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Abstract 

Over the past years, small RNAs (smRNAs) have been identified as important molecular regulators of gene 

expression and specifically eukaryotic messenger RNAs (mRNAs). Small RNAs including small-

interfering RNAs (siRNAs) and microRNAs (miRNAs) take part in the RNA silencing pathway and 

regulate various pathways in the cell including transcription, genome integrity, chromatin structure, mRNA 

stability, and translation. siRNAs are usually from exogenously derived molecules, while miRNAs are 

expressed endogenously by the genome.  The RNA silencing pathway is highly conserved between 

organisms and plays a critical part in maintaining homeostasis, host-pathogen interaction, and disease 

progression. Thus, a better understanding of the RNA silencing pathway and probing of the molecules 

involved in the process is instrumental in developing tools that can better regulate the expression of specific 

genes.  

The viral suppressor of RNA silencing (VSRS) p19, is a 19 kDa protein that is expressed by 

tombusviruses and exhibits the highest reported affinity to small RNAs, including siRNA and miRNA. 

Further engineering of this protein acts as an interesting means to control the RNA silencing pathway and 

provides a platform to design novel tools to further modulate the activity of smRNAs in living systems.  

The ability to incorporate new and useful chemical functionality into proteins within living 

organisms has been greatly enhanced by technologies that expand the genetic code. These usually involve 

bioorthogonal transfer RNA (tRNA) /aminoacyl-tRNA synthetase (aaRS) pairs that can selectively 

incorporate an unnatural amino acid (UAA) site specifically into ribosomally synthesized proteins. Site-

specificity is coded for by using a rare codon such as the amber stop codon. In Chapter 2, we 

demonstrate the engineering of p19 for the development of a Förster resonance energy transfer 

(FRET) reporter system for the visualization of RNA delivery and release in cells using UAAs and 

bioorthogonal click chemistry, which was done by incorporating azidophenylalanine (AzF).  In 

Chapter 3, by incorporating UAAs into p19’s binding pocket, we were able to enhance its smRNA 
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suppressing activity by covalently trapping the bound substrates. We have demonstrated the 

engineering of a molecular switch that contains photo-crosslinking groups that covalently trap 

smRNAs. In Chapter 4, incorporating a metal-ion chelating UAA (2,2′-bipyridin-5-yl) alanine 

(BpyAla) into p19’s binding pocket has successfully led to site-specific cleavage of small RNAs 

including siRNAs and endogenous miRNAs. The genetic introduction of BpyAla provides a 

unique method of introducing catalytic activity into proteins of interest. The developed unnatural 

enzyme provides a new tool for catalytic suppression of the RNA silencing pathway. These results 

demonstrate the power of adding new chemistries to proteins using UAAs to achieve possible, 

diverse applications in therapy and biotechnology. 
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Chapter 1  

Introduction 

1.1 Preface 

The following chapter serves as a broad introduction to the RNA silencing pathway, RNA 

molecules involved in the pathway, the viral suppressor of RNA silencing p19, and its applications 

in vitro and in biotechnology. This introduction highlights the importance of the RNA silencing 

pathway and the RNA molecules involved in gene silencing and regulation. Additionally, this 

introduction emphasizes the potential of using protein engineering technologies such as unnatural 

amino acid incorporation and genetic code expansion techniques to enhance the functionalities of 

p19 and broaden its applications in living systems.  
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1.2 The RNA Silencing Pathway 

The RNA silencing pathway is a general term encompassing phenomena involving small RNA 

molecules that trigger the suppression of homologous gene sequences1,2. This pathway is highly 

conserved within a variety of eukaryotic organisms3. It involves the utilization of short RNA 

molecules, typically between 21-28 nucleotides in length4,5. The RNA silencing pathway is 

evolutionarily conserved where the involved double-stranded RNA (dsRNA) molecules mediate 

potent and sequence-specific silencing of gene expression of target genes4,6. It is known that the 

structure and mechanisms in mammalian cells, plant cells, and invertebrates differ, however, the 

key components of the pathway are similar, where most of the components are shared. In plants, 

this process was described as a ‘co-suppression’ phenomenon or ‘quelling’ in Neurospora7. The 

process regulates gene expression in eukaryotes and it is as well known to be the primary immune 

defense mechanism against microbial pathogens such as viruses8. In plants, virus invasion leads to 

activation of the RNA silencing pathway, where several types of dsRNA molecules may act as 

RNA silencing pathway inducers5. dsRNA from RNA viruses, which are a result of virus 

replication in the host cells, in the case of RNA viruses, or from the bidirectional transcription of 

the viral genome in the case of DNA viruses, serve as RNA silencing pathway inducers9.  

The RNA silencing pathway, also known as the canonical RNA interference (RNAi) 

pathway has been characterized more extensively in D. melanogaster, where it has been 

determined that long dsRNA is cleaved and ‘diced’ into a pool of small 21-nucleotide small RNA 

duplexes by an ATP dependent, RNase III-like endoribonuclease, Dicer enzyme, specifically 

known by this nomenclature in invertebrates and mammals, while known as Dicer-like enzymes 

(DCL) in plants10. These small RNA duplexes are known as inducers of the RNA silencing 

pathway, which contain 3’ 2 nucleotides (nt) overhangs, with 3’ hydroxyl groups and 5’ phosphate 
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groups3,4,10–13. These RNAs could be virus-derived RNAs or endogenous RNAs. The virus-derived 

RNAs share features with host endogenous RNAs known as small interfering RNAs (siRNAs), 

microRNAs (miRNAs), or piwi-interacting (piRNAs)3,4,10,13–16. The virus-derived RNAs are 

induced upon viral infection of eukaryotic hosts12,15,17. Both the viral and endogenous small RNAs 

activate and mediate the RNA silencing pathway. These pathways are also known to result in 

specific antiviral immunity, especially in plants18–20. The small RNAs are then assembled into the 

RNA-induced silencing complex (RISC) which involves the protein Argonaute (AGO), where 

these small RNA molecules select and destroy their mRNA targets by direct base-pairing with and 

guiding the endoribonuclease cleavage of the mRNA by AGO12,14,21–23. The loaded small RNA 

acts as a guide to dictate the target specificity of the AGO-mediated silencing in the RNA silencing 

pathway.   

The AGO protein family is highly conserved and plays a central role in the regulation of 

gene expression networks. Historically, AGO proteins were discovered in a plant mutagenesis 

screen utilized to identify new genes involved in Arabidopsis thaliana’s leaf development23. AGO 

proteins are conserved within the gene family suggesting their potential instrumental role in gene 

regulation23. Eukaryotic AGO proteins play an instrumental role in cellular processes and 

mediators of gene silencing13, where they have been described for their cytoplasmic roles in small 

RNAs (smRNAs) biogenesis, being components of the RISC complex. In mammals, specifically, 

there are four AGO proteins (AGO 1-4), which comprise the RISC. AGO 1 has been implicated 

in heterochromatin silencing and has been linked to targeting pathways mediating the recognition 

of DNA. AGO 2 has been shown to exhibit similar functions but also was shown to be involved 

in miRNA-mediated repression as well as the siRNA silencing pathway 21. AGO2 is the only 

mammalian AGO protein capable of mRNA cleavage24.  
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Over the past two decades, the role of the RNA silencing pathway and the RNA molecules 

involved in these pathways have been uncovered, where they have been identified as major 

regulators of eukaryotic messenger RNA (mRNA) transcription. It has been highlighted that 

smRNAs play important roles in cellular processes such as cell differentiation and cellular 

proliferation and growth, cellular death and apoptosis, cellular antiviral defense, and cellular 

metabolism14,25–29.  

The main two classes smRNAs that will be the focus herein are siRNAs and miRNAs. 

They are similar in structure and function, however, possess different origins to be discussed later 

in this chapter.  

1.2.1 Roles of Small RNAs in the RNA Silencing Pathway  

SmRNAs have emerged as powerful regulators of gene expression and genome stability. 

Specifically, siRNAs and miRNAs have emerged as important regulatory molecules10,11,14. These 

two categories of small RNAs have become two of the most studied molecules when it comes to 

understanding the genetic regulatory landscape. miRNAs are viewed as regulators of endogenous 

genes, while siRNAs are understood to be defenders of genome integrity to foreign invasive 

nucleic acids, specifically those derived from viruses, transposons, and transgenes30.  

1.2.2 siRNA Interference 

siRNAs are derived from exogenous dsRNA and were shown to be transcribed from transposable 

elements or other types of inverted repeats in eukaryotic cells20. There is an intrinsic antiviral 

nature associated with the RNAi pathway in fungi, plants, and invertebrates2,6,9. siRNAs are 

exogenous molecules, double-stranded, either derived from infecting pathogens or artificially 

introduced into the cells, and are processed by DCL enzymes5. It has been known that plant cells 

encode different DCLs. In Arabidopsis, the enzyme DCL4 is an important enzyme in the siRNA 
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pathway against positive-stranded RNA viruses1. On the other hand, DCL3 is known to have a 

role in long-distance silencing, while all known DCL enzymes (1-4) are known to possess an 

antiviral role against DNA viruses known to infect plants, for example, Cauliflower mosaic virus 

(CaMV)31.  

DCL4 has been implicated in cleaving viral dsRNA into small viral RNA molecules, which 

are also known as siRNA, which are between 21-23 nt in length with 2 nt overhangs on the 3’ end. 

This processing event occurs in the cytoplasm5,32.  The siRNA will then interact with the RISC 

and activates it, where the endonuclease AGO2 component of the RISC cleaves the passenger 

strand, which is the sense strand of the duplex, while the ‘guide’ strand (the antisense strand) 

remains associated with the RISC, and subsequently guides it to the target mRNA, where cleavage 

takes place by AGO216,33 (Figure 1.1). The selection of the RNA strand to act as a guide is usually 

governed by the thermodynamic profile of the RNA duplex termini34,35.  The guide strand of the 

siRNA duplex is fully complementary to the target mRNA, and thus causes specific gene 

silencing36. The extensive pairing between the siRNA and mRNA target results in the cleavage of 

one phosphodiester bond in the target mRNA, this occurs usually between the 10th and the 11th 

nucleotide35.  siRNAs are also expressed endogenously by plants and invertebrates4. A special 

feature of the silencing pathway involving siRNA in plants, fungi, and C. elegans is the ability to 

amplify the silencing signal, which leads to silencing along the target gene of interest37. The host-

encoded RNA polymerase can produce dsRNA duplexes that can help amplify the siRNA silencing 

process, resulting in secondary siRNA molecules38.  

The siRNA interference pathway does play a role in mammalian cells, where the antiviral 

RNAi function is highly conserved.  Mammalian host cells can produce abundant viral siRNAs, 

which are usually associated with viral infection, specifically positive and negative strand RNA 



 

6 

 

viruses. Studies published in 2013, were one of the first pieces of evidence for the production of 

viral-derived siRNAs during infection of mammalian cells by positive RNA viruses, Nodamura 

virus (NoV) and encephalomyocarditis virus (EMCV)36,39. The virus-derived siRNAs (vsiRNAs) 

targeting EMCV were detected in infected mouse embryonic stem cells (mESCs). Additionally, 

baby hamster kidney 21 cells (BHK-21), and newborn mice have been shown to produce viral-

derived siRNAs in response to infection with NoV virus. Deep sequencing of small RNAs (sRNA-

seq) from mammalian cells infected with NoV and EMCV revealed that small RNAs in the 21 nt 

to 23 nt range are the most abundant in response to NoV and EMCV infection. Small RNAs of 21 

nt to 23 nt in size are typically in the range of Dicer products. These findings indicate that infection 

of mammalian cells by RNA viruses triggers Dicer processing of viral dsRNA35,36.  

In more recent reports, Dicer processing of vsiRNAs in mammalian cells, specifically 

human 293 cells has been reported15,40. Upon infection with either Influenza A virus (IAV) or 

Human Enterovirus 71 (HEV71), an increase in viral-derived siRNAs has been reported, 

specifically in cell lines not expressing viral suppressors of RNA silencing (VSRS)15,40. 

Additionally, accumulation of vsiRNAs has been reported in monkey Vero cells and human 

alveolar basal epithelial cells (A549) upon infection with VSRS deficient IAV. Similarly, upon 

infection with VSRS-deficient mutant HEV71, an increase in accumulated vsiRNA has been 

reported in primary murine lung fibroblasts (MLFs) and newborn mice15. Together these published 

data show the potential of RNA viruses to trigger the production of vsiRNAs in mammalian cells, 

suggesting Dicer dependent conserved mechanism responsible to produce siRNA in response to 

RNA viral infection15.  

 

 



 

7 

 

 

Figure 2.2. siRNA Interference pathway. RNA silencing is triggered by the accumulation of 

dsRNA, which can be due to an infection by a virus. Single-stranded viral RNA is replicated to 

form double-stranded RNA, which is cleaved further by dicer-like enzymes into small RNA 

duplexes (siRNAs) generally characterized by short length, 3’ 2nt overhangs, and 5’ phosphate 

groups. The small RNA duplexes are then loaded onto the RISC which unwinds the duplex and 

uses the guide stand to target complementary mRNA for degradation. Created with Biorender.com. 
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1.2.3 microRNA Biogenesis and the RNA Silencing Pathway 

The first miRNA, which was discovered in 1993 by Ambros and Ruvkun group, lin-4, was found 

in Caenorhabditis elegans, and has revolutionized the field of molecular biology41,42. It was 

discovered then that lin-4 is not a protein-coding RNA but a small non-coding RNA. New miRNAs 

are still being discovered and it is evident that they play an instrumental role in gene regulation. 

miRNAs are small non-coding RNAs, that are around 22 nt in length. Generally, miRNAs are 

transcribed from DNA sequences by RNA polymerase II as a large system loop RNA known as 

primary miRNAs (pri-miRNAs), then they are further processed in the nucleus by an RNase III-

like enzyme, known as Drosha (in mammals and invertebrates) or DCL1 (plants), into precursor 

miRNAs (pre-miRNAs). Finally, the pre-miRNAs are further processed by Dicer or DCL enzymes 

into approximately 21 nt mature miRNAs. In contrast to siRNAs, miRNAs are endogenous RNAs, 

encoded by their distinct genes, within single or clustered transcriptional units41.  

Like siRNAs, miRNAs are assembled into the RISC, which consequently, guides them to 

the target mRNA for gene silencing30 (Figure 1.2). Computational modeling and algorithms that 

combine comparative sequence analysis and thermodynamic modeling of RNA-RNA interactions 

are usually utilized to predict the miRNA target sites in the genome of eukaryotic organisms13. 

Most plant miRNAs target coding sequences by extensive sequence complementarity14,38,43. On 

the other hand, mammalian miRNAs are only partially complementary, where their mRNA targets 

can have mismatches and gaps. The binding specificity is mainly dictated by 7 nt of the 21 nt 

miRNA, usually nt number 2-8 in the 5’ end, usually referred to as ‘seed site’ or ‘seed sequence’. 

This region of complementarity allows a given miRNA to regulate an abundance of potential target 

mRNAs within the genome, thus being described as ‘master regulators of gene expression’29,44,45. 

The majority of interactions between miRNA:mRNA in animal cells are not fully complementary, 
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and thus AGO2 can act as a mediator of RNA interference, rather than an endonuclease11. 

Therefore, miRNA-programmed RISC can induce not only RNA degradation, but also can 

promote translational inhibition, or accelerated deadenylation, which depends on the degree of 

base complementarity to the target mRNA11. The formation of miRNA-mediated RISC (miRISC) 

gets initiated with the recruitment of the GW182 family of proteins, which provides the scaffolding 

to recruit other effector proteins, such as polyadenylase complexes ( PAN2-PAN3), which initiates 

deadenylation46. Subsequently, decapping enzymes get recruited, specifically decapping protein 2 

(DCP2)47 and associated proteins, followed by endonuclease activity by exoribonuclease 1 

(XRN1), where degradation occurs from the 5’-3’ end48.  In general, the biogenesis of miRNAs is 

classified into two distinct categories: canonical biogenesis pathway and non-canonical biogenesis 

pathway. The canonical biogenesis pathway is the main, dominant pathway by which miRNAs are 

processed3.  

Given miRNA’s role as posttranscriptional repressors of gene expression, their activities 

have been linked to normal development and physiology, disease, and evolution10,14,19,27,28,46. They 

participate in almost all cellular processes, thus dysregulation in their expression and function has 

been linked to plant, mammalian, and invertebrate pathologies, such as viral infections and 

diseases such as cancer28,44,49–54. Thus, it is instrumental to recognize they do possess therapeutic 

potential similar to siRNAs, where their regulation can present novel therapeutic methods to alter 

gene expression or modify the pathogenesis of either infectious diseases or endogenous, metabolic 

diseases.  
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Figure 2.3. miRNA biogenesis and the RNA silencing pathway. miRNAs arise through 

transcription in the nucleus to produce primary miRNAs. Pri-miRNAs are then converted to stem-

loop pre-miRNAs by nuclear enzymes Drosha. Pre-miRNAs are exported to the cytoplasm by the 

nuclear receptor exportin-5 and converted to mature miRNAs by Dicer enzymes. The mature 

miRNAs can enter the RNA silencing pathway. Created with Biorender.com. 
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1.2.4 Role of Small RNAs and the RNA Silencing Pathway in Viral Infections 

The RNA silencing pathway acts as the plant’s first line of defense and innate immune system 

against invading viral pathogens. This basal antiviral response relies on the recognition of the ds 

viRNA (or viral-derived siRNAs). This discovery occurred accidentally during an attempt to 

engineer virus-resistant plants55. Studies of transgenic plants that were initially susceptible to 

infection by tobacco etch virus (TEV), subsequently became resistant to infection by homologous 

viruses. These were some of the first pieces of evidence of the protective role of the RNA silencing 

pathway in plant cells55. A decrease in the levels of the transgene mRNA and the establishment of 

an antiviral state was evidence that the infecting virus induced a post-transcriptional gene 

silencing, which led to viral RNA silencing. Additionally, it has been shown that transgenes 

encoding a replication-competent viral RNA genome are inducers of the RNA silencing 56. This 

idea explains why non-virus-derived genes have been silenced following infection of plants by 

recombinant RNA or DNA virus carrying a corresponding gene56–59. This technique has helped 

demonstrate what is known as virus-induced gene silencing (VIGS), which has been developed 

into a high throughput platform for functional genomics studies in several different hosts18.  

It has been demonstrated that host plants that were compromised in RNA silencing possess 

enhanced susceptibility to viral infection. Vance et al. have shown that in Arabidopsis thaliana, 

AGO1 is essential for transgene-induced RNA silencing, and contributes to dsRNA production in 

this plant18. It has, additionally, been shown that mutants of Arabidopsis thaliana defective in these 

specified genes are more susceptible to viral infections60,61. This acts as evidence that functional 

RNA silencing is instrumental for plants' functional immune response against viruses. Perhaps the 

strongest support for a naturally occurring antiviral role of the RNA silencing pathway in plants is 
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the encoding of viral suppressors of RNA silencing by plant viruses, which will later be discussed 

in more detail in this chapter.  

There has been evidence for the production of vsiRNAs during infection of mammalian 

cells as discussed earlier in this chapter15,39,40. It has been shown that EMCV, HEV71, NoV, and 

IAV trigger the production of abundant vsiRNAs in cultured mammalian cells or newborn mice, 

which suggests Dicer-dependent production of vsiRNA in response to RNA viral infection. 

Additionally, transgenic tobacco plant-derived siRNAs were shown to suppress the propagation of 

influenza A virus subtype H1N1 in mammalian cells17.  

It is, however, clearer that mammalian viruses have complex interactions with the 

endogenous miRNA pathway in mammalian cells. These virus-host interactions underscore the 

importance of the RNA silencing pathway in viral invasion and persistence in mammalian cells. It 

has been evident that host-encoded microRNAs can modulate the antiviral defense mechanism 

during viral infection. Some mammalian viruses have been shown to encode viral miRNAs (v-

miRNAs), to evade the host immune response. The first v-miRNAs were identified in the Epstein-

Barr virus (EBV)62. More than 250 v-miRNAs have been identified, which are mostly accounted 

for in DNA viruses such as herpesvirus 63.  On the other hand, there have not been many reports 

describing the detection of v-miRNAs in RNA viruses, and thus it has been more controversial. A 

few reports have, however, suggested the expression of non-canonical miRNA-like small RNAs 

during RNA virus infection, but they lack the canonical stem-loop structure found in RNAs64,65.   

Endogenous cellular miRNAs have been shown to interact with mammalian viruses, and 

thus contribute to either a pro-viral or antiviral state in the cell. Induction of some cellular miRNAs 

could help the virus evade the host immune responses by suppressing Interferon-α/β (IFN-α/β) 

signaling pathway while others could upregulate IFN-α/β production and inhibit the viral infection. 
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One of the earlier examples of the antiviral endogenous miRNA response is miR-32, which has 

been reported to effectively restrict primate foamy virus type I (PFV-1) replication by directly 

targeting the viral genome66. There has also been evidence that shows the ability of miRNAs to 

directly bind the viral genome, resulting in enhanced viral genome stability and translation, thus 

creating a pro-viral state. One of the most notable examples of such effects is miR-122, a liver-

specific miRNA that contributes to the Hepatitis C virus (HCV) tropism67. miR-122 binds the HCV 

genome and forms an oligomeric complex that leads to the stabilization of the genome. It has also 

been reported that miR-122 binding protects the viral genome from nucleolytic degradation in liver 

cells68. Like plant viruses, there has been increasing evidence that mammalian viruses do express 

VSRS, further highlighting the role of the RNA silencing pathway in viral infections. For instance, 

the capsid protein of rubella virus (RuV) acts as VSRS by suppressing siRNA-induced RNAi in 

mammalian cells69. There are several validated suppressors of the RNA silencing pathway 

including B2 of Nodamura virus, NS1 of IAV, 3A encoded by enterovirus-A71, and NS2A of 

Dengue virus70. All the mentioned VSRS enforce their mechanism by sequestering the dsRNA.  

Other mammalian viruses have been found to encode their own VSRS, thus underscoring that 

suppressing the RNA silencing machinery is advantageous to the virus and emphasizing the role 

of small RNAs and the RNAi as an important regulator of viral infection and persistence in 

mammalian cells. 
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1.3 Viral Suppressors of RNA Silencing Pathway 

Several VSRS have been identified in almost all plant virus genera, and mostly no obvious 

sequence similarity has been identified between these VSRS. These VSRS have been shown to 

inhibit the host antiviral response, which was achieved by interacting directly with proteins 

involved in the cellular silencing machinery71. All plant viruses and some mammalian viruses have 

been shown to express VSRS36,72. VSRS have been shown to employ different mechanisms that 

interfere with the host’s silencing pathway.  It has been demonstrated that some of the identified 

VSRS interfere directly with the silencing machinery of the host plants. Some of these VSRS are 

p38 expressed by Turnip crinkle virus (TCV), 2b expressed by Tomato aspermy virus, and p14 

expressed by Pothos latent virus (PoLV)73. P38 mediates its function by interacting directly with 

AGO-1, through GW motifs73,74. On the other hand, 2b interacts directly with AGO-1 through its 

PAZ domain75. These VSRS were shown to also inhibit the formation of the RISC by interacting 

directly with AGO proteins73–75.  

Several other plant viruses VSRS have been identified to exert their activity by preventing 

RISC assembly. Such VSRS have been shown to target siRNAs or miRNAs. One of the most 

common strategies is dsRNA (specifically siRNA) sequestration71,76–78. One of the best-known 

and studied VSRS is the p19 protein of tombusviruses. p19 prevents the RNA silencing by 

sequestering ds siRNAs with high affinity, thus inactivating their functions79,80.  

