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Abstract 

Internal ribosome entry sites (IRES) are structured RNA elements that recruit ribosomes 

using a subset of translation factors in a 5' cap-independent manner. The dicistrovirus IRES uses 

the most streamlined mechanism: the IRES recruits ribosomes directly without the use of 

initiation factors and directs translation from a non-AUG codon. The IRES adopts three 

pseudoknots, stem-loop and unpaired regions that interact with specific domains of the ribosomal 

40S and 60S subunits. Analysis of dicistrovirus-like genomes identified via metagenomic studies 

predicts potentially novel atypical IRES RNA structures. Specifically, the Bemisia-associated 

dicistrovirus 2 (BaDV-2) IRES contains an unusual RNA structure that lacks conserved elements 

and altered structures that do not conform to the typical dicistrovirus IRES mechanism. 

Moreover, the BaDV-2 genome contains a predicted -1 frameshifting signal (FSS) with an RNA 

stem-loop structure that would direct translation of the RNA-dependent RNA polymerase 

(RdRp) motif. In this study, using a bicistronic reporter, we demonstrate that BaDV-2 IGR 

supports internal ribosome entry activity in in vitro insect Sf-21 and rabbit reticulocyte 

translation extracts. Using deletion and mutagenesis analyses, we showed that the BaDV-2 IRES 

activity is within a minimal 140 nucleotide element containing a predicted stem-loop. Moreover, 

the IRES is sensitive to eIF2 and eIF4A inhibitors, NSC1198983 and hippuristanol, respectively, 

indicating that the BaDV-2 IRES is factor-dependent, unlike typical factor-less dicistrovirus 

IRESs. Preliminary data shows that a chimeric dicistrovirus infectious clone does not support 

virus infection in Drosophila cells. Finally, we show that the predicted stem-loop structure -1 

frameshifting signal can direct programmed frameshifting in vitro using a luciferase-based 

bicistronic reporter. In summary, we have provided evidence of the first -1 frameshifting signal 
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and a novel IRES mechanism in this viral family, thus highlighting the diversity of viral 

strategies to direct viral protein synthesis.  
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Lay Summary 

Protein synthesis is an essential process in the viral life cycle. RNA viruses generally 

hijack the host translational machinery to direct viral protein synthesis. One prominent viral 

mechanism is by using structured RNA elements called internal ribosome entry site (IRES). This 

thesis focuses on an atypical IRES found in an insect virus that infects the sweet potato whitefly 

Bemisia tabaci, which is an agriculture pest. Using biochemical and molecular approaches, we 

provide insights into the factor requirements and structure of this IRES. This thesis reveals a 

novel IRES mechanism within this viral family which may be exploited for mRNA therapeutics, 

or biological control strategies to combat agriculture pests.  

 

 

 

 

 

 

 

 

 

 

 



  vi 

Preface 

The work presented here was conducted by Yihang Chen, under the supervision of Dr. 

Eric Jan at the University of British Columbia. Except for the parts listed below:  

Validation for mutagenesis analysis for IRES (Figure 2.2) was partially performed by 

Jodi Chien, who was an undergraduate student in the lab.  

SEC-MALS were performed by Yihang Chen under the supervision of Dr. Higor S. 

Pereira and Dr. Trushar Patel in the Patel lab at the University of Lethbridge (Figure 2.7 A, B). 

SAXS data was analyzed by Dr. Higor S. Pereira (Figure 2.7 C). 

 

 

 

 

 

 

 

 

 

 

 



  vii 

Table of Contents 

Abstract………………………………………………………………………………………….iii 

Lay Summary…………………………………………………………………………………….v 

Preface……………………………………………………………………………………………vi 

Table of Contents……………………………………………………………………………….vii 

List of Figures ………………………………………………………………………………….x 

List of Symbols………………………………………………………………………………….xii 

List of Abbreviations…………………………………………………………………………..xiii  

Acknowledgments……………………………………………………………………………...xix 

Chapter 1: Introduction………………………………………………………….………………1 

1.1 Eukaryotic translation…………………………………………………….……………….1 

1.1.1 Canonical cap-dependent translation initiation in eukaryotes…………….……….1 

1.1.2 Alternative cap-independent translation mechanisms in viruses………….….……9 

1.1.2.1 Internal ribosomal entry sites: four types and mechanism ………..…..……....10 

1.2 Recoding mechanisms in viruses: Programmed ribosomal frameshifting …………….....19 

1.2.1 -1 Programmed ribosomal frameshifting (-1 PRF) ...………………………..…...19  

1.2.2 +1 Programmed ribosomal frameshifting (+1 PRF) ………………………….….21 

1.2.3 +2 Programmed ribosomal frameshifting (+2 PRF)……………………….….….23 

1.3 Dicistrovirus …………………………………………………………..………………....23 

1.3.1 Classification ……………………………………………………...……………..24 



  viii 

1.3.2 Genome organization …………………………………………………...…....….26 

1.3.3 Viral strategies of translational control….…………………………….......….…..28 

1.3.4 Viral discovery by metagenomic approaches……………………..………….…..35 

1.4 Thesis Investigation……………………………………………………………………...36 

 

