrated DNA Technologies (Skokie, IL). Edited and non-edited controls were 

synthesized with either Cy5 or Cy3 at the 5’ terminus as shown below. 

RNA-I-Cy5 5’ Cy5/GACACAUCCGCICAGCAACGAG 3’ 

RNA-A-Cy3 5’ Cy3/GACACAUCCGCACAGCAACGAG 3’ 

RNA-A-Cy5 5’ Cy5/GACACAUCCGCACAGCAACGAG 3’ 

4.4.4 Oligoribonucleotide labelling and PAGE analysis 

In triplicate, 1000 pmol of either RNA-A-Cy5 or RNA-I-Cy5 was added to a 0.1 mL 

solution of 250 mM acrylamidofluorescein in 50:50 EtOH:TEAA buffer and adjusted to 

pH 8.6. Reactions were incubated at 70°C. At indicated time points, crude reaction 

mixture was diluted 1:200 in tris-EDTA pH 7.5 buffer and ethanol precipitated. Samples 

were resuspended in Tris-EDTA buffer and quantified via Cy5 fluorescence. 1 pmol of 

each purified sample was loaded into each well, resolved on a 10% denaturing 

polyacrylamide gel, and imaged with a GE Amersham Typhoon. Densitometric 

quantification of bands was performed using ImageJ software. Each sample was 

normalized by comparing intensity of purified reaction bands to known amounts of RNA-

I-Cy5 and a fluorescein labeled DNA oligonucleotide. Percent conversion was defined as 

the molar ratio of fluorescein to Cy5 for each well. All reactions were analyzed in 

triplicate. 

4.4.5 Oligoribonucleotide labelling and Immunoprecipitation pulldown 

In triplicate, varying mixtures of RNA-I-Cy5 and RNA-A-Cy3 were prepared in a 

0.1 mL solution of 250 mM acrylamidofluorescein in 50:50 EtOH:TEAA buffer, adjusted 

to pH 8.6, and incubated at 70 °C for 24 hours. Mixtures were defined as follows: 
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Table 4-1 Preparation of RNA-I-Cy5 and RNA-A-Cy3 mixture solutions  

Input Ratio (RNA-I-Cy5:RNA-

A-Cy3) 

pmol RNA-I-

Cy5 

pmol RNA-A-

Cy3 

1:1 500 500 

1:10 100 1000 

1:100 10 1000 

1:104 1 1000 

1:105 0.1 1000 

 

After incubation, crude reaction mixtures were diluted 1:10 in tris-EDTA pH 7.5 

buffer and ethanol precipitated. Samples were resuspended in 0.5 mL PBS + 0.05% 

tween 20 (PBST). An excess of monoclonal mouse anti-fluorescein antibody (MIF2901, 

Thermo Fisher Scientific, Rockford, IL) was added to each tube and incubated with end 

over end rotation for 2 hours at 4 °C. 0.02 mL of Protein A/G magnetic agarose beads 

(Thermo Fisher Scientific, Rockford, IL) was then added to each tube and incubated with 

end over end rotation for an additional 2 hours at 4 °C. Beads were then washed 

extensively with PBST, and bound oligoribonucleotides were eluted by heating to 95 °C 

for 20 minutes. Eluates were analyzed on a BioTek Cytation 5 spectrophotometer, and 

Cy5 and Cy3 concentrations were determined by correlating to a standard curve of RNA-

I-Cy5 and RNA-Cy3. Fold-enrichment was defined as 
[RNA-I-Cy5]final [RNA-A-Cy3]final⁄

[RNA-I-Cy5]initial [RNA-A-Cy3]initial
⁄
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Chapter 5 : Conclusion and future direction  
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5.1 Conclusion and future direction 

The intricate and dynamic nature of cellular components governs their 

organization and specialized function. Therefore, a broadly applicable fluorescent 

labeling approach is essential for studying the complex properties of biomolecules in their 

native environments. One of the biggest challenges yet to be addressed in the pursuit of 

fluorescent labeling biomolecules is the scarcity of approaches that are robust, target-

specific, and produce reduced background signal. To overcome these limitations, here, we 

described the utilization of small molecules with various reactive linkers for covalent and 

fluorescent labeling of RNAs and proteins.  