VSRS, in addition to having an important function in plant viruses, are expressed by 

mammalian viruses as well, further emphasizing and underscoring the role of the RNA silencing 

pathway as an antiviral mechanism in mammalian cells. Cell culture assays have assisted in 

identifying one of the first VSRS in mammalian cells. B2 protein of NoV and NS1 of IAV were 

one of the first identified VSRS of mammalian viral origin. B2 is a potent suppressor of AGO-2-
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dependent antiviral RNAi in Drosophila and mosquito cells81–83. Influenza NS1 was shown to 

potently suppress Dicer-mediated vsiRNA biogenesis during IAV infection15. Dengue virus 

(DENV) has also been shown to encode its own VSRS. DENV2 is a mosquito-transmissible 

enveloped virus of the genus Flavivirus in the Flaviviridae family70,84. By screening the seven 

structural proteins of the virus, it has been shown that the nonstructural protein NS2A exhibit 

VSRS activity. It has been identified as a dsRNA binding VSRS, even though it does not share 

sequence specificity with B2 of NoV or NS1 of IAV. It acts to suppress dicer processing by binding 

long dsRNA85. 

EV-A71 is a nonenveloped positive-strand RNA virus of the genus Enterovirus in the 

Picornaviridae family, which includes many important human and animal pathogens such as 

poliovirus. A set of experiments has demonstrated that one of the structural proteins of EV-A71 

acts as a VSRS. Protein 3A has been confirmed to function as a VSRS and promotes infection both 

in vitro and in vivo. Similar to DENV2’s NS2A, P3 is a dsRNA-binding protein that suppresses 

Dicer processing by directly sequestering long dsRNAs40. VSRS play an important role in the 

antiviral mechanism of both plant and mammalian cells. Therefore, their ability to bind RNA can 

be exploited to engineer tools to further study the RNA silencing pathway and probe potential 

protein-RNA interactions.  

1.3.1 The Viral Suppressor of RNA Silencing p19 

p19 is a VSRS that is expressed by tombusviruses. Tombusviruses are positive-sense single-

stranded RNA viruses. They possess a linear monopartite genome containing five open reading 

frames (ORFs). ORF5 encodes p19, a 19-kDa protein. p19, when expressed at high levels, allows 

systemic invasion of plant cells. p19 was first identified as a tombusviral virulence factor, 

suggesting that it plays a role in overcoming host defense mechanisms 80,86,87. Interestingly, p19 
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was shown to restore GFP expression in post-transcriptional gene silencing (PTGS)-inactivated 

transgenic plants, specifically in the newly emerging leaves88. In the absence of p19, cymbidium 

ringspot tombusvirus (CymRSV) infection results in a PTGS-associated recovery phenotype, 

further supporting the role of p19 in PTGS suppression87.  A crystal structure of Carnation Italian 

ringspot and tomato bushy stunt virus bound to a siRNA complex helps explain its unique function 

of blocking the RNA silencing process72,89. p19 is known to exert its function by binding and 

sequestering small RNAs, where it prevents its incorporation into the RISC89–92. p19 competes 

with AGO proteins, however, it does not affect or bind small RNAs already loaded onto the 

RISC93. siRNA:p19 interactions were found to be reversible, and characterized with a dissociation 

rate constant of (koff = 0.062 ± 0.002 s− 1)94. It was also observed that p19 efficiently competes with 

recombinant Dicer in mammalian cells, where inhibition of RISC is observed. Computational 

studies have confirmed that there is a formation of a ternary complex between human Dicer, 

siRNA, and p1994.  

Crystal structures and molecular dynamic stimulations show that p19 binds siRNAs as a 

homodimer, where it binds a single siRNA duplex in a positively charged surface cleft95. Pairs of 

tryptophan residues (W39 and W42) allow for π stacking interactions with the terminal base pairs 

of the bound siRNA molecule. The N-terminal helices of p19 clasp the edges of the duplex, with 

the tryptophan residues providing the stacking interactions72,89 (Figure 1.3). Mutation of these two 

tryptophan residues was shown to greatly reduce RNAi suppression in N. benthamiana plants due 

to decreased binding of siRNA89. This binding characteristic allows for the dimer to establish a 

sequence-independent caliper-like size selection of the siRNA duplex, where the 8-stranded β-

sheet forms a binding surface, where interactions with the small RNA backbone are achieved 

through electrostatic interactions 72,89. The size selection involves siRNA duplexes of around 19 
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bp and 2-nucleotide-long 3’ overhangs, and 5’ phosphate groups72,89. Sequestration and binding of 

Dicer generated siRNA by p19 has been associated with reduction of viral RNA degradation, 

sustainability of viral phenotype post infection, and systemic symptom spread; further 

emphasizing the pro-viral role of p1976,93,96.  

Electrophoretic mobility shift assays (EMSAs) have helped determine the affinity of the 

dimeric p19 for siRNA duplexes. The apparent equilibrium dissociation constant of p19 was first 

determined by Vargason et al.to be KD= 0.17±0.02 nmol/L89, which is the highest reported affinity 

of a protein to siRNA duplexes to date. This affinity is reduced for siRNA duplexes that are longer 

or shorter than 19-22 nucleotides in length94.  

Interestingly, however, p19 has been shown to bind miRNAs, of approximately 21 nt in 

length, with high affinity97–99. p19 was shown to significantly reduce the levels of liver-specific 

miR-122 upon adenoviral delivery of p19 into Huh7 human hepatoma cell line100. Our laboratory 

has also been successful in further engineering p19 to exhibit a higher affinity towards miR-122, 

through mutational analysis of the p19 binding surface to create p19 mutants with an enhanced 

affinity towards miR-122101. Additionally, p19 was shown to induce the expression of some 

miRNAs that help reduce the levels of AGO1 in plants by targeting its mRNA for degradation and 

thus leading to an overall suppression of the RNA silencing pathway independent of the binding 

of siRNAs102. Expressing an inactive mutant of p19 (p19-3 M VSRS) can induce miR-168 levels, 

thus controlling the accumulation of AGO1, where it has been shown that this accumulation is 

related to enhanced accumulation of viral RNA, thus leading to antiviral activity. miR-168 was 

shown to target the mRNA of AGO1102.  
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Figure 2.4. p19 and its suppression of the RNA silencing pathway. (A) Carnation Italian 

Ringspot Virus’s (CIRV) p19 while in complex with a 21 nt siRNA. p19 binds siRNA in a 

sequence-independent manner. It functions as a dimer that clasps the ends of the RNAs using the 

end-capping interaction provided by the conserved tryptophan residues (W39 and W42 highlighted 

in red). (B) p19 sequesters viral-derived small RNAs and prevents them from getting loaded onto 

the RISC. (PDB: 1RPU)  
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1.3.2 p19 as a Tool to Study the RNA Silencing Pathway  

Due to its unique binding characteristics to small RNA molecules, p19 has been used extensively 

to probe the RNA silencing pathway in different hosts and cell types. p19 has been used to study 

the RNA silencing pathways in Drosophila. In a study by Fagegaltier et al. p19 and its nuclear 

form (p19-NLS) expressed in Drosophila somatic cells were found to sequester transposable 

elements (TE) derived siRNAs, and thus suppressed the silencing of heterochromatin gene markers 

in adult flies90. Additionally, expressing p19 is linked to suppressing and altering histone H3-k9 

methylation and chromosomal distribution of histone methyl transferases in larvae90.  

In plant cells, p19 has been used to interrogate the RNA silencing pathway. Nuclear 

expression of p19 in plants has provided the first evidence of nuclear processing of both siRNA 

and miRNAs. It has been demonstrated that expressing p19 prevents both siRNA and miRNA 

RISC loading onto AGO1, underscoring its role and ability to sequester both miRNAs and siRNA, 

which is unique to p19 in comparison to other VSRS103. More recently, In Tombusvirus-infected 

plants, p19 was shown to affect the levels miR-162, miR-168, and miR-403, which are known to 

regulate the expression of DCL1, AGO1, and AGO2 respectively104. The study suggests that 

differential binding of p19 to miRNAs is a widespread viral mechanism to modulate gene 

expression of endogenous genes in plant cells104. p19 was also found to prevent miRNA loading 

onto the RISC when systemic in planta analysis was conducted105. 

Transgenically expressing p19 was shown to inhibit miRNA methylation in Arabidopsis 

plants106. HUA ENHANCER1 (HEN1)- dependent methylation of the 3’-terminal nucleotide is a 

crucial step in plant miRNA biogenesis. p19 was demonstrated to bind and interfere with the 

methylation event. p19 could be used as a tool to study when and where the methylation process 

occurs106. On the other hand, interactions with some plant proteins can lead to the decrease of 
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p19’s functions107. Depending on the host plant species, plant ALY proteins, a family of RNA 

binding proteins required for nucleo-cytosolic mRNA transport and modulate plant growth and 

development, could be expressed endogenously, leading to a decrease in p19’s function as a VSRS. 

Canto et al., have demonstrated that p19’s interactions with plant ALY proteins, led to its 

localization to the nucleus, and interfered with its ability to suppress the RNA silencing 

pathway107. 

p19 has been used to further study the role of RNA silencing as an anti-viral mechanism in 

mammalian cells. p19 has been shown to maintain its silencing activity in mammalian cells, where 

its RNA binding ability is directly related to the positively charged residues in the RNA binding 

interface108. p19 was demonstrated to maintain its activity in several mammalian cell types 

including HEK293T, HeLa, and mouse embryonic fibroblasts108. 

p19 was used to characterize short RNAs in mouse embryonic stem cells (ES)109. p19 was 

utilized to immunoprecipitate short RNAs from ES cells. The immunoprecipitated RNA have 

shown matches for ribosomal RNA (rRNA), which provides insight on the ability of p19 of binding 

other species of RNA, which aren’t canonical as they are longer (32-35 nt). This study has 

demonstrated that mouse ES cells do not express abundant siRNA, and thus in the absence of 

canonical ligands, p19 can still bind other RNA species109. It is important to note that, even though 

they can bind these RNA species, it is associated with a decrease in binding affinity in comparison 

to its canonical substrates109. 

p19 was shown to function in hepatocellular carcinoma cell lines110. A study by Chen et 

al. has demonstrated that p19 from tomato bushy virus is fully functional upon transfection of 

HepG2 cells. When expressing p19 in mammalian HepG2 cells, the function of short hairpin RNAs 

(shRNAs) targeting GFP was suppressed110. Other hepatocellular carcinoma cell lines were also 
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successfully utilized to study the potential of using p19 as a suppressor of RNA silencing in 

mammalian cells. Upon combining the expression of p19 with small molecules that target the RNA 

silencing pathway in human hepatoma cells (Huh7), enhanced inhibition of the RNA silencing 

pathway was observed91. This further validates the potential of p19 to be used as a tool to study 

the RNA silencing pathway in other cellular models than plant cells. 

Additionally, p19 has been expressed in Hek293T human cells to further study the 

pathogenesis of the PFV-1. It was demonstrated that upon ectopic expression of p19 in viral 

infected HEK293Ts, viral accumulation was observed, suggesting the importance of cellular 

miRNAs as an antiviral mechanism against PFV-1. p19 has aided in further emphasizing the role 

of specific cellular miRNAs in restricting the accumulation of PFV-166. Conversely, when 

transiently expressing p19 in HIV-1 infected HEK293T cells, only a modest, but statistically 

significant accumulation of HIV-1 was observed111. Given the evidence of successful utilization 

of p19 to probe the RNA silencing pathway in mammalian cells, it is possible to further engineer 

p19 to explore its potential of being utilized as a tool to target small RNAs that may have a role in 

viral pathogenesis or metabolic diseases.  

1.3.3 p19 as Tool in Biotechnology 

Biotechnological tools have been applied in modern agriculture to control problems associated 

with plant virus diseases and resistance. The RNA silencing pathway is usually the main antiviral 

mechanism in plants that is usually enhanced to ensure viral resistance112. The RNA silencing 

pathway is also involved in response to ectopically expressed genes introduced in plants, which is 

usually introduced through viral vectors or agroinfiltration, allowing for higher yields in 

recombinant protein production in comparison to transient gene expression113,114. Plants have been 

used extensively for recombinant protein production including biologics such as antibodies and 
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vaccine31,115–118. In more recent years, deconstructed viral vectors have allowed the usage of plants 

as a platform for recombinant protein production, due to their speed, low cost, and easy 

scalability31,115–118. The RNA silencing pathway has however been shown to be problematic when 

attempting to express foreign genes in plants; thus, inhibition of the RNA silencing pathway has 

been an accepted strategy to enhance recombinant gene expression. 

  p19 was used to enhance the production of therapeutic antibodies in plant cells. A study by 

Garabagi et al. has demonstrated the successful enhancement in the levels of therapeutic antibodies 

produced in Nicotiana tabacum upon co-expression of p19114. Co-expression of p19 was used for 

antigen production for vaccine development. Expressing p19 along with anthrax receptor decoy 

protein (immunoadhesin), CMG2-Fc (which is used for vaccine production against anthrax) in 

Nicotiana benthamiana was shown to enhance its production119. Additionally, high expression of 

HIV-1 Nef protein was obtained upon co-expression of p19 in Nicotiana benthamiana120. 

Similarly, p19 was used to enhance the production of SARS-CoV Nucleocapsid protein in 

Nicotiana benthamiana, for plant-based vaccine production121. Inhibition of RNA silencing in 

plants using p19 has added to enhanced gene editing via clustered regularly interspaced 

palindromic repeat (CRISPR)-associated protein 9 system (Cas9) systems, in addition to enhanced 

viral vector delivery of both guide RNA and Cas9 CRISPR genes122,123.  

1.3.4 p19: A Tool for RNA Detection and Delivery  

Due to p19’s unique RNA binding potential, further utilization and engineering of the protein have 

been employed to use it as a tool for small RNA detection and diagnostics. miRNAs are abundant 

in mammalian cell types and as extracellular circulating RNA3,29,124–126. Like cellular miRNAs, 

circulating miRNAs can be indicative of disease127–134. Circulating miRNAs are usually released 

into body fluids such as blood and cerebrospinal fluid and can potentially act as diseased state 
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biomarkers127–134. Thus, detection methods to identify miRNAs are constantly being developed as 

potential diagnostic tools135. Since miRNAs are potent regulators of gene expression, even small 

changes and dysregulation in their expression have been linked to diseased phenotypes. 

Recombinant p19 has been applied as a method to detect miRNAs. Since p19 possesses a 

high affinity towards miRNAs, it allows detection of miRNAs in samples; specifically, samples 

containing lower concentrations (example, extracellular biofluids). Since overexpression of p19 is 

possible in various cellular systems with high yields, it makes it an available tool to further 

engineer to bind small RNAs for detection purposes, specifically because the protein’s ability to 

bind its ligands was unaffected upon introduction of a variety of gene fusions and modifications. 

A bifunctional p19 fusion probe has been previously designed with an N-terminal maltose binding 

protein (MBP), and a C-terminal chitin-binding domain (CBD) to bind p19 to chitin magnetic 

beads136. Even though both N-terminal and C-terminal modifications were introduced to p19, it 

did not affect its ability of detecting and binding miRNAs. p19 was engineered to detect radioactive 

miRNA probes in the sub-femtomole range, and the presence of a million fold-excess of total 

RNA136. Additionally, p19 has been further engineered as a magnetosensor for the detection of 

synthetic RNA targets and endogenous miR-21 from total RNA extracted from cancer cells and 

human breast-tumor specimens in the sub-femtomole range137. This opens the potential of utilizing 

p19 for the diagnosis of human cancers known to exhibit differential miRNA expression. 

Electrochemical biosensors based on p19 have also been developed to detect miR-21136. Changes 

in the oxidation signal of tryptophan residing in the binding cleft of p19 were used for the detection 

of miR-21 with high sensitivity in the picomolar range. This shows that Differential Pulse 

Voltammetry (DPV) can be utilized to detect the intrinsic change in p19 oxidation signals upon 

RNA ligand binding136.  Other methods employing p19 for RNA detection have been developed. 
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 miR-122 has been detected and quantified from small RNA isolates of hepatoma cells, where 

RNA probes were immobilized on gold surfaces, and miRNA-bound probes were further detected 

using p19 coupled with a rapid enzyme-linked immunoassay to increase the sensitivity of the 

assay138. Khan et al. has utilized p19 to develop a protein-facilitated affinity capillary 

electrophoresis (ProFACE) assay for rapid quantification of miRNA levels in blood serum using 

p19 as a separation enhancer139. The addition of p19 has allowed enhanced separation of single-

stranded RNA probe and double-stranded p19-bound RNA probe, which consequently allowed 

sensitive detection in the femtomolar range139.  

Fluorescence-based RNA detection methods based on p19 have as well been developed in 

which Förster resonance energy transfer (FRET) was used to detect the binding of fluorescently-

tagged siRNA. Koukiekolo et al. have demonstrated the ability to fuse p19 to a cyan fluorescent 

protein (CFP), to detect Cy3-tagged siRNA using FRET. This shows the tolerance of p19 to protein 

fusions and the ability to further engineer it to detect RNA using FRET140.  

p19 has as well been engineered as a delivery tool for small RNA molecules. One of the 

more challenging caveats of RNA therapeutics is cellular delivery. Therapeutic applications of 

siRNA for example have been limited due to rapid enzymatic degradation and poor cellular uptake. 

Nanoparticles hold promise for safe and effective delivery of RNAi-based molecules, however, 

physiological barriers and systemic toxicity remain a challenge associated with such 

molecules141,142.  Various non-viral siRNA delivery have been developed including lipid-based 

systems and cationic peptides143–145. Some of these strategies include the utilization of p19 due to 

its unique RNA binding capabilities. For instance, Choi et al., have synthesized a genetic RNA 

carrier based on p19, by fusing p19 to an ephrin mimetic peptide, YSA146. p19-YSA fusion protein 

was shown to deliver complexed siRNA specifically to tumor cells expressing EphA2 receptor, 
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leading to specific targeting, and emphasizing how p19 can be used for targeted delivery by fusion 

to a variety of cationic peptides146.  Additionally, our lab has demonstrated that fusion of p19 to 

HIV-1 transactivator of transcription (TAT) peptide can act as an RNA delivery system for the 

efficient delivery of complexed siRNA in human hepatoma cells, with potent and sustained gene 

knockdown activity with no associated toxicity147.  

In addition to the development of p19 as a delivery tool, it has been engineered to possess 

enhanced and improved functionality. Recombinant p19 has been designed to possess higher 

thermal stability by linking the two monomers with a (GGGGS)2 flexible linker, where there was 

an enhanced binding affinity of 3.5 fold observed in comparison to wt p19148. Systemic testing of 

the functional roles of cysteine residues on the surface of p19 through site-directed mutagenesis 

has highlighted that mutating C110, C134, and C160 to isoleucine has led to the increased 

thermostability of the dimer without compromising its RNA binding affinity and made p19 less 

sensitive to oxidizing environments149. Furthermore, additional mutagenesis studies can be 

conducted to improve p19’s ability to bind specific miRNAs of interest. To develop new tools to 

study endogenous miRNAs, mutational analysis of p19’s binding surface was performed to 

improve p19’s binding affinity towards miR-122, without compromising its ability to bind 

siRNA101. Site-directed mutagenesis of a single residue in position T111 in the p19 dimer (which 

is near the miR-122 mismatch bulge) has improved the affinity of p19’s binding towards miR-122 

by 50 fold101. This shows that mutational analysis of p19’s binding site can allow for enhanced 

binding towards a variety of miRNAs, based on the miRNA’s base-pair mismatch locations.  

Expanding on p19 functions and improving its RNA binding ability through protein 

engineering can help provide a unique tool for small RNA control and sequestration in vivo and in 
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vitro. Broader applications of p19 can be uncovered through further engineering efforts to improve 

its already existing functionality, including improving its ligand specificity.  

A unique engineering tool that can be explored to improve p19’s functions with minimal 

perturbations in its already existing RNA binding affinity, is genetic code expansion technology 

or the use of unnatural amino acids to fine-tune p19’s functionality. Genetic code expansion tools 

will be further discussed in the following section.  
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1.4 Protein Engineering and Genetic Code Expansion 

Unnatural amino acids (UAAs) offer the possibility to expand beyond the 20 naturally occurring 

amino acids in most species and install new and useful chemical functions150. UAAs have enabled 

site-specific incorporation of new and unique chemical functions into proteins of interest. UAAs 

allow the introduction of new and useful chemistries including fluorescence, ligand binding, 

crosslinking, and photo-caging with minimal to no perturbations to the protein’s folding and 

structure150–154. Chatterjee and Shultz et al. have provided conceptual advances in the engineering 

of orthogonal aminoacyl-tRNA synthetase (aaRS)/ tRNA pairs that allow the site-specific 

incorporation of UAAs in living cells155. The evolution of bioorthogonal aaRS enzymes that can 

bind the UAAs and their unnatural tRNAs, while not interacting with naturally existing amino 

acids or tRNAs is unique156. The unnatural tRNA recognizes a unique stop (most commonly an 

amber stop codon), quadruplet base pair, or a frameshift codon157. In a typical amino acid 

incorporation experiment, the unnatural amino acid is added to the cell and the engineered, 

orthogonal aaRS recognize the UAA and is used to aminoacylate the orthogonal tRNA. An 

orthogonal tRNA is not a substrate for endogenous synthetases but is specifically aminoacylated 

by the orthogonal synthetase and directs amino acid incorporation in response to the unique codon, 

which was introduced to the gene of interest via site directed mutagenesis techniques (Figure 1.4).  

1.4.1 Development of Bioorthogonal aaRS/tRNA Pair 

There have been four orthogonal aaRS developed for incorporation of UAAs through directed 

evolution techniques: the Methanococcus janaschii tyrosyl-tRNA synthetase 

(MjTyrRS)/tRNACUA pair158, the E. coli tyrosyl-tRNA synthetase (EcTyrRS)/tRNACUA pair, 

the E. coli leucyl-tRNA synthetase (EcLeuRS)/ tRNACUA pair159–161 and pyrrolysyl tRNA 

synthetase (PylRS)/tRNACUA pairs from certain Methanosarcina159. The active site of the 
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engineered synthetase needs to specifically bind the unnatural amino acid while being unable to 

bind canonical ones. The transfer of the UAA must be done onto its cognate orthogonal tRNA. 

Since the development of the aaRS is based on naturally occurring enzymes, the evolution process 

requires the evolution of the active site to bind the UAA while destroying its ability to bind its 

naturally occurring counterpart156.  

Typically, the directed evolution processes to develop the aaRS occurs in E. coli or yeast 

cells. There are several rounds of selection, usually positive and negative selection, used to select 

an active variant that allows the incorporation of the UAA of interest. The positive selection 

process relies on the ability of the aaRS/tRNA pair to facilitate read-through of the amber 

suppression codon in an essential gene (for example, an antibiotic resistance gene). The positive 

selection processes provide aaRSs in surviving colonies that can incorporate the UAA or a natural 

amino acid. The evolved aaRSs are then subjected to a round of negative selection in the absence 

of the UAA with an amber codon encoding a toxic gene, thus, evolved aaRSs that can incorporate 

natural amino acids are depleted and the read through of the amber codon will lead to cell death in 

the absence of the UAA150,157,158. After several rounds of positive and negative selection processes, 

only the evolved aaRSs that can selectively incorporate the UAA will survive. This methodology 

has been used to engineer aaRSs for more than 100 UAAs, however some limitations still exist 

due to a decrease of protein yields in comparison to natural counter parts157.  

A wide range of UAAs with functions not found in canonical amino acids have been 

genetically encoded over the past couple of decades and have delivered insights into biological 

processes that are generally difficult to access using traditional molecular biology techniques. 