Chapter 2: A novel factor-dependent internal ribosome entry site in the Bemisia-associated 
dicistrovirus 2 …………………………………………………………………………………..37 

2.1 Introduction……………………………………………………………………...……….37  

2.2 Material and methods………………………………………………………………….....38 

2.3 Results……………………………………………………………………………………42 

2.3.1 BaDV-2 IGR supports internal ribosome entry …………………….....……..…...42  

2.3.2 Minimal BaDV-2 IGR that directs IRES activity ……………………..……...…..44  

2.3.3 BaDV-2 IGR IRES initiates translation from an AUG start codon………..….…..48 

2.3.4 BaDV-2 IGR IRES does not bind to purified 80S ribosome………….……..……50 

2.3.5 BaDV-2 IGR IRES requires eIF4A and eIF2 to recruit ribosomes………….....…51 

2.3.6 BaDV-2 minimal IRES contains predicted stem loops………………..……..…...54 

2.3.7 BaDV-2 IGR does not support IRES activity in S2 cells…………………...…......56 

2.4 Discussion……………………………………………………………………………..…60 

 

Chapter 3: A novel programmed -1 frameshifting signal in the Bemisia-associated 

dicistrovirus 2…………………………………………………………………………...………63  

3.1 Introduction……………………………………………………..……………………..63 

3.2 Material and methods………………………………………..……………….………...64  

3.3 Results……………………………………………………………………………........65 



  ix 

3.3.1 BaDV-2 IGR supports a -1 PRF……………………..……………….…....…..65 

3.3.2 Characterization of the BaDV-2 -1FSS……………………………………......69  

3.4 Discussion……………………………………………………………………………..73  

 

Chapter 4: Summary and future directions…………………………………………….…..…75 

Bibliography…………………………………………………………………………………….79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  x 

List of Figures 

Figure 1.1.  Overview of the general eukaryotic translation initiation pathway.…………..…....4 

Figure 1.2.  Model of the eukaryotic translation elongation pathway………………………….7 

Figure 1.3.  Model of the eukaryotic translation termination pathway………………………...8 

Figure 1.4.  Examples of the diversity of mechanisms of viral IRES RNAs.………………...10 

Figure 1.5.  Structure of CrPV IGR IRES in the Ribosome...………………………………...13 

Figure 1.6.  The secondary structure of Type IVa and IVb dicistrovirus IGR IRESs.……...….17 

Figure 1.7.  The predicted model of dicistrovirus IRES…………………………………..…...18 

Figure 1.8.  The genome organization of a standard picornavirus and a standard 

dicistrovirus……………………………………………………………………………………....25 

Figure 1.9.  The RNA genome and polyprotein processing of dicistroviruses……………….28 

Figure 1.10.  Recycling of eIF2 during translation initiation………………………….……….33 

Figure 2.1.  BaDV-2 IGR and its IRES activity……………………………………………....43 

Figure 2.2.  Predicted secondary model of BaDV-2 IGR IRES.…………………………...….45 

Figure 2.3.   Deletion analysis of BaDV-2 IGR IRES.………………………………….…….47 

Figure 2.4.  Stop codon mutations to confirm the BaDV-2 IGR IRES initiation site.……......49 

Figure 2.5.  Affinity of 80S-BaDV-2 IGR IRES complexes.…………………...…………….51 

Figure 2.6.  Inhibitor treatment to test the requirement of initiation factors..………...............53 



  xi 

Figure 2.7.  Structural analysis of BaDV-2 IGR IRES………………...……………..............55 

Figure 2.8.  BaDV-2 IGR IRES activity in infectious clone and in cells.………………..…...58 

Figure 3.1.  The predicted secondary structure of BaDV-2 -1 FSS ………………………….66 

Figure 3.2.  In vitro translation assays in Sf-21 cell extracts and RRL …...…..……………...68 

Figure 3.3.  Deletion analysis of BaDV-2 -1 FSS………………………………………….....70 

Figure 3.4.  Mutation analysis of BaDV-2 -1FSS………………………………………….....72 

 

 

 

 

 

 

 

 

 

 

 



  xii 

List of Symbols 

 α Alpha 

 β Beta 

 γ Gamma 

 𝜇𝜇 Micron  

Δ Delta  

k Kilo  

° Degree  

% Percent  

 

 

 

 

 

 

 

 