Chapter 2: Genetically encoded fluorescent proteins or small-molecule probes are 

widely used to label proteins for fluorescence microscopy. These tools have dramatically 

advanced our understanding of protein localization, expression, and cellular function. 

Despite the availability of multiple protein labeling techniques, there remains a need for 

a robust approach that provides temporal control over labeling. Here we report a 

photoaffinity labeling approach using a novel malachite green analogue with an existing 

fluorogen activating protein receptor. We show that this technique selectively and 

covalently labels target proteins in live mammalian cells with temporal resolution and 

minimal background signal. We envision that this approach will facilitate more in-depth 

interrogation of protein dynamics and improve our understanding of protein activity. 

Like the RNA labeling approach discussed in chapter 2, we also anticipate the future 

direction of this project involves the implementation of a similar approach for covalently 

labeling POIs using other FAP/fluorogen pairs. In addition to enabling multiplex labeling 
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of proteins in a single system, future studies will also focus on combining both the 

photoaffinity labeling strategy of cellular RNAs and proteins in a single system.  

Chapter 3: Fluorescence imaging of cellular RNA has yielded significant insight 

into the role of transcript localization and dynamics in biological processes. While there 

are several reported RNA labeling methods, they all suffer from limitations related to 

either the requirement for cell fixation, the need for large tags that can disrupt 

localization, and the lack of robustness due to the weak nature of the non-covalent 

interactions upon which they rely. To overcome these shortcomings, we developed a 

broadly applicable strategy that can be implemented for imaging any transcript in either 

fixed or live cell experiments. Specifically, we envisioned a photoaffinity labeling 

approach, as this would also provide temporal control over the RNA labeling process. We 

synthesized and modified the malachite green fluorogen to incorporate a photoaffinity 

linker, which allowed for covalent labeling of its cognate aptamer upon irradiation with 

UV light. By placing this aptamer at the 5’ UTR of the mRNA, we reported the first 

covalent light-up aptamer system for visualizing the spatiotemporal localization pattern 

of mRNA in live mammalian cells. This RNA-labeling method requires only a short 57 nt 

fusion, which is significantly smaller than the fusion needed for any of the other RNA 

labeling systems reported to date. Using the CDK6 mRNA as a model system, we showed 

the gradual phase separation and maturation of RNA granules in mammalian cells. 

Taking advantage of the covalent labeling approach, we were able to perform media 

exchange to also visualize the dissolution of these granules in real-time. In summary, this 

novel strategy considerably advances the RNA imaging technology and provides a robust 

and reliable tool for the RNA community. The future direction of this approach involves 
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the application of strategy to investigate the localization patterns of different transcripts 

as it relates to various disease models. We also anticipate the implementation of a similar 

approach to improve other FLAP system and enable multiplexed covalent labeling of 

transcripts in a single cell.  

Chapter 4: Inosine has an essential role in the proper folding and translation of 

RNA, however, there are no known strategies to selectively label and isolate inosine 

containing RNA molecules. Here, we report the implementation of acrylamide reactive 

group as selective covalent labeling motif. In addition to covalent labeling, by appending 

this reactive linker onto a fluorescein molecule, we also reported the quantification and 

enrichment of Inosine-containing RNA molecules. This strategy lays the groundwork for 

future derivatization of acrylamide linkers with different molecules that will enable 

alkylation of inosine with a variety of probes and affinity handles.  

In conclusion, by harnessing the molecular recognition capabilities of 

biomolecules and temporally controlled reactivity of different linkers, we described the 

development and implementation of a highly generalizable and robust approach for 

visualizing, tracking, quantifying, and isolating specific biomolecules in a complex 

biological environment. 
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