Since the system is bioorthogonal, minimal perturbation to the cellular processes or the designed 

protein is observed. UAAs have allowed the production of unique proteins with site-specific metal 
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binding capabilities, photo-crosslinking and site-specific chemical modifications153. Given the 

advantages of this system, we are interested in utilizing this technology to further improve p19’s 

ability as a VSRS and expand on its already existing functionality.  
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Figure 2.5. Incorporation of unnatural amino acids. Incorporation of UAAs occurs by the 

introduction of a rare codon in the gene of interest. Upon introduction of an orthogonal tRNA and 

aaRS which charges the tRNA with a specific UAA, the tRNA recognizes the reassigned codon 

(UAG here) and the UAA is added to the peptide. If the orthogonal tRNA and aaRS and the 

corresponding UAA are not introduced to the system, an abortive truncated produced is formed 

and the UAG will be recognized as a stop codon instead. Created with Biorender.com. 
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1.4.2 Chemical Modifications 

Protein engineering through chemical modifications is an instrumental technique for protein 

labeling and selective addition of new chemical functionalities. Since canonical amino acids are 

limited in functionalities, concerning chemical reactivity, there is an intrinsic advantage to utilizing 

UAAs that permits the introduction of bioorthogonal reactivities, with great site selectivity and 

efficiency.  

The use of UAAs has allowed the formation of covalent interactions/ linkages between 

proteins, and between proteins and small molecules. This has allowed for the creation of antibody-

drug complexes162. Axup et al. have shown the potential value of UAAs in medicine compared to 

traditional methods, such as conjugation to cysteine or lysine residues. Site-specificity of UAA 

incorporation for chemical modifications allows for tight control that led to homogenous antibody-

drug conjugates162. Additionally, UAAs have allowed for the site-specific incorporation of natural 

post-translational modifications into proteins of interest such as site-specific ubiquitination163,164.  

UAAs have also allowed for bioorthogonal reactions to occur in living cells site-specifically, 

where UAAs have been developed to include chemical handles such as tetrazine or azide moieties 

and thus eliminating bio-incompatible reagents165–167. The introduction of bioorthogonal chemical 

handles through UAAs has allowed for chemical conjugation with fluorescent tags onto proteins 

both in vivo and in vitro165–167. Several examples of these reactions have been demonstrated using 

UAAs. Some of the reactions include ketones/aldehydes with hydrazines /hydroxylamines, the 

classic copper-catalyzed azide-alkyne cycloadditions (CuAAC), the strain-promoted azide-alkyne 

cycloaddition (SPAAC), Staudinger ligation, some palladium-catalyzed cross-coupling reactions, 

photo-click reactions, and inverse-electron-demand Diels-Alder reactions. These chemoselective 

reactions exhibit rate constants in the order of 10-4-104 M-1 s-1 152.  
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1.4.3 Improving Protein Functions 

Improving the functionality or altering the specificity of pre-existing natural proteins has been 

the goal of protein engineering techniques. It took researchers many years to develop techniques 

that rely on random mutagenesis (i.e. directed evolution) which have led to desired 

functionalities in proteins.  

Another method of improving proteins’ functionalities is the incorporation of UAAs. The 

potential of UAAs in protein improvement has been established. The activity of nitroreductase 

towards non-native substrates was improved with a UAA, compared to any other canonical amino 

acid168. A 30-fold improvement of prodrug activator nitroreductase activity with a UAA was 

observed in comparison to that of the native active site and a more than 2.3-fold improvement over 

the best possible natural amino acid. 

UAA incorporation has also been utilized to improve the functionality of bacterial 

phosphodiesterase by the introduction of (7-hydroxycoumarin-4-yl)ethylglycine169. This has 

improved its native catalytic function by 8-11fold. This study demonstrates that the introduction 

of designer amino acids can be used to enhance already existing functionalities in nature and can 

provide valuable information and functional space for the evolution of existing enzyme 

functions169.  

1.4.4 Azido-Phenylalanine Incorporation and Usage in Protein Engineering 

An orthogonal aminoacyl tRNA synthetase/tRNA pair for in vivo incorporation of p-azido-L-

phenylalanine (AzF) in E. coli has been reported by Chin et al. in 2002170. AzF contains a 

functional group not available in the 20 natural amino acids. The Aryl-azide group in AzF allows 

for site-specific incorporation of a photo-crosslinking functional group, which was first described 

as a photo-crosslinking agent in a biological context by Fleet et al. in 1969171.  It has been 
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demonstrated that upon ultra-violet (UV) light irradiation at wavelengths below 310 nm, aryl-

azides forms short-lived nitrenes that rearrange to form dehydroazepines, which react with amines 

to form covalent adducts 170,171. Aryl-azides have been used as photo-crosslinking agents to probe 

protein-protein interactions, inactivate enzymes irreversibly and probe protein peptide 

interactions171–174. Therefore, site-specific incorporation of AzF into proteins opens an avenue to 

explore transient interactions and further probe protein interactions photo-chemically. Chin and 

coworkers have been able to develop and select an orthogonal aaRS/tRNA pair for the in vivo 

incorporation of AzF in response to an amber stop codon, TAG. The Methanococcus jannaschii 

tyrosyl-tRNA synthetase (Mj TyrRS) was utilized to engineer the orthogonal pair that specifically 

incorporate p-AzF, but not any of the 20 canonical amino acids, with high fidelity and efficiency. 

This study has opened the door to further use p-AzF in different living systems, including 

mammalian cells. p-AzF crosslinking has been used for a variety of applications in biotechnology. 

For instance, more recently, Li et al. have demonstrated that site-specific incorporation of p-AzF 

has enabled photo-crosslinking of vesicles composed of thermally responsive elastin-like 

polypeptide (ELP) fusion proteins for cargo/drug delivery to cells175. The cross-linked vesicles 

were shown to be more thermally stable, with a high potential for targeted drug delivery175. As 

mentioned previously, site-specific incorporation of AzF followed by photo-crosslinking has aided 

in identifying transient ligands and binding partners that might otherwise be more difficult to 

identify176–179. AzF photo-crosslinking has aided in the covalent capturing of low affinity or 

transient protein-protein interactions that would otherwise be lost when performing standard 

immunoprecipitation protocols. This UAA has also been used as a proximity sensor to reveal or 

map which positions in a protein are close to a binding partner in a complex 180–183.  
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In addition to the usage of AzF for photo-crosslinking applications, AzF had been extensively used 

for bioorthogonal chemistry applications due to the presence of the azide chemical handle. Click 

chemistry, a term introduced by K.B. Sharpless in 2001, describes a series of reactions that are 

high yielding, efficient, and bioorthogonal184.  Azide functionalized molecules could react with 

phosphine-functionalized molecules, in a reaction described as Staudinger ligation185. 

Furthermore, azide functionalized molecules can react with terminal alkynes in a reaction known 

as CuAAC, and this reaction requires a Cu(I) catalyst as the name suggests. Additionally, a copper-

free click reaction between an azide functionalized molecule and a strained alkyne (such a 

cyclooctynes) in a reaction known as SPAAC186,187. SPAAC is a non-toxic alternative to CuAAC 

as it does not require copper. SPAAC relies on the use of strained cyclooctynes that possess 

decreased activation energy in comparison to terminal alkynes and thus do not require an 

exogenous catalyst188–190.  

Due to click chemistry applications, AzF has allowed for site-specific fluorescent labeling 

of proteins for imaging, development of sensor proteins, bioconjugation of therapeutic molecules 

to proteins, and site-specific antibody conjugation of metal chelators for nuclear imaging and 

therapy, among other applications191–194.  

1.4.5 Bipyridinylalanine and its Use in Protein Engineering 

Some of the interesting aspects of protein engineering are the ability to introduce catalytic 

functions into proteins. The introduction of catalytic or structural metal binding sites into proteins 

are of interest to provide and introduce new reactivity into peptides, recombinant proteins, and 

antibodies that can act as therapeutically relevant peptides195. Nature has created potent and diverse 

catalysts by using the natural canonical amino acids and cofactors as building blocks. Compared 

to natural amino acids, UAAs provide many more structural and chemical properties. By 
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incorporation of UAAs and non-native cofactors into a protein greatly enhance the ability to 

expand on the natural activity of an enzyme, and additionally design novel catalysts196. Some 

UAAs were developed to bind metal ions in a bidentate fashion making it possible to create 

cofactor binding sites197. UAAs with hydroxyquinoline, pyrazolylphenol, or bipyridine side chains 

were developed and have been incorporated into proteins. Their affinity to metal ions is much 

higher than native natural amino acids. Bipyridylalanine (BpyAla) is one of the first bidentate 

amino acids to be site-specifically incorporated into proteins198. The Schultz group has introduced 

BpyAla into E. coli catabolite activator proteins (CAP) which binds DNA in a sequence-specific 

manner. In the presence of copper, DNA cleavage was achieved198. In another example by Roelfes 

et al., BpyAla was introduced in a site-specific manner in the interface of the dimer of the 

Lactoccocal multidrug resistance regulator (LmrR)199. Using LmrR as a scaffold where BpyAla 

was introduced, leading to copper chelation, the designed enzyme was able to catalyze Friedel-

Crafts alkylation reaction with up to 94% substrate conversion197.  

BpyAla has as well been introduced in a site-specific manner to stabilize protein motifs. 

Luo et al. have used genetic incorporation of BpyAla into HIV gp41 to form a stable helical trimer 

that can chelate metals, leading to highly stable structures that can potentially serve as HIV vaccine 

candidates or inhibitors of viral entry200. This study shows the potential of utilizing BpyAla as a 

straightforward method to provide structural stability to motifs in recombinantly engineered 

proteins.  

The introduction of BpyAla into enzymes has also provided dynamic control over their 

activity. Metal-responsive regulation of catalysis was achieved by the genetic introduction of 

BpyAla. Zubi et al. have successfully demonstrated that introduction of BpyAla into a serine 

protease and a firefly luciferase has affected their active conformations, leading to reversible 
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control of activity upon introduction of divalent ions201. Combining a computational analysis and 

molecular dynamic stimulations approaches to rationally pick residues for BpyAla incorporation 

has allowed the generation of enzymes with a 20-fold dynamic range in response to divalent ions. 

This shows the potential of combining UAA incorporation with computational, rational protein 

design approaches to design enzymes with controllable, enhanced activity201. Combining 

computational protein design with genetically encoded UAA was shown to be a powerful 

technique that can be used to drive the formation of precise metal-chelating protein assemblies for 

photophysical applications. Baker et al. have utilized Rosetta computational methodology to 

design homotrimeric protein complexes encoding BpyAla at interfaces of the monomers, 

suggesting that utilizing this method could generate novel photoactive proteins, where Bipyridine 

metal complexes can give rise to photochemical properties not present in natural amino acids202.  

Overall, BpyAla is a unique UAA that allows the introduction of unique functionalities to 

engineered protein. In chapter 4, we highlight the potential of utilizing BpyAla to introduce 

endonuclease activity to p19 for the targeting of its native substrates. 
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1.5 Rationale and Statement of Objectives 

The Tombusvirus p19 is a unique tool to study the RNA silencing pathway. It can be further utilized 

to design methods to further control the activity of smRNAs in living organisms and in vitro. 

Understanding and further studying of the RNA silencing pathway is of interest to better 

understand the function of smRNAs in various diseased states, as well as to further develop tools 

in both therapy and biotechnology. VSRS are interesting proteins that were shown to potently 

inhibit the RNA silencing pathway, either by directly targeting small RNAs or other components 

of the pathway. Further engineering and fine-tuning the activity of the VSRS p19 can allow the 

design of protein-based tools to further control and manipulate the functions of the RNA silencing 

pathways.   

The goal of this thesis is to engineer p19 to fine-tune its activity and enhance it using 

genetic code expansion technology to develop a new tool for RNA detection and RNA control. In 

Chapter 2, we attempt to engineer p19 as a FRET-based RNA detection tool, which further allows 

for the visualization of the delivery and release of siRNA into cells. This allows us to understand 

the potential of utilization of p19 as a siRNA delivery tool for subsequent gene knockdown. 

Chapter 3 examines the potential of incorporation of UAA to allow for site-specific photo-

crosslinking between p19 and its small RNA targets including siRNAs and miRNAs. This allows 

for the design of irreversible suppressors of the RNA silencing pathway. Finally, Chapter 4 

examines the potential of the introduction of metal-binding UAA in the binding pocket of p19, 

which allows for the introduction of a catalytic site into p19, leading to RNA endonuclease activity. 

The incorporation of BpyAla into p19 allowed for the site-specific cleavage of smRNA ligands 

and highlights the potential of utilizing UAAs for endonuclease design.  
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Chapter 2 

Visualization of the delivery and release of small RNAs using genetic code 

expansion and unnatural RNA-binding proteins 

2.1 Preface 

This Chapter consists of data previously published in Bioconjugate Chem. 2018, 29, 12, 3982–

3986. Copyright 2018, American Chemical Society. It is adapted here with the permission of the 

publisher. The main text and supplemental information are combined. 

This article is authored by Noreen Ahmed, Joanna Fréderique De Graaf, Nadine Ahmed, Dana V. 

Foss, Julie Delcorde, Peter G. Schultz, and John Paul Pezacki.  

As the first author of this publication, I made significant experimental and intellectual 

contributions to this article. I performed most of the experiments and sample preparations, 

including FRET assays and in vitro characterizations of the proteins. F. De Graaf performed some 

of the site-directed mutagenesis experiments and initial optimization experiments. Nadine Ahmed 

aided with the fluorescence imaging experiments. D.V. Foss, J. Delcorde, and J.P. Pezacki 

provided intellectual contributions. I wrote the first draft of the manuscript and editing was 

performed by all authors.  
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2.2 Abstract 

Endogenously expressed non-coding RNAs (ncRNAs) are regulators of mRNA translation and 

affect diverse biological pathways spanning embryogenesis to cholesterol and fatty acid 

metabolism. Recently, microRNAs and siRNAs have become important therapeutic molecules 

with strategies that employ oligonucleotides as both mimics and inhibitors. However, delivery of 

these exogenous effectors remains a major challenge.  Here, we present a method for evaluating 

ncRNA delivery using the viral suppressor of RNA silencing (VSRS) protein p19, optimized for 

cellular delivery of small RNAs. Using genetic code expansion technology, p-azidophenylalanine 

(p-AzF) was incorporated into a recombinant p19 protein and used to develop a fluorescence 

resonance energy transfer (FRET) sensor. AzF was used to attach FRET acceptor moieties using 

bioorthogonal chemistry. We show that this strategy not only gives rise to FRET signals that report 

on small RNA binding but also allows for fluorescence quenching as well, convenient for 

measuring RNA release. We demonstrate the successful use of a modified version of the probe to 

track the delivery and release of small RNAs into mammalian cells. The results provide a basis for 

further development of vehicles for small RNA delivery and release for intervening in non-coding 

RNA biology. 
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2.3 Introduction 

MicroRNAs (miRNAs) are small non-coding RNAs that are involved in post-transcriptional gene 

regulation, where silencing of the target genes takes place1–3. miRNAs have been implicated in 

several diseases4 and as a result, have been utilized as targets for therapeutic purposes4. However, 

there are some limitations associated with the delivery of miRNAs such as poor miRNA 

penetration5–7. Additionally, miRNA antagonists and miRNA mimics are quickly degraded and 

cleared from the blood circulation5–7.  Immunotoxicity associated with miRNA treatments and 

delivery, mainly through the engagement of toll-like receptors (TLRs), can also arise5. Efficient 

delivery of miRNAs and small interfering RNAs (siRNAs) is of great interest due to the potential 

of these molecules in therapy and biotechnology. Lipid-based delivery systems are used to 

encapsulate biologically active miRNAs and siRNAs7. Even though liposomes and lipid 

nanoparticles are commonly used for the delivery of small RNA cargo8,9, such methods are 

intrinsically disadvantaged owing to cytotoxicity, which remains a major hurdle8,9. Thus, protein-

based methods for delivering miRNAs and siRNAs have emerged. Direct delivery of RNA binding 

proteins (RBPs) across the cell membrane can be achieved through chemical conjugation or 

genetic fusion of moieties that allow cell penetration10–14. These protein-mediated RNA delivery 

approaches have been shown to exhibit lower toxicity than lipid carriers, viral vector-mediated 

expression, and other nanotechnology delivery platforms10–14.  

Recombinant p19, a Tombusvirus viral suppressor of RNA silencing, has been employed 

for siRNA delivery in human cells12,14–16. A recombinant linked p19 dimer fused to Human 

Immunodeficiency Virus-1’s (HIV)  Trans-Activator of Transcription (TAT) peptide was highly 

efficient in RNA delivery to human cells11. Another approach employed p19 linked to capsid 

proteins of hepatitis B virus17. Additionally, fusions of p19 to ephrin mimetic peptide (YSA) were 



 

57 

 

efficiently used to target tumor cells for siRNA therapy10. As a delivery tool, engineered p19 

proteins are effective because they exhibit high affinity towards their RNA ligands, typically being 

KD = 0.2 nmol/L, the highest affinity protein carrier of small RNAs used for this purpose. Thus, 

we have used it here to develop general methods for monitoring the delivery and release of RNA.  

Fluorescence-based probes for imaging delivery and oligonucleotide release can help uncover 

molecular details since the intracellular release of small RNAs is ultimately required to facilitate 

their biological effects. To address this challenge, we present a method for evaluating small RNA 

delivery using the viral suppressor of RNA silencing (VSRS) protein p19, optimized for cellular 

delivery of small RNAs, with the use of genetic code expansion technology through the 

introduction of unnatural amino acids (UAAs), specifically p-AzF, to design a p19 sensor protein 

to detect small RNA binding and release. 

There are several reported methods for small RNA imaging upon delivery, none of which 

confirm the time interval of RNA release18,19. Most methods depend on indirect confirmation of 

successful RNA delivery without explicit release being monitored. The indirect confirmation 

mainly depends on the downstream effects of the released RNA cargo18,19. In this study, we utilize 

genetic code expansion technology to improve the functionality of p19 as a tool for small RNA 

sensing and directly visualize the release of RNA. The incorporation of UAAs allows the 

introduction of unique functional characteristics not naturally present in the 20 canonical amino 

acids20,21. In our work, we are incorporating p-AzF ( Fig. 1A) in a site-specific manner in response 

to an amber suppression codon20,21. UAAs were genetically incorporated using an orthogonal 

aminoacyl-tRNA (aa-tRNA)/aminoacyl-tRNA synthetase (aaRS) pair20–22. The incorporated azide 

group was used to label the protein through strain-promoted alkyne-azide cycloaddition (SPAAC) 

for Fӧrster resonance energy transfer (FRET) studies of binding and release of small RNA cargo23. 
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Figure 2.1 AzF incorporation in p19 and subsequent DBCO-Cy5 labeling in a site-specific manner 

using strain promoted alkyne-azide cycloaddition. (A) The chemical structure of para-

azidophenylalanine (AzF). (B) Crystal structure of Carnation Italian Ringspot Virus (CIRV) p19 

complex with a 21- nt siRNA (PDB: 1RPU). (C) A schematic representation of p19 mutant labeling 

using DBCO-Cy5 through strain-promoted alkyne-azide cycloaddition (SPAAC). (D) Schematic 

representation of the designed sensor protein where the UAA is incorporated in a site-specific manner 

in response to an amber mutation. Upon the binding of small RNA molecules, binding is detected via 

FRET. (E and F) A close-up of surface residues in p19, W19 and N46 positions chosen for AzF 

incorporation, and their relative position from a fluorophore labeled RNA. 

 



 

59 

 

2.4 Results and Discussion 

2.4.1 Introduction of p-AzF in p19 mutants 

First, we sought to identify potential residues that are optimal candidates for UAA incorporation. 

Examination of the x-ray crystal structures of p19 enabled the identification of two residues in p19 

that are within FRET distance (0-100 Å) from the 5’ end of the bound dsRNA, the location where 

FRET donor fluorophore was conjugated (Figure 2.1B)24,25. Among the options, residues W19 and 

N46 were chosen due to their relative proximity to the location of the tagging site on the RNA 

substrate and the likelihood that residue substitution would affect ligand binding since they are 

located outside of the ligand binding pocket. The distance of these residues from the 5’ substrate 

RNA according to the x-ray structures is 11.6 Å and 6.3 Å respectively (Fig. 2.1E, F)24. 

Additionally, sites of UAA incorporation were chosen based on their accessibility to the 

subsequent click chemistry reactions. Mutating conserved residues was avoided, where conserved 

residues were determined by an alignment of p19 proteins of Tombusviridae family members24,25. 

Amber suppressor codons were introduced into residues W19 and N46 of p19 DNA constructs 

containing an 8x Histidine tag at the C-terminus for ease of purification. These plasmids were 

expressed in E. coli co-transformed with a plasmid expressing the corresponding aa-tRNA and 

aaRS as well as co-treated with p-AzF. Full-length protein expression was confirmed by western 

blot analysis, where expected bands were observed upon the introduction of the AzF (Fig. 2.2A). 

Some background expression was observed in the controls, where AzF wasn’t supplemented in 

the culture media (Fig. 2.2A). Polyspecific Methanococcus janannaschi (MJ) tyrosyl synthetase is 

used in this study, and therefore misincorporation of Tyrosine residues is observed in response to 

an amber mutation in the absence of the supplemented UAA.  Next, we sought to assess the purity 

and yields of protein by fast protein liquid chromatography (FPLC) (Fig. 2.2B). Yields for mutants 



 

60 

 

N46AzF and W19AzF were reasonable at 2.5 mg/L and 3.68 mg/L, respectively. These yields 

compare well with the yields of p19-wt, which was 7.5 mg/L. The slightly lower yields may be 

attributed to lower translation efficiencies associated with the evolved bioorthogonal aa-tRNA 

/aaRS and relative protein stability during the purification process. Since p19 binds RNA as a 

dimer, each of the monomer will contain the mutation leading to the incorporation of AzF. 
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Figure 2.2. Expression of Full length AzF mutants. (A) A western blot depicting the expression of mutants 

(p19-W19AzF and p19-N46AzF) in the presence and absence of 1mmol/L p-AzF from bacterial (E.coli) 

lysates. Bottom panel represents stain-free loading control. (B) Size exclusion chromatography profile for 

p19-wt, p19-W19AzF and p19-N46AzF run in 1x PBS, pH 7.5 on a Superdex 200 column (GE). 
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2.4.2 Fluorescence labeling of p19-W19AzF and assessing RNA binding using FRET 

Upon purification of the wild-type protein and mutants, we then performed strain-promoted azide-

alkyne cycloadditions (SPAAC), according to Fig. 2.1 C, D. The products of these reactions were 

then analyzed for labeling using in-gel fluorescence experiments. From Fig. 2.3A, it is evident that 

the mutant, p19-W19AzF, is more efficiently labeled in comparison to the p19-wt. However, some 

background labeling was still observed in the p19-wt. To assess the FRET interactions, we 

performed binding studies with a model siRNA substrate GL2 targeting Firefly luciferase and 

containing Cy3 at the 5’ end of the guide strand. We have performed the FRET binding 

experiments with Cy5 labeled protein (p19-wt and p19-W19AzF) and Cy3-siRNA and we were 

able to observe the FRET signal between p19-W19AzF-Cy5 and Cy3-siRNA (Fig. 2.3 B, C), 

However, background FRET signal was still observed with p19-wt. 
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Figure 2.3. Fluorescence gel and FRET Spectra of Cy5 Labeled p19 Mutant. (A) Purified p19-wt and 

p19-W19AzF are labeled using DBCO-Cy5 and analyzed using SDS-PAGE in-gel fluorescence (Cy5). 

‘Stain-Free’ refers to TGX stain-free gel. (B, C) 200 nmol/L of p19-wt -Cy5 and p19-W19AzF-Cy5 are 

incubated with 10 nmol/L Cy3-Gl2 siRNA duplex for 1 hour at room temperature. The spectra are recorded 

for p19-wt-Cy5 and p19-W19Azf-Cy5 with excitation at 520 nm with emission recorded from 555 to 700 

nm. Spectra represents the mean of three trials.  