 



  xiii 

List of Abbreviations  

aa-tRNA aminoacyl-tRNA  

ABCE1 ATP-binding cassette protein 

Ad  Adenovirus 

A-site  aminoacyl-site 

ASL   anticodon stem-loop  

ATP   adenosine triphosphate  

BaDV-2           Bemisia-associated dicistrovirus 2 

BUNV  Bunyamwera virus 

cDNA   complementary deoxyribonucleic acid  

CHX  cycloheximide  

CrPV   Cricket paralysis virus  

cryo-EM cryo-electron microscopy  

CSFV  classic swine fever virus 

DCV  Drosophila C virus 

DENR  density- regulated protein  

DMS  dimethyl sulfate  

DTT   dithiothreitol  



  xiv 

4E-BP   eukaryotic initiation factor 4E-binding protein 

eEF   eukaryotic elongation factor 

EF  elongation factor 

eIF   eukaryotic initiation factor  

eIF2D  ligatin 

EMCV  encephalomyocarditis virus 

E-site  exit-site 

ER  endoplasmic reticulum 

FLuc   firefly luciferase  

FMDV  foot-and-mouth disease virus 

FSS  frameshifting signal 

GCN2  general control non-derepressible-2 

GDI  GDP-dissociation inhibitor 

GEF  guanine nucleotide exchagne factor  

GTP   guanosine triphosphate  

HAV  hepatitis A virus 

HCV   hepatitis C virus  

HIV-1  human immunodeficiency virus type I 



  xv 

h p.i.   hours post-infection  

h p.t.   hours post-transfection  

HRI  heme-regulated inhibitor 

HSV-1  herpes simplex virus-1 

HTLV-II human T-cell leukemia virus type II 

IAPV   Israeli acute paralysis virus  

IFN  interferon 

IGR   intergenic region  

IRES   internal ribosome entry site  

ITAF   IRES trans-acting factor 

KD  dissociation constant 

KOAc   potassium acetate 

L  Loop 

m6A   N 6 -methyladenosine  

m7G cap 7-methylaguanosine cap    

MCT1  multiple copies in T-cell lymphoma-1 

Met-tRNAi Methionine-transfer Ribonucleic acidi  

MgOAc  magnesium acetate  



  xvi 

miRNA microRNA 

MLOGD maximum likelihood overlapping gene detector 

mRNA  messenger ribonucleic acid  

MT                  Mutant 

NMR   nuclear magnetic resonance  

PABP   poly(A) binding protein  

P-bodies processing-bodies  

PCBP  poly(C)-binding protein 

PERK  PKR-like endoplasmic reticulum kinase 

Pi                     inorganic phosphate 

PIC   preinitiation complex  

PIPO  Pretty Interesting Potyviridae ORF 

PK   pseudoknot  

PKR  interferon-inducible RNA-dependent kinase 

PRF   programmed ribosomal frameshift   

P-site               peptidyl site  

PTB  pyrimidine track binding protein 

PTC                peptidyl transferfase center 



  xvii 

PTV-1  porcine teschovirus 1 

PV  poliovirus  

RBP                RNA-binding protein  

RdRp   RNA-dependent RNA polymerase  

RF   release factor  

RLuc   Renilla luciferase  

RRL   rabbit reticulocyte lysate  

rRNA   ribosomal ribonucleic acid  

S2  Drosophila Schneider 2 cell line 

SARS  severeve acute respiratory virus 

SAXS   small angle X-ray scattering  

SD  Shine-Delgarno 

SEC-MALS size exclusion chromatography with multi-angle light scattering  

Sf-21   Spodoptera frugiperda  

SG  stress granule 

SHAPE selective 2′ hydroxyl acylation analyzed by primer extension 

SL   stem-loop 

smFRET single-molecule fluorescence resonance energy transfer 



  xviii 

SV  Sindbis virus 

TC                   ternary complex  

TLS   tRNA-like structure  

TMEV  Theiler’s encephalomyelitis virus 

tmRNA  transfer-messenger ribonucleic acid  

tRNA   transfer ribonucleic acid  

TSV  Taura syndrome virus 

TuMV  Turnip mosaic virus 

5'-UTR  5'-untranslated region  

VLR   variable loop region  

VPg   viral protein genome-linked  

VSV  Vesicular stomatitis virus 

WT   wild-type 

 

 

 

 

 



  xix 

Acknowledgements  

First and foremost, I would like to thank my supervisor Dr. Eric Jan. Eric, thank you for 

“adopting” me as a graduate student from a totally different undergraduate background. You are 

such an enthusiastic scientist, and I am inspired by your passion for pure science and tons of 

crazy ideas every day. It was a privilege to learn how to conduct solid scientific research from 

you. Also, thank you for always being so kind and supportive. That meant a lot to me. 

I also want to thank my supervisory committee members, Dr. Ethan Greenblatt and Dr. 

Honglin Luo for your expertise, insight, and constructive feedback throughout my MSc.  

To the Jan lab members and alumnus, it has been a delightful journey to work with all of 

you. Jibin, thank you for being such a supportive mentor and friend, for sharing joy and sorrows, 

in early mornings and late nights. And thank you for being such a good role model of devoting 

yourself to teach and help others. Reid, thank you for leading me the whole biochemistry and 

virology field. It was your endless patience and support as the BIOC410 TA that gave me the 

courage to continue even when my biochemistry knowledge was so weak. Dan, thank you for 

always willing to share your expertise and insights in experiment techniques, speech 

improvement, and of course, cute kittens. Nicolas, thank you for always sharing your 

extraordinary bioinformatics knowledge so patiently. Jodi, you are so supportive, patient, and 

thoughtful, the best colleague and friend who I could ever imagine having. I want to thank 

everyone in Jan lab and whom I have ever encountered during my MSc. for accepting me, 

teaching me to be brave to ask questions, and for exploring the unknown in science together.   

Finally, to my family and friends, thank you for always being there for me.  



 

1 
 

Chapter 1: Introduction  

1.1 Eukaryotic translation 

1.1.1 Canonical cap-dependent translation initiation in eukaryotes 

Protein synthesis is an essential process in gene expression. Regulation of translation is 

vital for maintaining homeostasis in cells, development, cell fate determination, cellular stress 

and virus infection (Hershey, Sonenberg, & Mathews, 2019). Eukaryotic protein synthesis 

involves four main processes: initiation, elongation, termination and ribosome recycling (C. U. 

T. Hellen, 2018; Jackson, Hellen, & Pestova, 2010; Merrick & Pavitt, 2018). The ways that 

ribosomes are recruited to the messenger RNA (mRNA) and recognize initiation sites differ in 

prokaryotes and eukaryotes (Kozak, 1999). Importantly, translation initiation is considered as the 

rate-limiting step and is highly regulated in eukaryotes (Mathews & Sonenberg, 2000). As this 

thesis focuses on non-canonical translation in eukaryotes, I will provide a brief overview of each 

process in the following sections. 

Translation initiation is the process of assembling the elongation-component 80S 

ribosomes on an mRNA. There are two main steps: the formation of the 48S initiation complex 

and the joining of 60S subunits. To start with, the initiator methionyl-transfer Ribonucleic acidi 

(Met-tRNAi) is recruited to the ribosome with eIF2-GTP. eIF2 is a GDP/GTP binding G protein 

complex consisting of three subunits, alpha (α), beta (β), and gamma (γ). GDP has a 400-fold 

higher affinity for eIF2 than GTP, and eIF2-GDP is in a relatively stable form (Kapp & Lorsch, 

2004; Panniers, Rowlands, & Henshaw, 1988). GDP exchange to GTP on eIF2 is mediated by 

the guanine nucleotide exchange factor (GEF) eIF2B (G D Pavitt, Ramaiah, Kimball, & 

Hinnebusch, 1998; Rowlands, Panniers, & Henshaw, 1988). In the GTP bound state, eIF2-GTP 

https://sciwheel.com/work/citation?ids=7902870&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=186418,6689852,5248058&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=186418,6689852,5248058&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=1559294&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13868373&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13876722,7550355&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13876722,7550355&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1613968,2393168&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1613968,2393168&pre=&pre=&suf=&suf=&sa=0,0
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has a high affinity for Met-tRNAi (Kapp & Lorsch, 2004). The formation of eIF2•GTP•Met-

tRNAi complex as ternary complex (TC) is considered as the first step of translation initiation 

(Merrick & Pavitt, 2018). Then eIF5, eIF3, eIF1 and eIF1A recruit the TC to the 40S ribosomal 

subunit to form the 43S preinitiation complex (PIC) (Merrick & Pavitt, 2018; Pisarev, Hellen, & 

Pestova, 2007). eIF1 is a small protein that binds close to the 40 ribosomal peptidyl-site (P-site) 

and mRNA entry channel (Rabl, Leibundgut, Ataide, Haag, & Ban, 2011). eIF1A binds 40S 

directly adjacent to eIF1 (Carter et al., 2001), located in the aminoacyl-site (A-site) of 40S 

ribosomal subunit (Weisser, Voigts-Hoffmann, Rabl, Leibundgut, & Ban, 2013), and binds to the 

head of the 40S subunit through its helical subdomain (Yu et al., 2009). eIF1 and eIF1A together 

induce 40S conformational changes that opens up a cleft between the 40S head and body to 

facilitate TC binding (Maag, Fekete, Gryczynski, & Lorsch, 2005; Passmore et al., 2007; Sokabe 

& Fraser, 2014; Weisser et al., 2013). In a mammalian system, the eIF3 octamer core binds 

around the 40S mRNA exit channel. eIF3 is critical for bringing the TC to the 40S subunit, 

which then stabilizes mRNA at both the entry and exit channels (Aitken et al., 2016), and also 

facilitates subsequent steps in initiation, ribosomal recycling and reinitiation (Beznosková, 

Wagner, Jansen, von der Haar, & Valášek, 2015; C. U. T. Hellen, 2018; Mohammad, Munzarová 

Pondelícková, Zeman, Gunišová, & Valášek, 2017; Pisarev et al., 2007; Valášek et al., 2017).  