 



 

64 

 

2.4.3 Fluorescence labeling of p19-III mutants and assessing RNA binding using FRET 

Background labeling in p19-wt is attributed to the presence of three cysteine residues in p19, C110, 

C134, C16025–27. Cysteine residues will react slowly with the strained alkyne, leading to the 

background labeling26. To overcome this issue, we mutated the three cysteine residues present in 

p19 into isoleucine (p19-III) as previously described28. Cysteine replacement does not affect RNA 

binding to p19-wt and was shown to be more stabilizing, specifically for residue C110 since it is 

located in the binding pocket of p19. The transition from a polar cysteine to a hydrophobic 

isoleucine side chain may strengthen the Van der Waals interactions of the p19 protein 

hydrophobic interior leading to enhanced binding 28. 

 Successful incorporation of AzF in the mutated p19-III at positions W19 and N46 was 

observed and confirmed via western blot (Fig. 2.4A). Further purification and confirmation of full-

length proteins were conducted using FPLC (Fig. 2.4B, S2.1). Cy5-DBCO labeling of p19-III-

W19AzF and p19-III-N46AzF using SPAAC was performed, with no labeling observed for p19-

III-wt (Fig. 2.4C).  

Similarly, binding interactions using FRET for p19-III-W19AzF-Cy5 and p19-III-

N46AzF-Cy5 have been successfully observed post-labeling (Fig. 2.4D, E). These results provide 

evidence that it is possible to measure the interactions of p19 with its RNA ligands through 

intermolecular FRET with a minimal perturbation on the structure and size of the proteins. 
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Figure 2.4. Expression and Fluorescence spectra of Cy5 labeled triple Isoleucine mutants of 

p19. (A)Western blot of mutants (p19-III-W19AzF and p19-III-N46AzF) expressed in the 

presence and absence of 1mmol/L AzF. Western blot was used to show the full-length expression 

of p19 mutants using anti-histag antibody (B) Size exclusion chromatography profile for p19-III-

W19AzF and p19-III-N46AzF in 1x PBS, pH 7.5 on a Superdex 200 column (GE). (C) p19-III and 

mutants (p19-III-W19AzF and p19-III-N46AzF) are labeled with DBCO-Cy5 and analyzed using 

in-gel fluorescence. Stain-Free represents TGX-Stain-free gel as a loading control. (D) p19-III-

Cy5 and mutants (p19-III-W19AzF-Cy5 and p19-III-N46AzF-Cy5) were incubated with 10 

nmol/L Cy3-Gl2 siRNA duplex for 1 hour at room temperature. The spectra are recorded for p19 

III, p19 III-W19Azf, and p19 III- N46AzF at 200 nmol/L, with excitation at 520 nm with emission 

recorded from 555 to 700 nm. (E)Fluorescence spectra of various concentrations of p19-III-

W19AzF-Cy5 and p19-III-N46AzF-Cy5 upon incubation with 10 nmol/L Cy3-Gl2 siRNA for 1 

hour. Spectra represents the mean of three trials 
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Electrophoretic mobility shift assays were used to determine the binding affinity of the labeled 

mutants. The dissociation constants (KD) were determined for the DBCO-Cy5 labeled mutants, to 

determine the effects of labeling on the binding affinity. The KD values were determined to be 1.6 

± 0.44 nmol/L and 0.44± 0.12 nmol/L for p19-III N46AzF-Cy5 and p19-III W19AzF-Cy5 

respectively upon binding a fluorescein-labeled (FAM) GL2 siRNA (Fig. 2.5). Additionally, 

circular dichroism (CD) analysis was conducted on the labeled mutants in comparison to the p19-

III. The CD analysis has identified that the incorporation of AzF and dye labeling has minimal 

effects on the secondary structure of the proteins in comparison to p19-III (Fig. 2.6).  
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Figure 2.5. Binding affinity determination using electrophoretic mobility shift assay. Binding 

affinity of (A) p19-III-W19AzF-Cy5 and (B) p19-III-N46AzF-Cy5 as measured by EMSA using 

1 nmol/L 5’ FAM labeled Gl2 siRNA (21 mer). Varying concentrations of protein (0 nmol/L-500 

nmol/L) were incubated with fixed concentrations of siRNA at room temperature in EMSA buffer 

for 1 hour. 
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Figure 2.6. Circular dichroism of p19-III and labeled mutants. Far UV spectra for p19-III-

N46AzF-Cy5, p19-III-W19AzF-Cy5 and p19-III is recorded from 185-250 nm. 
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2.4.4 Determining Binding affinity of p19-III-W19AzF-Cy5 using FRET 

FRET signal was efficiently detected allowing for measurements of binding interactions and 

determining affinity measurements. The resultant concentration-dependent increase in Cy5 

fluorescence signal induced via FRET was used to calculate the binding affinity of the mutant, 

p19-III-W19AzF-Cy5, towards Cy3-labeled GL2 siRNA. In these experiments, a concentration of 

10 nmol/L Cy3-siRNA was used, and the concentration of the protein varied from 0 to 0.5 µmol/L. 

The measured dissociation constant is KD= 55.07 nmol/L which agrees with values previously 

determined using other fluorescence-based methods such as fluorescence polarization 27 (Fig. 2.7). 

Given that the calculated KD is higher than that determined using EMSAs, we speculate that it 

could be related to experimental conditions of both presented methods.  

Moving forward, we will optimize the experimental conditions to ensure that the 

percentage of labeled protein is high. Some reports have identified that complete protein labeling 

via SPAAC required 6-10 hours depending on the nature of the protein and accessibility of the 

labeling site29. Slower reaction rates when labeling solvent-exposed residues of a protein using 

hydrophobic DBCO and DIBO is usually observed compared to the apparent rates observed in a 

homogenous system30.   

 Additionally, there may be a population of p19-III-W19AzF that remains unlabeled, but 

able to still bind siRNA. During purification in vitro reduction of p-AzF to para-azidomethyl-l-

phenylalanine (p-AmF) by the reducing agents being used, leading to an unlabeled population of 

protein30.  Nonetheless, through careful preparation of p19 mutants with AzF incorporation and 

subsequent SPAAC labeling procedures, we were able to visualize p19 binding to its ligands via 

FRET and thus, the engineered p19 can be used as a reporter system for assessing the binding and 

release of small RNA cargo. 
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Figure 2.7. Binding affinity of p19-III-W19AzF-Cy5 as determined by FRET. Binding affinity of p19-III-

W19AzF-Cy5 as measured by FRET using 10 nmol/L 5’ Cy3-Gl2 siRNA (21 mer). Varying concentrations of 

protein were incubated with fixed concentrations of siRNA at room temperature for 1 hour. n=2, error bars 

represent ±standard deviation (SD). Recorded fluorescence excitation: 520 nm and emission:670 nm. 

Background fluorescence was subtracted upon incubation with unlabeled GL2 siRNA. 
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2.4.5 Engineering a p19-based probe to detect small RNA delivery and release in cells 

To further utilize the designed probe as a mean to track RNA release in situ, we prepared an 

engineered p19 protein based on a previously designed fusion protein by our group11. Cloning of 

p19-2x-III-W19AzF–TAT was performed as previously described11. We built upon a previously 

constructed plasmid where the two p19-III monomers were linked via a flexible (GGGGSGGGGS) 

linker25. The linked recombinant CIRV p19-III dimer represents a stabilized version of the viral 

suppressor of RNA silencing. The linking of the dimer resulted in a protein that possesses 

improved stability and binding properties, which are generally beneficial characteristics for p19’s 

development as a biotechnological tool25. The linked p19-III dimer, containing the W19AzF amber 

mutation, was then fused, at the C-terminus, to the TAT peptide derived from amino acids 49–57 

of the HIV-1 TAT protein (RKKRRQRRR), similar to what has been described previously11. The 

p19-2x-III-W19AzF-TAT was subsequently labeled using SPAAC with DBCO-Cy5 (Cy5-p19-

2x-III-W19AzF-TAT) (Fig. 2.8A). Successful delivery of the engineered Cy5-p19-2x-III-

W19AzF-TAT to human hepatoma cell line (Huh7) was confirmed, where delivery of labeled 

protein: unlabeled siRNA complexes were also demonstrated by visualizing the fluorescence of 

Cy5-labeled p19-2x-III-W19AzF-TAT over 24 hours (Fig. 2.8C, 2.9). 
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Figure 2.8. Fluorescence Labeling and Spectra of p19-2x-III-TAT. (A) p19-2x-III-wt-TAT and p19- 2x-III-

W19AzF–TAT are labeled with DBCO-Cy5 and analyzed using in-gel fluorescence. Stain-Free represents 

TGX-Stain-free gel as a loading control. (B) Fluorescence quenching spectra of 100 nmol/L Cy5-labeled p19-

2x-III-W19AzF-TAT upon incubation with either 100 nmol/L BHQ-2 tagged RNA or unlabeled RNA. Spectra 

represents the mean of three trials. (C) Fluorescence images of Huh7 cells treated with Cy5-2x-p19-III-W19AzF 

or Cy5-2x-p19III-WT and unlabeled GL2 siRNA for 24 hours. Images are taken at 40x magnification. Scale 

bar= 100 µm.  Nuclei were stained with DAPI (blue). 
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Figure 2.9. Delivery of siRNA to Huh7 cells. Fluorescence imaging of Cy5-2x-p19-III-W19AzF delivery of 

unlabeled siRNA in Huh7 cells. Cells were treated with Cy5-2x-p19-III-W19AzF for 2hours, 5 hours and 24 

hours. Images were taken at 20x magnification. Scale bar= 100 µm.  Nuclei were stained with DAPI (blue). 
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For visualization of RNA release into the cells, we used a slightly different strategy 

employing a quencher-labeled siRNA (BHQ-2 GL2 siRNA), and then applied it to cells for RNA 

delivery and release (Fig. 2.10A). The ability of BHQ-2 GL2 to quench the fluorescence signal of 

Cy5-labeled p19-2x-III-W19AzF-TAT was evaluated and confirmed in vitro (Fig. 2.8B). 

 Using a ‘turn on’ fluorescence approach we were able to measure small RNA release 

directly in cells. Cy5-p19-2x-III-W19AzF-TAT was complexed with a black-hole quencher 

(BHQ-2) labeled Gl2-RNA. Huh7 cells were treated with the protein: RNA complexes for 2 hours, 

5 hours, and 24 hours. Here we were able to confirm the successful delivery of Cy5-p19-2x-III-

W19AzF-TAT (Fig. 2.9, 2.10B). Due to the quenching effect of the BHQ-2 GL2 siRNA, we were 

able to visualize a gradual increase in red fluorescence over time, giving a direct visualization of 

RNA release (Fig. 2.10B). In Huh7 human hepatoma cells, we see that the p19-2x-III-W19AzF–

TAT releases its RNA cargo slowly over 24 hours, with initial release observed after 2 hours of 

treatment. No gradual increase in fluorescence signal was observed upon delivery of unlabeled 

GL2 siRNA (Fig. 2.9).  

We have confirmed that treatment with p19-2x-III-W19AzF-TAT is not cytotoxic to the 

cells being used in the assay when compared to other RNAiMAX, which is a lipid-based ncRNAs 

delivery reagent. We used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) assay to report on cell viability over 48 hours (Figure 2.11A). To validate that the delivered 

RNA is functional, a luciferase assay was performed, where the knockdown activity of the 

delivered RNA was tested for its ability to target firefly luciferase mRNA in 48 hours. Huh7 cells 

were transfected with dual luciferase reporter (psiCHECK-2) and treated with p19-2x-III-

W19AzF-TAT delivering siRNA targeting firefly luciferase. From the presented data (Fig. 2.11B), 
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it is evident that the knockdown of the luciferase signal is observable at 48 hours, confirming that 

the delivered siRNA is intact and functional.  
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Figure 2.10. Fluorescence imaging of Cy5-2x-p19-III-W19AzF delivery of BHQ-2-siRNA in Huh7 

cells. (A) A schematic representation depicting RNA delivery and release via the designed p19 fusion 

protein. The designed p19 fusion protein dimer is linked via flexible linker that allows C-terminus fusion 

to a TAT peptide. The p19 dimer has AzF incorporated in a site-specific manner to allow Cy5 red 

fluorescence detection and subsequent “fluorescence turn-on” based RNA release tracking upon cellular 

uptake. (B) Cells were treated with Cy5-2x-p19-III-W19AzF for 2hours, 5 hours and 24 hours. Scale 

bar= 100 µm.  DAPI nuclear stain was used (blue) to identify the nuclei. Images were taken at 40x 

magnification. 
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Figure 2.11 p19-2X-III-W19AzF-TAT delivers siRNA for gene knockdown in human cell 

culture. (A) MTT assays reporting on cell viability following p19-2x-III-WT-TAT, p19-2x-III-

W19AzF-TAT, or RNAiMAX-mediated siRNA delivery for 48 hours. The 2x-p19-TAT:siRNA. 

Error bars represent SD, where n=3 and*P<0.05 (B) Gene knockdown reporter assay using dual 

luciferase reporter vector (psiCHECK-2) allows for observing luciferase gene knockdown after 

48-hour treatments with p19-2X-III-W19AzF-TAT: Luc2 complex. Error bars represent SD, 

**P<0.01and n=3. 
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2.5 Conclusions 

Overall, we have engineered a p19 protein incorporating AzF in a site-specific manner, where the 

incorporated azide handle can be used for copper-free click chemistry. The azide group is reacted 

with a strained alkyne to introduce a fluorophore that acts as a FRET acceptor upon the binding of 

the fluorophore-labeled RNA ligand. Here we show that the use of expanded genetic codes and 

bioorthogonal chemistry allows for simple and efficient generation of FRET reporter systems to 

evaluate RNA transport, delivery, and release at a target cell using a fluorescence turn-on strategy. 

The engineered p19 protein retains its ability to act as a molecular caliper by binding duplexed 

siRNAs in a size-selective manner. We have demonstrated a novel strategy for the detection of 

p19 for its ligands. This strategy can be used as a tool for sensing small RNA duplexes including 

miRNAs31,32. This represents a strategy that can be applied in designing high throughput methods 

for reporting on the levels of small RNA molecules. We expect that these methods should be 

transferable to other protein-based delivery systems. Furthermore, the approaches presented offer 

the opportunity to dissect and optimize the different steps of RNA transfer from the delivery agent 

through other interactions ultimately binding to Argonaute (Ago) proteins, where the ultimate 

function will take place.  
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2.6 Materials and Methods 

2.6.1 Cloning of CIRV-p19 

The codon optimized CIRV p19 was designed and cloned into pTriEx-Neo-4 vector, as described 

before28,33. Amber codon (TAG) has been incorporated using site-directed mutagenesis resulting 

in the following constructs pTriEx-p19-W19AzF and pTriEX-p19-N46AzF using QuickChange 

Site-Directed Mutagenesis (Agilent) according to the manufacturer’s instructions using primers in 

table 2.1. The obtained constructs were validated by DNA sequencing to confirm the mutated 

nucleotides. Sequencing to confirm mutations was performed at Génome Québec (Montreal, 

Canada). pTriEX-p19-2x-III-W19AzF-TAT cloning was achieved as described previously11, 

however with p19 containing the specified mutations C110I, C134I, C160I28, and W19AzF. 

Briefly, the 2x-p19-TAT fusion protein was created by PCR amplification of the p19 monomer 

with an N-terminal linker and C-terminal TAT sequence by generating PCR primers to contain the 

TAT sequence at the C-terminus of the linker-p19 monomer, with a terminal 8-histidine tag 

flanked by Xho1 restriction sites. The forward primer used was: 5’TTAG CTC GAG GGC GGC 

GGC GGC TCC GGC GGC GGC GGC TCT ATG GAA CGC GCT ATC CAA G3’ and the 

reverse primer used was: 5’TTAG CTC GAG GCG GCG GCG CTG GCG GCG TTT CTT GCG 

CTC GCT TTC TTT CTT GAA G3’. The PCR product was then digested with the Xho1 restriction 

enzyme and inserted into pTriEx vector containing the p19 monomer. 

CIRV p19 containing three different cysteine residues (C110, C134, and C160) mutated to 

Isoleucine using QuikChange Site-Directed Mutagenesis kit (Agilent). Amber codons (TAG) have 

been introduced resulting in the following constructs pTriEx-p19III-W19AzF and pTriEX-p19III-

N46AzF using primers presented in table 2.1. 
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Table 2.1 Mutagenesis primers 

PRIMER SEQUENCE 

W19TAG FWD ctaacggtgaagctaggatggcggctcc 

W19TAG REV ggagccgccatcctagcgttcaccgttag 

N46TAG FWD ctgagtggcgcctgtattaggatgagaccaattcc 

N46TAG REV ggaattggtctcatcctaatacaggcgccactcag 

 

2.6.2 Bacterial overexpression of CIRV p19 and mutants 

E.coli strain BL21 (DE3) (Thermofisher Scientific) transformed with the constructs were grown 

at 37oC in the presence of 100 ug/ mL ampicillin in LB media until the optical density at 600 nm 

reached 0.5. Constructs containing the amber mutation (pTriEx-p19-W19AzF and pTriEX-p19-

N46AzF, pTriEx-p19III-W19AzF and pTriEX-p19III-N46AzF, pTriEx-p19III-W19AzF and 

pTriEX-p19III-N46AzF) were transformed in E.coli Bl21 (DE3) pre-transformed with pULTRA-

CNF34,  a vector bearing a polyspecific MJ tyrosyl synthetase and tRNA pair. The plasmid 

encoding the p-cyanophenylalanine specific aminoacyl-tRNA synthetase/suppressor tRNA pair 

was a kind gift from Dr. Peter Schultz (The Scripps Research Institute).  

Expression of p19-TAG mutants was induced by IPTG at a final concentration of 1mmol/L. 

Additionally, a final concentration of 1mmol/L p-Azidophenylalanine (Bachem) has been added 

to the media upon induction. Post induction, the cultures were grown for 4 hours at 25 oC. Cells 

were harvested at 5000xg for 5 minutes. The pellets were suspended in lysis buffer (50 mmol/L 

Tris, 300 mmol/L NaCl, 1mmol/L DTT, 10 mmol/L Imidazole, pH 8.0) and subsequently lysed by 

sonication for 2 minutes with one-second pulse on/ off at 50% amplitude. Cells were then 

centrifuged at 20,000xg for 20 minutes at 4oC to obtain the soluble fraction. Recombinant p19-wt 
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and mutants were purified using the Ni2+NTA column (HisTrap FF, GE Health). Proteins were 

washed using washing buffer (50 mmol/L TRIS, 600 mmol/L NaCl, 1mmol/L DTT, 60 mmol/L 

Imidazole, pH 8.0). Proteins were then eluted using elution buffer (50 mmol/L TRIS, 300 mmol/L 

NaCl, 250 mmol/L Imidazole, 10 mmol/L β-mercaptoethanol). The eluted fraction was then 

concentrated using centrifugation tubes (10 kDa MWCO, Amicon). Pure dimerized p19-wt or 

mutants were further fractionated using size exclusion chromatography using S200 column (FPLC 

ӒKTA pure). Samples were then concentrated using centrifugation tubes (10 kDa MWCO, 

Amicon) and the concentration was determined using Bradford assay (Bio-Rad). 

2.6.3 Fluorescent Labeling 

p19-wt and p19-TAG mutants, as well as p19-III and corresponding III mutants, were purified as 

described above. Fluorescent labeling was performed for all mutants using DBCO-Cy5 (Sigma 

Aldrich) in 1:2 protein: dye ratio in 1x PBS buffer pH 7.4 where the SPAAC reaction took place. 

40 µmol/L of p19-wt or mutants were incubated with the dye at room temperature for 3 hours. To 

remove excess dye, the labeled proteins were loaded on p30 gel microspin columns (Bio-Rad). 

Subsequently, samples were concentrated and labeled protein was analyzed via SDS-PAGE and 

in-gel fluorescence to visualize the labeling. 

2.6.4 Immunoblotting 

p19 expression and UAA incorporation were analyzed using SDS-PAGE and western blotting. 

20µl of the soluble fraction per sample were analyzed using 12% stain-free polyacrylamide gel 

electrophoresis (TGX Stain-Free Fastcast Acrylamide kit, Bio-Rad) and western blotting. A 

control culture, without p-AzF addition, was grown under the same conditions. Proteins were 

transferred to a PVDF membrane using the Trans-blot Turbo RTA Transfer Kit (Bio-Rad). Blots 

were blocked in tris-buffered saline with 0.05% Tween-20 (TBS-T) containing 5% W/V milk and 
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washed then in TBS-T. Proteins were probed by α-histag HRP antibody (1:1000, life technologies). 

The antibody was detected via clarity western ECL substrate (Bio-Rad) and visualized on a 

ChemiDoc MP imaging system (Bio-Rad). 

2.6.5 Circular Dichroism  

CD measurements were performed for p19III, p19III-W19AzF, and p19III-N46AzF using JASCO 

J-815 (JASCO) with a quartz cell path length of 0.01 cm at 25oC. Proteins were prepared in 

phosphate-buffered saline (PBS buffer pH 7.5) at 10 µmol/L protein concentration. Spectra reflect 

an average of 8 scans recorded from 185-250 nm with a 0.2 nm step resolution, speed of 20 nm/ 

minute, and a bandwidth of 1 nm.  

2.6.6 Substrates 

GL2 siRNA cyanine 3 or labeled guide strand (5’-Cy3-CGU ACG CGG AAU ACU UCG AUU-

3’) and passenger strand (5’-UCG AAG UAU UCC GCG UAC GUU-3’; Sigma-Aldrich); GL2 

siRNA FAM 3 labeled guide strand (5’-FAM-CGU ACG CGG AAU ACU UCG AUU-3’) and 

passenger strand (5’-UCG AAG UAU UCC GCG UAC GUU-3’; Sigma-Aldrich); GL2 siRNA 

BHQ-2 labeled guide strand (5’-BHQ-2-CGU ACG CGG AAU ACU UCG AUU-3’) and 

passenger strand (5’-UCG AAG UAU UCC GCG UAC GUU-3’; Dharmacon)  were annealed at 

a 1:1.2 molar ratio of unlabeled/labeled RNA in a buffer containing 100 mmol/L potassium acetate, 

30 mmol/L HEPES pH 7.5, and 2 mmol/L magnesium acetate by heating to 95°C for 2 min and 

cooling to 25°C at a rate of 1°C/min. 

2.6.7 Electrophoretic Mobility Shift Assay 

Samples were prepared by incubating 1 nmol/L FAM-labeled GL2 siRNA with 0–500 μmol/L of 

purified p19III or mutants in 20 mmol/L Tris, 100 mmol/L NaCl, 1 mmol/L EDTA, 0.02% v/v 
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TritonX-100, 2 mmol/L dithiothreitol, pH 7 for 1 hour at room temperature. The samples were 

analyzed by electrophoresis, where 5× Tris/Borate/EDTA (TBE) sample buffer (90 mmol/L Tris, 

90 mmol/L boric acid, 2 mmol/L EDTA, 15% Ficoll type 400, 0.02% xylene cyanol) was diluted 

to 1× in the binding reaction and then 10 µl applied to a 6% TBE gel (Thermofisher Scientific). 