The next important step is mRNA recruitment, which requires eIF4A, eIF4B, eIF4E and 

eIF4G (Figure 1.1). eIF4E is the major 7-methylguanosine (m7G) cap recognition factor (J. D. 

Gross et al., 2003). eIF4G is a scaffold protein that contains the binding site for eIF4E, poly(A) 

binding protein (PABP) and RNA to form a circular mRNA/RNA-binding protein complex. 

eIF4G together with eIF4E and eIF4A forms eIF4F complex, and eIF4G enhances eIF4E’s 

affinity for the m7G cap (J. D. Gross et al., 2003; O’Leary, Petrov, Chen, & Puglisi, 2013; 

https://sciwheel.com/work/citation?ids=7550355&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5248058&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5898545,5248058&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=5898545,5248058&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=55204&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1542258&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2824252&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=647617&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9902854,5802911,7460074,2824252&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=9902854,5802911,7460074,2824252&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=5034635&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5898545,5750107,5749872,5749868,6689852&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
https://sciwheel.com/work/citation?ids=5898545,5750107,5749872,5749868,6689852&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
https://sciwheel.com/work/citation?ids=5898545,5750107,5749872,5749868,6689852&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
https://sciwheel.com/work/citation?ids=741757&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=741757&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=741757,1586219,1116152&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
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Yanagiya et al., 2009). eIF4A is an RNA helicase that unwinds mRNA secondary structures 

(Kumar, Hellen, & Pestova, 2016) or disrupts RNA-binding proteins from RNA (Jankowsky, 

Gross, Shuman, & Pyle, 2001) to facilitate loading of the single-strand mRNA into the mRNA 

channel on the 43S PIC (Merrick & Pavitt, 2018) and the subsequent scanning (Pestova & 

Kolupaeva, 2002; Sonenberg, 1988; Svitkin et al., 2001). The helicase activity requires ATP and 

is greatly enhanced by eIF4B (Abramson et al., 1987; Harms, Andreou, Gubaev, & Klostermeier, 

2014; Rozen et al., 1990).   

After 43S PIC is formed and loaded onto mRNA, it scans along mRNA from the m7G 

cap for the initiation codon. GTP binds to the γ subunit of eIF-2 whereas eIF-5 binds to the β 

subunit of eIF2. eIF5 is recruited once eIF2 ternary complex reaches the AUG start codon and 

causes a conformational change on eIF2 which releases inorganic phosphate (Pi) through GTP 

hydrolysis (Algire, Maag, & Lorsch, 2005; Majumdar & Maitra, 2005; Sizova, Kolupaeva, 

Pestova, Shatsky, & Hellen, 1998). The conformational change on eIF2 lowers its affinity for  

Met-tRNAi (Algire et al., 2005). The dissociation of eIF2-GDP and eIF5 from the 40S ribosomal 

subunit allows the 60S ribosomal subunit recruitment via eIF5B (Merrick & Pavitt, 2018; 

Yamamoto et al., 2014). eIF5B and eIF1A reorient the Met-tRNAi to facilitate 60S ribosomal 

subunit to join (Lapointe et al., 2022). Then eIF5B-GDP and eIF1A dissociate and the 80S 

ribosome is formed with Met-tRNAi in the P-site, ready for the elongation (Merrick & Pavitt, 

2018).  

 

https://sciwheel.com/work/citation?ids=741757,1586219,1116152&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=3287174&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5478696&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5478696&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5248058&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1579256,1580629,5043054&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=1579256,1580629,5043054&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=11962505,1575728,3935050&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=11962505,1575728,3935050&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=784088,11962356,7550198&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=784088,11962356,7550198&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7550198&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3428393,5248058&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3428393,5248058&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13895565&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5248058&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5248058&pre=&suf=&sa=0
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Figure 1.1. Overview of the general eukaryotic translation initiation pathway. Blue text 

shows a series of major steps that are important for recruiting tRNA to mRNA AUG codon in the 

context of an 80S ribosome. Black text labels individual eukaryotic initiation factors and 

nucleotide hydrolysis and inorganic phosphate release are shown by blue arrow.  

Adapted with permission from (Merrick & Pavitt, 2018). 