The gel was run at 100 V for 45 minutes in 0.5x TBE. The gels were imaged using ChemiDoc MP 

System (Bio-Rad) and the densitometry was performed with ImageJ software (NIH). The fraction 

of RNA bound by p19 was determined by dividing the band intensity of p19-bound RNA by the 

sum of the band intensities from the bound and unbound RNA. The data were analyzed by plotting 

the fraction bound values against p19 concentration and fitted using GraphPad Prism 7 according 

to the following equation (1): 

𝛥𝑃 = 𝛥𝑃𝑚𝑎𝑥 (
𝐾𝐷+𝑛𝑝+𝑥

2𝑛𝑝
 − √(

𝐾𝐷+𝑛𝑝 +𝑥

2𝑛𝑝
)

2

−
𝑥

𝑛𝑝
) (1) 

 

 

where ▵P denotes the change in fluorescence intensity, ▵Pmax is the maximal change in 

fluorescence intensity, KD is the dissociation constant, n is the number of equivalent sites on the 

p19 dimer, p is the concentration of labeled small RNA, and x is the concentration of the p19 

dimer. 

2.6.8 Fluorescence Resonance Energy Transfer Measurements 

Measurements were carried out using SpectraMax i3 (Molecular devices). All measurements were 

carried out in a 96-well plate. A sample solution containing variable concentrations of p19-wt and 

mutants (p19-W19AzF) or p19III and corresponding mutants (p19III-W19AzF and p19III-

N46AzF) diluted in phosphate-buffered saline (50 mmol/L potassium phosphate, pH 7.5; 150 
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mmol/L NaCl). 10 nmol/L Cy3-siRNA or unlabeled siRNA were incubated with the proteins. 

Samples containing labeled proteins and unlabeled siRNA were used to normalize the collected 

emission spectra. After 1-hour equilibration, the fluorescence emission spectra were recorded. 

Samples were excited at 520 with 5 nm excitation bandwidth and fluorescence spectra were 

recorded from 555 to 700 nm. Equation (1) was used to determine the KD using FRET, where 

▵Pmax represented the increase in Cy5 fluorescence upon excitation at 520 nm and emission at 670 

nm. Cy5 fluorescence was corrected upon incubation with unlabeled GL2 siRNA. For fluorescence 

quenching experiments, 100 nmol/L Cy5-2x-p19-III-W19AzF was incubated with either 100 

nmol/L BHQ-2-GL2 siRNA or unlabeled siRNA for 1 hour. Fluorescence emission spectra were 

recorded. Samples were excited at 650 nm with 5 nm excitation bandwidth and emission 

fluorescence spectra were recorded from 660 nm to 775 nm.  

2.6.9 Cell Culture 

Huh7 cells were cultured at 37oC with 5% CO2 in DMEM (Gibco-Invitrogen) with 10% fetal 

bovine serum and 100 nmol/L nonessential amino acids. 

2.6.10 Imaging of the Delivery of RNA using p19-W19AzF-III-TAT 

Purified 2x-p19-W19AzF-III-TAT or 2xp19-III-TAT was concentrated using Amicon Ultra 10-

kDa MWCO centrifugal filter device to 100 µmol/l as determined by DC assay (Bio-Rad). DBCO-

Cy5 in 1:2 protein: dye ratio in 1x PBS buffer pH 7.4. Proteins were then incubated at room 

temperature and protected from light. To remove excess dye-DBCO-Cy5, the labeled proteins 

were loaded on p30 gel microspin columns (Bio-Rad). Proteins were then complexed with BHQ-

2 GL2 RNA (Dharmacon) for 45 minutes at room temperature, protected from light, and applied 

to cells in optimem media (Gibco) at a final concentration of 500 nmol/L. Huh7 cells were seeded 

at 60% confluency in 8-well chamber slides (Thermofisher). After 24 hours, protein treatments 
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were applied as described above at 3 different time points 2 hours, 5 hours, or 24 hours. The cells 

were then washed with phosphate-buffered saline and fixed using 4% formaldehyde and 4% 

sucrose solution in PBS. The cells were then mounted using ProLong™ Gold Antifade Mountant 

with DAPI (Thermofisher). The fluorescence imaging was performed using 20X or 40X objective 

on a Zeiss Axiophot Fluorescence Microscope (Zeiss). The images were captured at (Blue: Ex 

365, Em 420) and Cy5 fluorescence (Red: 546, LP 590). The images were false-colored with 

imageJ and the same brightness and contrast were applied to images within the same time point. 

2.6.11 Luciferase Assay 

Huh7 cells were seeded into a 24-well plate at 40,000 cells/well, after 24 hours (at 70% 

confluency), cells were transfected with a dual luciferase reporter vector, psiCHECK-2 (Promega) 

using Lipofectamine2000 (Invitrogen) as per manufacturer's instructions. After 24 hours, the 

psiCHECK-2 expressing Huh7 cells were treated with 2x-p19-W19AzF-III-TAT: Luc2 complexes 

as discussed above. Cells were lysed after 48 hours and analyzed using a Lmax luminometer 

microplate reader (Molecular Devices). Relative knockdown was obtained through calculating 

Luciferase firefly/ Renilla signal and normalizing to siRNA control samples.  

2.6.12 Cell Viability Assay 

Huh7 cells were seeded at 15,000 cells per well in a 96-well plate, and after 24 hours (at 

approximately 70% confluency), cells were treated with 500 nmol/L protein (2x-p19-W19AzF-

III-TAT or 2x-p19-wt-III-TAT) or treated with RNAiMAX (Invitrogen) as per manufacturer’s 

protocol. Cells were treated for 48 hours, then the media was removed and 50µL of a solution 

containing 2.5 mg/ml MTT reagent in phosphate-buffered saline was added to each well. Cells 

were then incubated for 3 hours; the liquid was removed, and the formazan crystals were dissolved 

in 150 µL of dimethyl sulfoxide (DMSO). Absorbance at 570 nm was then measured using a 
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SpectraMax i3 (Molecular devices). Data were recorded in triplicates and normalized against 

untreated control samples to reflect percent cell viability.  
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Chapter 3 

Site-specific crosslinking of a p19 viral suppressor of RNA silencing protein 

and its RNA targets using an expanded genetic code 

3.1 Preface 

 

This Chapter consists of data previously published in Biochemistry 2019, 58, 33, 3520–3526. 

Copyright 2019, American Chemical Society. It is reprinted here with the permission of the 

publisher.  

This article is authored by Noreen Ahmed, Dana V. Foss, Megan H. Powdrill, and John 

Paul Pezacki. As the first author of this publication, I made significant experimental and 

intellectual contributions to this article. I performed most of the experiments and sample 

preparations, including purification and in vitro characterizations of the proteins. D.V. Foss and 

M.H. Powdrill contributed to experiments and sample preparations. D.V. Foss and M.H. Powdrill 

provided intellectual contributions and aided with experimental design. I wrote the first draft of 

the manuscript. Editing and assistance with the writing were performed by all authors.  
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3.2 Abstract 

The p19 viral suppressor of RNA silencing protein has useful applications in biotechnology due 

to its high affinity for binding to small RNAs such as small interfering RNAs (siRNAs). Also, its 

applications for the study and modulation of microRNAs are actively growing. Here we 

demonstrate the successful incorporation of a photoactivatable unnatural amino acid (UAA), p-

azido-L-phenylalanine (AzF), for crosslinking to RNA substrates site-specifically into the p19 

sequence.  Incorporation of AzF was performed at three positions in the protein near the RNA 

binding site: K67, R115, and T111. Incorporation of AzF at position T111 of p19 did not affect 

the binding affinity of p19 for siRNAs and showed nanomolar affinity towards the human 

microRNA miR-122. The affinity was less favorable with AzF incorporation at two other positions 

suggesting sensitivity of placement of the UAA. Exposure of the T111AzF in a complex with 

either siRNA or miRNA to UV light resulted in crosslinking of the protein with the RNA, but no 

crosslinking was detectable with the wild-type protein. Our results demonstrate that p19-T111AzF 

can be used for the detection of small RNAs including the human miR-122 with high sensitivity 

and to irreversibly sequester these RNAs through covalent photo-crosslinking.   
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3.3 Introduction 

A significant percentage of the mammalian genome is transcribed to RNAs, however, only a small 

subset is used to serve as a template for protein translation1,2. Non-coding RNAs (ncRNAs) are 

shown to serve diverse roles in cell regulation, signaling pathways, and gene expression. The most 

well-understood non-coding RNAs are small non-coding RNAs including microRNAs (miRNA) 

and small interfering RNAs (siRNA). microRNAs are potent regulators of gene expression that 

can destabilize or inhibit the translation of messenger RNAs (mRNAs)1,2 giving rise to repression 

of protein synthesis post-transcriptionally. In eukaryotes, it is estimated that approximately 97% 

of the genome is transcribed into ncRNAs1,2. It has been reported that the misregulation of these 

molecules is associated with disease progression. High sensitivity detection methods of 

microRNAs are thus required to understand their mechanism in human disease3.  

The p19 protein, a 19 kDa protein expressed by plant Tombusviruses that acts as a viral 

suppressor of RNA silencing, has been used extensively to study the RNA silencing pathways4–6. 

As a homodimer, the protein binds small double-stranded RNAs with nanomolar affinity7. In 

plants, the viral protein helps subvert host immune defenses by binding and sequestering siRNAs, 

preventing their incorporation into the RNA-induced silencing complex and effectively disrupting 

the RNA silencing pathway8. Interactions between p19 and siRNA are size-dependent (21-25 

nucleotides), with stacking interactions between two tryptophan residues in the N-terminal 

subdomain and bases 1 and 19 of the siRNA duplex accounting for the size specificity7. As the 

protein interacts only with the phosphate backbone of the RNA substrate, interactions are 

sequence-independent4. The p19 dimer can also bind miRNAs, but the affinity is lower than with 

siRNAs due to structural differences in the RNAs, which vary depending on the miRNA 

sequence9,10, although we have shown that rational mutation can be used to develop mutant p19s 
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capable of binding human miRNAs of therapeutic interest, such as miR-12210,11.  The p19 protein 

has several reported applications in biotechnology, including the highly sensitive detection of 

small RNAs12,13, delivery of siRNAs14,15, and in the study of the RNA silencing pathway6.  

Methods for identifying protein-RNA interactions have been critical for the discovery and 

understanding of ncRNA function. Some methods take advantage of crosslinking between proteins 

and their bound RNA using UV light to identify the targets of RNA binding proteins, using 

techniques such as crosslinking immunoprecipitation (CLIP), photoactivatable ribonucleoside-

enhanced crosslinking, and immunoprecipitation (PAR-CLIP), and CLIP-RNA sequencing (CLIP-

Seq)16,17 and these techniques have been used to map and validate mRNA targets of miRNAs (e.g. 

Argonaute-CLIP)18–20. One drawback to this approach is a lack of specificity or control over where 

the crosslinking is occurring. Ideally, site-specific photo-crosslinking would allow precise 

mapping of the exact RNA binding sites in RNA binding proteins.  UV-crosslinking between 

proteins and RNA have been hindered by low efficiency (~1-5%), and thus improvements are 

necessary to fully characterize RNA binding proteins and their targets17. One relatively unexplored 

approach for site-specific photo-crosslinking of protein-RNA complexes involves the 

incorporation of unnatural amino acids (UAAs) with photo-crosslinkable side chains into an RNA 

binding protein of interest using expanded genetic code technologies. Herein, we describe a 

method of utilizing genetic code expansion technology to engineer an RNA binding protein, p19, 

that is able to crosslink its RNA ligands in a site-specific manner using AzF. This approach offers 

an alternative to currently available methodologies for crosslinking RNA binding proteins (RBPs) 

and their bound RNAs, such as nucleotide analogs (5-thoiuridine) and chemical crosslinkers 

(methylene blue)21 with the advantage of site-specific crosslinking. We show the successful 

incorporation of AzF, a photo-crosslinkable UAA, site-specifically into that p19 protein that when 
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irradiated in the presence of different RNA ligands leads to an irreversible crosslink between the 

two species. This gives rise to higher sensitivity of detection and irreversible sequestration of small 

RNAs. 
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3.4 Results 

In creating an unnatural p19 protein containing a photo-crosslinkable UAA site-specifically, we 

decided to use the UAA p-azido-L-phenylalanine (AzF) because it is relatively small and tolerable 

in the sites of interest for incorporation. AzF contains an aryl azide that is photoactivated upon 

exposure to UV light and can crosslink with proximal nucleobases (Figure 3.1A, B). The 

incorporation of UAAs into proteins can be accomplished with an orthogonal aminoacyl tRNA 

synthetase/tRNA pair that has been evolved to incorporate specific UAAs. Work by Young et al. 

generated an aminoacyl tRNA synthetase/tRNA, evolved from Methanococcus jannaschii tyrosyl 

tRNA synthetase/tRNA pair that we have used here to incorporate the UAA AzF into proteins22. 

Since p19 binds small RNAs as a dimer, each of the monomers will contain the mutation leading 

to the incorporation of AzF, thus crosslinking with the RNA will occur at 2 sites (one with each 

monomer).   
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Figure 3.1. Photocrosslinking of protein containing p-azido-L-phenylalanine (AzF) and a nucleic acid 

substrate. A) Photo-induced reactivity of AzF. Exposure of the aryl azide to UV light results in the 

formation of a reactive nitrene that undergoes ring expansion to form a dehydroazapine that reacts with 

nucleophilic amines. B) AzF is site-specifically incorporated into the protein. UV exposure results in 

activation of the UAA and covalent bond formation between the UAA and a proximal nucleobase. PDB: 

1RPU 
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3.4.1 Incorporation of AzF into p19 

We generated three constructs of the CIRV p19 protein with the TAG amber suppressor codon at 

the K67, T111, or R115 positions. Based on available crystal structures of p19 in complex with 

siRNA4,11, these residues are situated along the β-sheet binding surface of p19 and either interact 

directly with the phosphate backbone of the siRNA molecule (K67, R115) or are in close proximity 

(Figure 3.2A).  We have previously shown that mutation of the T111 residue has a negligible effect 

on the binding affinity for siRNA10. Other studies have shown that the mutations K67G and R115G 

decrease binding affinity, although RNA silencing is not affected23. We first examined the 

expression of the His-tagged AzF-containing p19 proteins by western blot. Each of the proteins 

showed expression in the presence of AzF following induction with IPTG, while no expression 

was observed when the UAA wasn’t added to the culture media (Figure 3.2B). To confirm that 

AzF was successfully incorporated, we performed liquid chromatography-mass spectrometry 

analysis of WT p19 and p19-T111AzF (Figure 3.3), as has been done with other proteins where 

AzF was successfully incorporated24–27. The mass spectrum of WT p19 shows a peak at 20673.9 

Da, while p19-T111AzF shows a major peak at 20759.7 Da corresponding to the incorporation of 

azido-phenylalanine and a second peak corresponding to the reduction of an azide to an amine, 

which is expected since purification and preparation of the protein for mass spectrometry required 

the use of reducing agents to prevent protein aggregation. 
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Figure 3.2. AzF incorporation sites in p19. A) The three sites chosen to test AzF incorporation are 

shown in the context of the p19 dimer. The black box provides a closer view of the three residues and 

their proximity to the bound RNA. PDB: 1RPU B) Western blot of the expression of WT p19 and 

AzF-containing mutants. Expression of the mutants was carried out with the addition of IPTG in the 

presence of AzF. Expression was allowed for 16 hours post-induction and AzF supplementation. Top 

panel represents a western blot depicting full length expression of p19 using an anti-histag antibody. 

Bottom panel is a TGX stain-free gel representing total protein loaded on the gel.  
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Figure 3.3. Mass spectrum to confirm incorporation of Azidophenylalanine site specifically. A) mass 

spectra showing major peak at 20673.9 Da representing p19 WT. B) Mass spectra for the mutant T111AzF 

representing the incorporation of AzF in a site-specific manner, showing two species due to reduction of 

azide during the purification and preparation of protein for the MS experiment.  
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3.4.2 Binding Affinity of AzF-containing p19 proteins 

 

The UAA and RNA substrate require a specific geometric arrangement to ensure the 

crosslinking reaction occurs. Mutations that disrupt RNA binding could prevent the reaction. We 

examined the effects of AzF incorporation in p19 on the binding affinity of the protein for siRNAs 

by measuring the dissociation constants by electrophoretic mobility shift assay (EMSA). As shown 

in Table 3.1 and figure 3.4, p19-T111AzF binds the siRNA substrate with a similar affinity to the 

WT protein. In contrast, the K67 and R115 mutants show decreased affinity. Likely, the loss of 

the electrostatic interactions between the positively charged amino acids and the RNA backbone 

accounts for the change in binding affinity. Overall, the binding affinity for the T111AzF mutant 

is still maintained at a high affinity (KD=0.34±0.083 nmol/L, see Table 3.1). Our lab has recently 

shown that mutations in this specific residue (T111) do not lead to major changes in p19 

architecture10,11. Thus, we decided to conduct the RNA photo-crosslinking experiments with the 

p19-T111AzF mutant.  
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Mutant KD Relative KD 

P19 Wt 0.20 nmol/l4,10 - 

T111AzF 0.34±0.083 nmol/l 1.7 

K67AzF 3.8±0.55 nmol/l 19 

R115AzF 33±4.6 nmol/l 165 

 

Table 3.1. Dissociation constants representing the binding affinities of p19 mutants relative to 

the p19WT affinity to GL2 siRNA as measured using electrophoretic mobility shift assays 
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Figure 3.4. Binding affinity measurements using electrophoretic mobility shift assay (EMSA) 

for mutants T111AzF, K67AzF and R115AzF. A) Binding plots were constructed using varying 

concentration (0-1 µmol/L) of protein and 2 nmol/L Cy3 labeled GL2 siRNA. B) EMSA gels used 

to determine the binding affinity of the mutants. EMSA gels were run in duplicates. EMSA gels 

shown are representative trials. 
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3.4.3 Crosslinking of p19 and small RNA substrates 

To establish whether the incorporated AzF was oriented in a manner that allowed it to react with 

a nucleobase, we performed photo-crosslinking studies with small RNAs. We first examined the 

effects of crosslinking on band shifts using denaturing SDS-PAGE gels. As shown in figures 3.5A, 

B, and S3.1A, a shift in the mass of the Cy3-labeled GL2 siRNA, indicating binding to the p19 

protein, was observed. This band shift is only detected with the p19-T111AzF protein after UV 

exposure, consistent with a photo-crosslinked product. Two bands are visible at masses that likely 

correspond to single or double-stranded RNA crosslinked to a monomeric unit of p19. The WT 

protein does not show crosslinking with UV light exposure, confirming that the crosslinking 

reaction is site-specific, occurring only at the T111AzF residue.   

Next, we conducted photo-crosslinking and EMSA analysis with the p19 T111AzF mutant 

and a Cy3-labeled miR-122, a miRNA highly expressed by hepatic cells and reported to be 

involved in facilitating HCV replication and propagation10. Figure 3.5D and figure S3.1B show 

successful site-specific crosslinking of p19 with miR-122 at residue T111AzF. This is interesting 

as our group was able to engineer a p19 variant (T111H) that can bind miR-122 with a similar 

affinity to that of p19 to its canonical siRNA ligands10,11. We have as well confirmed the ability of 

the mutant of binding miR-122 with high affinity using EMSA that has displayed an apparent KD 

= 10.2±0.76 nmol/L and thus establishing a new tool for the investigation of miR-122. 
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Figure 3.5. Crosslinking of p19 and small RNAs. A) A schematic representation of UV crosslinking 

between p19 T111AzF and small regulatory RNAs (GL2 siRNA and miR-122). B) Cy3 scan showing 

crosslinking of p19-T111AzF to cy3 labeled RNA. In the absence of UV light (320 nm), no shift is 

observed in the RNA mass. C) Binding plot of T111AzF mutant and Cy3-miR-122 as determined using 

EMSA. D) Crosslinking of p19 and miR-122. Cy3 scan showing binding of p19-T111AzF to labeled 

RNA. In the absence of UV light, no shift is observed in the RNA mass. Bottom TGX stain free gels (B, 

D) represent loading control, confirming equal loading at 21 kDa. 
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3.5 Discussion 

Protein-RNA interactions are essential for many key pathways in living systems, particularly in 

facilitating and regulating transcription and translation. Small noncoding RNAs can also regulate 

mRNA translation using RNA silencing pathways. Many of the existing crosslinking 

methodologies for capturing RNA-Protein interactions can capture transient and even weak 

binding interactions28. However, the usage of expanded genetic code permits the incorporation of 

UAAs with photoactivatable functional groups to allow crosslinking at longer wavelengths that 

are less likely to induce cellular damage29,30. We have shown that it is possible to mutate and 

incorporate photo-crosslinkable UAA in p19, as a representative RBP.  

In studying the properties of p19 proteins with AzF incorporated at different positions site-

specifically, we were able to assess the tolerance and efficiency of crosslinking. We successfully 

demonstrated the photo-crosslinking of siRNA and miRNA to p19 in a site-specific manner using 

the T111AzF mutant. Residue 111 was shown to be a good site for UAA incorporation, with the 

T111AzF mutant showing high affinity for both siRNA and miRNA substrates in the nano- to 

picomolar range of KD. Taken together these data demonstrate the unique opportunities for protein 

engineering and the study of protein-RNA interactions through genetic code expansion and 

incorporation of photo-crosslinkable UAAs such as AzF. Furthermore, this approach shows that it 

should be possible to engineer proteins like p19 for applications in biological settings to improve 

small RNA detection or control of regulatory RNAs involved in disease progression through 

covalent sequestration.  
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3.6 Conclusions 

We have generated mutant p19 proteins that contain the AzF UAA incorporated site-specifically 

for the purpose of irreversible ligand binding. We established which sites are amenable to 

incorporation of the UAA and studied the effects of these mutations on the binding affinity. 

Finally, we identified a single site of incorporation that permits photo-crosslinking of p19 to its 

RNA substrates including miR-122. The enhanced irreversible RNA binding capacity of p19-

T111AzF could be applied to the studies of RNA silencing or for the detection of low-abundance 

small RNAs, as well as improving currently available methods of RNA-protein interaction studies. 

Additionally, this research demonstrates the opportunity to apply genetic code expansion 

technology in already available techniques that involve the binding and crosslinking of RNA 

binding proteins to their ligands (such as HITS-CLIP and PAR-CLIP). Furthermore, with 

irreversible modification of p19’s target RNAs, new therapeutic applications for these engineered 

proteins are revealed. Our group is currently examining these possibilities.  
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3.7 Materials and Experimental Details 

 

3.7.1 Expression and purification wild type (WT) p19 and p19-K67AzF, -R115AzF and -

T111AzF 

The coding sequence of C-terminal histidine-tagged Carnation Italian ringspot virus (CIRV; 

GenBank accession number NC_003500) p19 was subjected to site-directed mutagenesis using the 

QuikChange Lightning Site-Directed Mutagenesis kit (Agilent) according to the manufacturer’s 

instructions. An amber TAG codon was introduced in the sites corresponding to amino acid 

positions 67, 111, or 115 of the protein using the primers listed in Table 3.2. Sequencing to confirm 

the mutations was performed at Génome Québec (Montreal, Canada).  

 

 

 

 

 

 

 

 

 

RESIDUE FORWARD PRIMER (5’-3’) REVERSE PRIMER (5’-3’) 

K67 aggaaagctgggtttcgggtaggttgtctttaagcgctatc gatagcgcttaaagacaacctacccgaaacccagctttcct 

T111 agcgagatgctgcatactaaacggaatcgccggtc gaccggcgattccgtttagtatgcagcatctcgct 

T115 ctaacgccgcgaaactaaatgctataggacagccgacctggt accaggtcggctgtcctatagcatttagtttcgcggcgttag 

 

Table 3.2. Mutagenesis primers used in this study 
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The plasmid encoding the p-cyanophenylalanine polyspecific aminoacyl-tRNA 

synthetase/suppressor tRNA pair16 was a kind gift from Dr. Peter Schultz (The Scripps Research 

Institute). The plasmid was transformed into One Shot BL21 (DE3) chemically competent 

Escherichia coli cells (ThermoFisher) which were selected with spectinomycin (50 µg/mL), 

remade competent, and then transformed with p19 expression vectors containing the TAG 

mutation at designated sites. Cells were plated in the presence of spectinomycin (50 µg/mL) and 

ampicillin (100 µg/mL) and colonies were selected for expression.  