 

Translation elongation is conserved between eukaryotes and bacteria (Dever, Dinman, & 

Green, 2018). As shown in Figure 1.2, starting with the end of translation initiation, where Met-

tRNAiMet is bound to P-site of the ribosome and the next codon of the ORF sits in the A-site. For 

context, there are three tRNA-binding sites on the 80S ribosome: aminoacyl-site (A-site), the 

peptidyl-site (P-site) and the exit-site (E-site). The eukaryotic translation elongation factor 

eEF1A is activated by binding to guanosine triphosphate (GTP) and forms a ternary complex 

with a cognate aminoacyl-tRNA (aa-tRNA) (Dever et al., 2018). The ternary complex delivers 

the aa-tRNA to the ribosomal A-site. Cognate base-pairing between the codon of mRNA at A-

site and the anticodon of the aa-tRNA triggers eIF1A-GTP hydrolysis, leading to the release of 

eEF1A-GDP complex and the accommodation of the aa-tRNA into the A-site (Dever et al., 

2018). eEF1A-GDP is recycled to eEF1A-GTP by guanine nucleotide exchange factor (GEF) 

eEF1B (Dever et al., 2018). eIF5A with hypusine modification then binds in the ribosomal E-site 

and interacts with the acceptor arm of the peptidyl-tRNA to position it in a favorable spot for 

peptide bond formation (Dever, Gutierrez, & Shin, 2014; Melnikov et al., 2016; Schmidt et al., 

2016; Shin et al., 2017). During peptide bond formation, the nascent peptide is transferred from 

the peptidyl-tRNA in P-site to the amino group of the aa-tRNA in the A-site. In the meantime, 

https://sciwheel.com/work/citation?ids=5248058&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5143028&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5143028&pre=&suf=&sa=0
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tRNAs are positioned into a hybrid state: the deacylated tRNA adopts a hybrid P/E state where 

its anticodon pair with the mRNA codon in the P-site and its acceptor arm is in the E-site; the 

newly-formed peptidyl-tRNA adopts a hybrid A/P state where its anticodon pair with the mRNA 

codon in the A-site and its acceptor arm with peptide is in the E-site (Behrmann et al., 2015; 

Budkevich et al., 2011; Dever et al., 2018). eEF2-GTP then binds to the A-site and promotes the 

translocation of the deacylated tRNA from the P-site to the E-site and the peptidyl-tRNA from 

the A-site to the P-site through GTP hydrolysis (Dever et al., 2018). eEF2-GDP is then released 

from ribosomes. The deacylated tRNA now occupies the E-site, and its release is coupled with 

the delivery of the next eEF1A-GTP-aa-tRNA ternary complex in the A-site (Anand, 

Chakraburtty, Marton, Hinnebusch, & Kinzy, 2003; Triana-Alonso, Chakraburtty, & Nierhaus, 

1995), ready for another elongation cycle (Dever et al., 2018).  
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Figure 1.2 Model of the eukaryotic translation elongation pathway. Starting with delivery of 

an eEF1A-GTP-aa-tRNA ternary complex to the A-site of an 80S ribosome, GTP is hydrolysis 

and eEF1A-GDP is released, leading to accommodation of the aa-tRNA in the A-site. eEF1A-

GDP is recycled to eEF1A-GDP by eEF1B. Substrate positioning for peptide bond formation is 

catalyzed by the binding of eIF5A with its hypusine modification (green) in the E-site. After 

peptide bond formation, eEF2-GTP with diphthamide modification (magenta) binds in the A-site 

and promotes tRNAs translocation to the P- and E-sites, respectively.  

Adapted with permission from (Dever et al., 2018). 
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Translation termination occurs when ribosomes encounter a stop codon (UAA, UAG, 

UGA), and is mediated by the release factors eRF1 and eRF3 that form a ternary complex eRF1-

eRF3-GTP (Figure 1.3) (Alkalaeva, Pisarev, Frolova, Kisselev, & Pestova, 2006; Dever & 

Green, 2012; C. U. T. Hellen, 2018; Jackson, Hellen, & Pestova, 2012). eRF1 contains an amino-

terminal domain (N) that recognizes the stop codon in the A-site (Bertram, Bell, Ritchie, 

Fullerton, & Stansfield, 2000; A. Brown, Shao, Murray, Hegde, & Ramakrishnan, 2015; 

Matheisl, Berninghausen, Becker, & Beckmann, 2015; Shao et al., 2016), a middle domain (M) 

that induces the release of the polypeptide from the peptidyl-tRNA on the ribosomal P-site 

(Frolova et al., 1999), a carboxy-terminal domain(C) that binds to eRF3 with a flexible mini-

domain close to N-terminal domain and is responsible for stop codon specificity (C. U. T. 

Hellen, 2018; Mantsyzov et al., 2010). The eRF1 recognizes the stop codon and the ternary 

complex binds to the pre-termination complex (pre-TC) (Figure 1.3) (C. U. T. Hellen, 2018). 

eRF3 undergoes GTP hydrolysis and eRF1 accommodates in the peptidyl-transferase center 

(PTC), resulting in peptide release (C. U. T. Hellen, 2018).  