 

Cells transformed with the p19-TAG mutants and the synthetase vectors were grown at 

37°C in lysogeny broth in the presence of ampicillin (100 µg/mL) and spectinomycin (50 µg/mL) 

until an optical density of 0.6 was reached. Protein expression was induced with the addition of 1 

mmol/L IPTG in the presence of 1 mmol/L AzF (Bachem) for 4 h at 25°C. Cells were pelleted and 

frozen at -80°C. Protein purification was performed in a two-step process involving affinity and 

size-exclusion chromatography. Briefly, cells were lysed by sonication, and clarified lysates were 

loaded onto a HisTrap FF column (GE Healthcare Life Sciences) and gradient eluted in a buffer 

containing 50 mmol/L Tris pH 8, 300 mmol/L NaCl, 1 mmol/L DTT, and 250 mmol/L imidazole.  

Fractions containing p19 were pooled and purified by size exclusion chromatography on an S75 

column (GE Healthcare Life Sciences) in a buffer containing 20 mmol/L Tris pH 8, 150 mmol/L 

NaCl and 1 mmol/L DTT. Protein concentration was determined by measurement of absorbance 

at 280 nm on a Nanodrop (Thermo Fisher Scientific).  

3.7.2 Immunoblotting 

Cell lysates were resolved by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(TGX Stain-Free Fastcast Acrylamide kit, Bio-Rad) and transferred onto Hybond-P 
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polyvinylidene membranes using the Trans-blot Turbo RTA Transfer Kit (Bio-Rad). Membranes 

were blocked in 5% milk in tris-buffered saline with 0.05% Tween-20 (TBS-T) then incubated 

with a 6× His Tag horse-radish peroxidase-conjugated antibody (1:5000 dilution; Thermo Fisher) 

for 1 h at room temperature. Membranes were washed 1 × 15 min and 3 × 5 min in TBS-T then 

incubated with Clarity western ECL substrate (Bio-Rad) and visualized on a ChemiDoc MP 

imaging system (Bio-Rad).  

3.7.3 Substrates 

GL2 siRNA cyanine 3 labeled guide strand (5’-Cy3-CGU ACG CGG AAU ACU UCG AUU-3’) 

and passenger strand (5’-UCG AAG UAU UCC GCG UAC GUU-3’; Sigma-Aldrich) and 

miRNA-122 guide strand (5′-UGG AGU GUG ACA AUG GUG UUU GU-3′) and passenger 

strand (5′-Cy3-AAA CGC CAU UAU CAC ACU AAA UA-3′) were annealed at a 1:1.2 molar 

ratio of unlabeled/labeled RNA in a buffer containing 100 mmol/L potassium acetate, 30 mmol/L 

HEPES pH 7.5, and 2 mmol/L magnesium acetate by heating to 95°C for 2 min and cooling to 

25°C at a rate of 1°C/min. The presence of duplexed siRNA was confirmed on 6% non-denaturing 

acrylamide gels (Thermo Fisher Scientific).  

 

3.7.4 Electrophoretic Mobility Shift Assay (EMSA) 

Varying concentrations of p19 up to 1 µmol/L were incubated for 1 h with 2 nmol/L GL2 siRNA 

duplexed substrate in 20 mmol/L Tris pH 7, 100 mmol/L NaCl, 1 mmol/L EDTA, 0.02% v/v 

Tween-20 and 2 mmol/L DTT. Following incubation, samples were resolved on a 6% non-

denaturing acrylamide gel. Visualization of products was performed using a ChemiDoc MP 

imaging system. Quantification of bound RNA was performed using Quantity One software (Bio-

Rad). Data were analyzed using GraphPad Prism and fit the equation: 
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𝑌 = 𝑏 + 𝐴𝑚𝑎𝑥 (
𝐾𝐷 + 𝑛𝑠 + 𝑥

2𝑛𝑠
 − √(

𝐾𝐷 + 𝑛𝑠 + 𝑥

2𝑛𝑠
)

2

−
𝑥

𝑛𝑠
) 

 

Where KD is the dissociation constant, n is the number of equivalent sites on the p19 dimer, s is 

the concentration of labeled small RNA, and x is the concentration of the p19 dimer. 

3.7.5 Crosslinking 

The p19 protein (WT or T111AzF) at a concentration of 4 µmol/L, was incubated with 250 

nmol/L duplexed RNA substrate in a buffer containing 20 mmol/L HEPES pH 7, 100 mmol/L 

NaCl, 1 mmol/L EDTA, and 0.02% Tween-20 for 1 h. Following the incubation, designated 

samples were subjected to 10 or 20 min UV exposure at 320 nm. Samples were diluted in SDS 

loading buffer, boiled for 10 minutes, and resolved on a 12% denaturing gel. Visualization of 

samples was undertaken on a ChemiDoc MP imaging system (Bio-Rad).  

 

3.7.6 Liquid Chromatography/ Mass Spectrometry  

2 mg/mL p19 WT and T111AzF were prepared in 10 mmol/L Tris pH 7.0, 20 mmol/L 

NaCl, and run through an HPLC (Agilent HP1100 POROS R2 2.1x30 mm) and followed by a 

mass spectrometer (LTQ-Orbitrap-XL).  
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Chapter 4  

An Unnatural Enzyme with Endonuclease Activity Towards Small Non-coding 

RNAs 

4.1 Preface 

As the first author of this chapter, I made significant intellectual and experimental contributions 

to the work presented here. J.P. Pezacki and I conceived the research ideas and the experimental 

plans. I performed most of the experimental procedures and sample preparations. Nadine Ahmed 

assisted in mammalian cell optimization work and JFH-1 infections. D. A. Bilodeau synthesized 

(2,2′-bipyridin-5-yl)alanine used in this study.  

This chapter’s first draft was written by myself and edited by all authors.  
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4.2 Abstract 

Endonucleases are enzymes that cleave internal phosphodiester bonds within double-stranded 

DNA or RNA and are essential for biological functions including DNA replication, repair, RNA 

splicing, and RNA silencing. Engineered endonucleases used in cloning and gene editing are also 

important tools. Herein, we used genetic code expansion to create an unnatural endonuclease that 

cleaves small non-coding RNAs including short interfering RNA (siRNA) and microRNAs 

(miRNAs), a function that does not exist in nature. We introduced a metal-chelating unnatural 

amino acid, (2,2′-bipyridin-5-yl)alanine (BpyAla) to impart endonuclease activity to the viral 

suppressor of RNA silencing protein p19. Upon binding of copper, the mutant p19-T111BpyAla 

displayed catalytic site-specific cleavage of siRNA and human miRNAs. Catalysis was confirmed 

using two independent assays. Global profiling of miRNAs revealed that the engineered enzyme 

cleaves miRNAs in human hepatoma cells. The therapeutic potential was demonstrated by 

targeting miR-122’s a critical host factor for the hepatitis C virus (HCV). Unnatural endonuclease 

function depleted miR-122 levels significantly with similar effects to an antagomir that reduced 

HCV levels therapeutically. 
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4.3 Introduction 

Endonucleases catalyze the cleavage of internal phosphodiester bonds in RNA and DNA leading 

to the scissile rupture of genetic material or their transcription products. Endonuclease function in 

many organisms is involved in DNA damage repair mechanisms, restricting gene expression and 

antiviral responses to infection in bacteria1. Endonucleases that target RNA substrates are involved 

in mRNA splicing, RNA silencing pathways, maturation of tRNAs, and other non-coding RNAs 

(ncRNAs)2–5. Adapting and engineering these natural enzyme catalysts has led to cornerstone 

biotechnologies from recombinant DNAs to gene editing technologies6–8.     

Short non-coding RNA molecules such as microRNAs (miRNAs) have important 

regulatory roles9,10. miRNAs have been identified to play critical roles in gene expression 

regulation during transcriptional processes11, as well as different biological and biochemical 

processes ranging from cellular metabolism to immunity10,12,13. As products of the RNA silencing 

pathway, miRNAs are usually 21-25 nucleotides in length9,14,15. They exert their function by 

targeting specific messenger RNAs (mRNA) for degradation or translational repression10,13,16. 

Also, miRNA-based regulation has been linked to disease progression, which makes them 

interesting targets for protein-based therapeutics10,17. While there do exist natural suppressors of 

RNA silencing18–21, these typically bind and sequester RNA intermediates.  

Designing endonuclease enzymes, and indeed any enzyme, based on substrate binding 

scaffolds (e.g. proteins, aptamers, catalytic antibodies) has had limited success because the product 

closely resembles the bound transition state, causing product inhibition that prevents enzymatic 

turnover22–26. Thus, the product needs to be significantly different from the substrate and the 

transition state structures for the designed endonuclease enzyme to be successful.  The binding 

protein needs to retain enough selectivity to its substrate, that once the preferential binding 



 

118 

 

characteristics are lost, the product is released, and product inhibition is avoided26. Here we utilized 

p19, an RNA binding protein with high selectivity to double-stranded small RNAs of 19-25 

nucleotides in length18, but displays a very low affinity for single-stranded (ssRNA) and shorter 

double-stranded RNA (dsRNA). We hypothesize that p19 is an ideal protein candidate for 

endonuclease design, as once the RNA substrate is cleaved, p19 can no longer bind the cleaved 

product due to the loss of preferential binding characteristics.  
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4.4 Results 

4.4.1 Site-specific introduction of (2,2′-bipyridin-5-yl)alanine into the p19 dimer 

To engineer a new endonuclease capable of specifically targeting miRNAs, we started with the 

Tombusvirus p19 viral suppressor of RNA silencing (VSRS), which naturally binds and sequesters 

small RNA duplexes with picomolar affinity, thereby preventing the activation of the RNA 

silencing pathway19,27–32 (Fig. 4.1 A, C). p19 binds RNA sequences with size selectivity 28,29. 

Rational design and protein engineering of the p19 VSRS has allowed the development of 

biotechnological tools with diverse applications27,29,30,33–39. p19 has proved to be a potent inhibitor 

of small RNA function, which opens the door to further engineering the protein to exhibit “super 

suppressor” activity with added endonuclease functionality 18,35–38. Previously, it has been shown 

that using the pioneering technologies of genetic code expansion in combination with unnatural 

amino acids (UAAs), organisms can code for more than the 20 canonical amino acids allowing for 

the incorporation of unique chemical side chains into the desired location in a protein of interest40–

42. It has been shown that the attachment of metal chelating molecules such as EDTA and 

phenanthroline derivatives to nucleic acid binding agents have led to oxidative and hydrolytic 

cleavage43. We sought to explore the potential of introducing metals site-specifically into p19. The 

introduction of (2,2′-bipyridin-5-yl)alanine (BpyAla) chelates metal divalent ions, leading to site-

specific RNA cleavage. This strategy can provide a new therapeutic tool targeting miRNAs 

involved in disease progression, as well as showing the potential of introducing catalytic activity 

into proteins of interest with affinities towards nucleic acids. 

We introduced BpyAla44,45 within the RNA binding pocket of p19 to insert a catalytic site 

(Fig. 4.1B). The UAA bearing a bipyridyl moiety provides an unnatural side chain capable of 
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binding transition metal ions such as copper and iron that can catalyze the cleavage of the 

phosphodiester backbone of nucleic acids44,46.  

We previously established the successful incorporation of Azidophenylalanine (AzF) into 

p19 at positions K67 and T111, in which full-length expression of the mutants and successful 

irreversible photo-crosslinking to their canonical substrates was achieved to produce crosslinked 

products with intermediates of the RNA silencing pathway,39 with potential applications to CLIP 

assays.  These two sites are found in the binding pocket of the p19 dimer, near the phosphate 

backbone of the RNA (Fig. 4.1B).  To incorporate BpyAla, amber codons (TAG) were introduced 

in place of K67 and T111, to determine which position would allow for optimal cleavage of the 

bound RNA product. We expressed p19 mutants in the presence of the evolved tRNA/aaRS pair, 

and the presence of 1 mmol/L BpyAla. (Fig. S4.1). Bacterial cells (BL2l (DE3)) expressing the 

tRNA/BpyRS pair and the mutant p19 genes were grown in Lysogency Broth (LB). The full-length 

expression was detected using western blot analysis under the induction of Isopropyl β-d-1-

thiogalactopyranoside (IPTG) (Fig. S4.1)44. Since p19 binds small RNAs as a dimer, each of the 

monomers will contain the mutation leading to the incorporation of BpyAla, thus cleavage of the 

RNA will occur at 2 sites. 

We have confirmed the formation of the p19-T111BpyAla enzyme-copper (II) complex 

using inductively coupled plasma mass spectrometry (ICP-MS). ICP-MS data shows that the 

associated copper (II) concentrations with p19-T111BpyAla are higher than that associated with 

the control p19-WT samples, thus confirming copper ion chelation to T111BpyAla (Fig. 4.2). 

Additionally, the UV-Vis absorption spectra of p19-T111BpyAla showed two new absorption 

bands at 319 nm and 304 nm upon the addition of CuSO4, and a decrease in absorption at 283 nm 

(Fig. 4.3). Spectral changes are consistent with the red-shift of π – π* transition of the incorporated 
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bipyridyl moiety upon chelation of Cu2+ ion, further confirming the formation of the artificial 

metal-bound enzyme. These data taken together confirm the specific binding of copper to the 

BpyAla residue within p19-T111BpyAla. 
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Figure 4.1. Incorporation of BpyAla in 2 sites in the p19 dimer. (A) Incorporation of BpyAla site-specifically into 

the VSRS protein p19 dimer introduces a metal binding site. Here we used copper to bind to BpyAla. If the metal can 

cleave the phosphodiester linkage within the RNA substrate, then it should induce site-specific strand cleavage of the 

bound siRNA or miRNA. Cleavage can occur on either strand. (B) Crystal structure of the p19 dimer with K67 (Blue) 

and T111 (red) highlighted PDB: 1RPU. (C) Overall Schematic representation of the potential disruption of the RNA 

silencing pathway upon treatment with the engineered p19 endonuclease. 
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Figure 4.2 The ICP-MS quantitative analysis of copper concentration bound to p19-WT and 

mutant p19-T111BpyAla. Copper concentrations were determined using ICP-MS for samples of 

p19-WT and p19-T111BpyAla in parts per billion (ppb), for each condition n=3, error bars 

represent ±SD, **P<0.01. Data confirm specific binding and the formation of Cu2+ artificial 

enzyme.  

 

 

 

 

 

 

 

 

 



 

124 

 

 

 

 

Figure 4.3 The UV-Vis absorption spectra of p19 WT and mutant p19-T111BpyAla. The UV-

Vis absorption spectra of 20 μmol/L p19-T111BpyAla mutant upon addition of CuSO4 40 μmol/L 

in 25 mmol/L Tris, 30 mmol/L NaCl (pH = 7.4) showed two new absorption bands at 319 nm and 

304 nm, and a decrease in absorption at 283 nm. Spectral changes are consistent with the red-shift 

of π – π* transition of the incorporated bipyridyl moiety upon chelation of Cu2+ ion. 
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4.4.2 Small RNA cleavage using p19-T111BpyAla 

Next, we sought to assess the binding affinity of the mutants to a 21-nt GL2 siRNA  

targeting Firefly luciferase and containing Cy3 at the 5′ end of the guide strand (Fig. 4.4 A, S4.2). 

We determined the binding affinities of the purified recombinant mutants using an electrophoretic 

mobility shift assay (EMSA). The binding affinity of p19-T111BpyAla was determined to be 

2.38±0.63 nmol/L, while p19 K67BpyAla is 8.41±0.49 nmol/L (Fig. 4.4 A, S4.2). Overall, both 

mutants were shown to bind siRNA with high affinity.  

To further assess the success of introducing the catalytic functionality into the selected sites 

in the p19 dimer, both mutants were tested for their ability to cleave the Cy3 labeled GL2 siRNA.  

The site-specific cleavage of RNA was investigated using a gel-retardation assay (Fig. 4.4 B, C). 

The Cy3-tagged siRNA duplexes were incubated with p19-T111BpyAla, p19-K67BpyAla, or p19-

WT, in the presence of Cu (II). The cleavage reactions were analyzed using denaturing UREA-

PAGE (Fig. 4.4 B, C). The gel has revealed that only p19-T111BpyAla was able to catalyze the 

cleavage of the siRNA tagged ligand leading to a lower size band appearing on the gel. On the 

other hand, p19-K67BpyAla did not catalyze the cleavage of the substrate. No cleavage occurred 

with p19-WT under the same conditions (Fig. 4.4 C).  
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Figure 4.4. siRNA cleavage by p19-T111BpyAla mutant. (A) Binding plots for p19-

T111BpyAla and p19-K67BpyAla using electrophoretic mobility shift assays. Binding plots were 

constructed by varying the concentrations of the protein (0-1 µmol/L) while maintaining the 

concentration of Cy3-labeled GL2 at 2 nmol/L. (B) An overall schematic representation of the 

experimental strategy, in which Cy3-GL2 siRNA cleavage was assessed using a denaturing 

UREA-PAGE gel (C) 20% urea-PAGE gel was used to visualize the degradation product of Cy3-

Gl2 siRNA by the engineered p19-T111BpyAla mutant in the presence of CuSO4.  
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4.4.3 Cleavage of siRNA by p19-T111BpyAla detected using fluorescence polarization 

Next, we sought to validate the catalytic function using fluorescence polarization assays, in which 

p19-T111BpyAla was incubated with a fluorescently tagged siRNA. A decrease in polarization 

has been observed over time, which is expected upon cleavage and release. Upon cleavage by p19-

T111BpyAla, the fluorescently tagged RNA is released from the enzyme, leading to faster rotation 

and consequently, a lower polarization signal (Fig. 4.5). The fluorescence polarization assay 

measured the degree of polarization of the fluorophore-tagged RNA and the change in fluorescence 

polarization as measured by the ratio of parallel and perpendicular light47,48. We used a Cy3-tagged 

double-stranded siRNA, which when unbound exhibits a low signal, however, upon being bound 

to the target protein, the fluorophore exhibits a higher polarization signal due to the increase in 

molecular mass and resultant slower rotation of the fluorophore bound to the complex47. When 

p19-T111BpyAla is combined with Cy3-siRNA, a time-dependent decrease in fluorescence 

polarization signal is observed (Fig. 4.5 B, C). The decrease in fluorescence polarization signal is 

attributed to the cleavage of the bound siRNA molecules, leading to the release of the Cy3-siRNA 

from the protein complex. The release of the fragmented RNA exhibits a faster rotation47,48. These 

results are consistent with the hydrolytic cleavage of small RNAs due to the site-specific 

introduction of BpyAla into p19. 
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Figure 4.5. siRNA cleavage by p19-T111BpyAla mutant and visualization using fluorescence 

polarization. (A) The overall hydrolytic RNA cleavage mechanism due to the incorporation of 

BpyAla into p19 (B) An overall schematic representation of the experimental strategy, in which 

Cy3-Gl2 siRNA cleavage was assessed using fluorescence polarization. (C) A fluorescence 

polarization assay was used to visualize the cleaving potential of p19-T111BpyAla. The assay was 

conducted using 5 µmol/L p19-T111BpyAla or p19-WT and 200 nmol/L RNA, n=3, in which n 

values represent 3 biological replicates.  
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4.4.4 p19-T111BpyAla can cleave miRNAs isolated from hepatocellular carcinoma cell line 

To further demonstrate the utility of p19-T111BpyAla as an artificial endonuclease for degrading 

small double-stranded RNA intermediates, we examined its ability to enzymatically cleave the 

small RNA fractions from Huh7 human hepatoma cells. The small RNA fractions from Huh7 cells 

were treated with either p19-WT treatment, or p19-T111BpyAla in the presence of CuSO4 for 4 

hours at 37oC. The treated RNA was then further purified and concentrated to ensure the removal 

of the proteins from the samples (Fig. 4.6 A). To uncover the identities of the substrates for the 

engineered endonuclease, we conducted a miRNA profiling experiment using NanoString 

technology (Fig. 4.6 B). We isolated the small RNA fractions from Huh7 cell line and treated with 

either p19-WT or p19-T111BpyAla. When comparing the profile of p19-T111BpyAla to that of 

the WT protein, we identified a list of statistically significant miRNAs that are differentially 

downregulated compared to the p19-WT (P≤0.05) (Fig. 4.6 B). These data suggest that the 

engineered protein degrades select miRNAs and gives rise to an amplified effect on the small RNA 

milieu as compared to that of the WT p19 which can only sequester miRNAs but not degrade them 

(Table S4.1).  Interestingly, the miR-122-5p was observed to be downregulated by 2.0-fold when 

treated with p19-T111BpyAla in comparison to treatment with WT. miR-122 is one of the 

miRNAs of the highest abundance in the liver, and it is known to bind p19 with high affinity. Other 

miRNAs are identified in this screen, however, p19’s affinity to these identified miRNAs has not 

been previously examined. It is possible, however, that p19-T111BpyAla could potentially exhibit 

preferential binding to these miRNAs based on the positioning of the mismatched bulges in their 

secondary structure, which could give rise to enhanced binding, and thus preferential cleavage29. 

However, further, structure-function studies need to be performed to validate the preferential 

cleavage pattern obtained from the Nanostring screen. p19 is known to exhibit a high degree of 
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size selectivity, and some degree of sequence dependence when it comes to the binding of 

miRNAs29.  

Next, we validated the Nanostring results by measuring the levels of miR-122, upon 

treatment with the mutant in the isolated samples using RT-qPCR. From Fig. 4.6 C, it is evident 

that there is an observed decrease in the levels of miR-122 in p19-T111BpyAla treated samples, 

relative to treatment with p19-WT in the presence of copper, which aligns with the results from 

the NanoString profiling (Fig. 4.6 B, C). To further validate the effect of p19-T111BpyAla on 

degrading miR-122, we decided to examine its the effects on the expression levels of a miR-122 

direct target, STAT3. We were able to observe derepression of STAT3 expression upon treatment 

with p19-T111BpyAla (Fig. 4.6 E). The effects of p19-T111BpyAla on STAT3 expression is 

similar to that upon transfection of miR-122 antagomir (Fig. 4.6 F).  

We attribute these observed effects to the degradation of miR-122 by the mutant enzyme, 

as an enhanced degradation/ decrease in miR-122 levels is only observed upon the introduction of 

copper ions (Fig.4.6 D). These results together aid in demonstrating biocatalysis in a complex 

sample. There is no enhanced binding observed towards miR-122 by p19-T111BpyAla by EMSA 

when compared to the previously reported affinity of WT p19 towards miR-122 48(Fig. S4.3). 

For this study, we chose to next focus on miR-122 as it is a highly expressed miRNA in hepatic 

cells. miR-122 represents more than 70% of the miRNA pool in hepatoma cells and is known to 

play a major role as a proviral host factor in the propagation of HCV, a positive-sense single-

stranded RNA virus of the family Flaviviridae40-42.  