 

Figure 1.3 Model of the eukaryotic translation termination pathway. The pretermination 

complex (pre-TC) has a peptidyl-tRNA in the P-site and a stop codon in the A-site. The 

eRF1/eRF3-GTP recognizes the stop codon and binds to the A-site. GTP hydrolysis causes eRF1 

https://sciwheel.com/work/citation?ids=992020,590019,589645,6689852&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
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conformational changes and accommodates it in the peptidyl-transferase center (PTC), inducing 

peptide release, leaving the post-termination complex (post-TC).  

Adapted with permission from (C. U. T. Hellen, 2018). 

 

The 80s ribosomes are then split by the ATP-binding cassette protein (ABCE1), releasing 

the 60S subunit (C. U. T. Hellen, 2018). The following dissociation of deacetylated tRNA and 

mRNA from the 40S subunit is mediated by factors, ligatin (eIF2D), or density-regulated protein 

(DENR) and multiple copies in T-cell lymphoma-1 (MCT1) (C. U. T. Hellen, 2018; Pisarev et 

al., 2007, 2010; Skabkin et al., 2010). 

 

1.1.2 Alternative cap-independent translation mechanisms in viruses  

Under some cellular stress including viral infections, cap-dependent translation is 

inhibited, which leads to global shutoff of protein synthesis (Stern-Ginossar, Thompson, 

Mathews, & Mohr, 2019; Wek, 2018). Several translation factors are targeted via PTM and 

cleavage. As such, viruses have developed their own mechanisms to hijack the host translational 

machinery, one of which is via internal ribosome entry sites (IRESs). IRESs are RNA elements 

that can recruit the ribosome in a 5’end independent manner, thus IRES can recruit the ribosome 

internally within the mRNA (Terenin, Smirnova, Andreev, Dmitriev, & Shatsky, 2017). The first 

IRES was discovered in 1988 from polioviruses (PV) (Pelletier & Sonenberg, 1988; Prats et al., 

2020). As my thesis focuses on viral cap independent translation mechanisms, several types of 

viral IRESs are described in more detail below.  
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1.1.2.1 Internal ribosomal entry sites: four types and mechanisms 

According to the IRES database, 774 eukaryotic IRESs and 554 viral IRESs have been 

identified from 11 eukaryotic organisms and 198 viruses, respectively, up until 2020 (Zhao et al., 

2020). Viral IRESs are categorized into four main types (Figure 1.4), based on the secondary 

structure, requirement for initiation factors and the initiation mechanism (Yang & Wang, 2019). 

 

 

Figure 1.4 Examples of the diversity of mechanisms of viral IRES RNAs. There are four 

main types of viral IRESs. Type I and II IRESs, exemplified by the PV and FMDV, respectively, 

have similar initiation factor requirements, except that ribosomes recruited by type I IRES scans 

for AUG start codon. Type III IRES, exemplified by HCV, only require eIF2 and eIF3 to recruit 
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the 40S. Type IV IRES, observed in dicistrovirus IGR, does not require any initiation factor to 

recruit the 40S and can initiate translation at a non-AUG start codon.  

Adapted with permission from (Plank & Kieft, 2012). 

 

Type I IRESs require many factors to facilitate the recruitment of the 40S ribosomal 

subunit to mRNA (Pelletier & Sonenberg, 1988). Specifically, Type I IRESs require initiation 

factors: eIF2, eIF3, eIF4A, the central domain of eIF4G called eIF4Gm, as well as IRES trans-

acting factor (ITAF): pyrimidine tract binding protein(PTB), poly(C)-binding protein 1(PCBP1) 

and PCBP2 (Sweeney, Abaeva, Pestova, & Hellen, 2014). ITAFs are cellular RNA-binding 

proteins that typically are not the core translation factors and that can facilitate IRES translation 

by modulating an active RNA structural conformation (Yu, Abaeva, Marintchev, Pestova, & 

Hellen, 2011). 40S subunits that are recruited to Type I IRESs typically scan downstream for the 

AUG initiation codon. Type I IRESs are found in poliovirus, EV71, BEV and Coxsackievirus 

(Sweeney et al., 2014).  

Type II IRESs are in general similar to Type I IRES in terms of factor dependency except 

that 40S subunits recruited to the IRES do not scan and instead recruits the 40S near or at the 

AUG start codon. Type II IRESs require the ITAFs PTB and ITAF45 and initiation factors: eIF2, 

eIF3, eIF4A, eIF4B and eIF4G. Type II IRESs include IRESs from viruses such as 

encephalomyocarditis virus (EMCV), foot-and-mouth disease virus (FMDV) and Theiler’s 

encephalomyelitis virus (TMEV) (Yang & Wang, 2019). 

Type III was first identified in hepatitis A virus(HAV) of the family Picornaviridae (E. 