HCV is known to be the causative agent of hepatitis C and hepatocellular carcinoma and 

lymphomas in humans. It is well established that HCV uniquely requires the liver-specific miR-

122 for its replication. It exerts a positive effect on HCV RNA levels by binding directly to a site 



 

131 

 

in the 5’-UTR of the viral RNA and contributes to the stability, translation, and replication of the 

viral RNA 49–51.  
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Figure 4.6. Cleavage of Huh7 miRNA samples using p19-T111BpyAla (A) Schematic 

representation of the workflow for small RNA isolation for NanoString profiling and RT-qPCR 

analysis. RNA used was isolated from Huh7 hepatocellular carcinoma cell line and treated in the 

presence of CuSO4. (B) A heat map depicting the significant downregulated fold changes in 

miRNAs upon treatment with p19-T111BpyAla relative to p19-WT treated miRNAs n=2, n 

represents 2 biological trials, where RNA is isolated from 2 independent cell passages. Changes 

presented are more than 1.5-fold change (p<0.05). (C) qRT-PCR analysis of the relative miR-122 

expression in p19-T111BpyAla treated samples in comparison to that treated with p19-WT in the 

presence of copper ions. Error bars represent ±SD n=3, n values represent the treatment of RNA 

isolated from 3 different passages (D) qRT-PCR analysis of the relative miR-122 expression in 

p19-T111BpyAla treated samples in the presence and absence of copper ions. (E) Derepression of 

miR-122’s downstream direct target STAT3 upon treatment with p19-T111BpyAla (F) or miR-

122 inhibitor, Error bars represent ±SD n=3, * P<0.05. n values represent the transfection of cells 

from 3 different passages.  
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4.4.5 p19-T111BpyAla represses HCV replication 

To investigate the effects of p19-T111BpyAla on the levels of miR-122, we sought to utilize a 

hepatocellular carcinoma cell line harboring the HCV subgenomic replicon pFK-

I389neo/luc/NS3-3′/5.1 (Fig. 4.7 A). This replicon system (our version is referred to as the E9 cell 

line) has been widely used to investigate the replication of HCV in cell culture52. Replication of 

HCV is significantly diminished in miR-122 knockout cell line53. Thus, we wanted to validate the 

antiviral role that p19-T111BpyAla can potentially play. We have treated cells with p19-

T111BpyAla by directly transfecting the enzyme-Cu2+ complex into cells or transfecting miR-122 

antagomir inhibitor as a control, to validate the effects of the mutant protein on HCV replication. 

The levels of miR-122 are directly correlated with HCV replication, which is linked to the relative 

luciferase signal in E9 cells. The effects of both miR-122 antagomir, and p19-T111BpyAla are 

investigated and correlated to the successful HCV subgenomic replication.  Importantly, we were 

able to show that the designed protein led to almost the same level of HCV inhibition of replication 

as the levels achieved by the antagomir (Fig. 4.7 B, C).  

The basis for the antiviral effects of the antagomir arises from the fact that it binds to the 

guide strand of miR-122 more tightly than the competing genomic viral RNA. Thus, it prevents 

binding to and sequestering of miR-122 by HCV. The p19-T111BpyAla enzyme can sequester 

miR-122 away from HCV and reduce the overall amount of miRNA through biocatalysis. Thus, 

with the engineered enzyme, there is the advantage of cleaving the target miRNA reducing its 

overall levels in the infected cell, which was confirmed by quantification of miRNA-122 using 

Taqman qPCR (Fig. 4.6 C).   

In addition to validating the effects of p19-T111BpyAla on HCV subgenomic replication, 

we wanted to see the effects on Huh7.5 cells infected with the JFH1T strain of HCV. Upon HCV 
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infection and then direct protein transfection with p19-T111BpyAla-Cu2+, an inhibition of HCV 

replication of approximately 50% was achieved (Fig. 4.7 D). Taken together these data support the 

conclusion that p19-T111BpyAla possesses unique anti-HCV properties by acting as an unnatural 

endonuclease targeting the pro-viral miRNA miR-122 (Fig.4.7).  
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Figure 4.7. p19-T111BpyAla effect of HCV replication. (A) Schematic representation of the 

subgenomic HCV replicon (pFK-I389neo/luc/NS3-3′/5.1) used in this study52 and HCV JFH1T 

strain. (B) Relative luciferase signal upon treatment of E9 cells with either miR-122 antagomir,(C) 

p19-T111BpyAla, or p19-WT. The levels of miR-122 are directly correlated with HCV replication, 

which is linked to the relative luciferase signal in E9 cells. The effects of both miR-122 antagomir, 

and p19-T111BpyAla were investigated, with both treatments leading to a similar reduction in 

HCV subgenomic replication. n=3, error bars represent ±SEM where, * P<0.05, **P<0.01. (D) 

Relative expression of HCV JFH1 IRES in Huh7.5 cells upon treatment with p19-T111BpyAla, 

n=3, error bars represent ±SD, where * P<0.05. n values represent the transfection of different cell 

passages.  
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4.5 Discussion 

Herein, we show the possibility of engineering endonucleases targeting small RNAs using 

expanded genetic code techniques to introduce the unnatural amino acid BpyAla site-specifically 

into p19 protein. We show that upon the addition of copper ions, the engineered p19 VSRS takes 

on artificial endonuclease activity not found in the wild-type protein54. Engineered endonucleases 

have been previously designed through protein fusions, which in nature can be bulky and could 

interfere with the functionality and proper folding of the designed enzyme55. Thus far, the 

engineering of RNA endonucleases has been achieved by combining different functional modules 

of proteins54. Similar designs have been applied to DNA binding proteins by introducing a zinc 

finger DNA binding domain along with an established DNA cleavage domain, with strict 

selectivity toward a specific DNA sequence54,55. However, for the first time, we showed that this 

approach can be successfully applied specifically to design RNA binding proteins into 

ribonucleases by a single UAA. 

An endonuclease based on the viral protein p19 is a good candidate for an RNA 

endonuclease design that specifically targets miRNAs due to the intrinsic size specificity 

associated with the protein28. We have confirmed that position T111 in the p19 dimer 

accommodates the introduction of the UAAs as well as copper binding without drastically 

affecting substrate binding. Position T111 in the p19 dimer has been shown to accommodate 

different amino acids33,39.  

As a new artificial enzyme, p19-T111BpyAla should have wide applications in catalytic 

suppression of the RNA silencing pathway. We demonstrated an application showing that p19-

T111BpyAla reduced the levels of the human miR-122 which resulted in the downregulation of 

HCV replication in a cell culture model. RNA therapy and usage of antagomirs, while effective, 
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do have some disadvantages, mainly in costs associated with scale-up and challenges in terms of 

delivery.  In contrast, protein therapeutics have been used and engineered to retain tissue specificity 

through the employment of protein fusions with tissue-specific peptides, thus holding an advantage 

over RNA therapeutics56–58.  

For HCV, it is well established that the virus has evolved a dependence on human miR-

122 and those oligonucleotide antagonists (antagomirs) for miR-122 can restrict and eliminate 

HCV, even in clinical trials59,60. We demonstrated that p19-T111BpyAla was as effective as the 

corresponding antagomir at reducing miR-122 pools and limiting HCV replication while doing so 

catalytically and through enzyme-like function. This illustrates the potential for engineered 

enzymes like p19-T111BpyAla as antiviral strategies in the case where either the virus encodes its 

viral miRNA or interacts directly with the host’s miRNA as well as in other diseases where 

miRNAs are disease causing10,61–64. Recently, the usage of catalytic enzymes to inhibit viral 

infections has been investigated, however, it is still a relatively new concept65,66. 

The p19-T111BpyAla endonuclease shows some selectivity and reasonable potency in 

different model systems.  One challenge is the lack of sequence specificity18, which is overcome 

in the case of HCV replication by the high abundance of the target miRNA. In future iterations, 

this limitation can be mitigated by utilizing directed evolution techniques to identify other mutants 

with preferential binding to individual miRNAs of interest, while maintaining the characteristics 

of p19-T111BpyAla. The current system however can be expressed in specific cells with high 

expression of a miRNA of interest, in which the engineered endonuclease can preferentially cleave. 

In this study, miR-122 is the most highly expressed miRNA in liver cells, and thus preferentially 

targeted.  
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From the Nanostring profiling experiment, it is evident that other miRNAs exhibit a higher 

degree of cleavage, which can potentially be attributed to the enhanced binding of p19 mutant to 

these miRNAs. The differences in affinity could be attributed to the mismatches in the miRNA 

sequences, which create bulges in the secondary structure of the miRNA, thus affecting the 

potential binding affinity to p19, depending on the location of the bulge29,37,48. 

Designing new enzymes based on adding catalytic residues/centers to high affinity binding 

motifs, has proved challenging mainly due to issues pertaining to product inhibition. Catalytic 

RNAs, antibodies, and other strategies have a common challenge of lack of substrate turnover due 

to product inhibition22–25. Designing endonucleases based on substrate binding scaffolds face the 

same challenges26. However, a key element of our system is the fact that recombinant p19 proteins 

retain their strong selectivity towards dsRNA of 19-25 nt in length18, and high selectivity towards 

the products of the dicer complex. p19-T111BpyAla at the same time displays little or no affinity 

towards the ssRNA or 10-11 nt dsRNA products of copper-mediated miRNA cleavage. This may 

allow the potential for multiple turnovers and efficient catalysis to occur. The low affinity for 

cleaved products, allowing for the release of the cleaved product from the enzyme, is a unique 

aspect of our design. It is important to note that further experiments need to be conducted to 

determine the kinetic parameters of the engineered enzyme and compare it with naturally existing 

enzymes.  

In conclusion, we have created the artificial enzyme, p19-T111BpyAla, capable of cleaving 

and eliminating the products of dicer. This enzyme should have wide applications in catalytic 

suppression of the RNA silencing pathway. The enzyme also has the potential to be deployed as a 

therapeutic. It is interesting to think about catalytic systems for targeting human viruses. Our work 

lays the groundwork for new versions with enhanced targeting.  
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4.6 Materials and Methods 

4.6.1 Expression and purification of p19-WT, p19-K67BpyAla and p19-T111BpyAla 

The coding sequence of p19 retrieved from Carnation Italian Ringspot was cloned in pTriEX-Neo 

plasmid and subjected to site directed mutagenesis to incorporate amber mutations (TAG) in the 

positions of interest K67 and T111. Mutagenesis was performed using the Quick-change lightning 

Site-Directed Mutagenesis kit (Agilent) according to the manufacturer’s protocol. Cloning of the 

gene was conducted as previously described67. Sanger sequencing to confirm the appropriate 

mutations was performed at Génome Québec (Montreal, Canada). 

The plasmid encoding BpyAlaRS/tRNA (pEVOL-BpyAla) was a kind gift from Dr. Peter 

Schultz (The Scripps Research Institute). Transformation of the plasmid encoding 

BpyAlaRS/tRNA (pEvol-BpyAla) was transformed in OneShot BL21 (DE3) Chemically 

competent cells (ThermoFisher) and then selected under Chloramphenicol (25µg/ml). Cells were 

then re-made competent and transformed with p19 plasmids bearing the appropriate amber 

mutations, where cells were then plated under the selection of Chloramphenicol and ampicillin 

(100µg/ml). Colonies were then selected for protein expression. Cells were then grown in 

Lysogeny Broth in the presence of the appropriate antibiotics at 37oC until the optical density of 

0.6 was reached. Protein expression was induced using 1 mmol/L IPTG in the presence of 1 

mmol/L BpyAla (synthesized as previously described44,68) for 4 hours at 25oC. Cells were then 

harvested and purified using a two-step nickel affinity chromatography and size exclusion 

chromatography as previously described69. 
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4.6.2 Immunoblotting 

Cell pellets were harvested from 1 mL aliquots via centrifugation and lysed in 1x SDS Laemmli 

sample buffer. Cell lysates were resolved using 12% SDS gel electrophoresis (SDS-PAGE) and 

then transferred onto a TGX stain-free PVDF membrane (Bio-Rad). Membranes were blocked in 

3% BSA in Tris-buffered saline with 0.05% tween (TBS-T). Blot was then incubated with 6xhistag 

HRP-conjugated antibody (1:5000 dilution; ThermoFisher). Membranes were then washed and 

incubated for 5 minutes with the ECL Plus Western Blotting System (Bio-Rad). The blot was 

visualized using ChemiDoc MP imaging system (Bio-Rad). 

4.6.3 Substrates 

GL2 siRNA cyanine 3 labeled guide strand (5’-Cy3-CGU ACG CGG AAU ACU UCG AUU-3’) 

and passenger strand (5’-UCG AAG UAU UCC GCG UAC GUU-3’; Sigma-Aldrich). Strands 

were annealed at 1:1.2 molar ratio in buffer containing 100 mmol/L potassium acetate, 30 mmol/L 

HEPES pH 7.5 and 2 mmol/L magnesium acetate by heating to 95°C for 2 min and cooling to 

25°C at a rate of 1°C/min. The presence of duplexed siRNA was confirmed on a 6% non-

denaturing agarose gels (ThermoFisher Scientific). 

4.6.4 Electrophoretic mobility shift assay (EMSA) 

Varying concentrations of p19 up to 1 µmol/L (with GL2 substrate) or 2 µmol/L (with 

miR-122)   were incubated for 1 h with 2 nmol/L GL2 siRNA or miR-122 duplexed substrate in 

20 mmol/L Tris pH 7, 100 mmol/L NaCl, 1 mmol/L EDTA, 0.02% v/v Tween-20 and 2 mmol/L 

DTT. Following incubation, samples were resolved on a 6% non-denaturing agarose gels. 

Visualization of products was performed using a ChemiDoc MP imaging system. Quantification 

of bound RNA was performed using ImageJ. Data were analyzed using GraphPad Prism and fit to 

the equation (1): 
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(1) 

 

𝑌 = 𝑏 + 𝐴𝑚𝑎𝑥 (
𝐾𝐷 + 𝑛𝑠 + 𝑥

2𝑛𝑠
 − √(

𝐾𝐷 + 𝑛𝑠 + 𝑥

2𝑛𝑠
)

2

−
𝑥

𝑛𝑠
) 

 

Where KD is the dissociation constant, n is the number of equivalent sites on the p19 dimer, s is 

the concentration of labeled small RNA, and x is the concentration of the p19 dimer. 

4.6.5 Fluorescence Polarization 

The assay was performed in a black 96-well plate to measure FP. Experiments measuring 

fluorescence polarization were carried out using excess enzyme [E]= 5000 nmol/L, and Cy3-GL2 

siRNA concentration of 200 nmol/L. Reactions were performed in phosphate-buffered saline 

(PBS) with 10 mmol/L DTT, 10μmol/L CuSO4, and 2.5 mmol/L β-mercaptopropionic acid. 

Fluorescence polarization measurements were carried out using SpectraMax i3 (Molecular 

Devices). Polarization was monitored at 560 nm with excitation at 546 nm. Polarization is 

expressed as (2) where IV and IH are the vertically and horizontally polarized emission intensities, 

respectively. 

 

(2) 

 

𝑃 =
𝐼𝑉 − 𝐺𝐼𝐻

𝐼𝑉 + 𝐺𝐼𝐻
 

4.6.6 Cell culture, RNA Isolation, miRNA profiling and RT-qPCR 

Huh7 cells were seeded in a 6-well plate at 500,000 cells/ well. Forty-eight hours post seeding, the 

cells were lysed using ML lysis buffer. Small RNA fractions were isolated using NucleoSpin 

miRNA (Macherey-Nagel). 900 ng RNA was then treated with 5 µmol/L protein (p19 WT or 

T111BpyAla), 10 µmol/L CuSO4, 2.5 mmol/L β-mercaptopropionic acid and allowed to incubate 
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for 4 hours at 37oC. 100 attomoles of Cel-miR248 were used as a spike-in oligo control (IDT 

technologies), serving as an internal monitor to account for any changes caused during RNA 

purification. RNA was then further purified and concentrated using an RNA concentrator kit to 

remove any protein complexes, according to the manufacturer’s protocol (Zymo Research). 

Following treatment, relative miRNA levels were quantified using the TaqMan miRNA Assay 

(Applied Biosystems), with 10 ng of total RNA used for reverse transcription using the TaqMan 

MicroRNA Reverse Transcription Kit (Applied Biosystems). For miR-122 quantification, the 2− 

ΔΔCt method was used to calculate fold changes in expression relative to mock or control-treated 

samples, with RNU6β levels being used for normalization.  

To analyze miRNA expression on the Nanostring ncounter platform, the RNA treated with either 

p19-WT or p19-T111BpyAla was prepared as per the manufacturer’s protocol for the ncounter 

human v3 miRNA expression kit. Briefly, 50 ng of RNA was hybridized to the Reporter and 

Capture probes for 16 hours at 65 oC. The prepared samples were loaded onto the nCounter Prep 

Station to wash the unbound probes and immobilize the samples on the cartridge for analysis and 

data collection. The target probes were counted using the nCounter Digital Analyzer. The collected 

data were processed and analyzed using the nSolver analysis software version 3.0. The ratio of 

expression of miRNAs for p19-T111BpyAla treated samples against p19-WT treated samples were 

calculated, n=2. Cel-miR248 was used as a spike-in oligo control (IDT technologies), serving as 

an internal monitor to account for any changes caused during RNA purification. Cel-miR248 levels 

were used to normalize the quantified RNA levels. 

For quantification of STAT3 mRNA levels upon treatments with p19-T111BpyAla, cells were 

seeded at 100,000 cells in a 12-well plate. After 24 hours, 1 µmol/L p19-T111BpyAla-Cu2+was 

combined with transfection reagent ProteoJuice (Novagen) in optimum media as per 
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manufacturer’s protocol, then supplemented with full media. After another 24 hours, cells were 

lysed for analysis and RNA isolation. RNA isolation from Huh7 cells was done using RNeasy kits 

(Qiagen) according to the manufacturer’s protocol. Primers targeting STAT3 (forward primer 5’-

CAGCAGCTTGACACACACGGTA-3’; reverse primer 5’-AAACACCAAAGTGGCATGTGA 

-3’) 

4.6.7 E9 Subgenomic Replicon Luciferase Assay 

1 µmol/L p19-T111BpyAla pre-complexed with CuSO4 in which the protein was pre-incubated 

with CuSO4 for 30 minutes on ice, and excess CuSO4 was removed by buffer exchange in PBS 

using 10KDa Amicon Ultra centrifugal filters (Millipore). HCV subgenomic replicon pFK-

I389neo/luc/NS3-3′/5.1 (E9) cells were seeded at 4 × 104 cells/well in 24-well plates, then either 

treated with 1 µmol/L p19-T111BpyAla combined with ProteoJuice transfection reagent, or 50 

nmol/L hsa-miR-122-5p mirVana miRNA inhibitor (Ambion) transfected using RNAiMax (Life 

Technologies). Transfections were performed according to the manufacturer’s protocol. Cells were 

lysed after 24 hours post-transfection in 1× passive lysis buffer (Promega), and the Luciferase 

assay was carried out using a SpectraMax L luminometer (Molecular Devices). 

4.6.8 JFH-1 Infections 

Huh7.5 Cells were seeded one day before infection in full media (DMEM, 10% FBS, NEAAs) at 

20000 cells/well in 24 well plates. After 24 hours, the cells were incubated with the virus at MOI 

0.1 in serum-free DMEM for 5 hours. 1µmol/L of p19-T111BpyAla complexed with CuSO4 in 

which the protein was pre-incubated with CuSO4 for 30 minutes on ice and excess CuSO4 was 

removed by buffer exchange in PBS using 10KDa Amicon Ultra centrifugal filters (Millipore). 

p19-T111BpyAla was then combined with transfection reagent ProteoJuice (Novagen) in optimum 

media as per manufacturers protocol, then supplemented with full media and added to the cells. 
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The cells were incubated for 48 hours after which they were lysed in RL buffer and RNA was 

isolated using the Norgen Single Cell RNA purification kit (Norgen Biotek) as per the 

manufacturer’s protocol. Reverse transcription and RT-qPCR were performed as described above 

with primers targeting the HCV JFH1 IRES (forward primer 5’-

GTCTGCGGAACCGGTGAGTA-3’; reverse primer 5’-GCCCAAATGGCCGGGATA-3’) 

4.6.9 Synthesis of (2,2′-bipyridin-5-yl)alanine 

 

(2-pyridacyl)pyridium Iodide  

 

(2-pyridacyl)pyridium Iodide was synthesized according to previously reported synthetic 

methods.68 Iodine (2.0 g, 16 mmol, 0.6 eq.) was dissolved in warm pyridine (7.0 mL, 80 oC) under 

an argon atmosphere. 2-acetyl pyridine (3.0 mL, 26.7 mmol, 1.0 eq.) was slowly added and the 

mixture was stirred for 4 hours. After cooling, the precipitated solid was collected by filtration and 

washed with cold pyridine (23 mL). The black solid was then added to boiling ethanol (100 mL) 

to which 2 spatulas of activated carbon were added. After 1 hour, the mixture was filtered via hot 

filtration. The filtrate was cooled down in an ice bath and the precipitate was collected to yield the 

desired product as yellow crystals (5.0 g, 15.3 mmol, 57% yield). 1H-NMR data matched 

previously reported data.68 1H-NMR (300 MHz, DMSO-d6) δ, 9.00-9.01 (m, 2H), 8.87-8.89 (m, 

1H), 8.70-8.76 (m, 1H), 8.25-8.32 (m, 2H), 8.12-8.17 (m, 1H), 8.06-8.09 (m, 1H), 7.81-7.86 (m, 

1H), 6.50 (s, 2H). 
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5-methyl-2,2'-bipyridine 

 

5-methyl-2,2'-bipyridine was synthesized according to previously reported synthetic 

methods.68 In a dry round-bottomed flask, (2-pyridacyl)pyridium iodide (5.0 g, 15.3 mmol, 1.0 eq.) 

was added with ammonium acetate (2.4 g, 30.6 mmol, 2 eq.). The solid mixture was dissolved in 

formamide (15 mL) and methacrolein (1.8 mL, 21.4 mmol, 1.4 eq.) was slowly added. The mixture 

was heated to 75 oC and stirred for 12 hours. Once cooled to room temperature, the reaction 

mixture was poured into saturated NaHCO3 and extracted 6 times with 20 mL of EtOAc. The 

combined organic layers were washed with brine (100 mL), dried with Na2SO4, and concentrated 

under reduced pressure. The crude oil was passed through a short silica pad, eluting with 19:1 

(DCM: MeOH). The desired product was obtained as a pale yellow oil (1.57g, 9.2 mmol, 60% 

yield). 1H-NMR data matched previously reported data.68 1H-NMR (300 MHz, CDCl3) δ 8.66 

(ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.50 (dt, J = 2.3, 0.8 Hz, 1H), 8.35 (dt, J = 8.0, 1.1 Hz, 1H), 8.28 

(dd, J = 8.1, 0.8 Hz, 1H), 7.79 (td, J = 7.8, 1.8 Hz, 1H), 7.67 – 7.56 (m, 1H), 7.32 – 7.21 (m, 1H), 

2.38 (s, 3H). 

 

 

5-bromomethyl-2,2′-bipyridine 
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5-bromomethyl-2,2′-bipyridine was synthesized according to modified previously reported 

synthetic methods.68 5-Methyl-2,2'-bipyridine (2.9g, 17.3 mmol, 1.0 eq.) was dissolved in CCl4 

(100 mL) and the solution was degassed via bubbling argon. N-bromosuccinimide (4.0 g, 22.5 

mmol, 1.3 eq.) and AIBN (284 mg, 1.73 mmol, 0.1 eq.) were then added to the mixture. A reflux 

condenser was attached and the mixture was refluxed under an inert atmosphere for 3 hours. The 

solvent was then removed under reduced pressure and the crude product was dissolved in 100 mL 

of CH2Cl2. 100 mL saturated NaHCO3 was poured onto the mixture and it was extracted 3 times 

with 30 mL of CH2Cl2. The organic layers were combined, washed with 50 mL of saturated 

NaHCO3, dried with Na2SO4, and concentrated under reduced pressure. The obtained mixture of 

mono and bis-brominated products was then dissolved in THF (20 mL) under an argon atmosphere. 

Diethyl phosphite (0.8 mL, 6.2 mmol, 0.36 eq.) and N,N-diisopropylethylamine (1.1 mL, 6.2 

mmol, 0.36 eq.) were added to the mixture and it was stirred for 18 hours at room temperature. 

After full consumption of the dibromide (verified via 1H-NMR), the THF was evaporated under 

reduced pressure and 25 mL of saturated NaHCO3 was added to the residue. The mixture was 

extracted 3 times with 30 mL of EtOAc. The combined organic layers were dried over Na2SO4 and 

concentrated under a vacuum. The crude product was loaded onto a silica gel column and eluted 

initially with 200 mL of CH2Cl2, followed by approx. 500 mL of 200:1 (CH2Cl2:MeOH). The 

mono-bromide was obtained as a white solid (2.25g, 9.0 mmol, 52% yield). 1H-NMR data matched 

previously reported data.68 1H-NMR (300 MHz, CDCl3) δ 8.73 – 8.63 (m, 2H), 8.40 (dt, J = 8.0, 

1.1 Hz, 2H), 7.91 – 7.74 (m, 2H), 7.32 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 4.54 (s, 2H). 
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3-(2,2'-bipyridin-5-yl)-L-Alanine 

 
Under an inert atmosphere, 5-(bromomethyl)-2,2'-bipyridine (2.3 g, 9.0 mmol, 1.0 eq.), 

glycine t-butyl ester benzophenone imine (2.80 g, 9.5 mmol, 1.05 eq.) and Maruoka’s catalyst 

((11bR)-(–)-4,4-Dibutyl-4,5-dihydro-2,6-bis(3,4,5-trifluorophenyl)-3H-dinaphth[2,1-c:1′,2′-

e]azepinium bromide) (20.3 mg, 0.027 mmol, 0.03 eq.) were added to toluene (23 mL) and a 50% 

aqueous solution of KOH (4.5 mL) was subsequently added. The mixture was stirred for 40 hours 

at -10 °C. The mixture was then diluted with brine (20 mL) and extracted 5 times with diethyl 

ether (20 mL); the organic layers were combined, dried with Na2SO4 and concentrated under 

reduced pressure. The residue was purified by column chromatography on silica gel, eluting with 

50:1 (CH2Cl2:MeOH) to yield the target compound as a yellow oil (3.70 g, 8.0 mmol, 88% yield). 

1H NMR (300 MHz, CDCl3) δ 8.71 – 8.61 (m, 1H), 8.42 (d, J = 2.2 Hz, 1H), 8.36 (d, J = 8.0 Hz, 

1H), 8.24 (d, J = 8.1 Hz, 1H), 7.81 (d, J = 1.8 Hz, 1H), 7.65 – 7.51 (m, 3H), 7.42 – 7.27 (m, 7H), 

6.75 (d, J = 7.1 Hz, 2H), 4.17 (d, J = 7.4 Hz, 1H), 3.27 (d, J = 5.3 Hz, 2H), 1.45 (s, 9H). 

 The intermediate product was then dissolved in 6M HCl (8 mL) and stirred at 60 oC for 12 hours. 

After heating, the solution was cooled down to room temperature and washed 3 times with diethyl 

ether to remove benzophenone. The aqueous phase was then concentrated and dried under reduced 

pressure to give the product as a pale white solid (Bpy-Ala•3 HCl) (2.81 g, 8.0 mmol, quant.). 
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Spectral data matched previously reported data.44 1H NMR (300 MHz, MeOD-d4) δ 8.84 – 8.80 

(m, 2H), 8.67 (dt, J = 8.2, 1.1 Hz, 1H), 8.55 (ddd, J = 8.2, 7.7, 1.6 Hz, 1H), 8.47 (dd, J = 8.3, 0.8 

Hz, 1H), 8.21 (dd, J = 8.3, 2.2 Hz, 1H), 7.96 (ddd, J = 7.6, 5.6, 1.2 Hz, 1H), 4.40 (t, J = 6.8 Hz, 

1H), 3.41 (qd, J = 14.6, 6.8 Hz, 2H). 
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Chapter 5 

General Discussion and Future Directions 

5.1 Engineering p19-based Probes for the Detection of Small RNAs 

In Chapter 2 we focused on the utilization of genetic code expansion to help engineer p19-based 

probes for the detection of siRNA binding. This was done by utilizing the UAA, AzF. We aimed 

to design a FRET-based probe by incorporating AzF, site-specifically, in the p19 dimer, in a 

position that is within FRET distance (1-100 Å) from the labeled 3’end of a siRNA substrate. By 

introducing the UAA, we were able to label p19 with a fluorophore using copper-free strain 

promoted alkyne-azide cycloaddition (SPAAC). This work has allowed for the detection of labeled 

siRNA in vitro using a FRET-based assay. To further apply this system in cells, we developed and 

incorporated the probe in a previously designed p19 system that is fused to a cell-penetrating 

peptide (CPP), HIV’s transactivator of transcription peptide (TAT), By doing so, we were able to 

deliver the target siRNA into cells successfully. The FRET probe was successful at aiding in the 

visualization of the delivery and release of the RNA into cells. This was done by monitoring the 

fluorescence “turn-on” over 24 hours. By delivering and releasing a quencher-tagged siRNA into 

cells, we were able to successfully visualize the fluorescently tagged protein as the siRNA is being 

released over time. Future work for this study should include activity analysis of the designed 

probe in a range of different cell types, including primary cells.  

Future work should include the design of FRET-based probes for the detection of unlabeled 

RNAs. We were successfully able to detect fluorescently tagged RNAs, however, the design of 

the presented probe would not be successful in detecting unlabeled RNA in cells, to address this, 

we can utilize the structural information available for p19. p19 binds RNA as a dimer, thus 
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designing a FRET-based probe would be possible by identifying residues on either monomer that 

would change position upon binding of RNA ligands. Labeling one of the identified positions with 

a FRET acceptor fluorophore, while the other with a donor fluorophore would allow for the 

detection of the binding event. This can be successful by linking the monomers using a flexible 

linker to form a stable, linked dimer as previously described. This strategy, however, presents some 

challenges. We do not have structural information about p19 in the apo state. The available 

structural information presents p19 in the holo state with an RNA ligand bound. 

To successfully label a position with a FRET donor, and another with a FRET acceptor, 

one will need to utilize different bioorthogonal chemistry for each position. Thus, we cannot 

depend on the utilization of just AzF for the labeling process, we will need to utilize another UAA 

that gets incorporated using a different codon, other than an Amber codon. For instance, an evolved 

pyrrolysyl–tRNA synthetase (PylRS)/tRNA pair from a Methanosarcina species can be utilized to 

incorporate a tetrazine containing amino acid in response to a quadruplet codon for one of the 

chosen sites, while the other site can incorporate AzF in response to the amber mutation1. By doing 

so, we ensure that each position would be labeled with a donor FRET fluorophore or an acceptor 

FRET fluorophore exclusively, thus aiding in the success of the methodology adopted.  

This methodology will offer novel applications in the detection of RNA in vitro and can be 

useful as a biotechnological tool for the detection of small RNAs involved in diseased states. An 

increased repertoire of tools to detect and modulate the activity of miRNAs is of interest and 

provides a new mechanism for utilizing RNA-binding proteins. We are currently working on such 

described strategy, and we will report on it in due course. The described strategy can be applied to 

other proteins and allows for an opportunity for optimized orthogonal translation to enable 

spontaneous protein double-labeling and FRET. 
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5.2 p19 as a Tool for RNA Delivery Using Unnatural Amino Acids 

In Chapter 2, we describe the usage of UAAs to help visualize the delivery and release of small 

RNA cargo into mammalian cells upon delivery using p19. p19 was used as a delivery agent for 

siRNA by using the p19 dimer to a cell-penetrating peptide to generate a FRET-based probe that 

can detect the release of RNA into cells upon delivery across the membrane and endosomal release. 

Using p19-2x-III-W19AzF–TAT, we were able to observe the release of RNA over 24 hours post-

treatment. The release was observed as early as 2 hours post-treatment with the protein. pH could 

potentially play a role in the release of the RNA from the p19 complex. Delivery via TAT peptide 

occurs through the endosomal route, and thus release from the endosome occurs via acidification. 

Thus, the acidification of the p19:RNA complex could potentially affect its release. Additionally, 

p19 is marked with a reversible RNA binding, thus in the presence of other cellular miRNAs in 

the cytoplasm, release and displacement can be achieved2.  Delivery via TAT cationic peptides is 

known to be very rapid, with total cellular uptake as fast as 1 hour3. Endosomal trapping of p19 

proteins upon delivery of RNA can potentially occur, thus this issue should be addressed to ensure 

efficient delivery of RNA. In our paper, we showed that delivery and release were achieved, and 

functional RNA was successfully delivered. However, to ensure optimal activity, we can fuse p19 

to endosomolytic peptides to enhance the endosomal escape, and thus functional RNA can be 

released into the cytoplasm almost instantaneously. This can be achieved through conventional 

molecular fusions to either the C or N terminus of the p19 dimer or can be done through the usage 

of UAA. As mentioned in chapter 2, AzF allows for covalent conjugation through SPAAC, thus 

an engineered endosomolytic peptide with a strained alkyne can be synthesized to tag the p19 

dimer, and thus allows for efficient endosomal escape upon delivery.  
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AzF allows for the conjugation of any molecule with a strained alkyne, thus future work 

could build on this technology to generate clickable cell-type specific cell-penetrating peptides. 

This will allow the direct conjugation of p19-III-W19AzF to an array of different peptides for cell-

specific cargo delivery instead of utilizing general cell entry peptides. This can help explore the 

potential of utilizing p19 to address tissue-specific delivery of siRNA.  

p19’s high affinity to small RNAs remains advantageous4. Its unique structure, high 

affinity towards siRNA, and the stability of the complex are of benefit when designing proteins 

with the potential to use as in vivo RNA delivery agents. p19’s high affinity and capping of RNA 

would limit RNA dissociation pre-cellular delivery and would protect the bound RNA from 

potential degradation via nucleases. Further studies need to be conducted to determine the extent 

of its high affinity on its ability to release RNA cargo in cells. From our study, we were able to 

visualize the release of RNA into cells, as well as confirm that the RNA is functional upon delivery, 

which aligns with what has been previously reported. Previous reports have confirmed that p19’s 

affinity did not negatively impact the release of siRNA cargo in situ4. Further studies need to be 

conducted to compare this specific method of RNA delivery to already available methods such as 

cationic lipids and other RNA binding proteins -based siRNA delivery agents, to ensure that the 

exhibited high affinity of p19 does not pose a disadvantage4. Our engineered p19 protein has been 

shown to exhibit low toxicity in comparison to lipid-based systems which is an intrinsic advantage 

to protein-based delivery of RNA5. To apply such system in vivo for siRNA delivery, it will be 

critical to assess the immunogenicity of p19 fusion proteins. Ensuring that the administration of 

the p19:siRNA complex does not lead to an increased production of inflammatory cytokines and 

interferons is instrumental to ensuring the success of such system. The immunogenicity profile of 

p19 proteins will need to be assessed should the system be applied for in vivo delivery.  
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We have shown here that the incorporation of UAAs to serve as bioorthogonal handles 

allowed for protein labeling and conjugation, which provided a novel opportunity for tracking 

p19’s RNA delivery and release inside a cellular model. This as well can act as a future opportunity 

to track p19’s localization inside the cell and help uncover some insights into its potential use as a 

delivery agent.  UAAs incorporation provides an opportunity to engineer p19 to have site-

selectivity by easily conjugating different types of cell-penetrating peptides through bioorthogonal 

chemistry6,7.  
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5.3 Engineering of p19-based Photo-switches using UAA 

In chapter 3, we focused on identifying sites in the p19 RNA binding pocket that are in close 

contact with the phosphate backbone of the bound RNA ligand. We used the crystal structure of 

p19 bound to its canonical siRNA substrate to approximate residues in close contact with the 

RNA’s backbone residues T111, K67, and R115. These residues are situated along the β-sheet 

binding surface and are shown to interact directly with the RNA based on the crystal structure 

information available8. This study highlighted the potential of utilizing UAAs bearing photo-

crosslinking groups to help identify protein-RNA interactions. Protein-RNA interactions have 

been critical for the discovery and understanding of the non-coding RNA functions. Previous 

studies have taken advantage of utilizing cross-linkable groups to study the interactions between 

proteins and their bound RNA targets, however, these methods lack specificity and control over 

the crosslinking location, and thus can exhibit high background noise. Site-specific crosslinking 

allows for precise mapping of the exact RNA binding site of interest and allows for identifying the 

precise targets of the protein. In chapter 3, we successfully show the utilization of UAAs as a tool 

to site-specifically crosslink p19’s targets in vitro. This approach can be used for high sensitivity 

detection of bound p19 substrates while also providing irreversible sequestrations of small RNAs 

in cells.  

This method provides the ability to design a molecular switch for spatial-temporal 

sequestration of endogenous miRNAs. Future studies should focus on applying this system in 

mammalian cells, in which UV-irradiation would allow for control of covalent miRNA 

sequestration in situ. Modulation of miRNA activity in living systems is of interest, due to their 

linked function to disease progression and infectious states9–11.  
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Specifically, this method could be applied in mammalian cells to identify canonical 

miRNA ligands of p19 in different tissue types. UV-crosslinking provides a mechanism to identify 

transient targets of p19 and would help identify p19’s differential binding activity. This can help 

uncover the understanding of p19’s differential binding to the mammalian miRNA repertoire. 

CLIP assays will help underscore whether differences in the small RNA population of different 

cell types are impacting p19’s endogenous activity.  

It is possible to utilize a different UAA to design a photo-switch to control the activity of 

p19 and provide spatial-temporal control in cells. Future studies will focus on utilizing UAAs 

bearing photo-caged groups for optical control of p19’s activity in cells similar to what has been 

previously done with Cas9 proteins12. Such a design will add another level of control to p19’s 

binding potential to small RNAs. To successfully do that, we will need to identify, through 

mutational scanning, residues that are sensitive to the introduction of the photocaged groups. Thus, 

upon incorporation, binding potential should be perturbed, while optical uncaging should help 

regain p19’s binding and RNA suppression ability. It would therefore be essential to identify which 

residues in the p19’s binding pocket are sensitive to this incorporation of a bulkier photocaged 

group for the design to be successful. Some examples of photocaged unnatural amino acids are 

photocaged lysine, tyrosine, and cysteine residues among others13–15. Expanding the scope of 

recombinant p19, using UAAs, provides an opportunity to engineer proteins with new 

functionalities and highlights the novel applications of p19 as a tool in biotechnology.  
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5.4 Enhancing p19’s Activity in Mammalian Cells 

Our laboratory has previously presented an approach to enhance the activity of p19 in mammalian 

cells using a chemical biology approach to further inhibit the RNA silencing pathway. This was 

performed by applying p19 in conjugation with a small molecule, suramin to potently inhibit the 

RNA silencing pathway in human hepatoma cell lines16.  

In chapters 3 and 4, we have shown the potential of utilizing p19 as a tool to suppress the 

RNA silencing pathway in mammalian cells, however, it was shown that modest inhibition of the 

RNA silencing pathway is achieved upon applying p19 in mammalian cells in comparison to its 

activity in plant cells16,17. Thus, to optimally utilize the potential of p19, we need to characterize 

factors that influence its activity and level of expression in different types of cells that may help 

identify differences and provide insights into p19’s activity in plant and mammalian cell lines.  

Future work should focus on identifying endogenous factors that influence p19’s activity in human 

cell lines. Identifying protein-interacting partners in mammalian cells can help shed light on ways 

to enhance the endogenous activity of p19. Site-specific incorporation of UAA-bearing photo-

crosslinkable groups into p19 followed by immunoprecipitation can help identify transient protein 

interacting partners that potentially influence p19’s activity18. Protein interactions will be 

examined through site-specific incorporation of AzF, which upon UV irradiation, will allow the 

formation of covalent adducts with interacting protein partners that may either enhance or inhibit 

its activity in vivo18,19. Immunoprecipitation studies should be performed, where p19 will be 

expressed in a range of human cell lines, and subsequent mass spectrometry and western blotting 

techniques will be utilized to identify the cell-type specific interactions, followed by studies to link 

these proteins to p19’s activity. These experiments will allow the identification of potential 

proteins that can be co-expressed along with p19 to enhance its activity in vivo. Additionally, loss 
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and gain-of-function studies will be conducted where CRISPRi (inhibition) or CRISPRa 

(activation) experiments will be utilized to create cell lines that either lack or overexpress the 

identified proteins that may play a part in modulating p19’s activity20. These experiments will help 

validate and delineate the interacting partners’ role in either enhancing or inhibiting p19’s activity.  
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5.5 Introduction of Catalytic Functionality into p19 

Chapter 4 focused on the introduction of catalytic functionality to p19. This was done by 

incorporation of a metal ion chelating UAA, BpyAla. Site-specific incorporation of BpyAla has 

been utilized previously to engineer a site-specific DNA cleaving protein21. This method may be 

useful in mapping molecular details of protein-nucleic acid interactions. In chapter 3, we chose 2 

different sites in p19 to achieve cleavage of the bound RNA. Since the introduction of BpyAla 

only requires simple mutagenesis as previously described, it should be possible to rapidly generate 

and test a series of BpyAla mutants to define optimal sites for incorporation, even in the absence 

of protein structural information. The presented approach in chapter 4 highlights the possibility of 

BpyAla utilization to map protein-RNA interactions or even protein-protein interfaces. It has been 

previously shown that Cu2+- phenanthroline results in selective protein backbone cleavage22. Thus, 

the incorporation of BpyAla provides a new avenue for the introduction of catalytic activity in 

proteins.  

Future work will focus on characterizing p19-T111BpyAla biochemically, in which the 

catalytic efficiency of the enzyme will be determined. This will be performed using a real-time 

fluorescence “turn on” assay, where a fluorophore-tagged RNA signal is quenched via a black hole 

quencher on the 3’end of the RNA, and when cleavage and release of the RNA occur via p19-

T111Bpyla, a turn on/ increase in the fluorophore signal will be achieved. Steady-state kinetic 

parameters under multiple turn-over conditions (excess substrate) will be determined for the 

artificial enzyme and compared to other RNA cleaving enzymes, such as Dicer. These experiments 

will provide information on the potential future applications for the engineered enzyme.  

Additionally, future work will focus on characterizing the catalytic efficiency of the engineered 

enzyme toward other miRNAs. The Nanostring profiling experiments have provided information 
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about p19-T111BpyAla preferential cleavage of miRNAs when a complex pool of miRNA is 

presented. Even though miR-122 is highly expressed in the liver, and represents around 70% of 

the miRNA population, it was not the most highly downregulated. Thus, the structure of miRNA 

should be further examined to elucidate the potential preferential activity of p19. miRNAs are 

known to contain nucleotide mismatches, that result in “bulges” in their secondary structures. The 

presented “bulges” can affect the binding affinity of p19 towards a specific RNA23. Further 

mutagenesis studies can be conducted, including directed evolution approaches, to further enhance 

the binding affinity of p19 towards a specific miRNA of interest.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

165 

 

5.6 General Conclusions 

Overall, the work presented here describes the utilization of genetic code expansion technology to 

further enhance the activity of recombinant p19 proteins in the detection and sequestering of small 

RNAs. p19’s binding properties have allowed it to be utilized extensively in biotechnology as a 

tool for miRNA detection, delivery, and enhancement of protein expression. The work presented 

here provides an avenue for the utilization of a plethora of already existing UAA to further enhance 

the activity of p19 in cells and living systems. UAAs provide an easy method to introduce new 

functionality to proteins with very minimal perturbations to their existing structures and functions. 

p19 is very accommodating to modifications that makes it an easy tool for future modifications. 

In this thesis, we utilized an azide-modified UAA that allowed site-specific labeling of p19 for the 

detection of modified RNA. AzF has also allowed for the development of a photo-switch that site 

specifically allows covalent sequestration of both siRNA and miRNA targets of p19. Finally, the 

incorporation of BpyAla has allowed for the site-specific cleavage of p19’s targets allowing for 

the potential of enhanced suppression activity for p19. This work contributes to the larger field of 

RNA binding protein engineering. These technologies can be applied to other RBPs and allow for 

a large range of biotechnological applications. 
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Chapter 6 

Appendix 

 

6.1 Supplemental information for chapter 2 

 

FigureS2.1. Purified p19-III and UAA mutants. Expression gel of purified p19-III, p19-III-

W19AzF and p19-III-N46AzF post his-tag purification and size exclusion chromatography. 
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6.2 Supplemental information for chapter 3 

 

 

 

 

 

 

 

Figure S3.1 Crosslinking of p19 and small RNAs. A) Gel of p19 WT and T111AzF after UV exposure for 10 

minutes at 320 nm. Top gel is the Cy3 Scan, confirming crosslinking of GL2 siRNA to T111AzF, while unbound 

Cy3 labelled GL2 siRNA appears at the bottom of the gel. Bottom gel is the loading control to confirm equal 

loading (TGX-Stain Free). B) Gel of p19 T111AzF after UV exposure for 20 minutes at 320 nm. Top gel is the Cy3 

Scan, confirming photo-crosslinking of miR-122 to T111AzF, while unbound Cy3 labelled miR-122 appears at the 

bottom of the gel. Bottom gel is the loading control to confirm equal loading (TGX-Stain Free). 
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6.3 Supplemental information for chapter 4 

 

 

 

Figure S4.1. Expression and purification of p19-WT and p19-T111BpyAla purification. (A) 

western blot depicting the expression of p19-T111BpyAla and p19-K67BpyAla in E. coli cell 

lysates (B) size exclusion chromatography (SEC) chromatograms for p19-WT and p19-

T111BpyAla on a Superdex 200 column (GE). (C) 5 µL of the concentrated fractions from the 

SEC were ran on an SDS-PAGE gel to confirm the purification of p19-WT and p19-T111BpyAla. 
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Figure S4.2 Determination of the Binding affinity of unnatural amino acid p19 mutants. 

Binding plot for p19-T111BpyAla and for p19-K67BpyAla using electrophoretic mobility shift 

assay. Binding plots were constructed by varying the concentrations of the protein (0-1 µmol/L), 

while maintaining the concentration of Cy3-labeled GL2 at 2 nmol/L. 
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Figure S4.3 Determination of the Binding affinity of p19-T111BpyAla towards miR-122. 

EMSA gels for p19-T111BpyAla using 2nmol/L Cy3-labeled miR-122. Binding plots were 

constructed by varying the concentrations of the protein (0-2 µmol/L), while maintaining the 

concentration of Cy3-labeled miR-122 at 2 nmol/L. 
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Table S4.1 Summary of miRNAs downregulated upon treatment with p19-T111BpyAla relative to 

p19-WT. 

miRNA Fold Change P-Value 

hsa-miR-421  
hsa-miR-10b-5p  
hsa-miR-191-5p  
hsa-miR-99a-5p  
hsa-miR-106a-5p+hsa-miR-17-
5p 

hsa-miR-23a-3p  
hsa-miR-122-5p  
hsa-miR-93-5p   
hsa-miR-130a-3p   

has-miR-194-5p 
 

 

-1.78 

-1.93 

-1.95 

-1.96 

-1.98 
 

-1.99 

-2.02 

-2.31 

-2.37 

-2.86 

  

0.035541 

0.031897 

0.043329 

0.039619 

0.028491 
 

0.036581 

0.034148 

0.021533 

0.012802 

0.044898 

  

 

Table includes miRNAs which were modulated by at least 1.2-fold during p19-T111BpyAla 

treatment of small RNA fractions isolated from Huh7 cell line relative to p19-WT treatments. 
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6.3.1 NMR Spectra for compounds synthesized in Chapter 4 

 

(2-pyridacyl)pyridium Iodide  
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5-methyl-2,2'-bipyridine 
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5-bromomethyl-2,2′-bipyridine 
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3-(2,2'-bipyridin-5-yl)-L-Alanine 
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