A. Brown, Day, Jansen, & Lemon, 1991). Type III IRESs were then identified in Hepatitis C 
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virus (HCV), classic swine fever virus (CSFV) and porcine teschovirus 1 (PTV-1) (Yang & 

Wang, 2019). The 5’ UTR IRES of HAV contains six domains, and domains IV and V form the 

key IRES core that is located adjacent to the initiation codon AUG (E. A. Brown, Zajac, & 

Lemon, 1994). Type III IRESs have the ability to directly bind to 40S ribosomal subunit and 

bring the 40S near the AUG codon and then subsequently, requiring only eIF2, eIF3 and Met-

tRNAi to properly position the 40S at the AUG codon (Pisarev et al., 2004; Rijnbrand, van der 

Straaten, van Rijn, Spaan, & Bredenbeek, 1997; Tsukiyama-Kohara, Iizuka, Kohara, & Nomoto, 

1992). Interestingly, HCV IRES can direct factorless translation under high salt conditions 

(MgCl2 = 5 mM) (Lancaster, Jan, & Sarnow, 2006).  

Type IV IRESs are the most streamlined translation mechanism to date: these IRESs 

require no initiation factors nor ITAFs for ribosome recruitment. They are found in the single-

stranded positive sense RNA viruses that belong to the family Dicistroviridae. Type IV IRES 

contains three main pseudoknots (PKI, PKII, and PKIII) that directs ribosome binding and 

directs translation (Jan & Sarnow, 2002; Kanamori & Nakashima, 2001; Nishiyama et al., 2003; 

Spahn et al., 2004). Structural studies have shown that the IRES binds within the inter-subunit 

space between the 40S and 60S subunits, spanning over all three ribosomal sites: PKI forms one 

domain that occupies the A-site and mimics a tRNA anticodon-codon interaction (Koh, Brilot, 

Grigorieff, & Korostelev, 2014; Warsaba, Sadasivan, & Jan, 2020), and PKII and PKIII forms 

the ribosome binding domain that occupies the E and P-sites (Figure 1.5) (Jan & Sarnow, 2002; 

Nishiyama et al., 2003; Pfingsten, Costantino, & Kieft, 2006, 2007; Wilson, Pestova, Hellen, & 

Sarnow, 2000). Remarkably, the PKI domain can be functionally replaced by an authentic tRNA 

anticodon stem-loop (H. H. T. Au & Jan, 2012). These two domains can function independently: 

PKI can fold independently, PKI disruption does not impact ribosome assembly, and PKII/PKIII 
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domain can also fold independently and bind to ribosomes (D. Costantino & Kieft, 2005; 

Fernández, Bai, Murshudov, Scheres, & Ramakrishnan, 2014; C. J. Jang & Jan, 2010; Jan & 

Sarnow, 2002; Nishiyama et al., 2003).  

 

Figure 1.5 Structure of CrPV IGR IRES in the Ribosome. A) The secondary structure of the 

CrPV IGR IRES with three PKs and stem-loops. B) Overview of the CrPV IGR IRES in the 

isolated yeast ribosomes. Inside the black box shows the CrPV IGR IRES spans over the E, P, A-

sites of the 80S ribosome.  

Adapted from (Fernández et al., 2014). Permission is not required for non-commercial use.  

 

 Structural analysis showed that distinct IRES domains interact with specific regions of 

the ribosome. Loop 1.1 (L1.1) region directly interacts with the L1 stalk of the 60S ribosomal 

subunit (Fernández et al., 2014). The L1 stalk of the 60S subunit normally functions as 

stabilizing a hybrid P/E tRNA state through an inward movement during translocation 
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(Tourigny, Fernández, Kelley, & Ramakrishnan, 2013). Mutations in L1.1 disrupts 60S subunit 

joining and IRES translation (C. J. Jang, Lo, & Jan, 2009). Stem loop IV (SLIV) and SLV 

interact with the ribosomal rpS5 and rpS25 to promote 40S binding (D. A. Costantino, Pfingsten, 

Rambo, & Kieft, 2008; C. J. Jang et al., 2009; Kieft, 2008; Landry, Hertz, & Thompson, 2009; 

Nishiyama, Yamamoto, Uchiumi, & Nakashima, 2007; Pfingsten, Castile, & Kieft, 2010; 

Pfingsten et al., 2006; Schmidt et al., 2016; Spahn et al., 2004). Mutations in these two loop 

regions abolish the interaction with 40S ribosomal unit and translation initiation (D. Costantino 

& Kieft, 2005; Jan & Sarnow, 2002; Nishiyama et al., 2003). In the initial assembled 40S:IRES 

complex, the CrPV PKI domain adopts a conformation that resembles a deacylated tRNA in a 

P/E hybrid state on the ribosome, thus indicating that the ribosome: IRES is primed for 

translocation (D. A. Costantino et al., 2008; Yamamoto, Nakashima, Ikeda, & Uchiumi, 2007). 

Translocation of the PKI domain from the A to P-sites is mediated by eEF2. eEF2-GTP binds to 

the IRES/80S complex when IRES is in a rotated state, interacting with IRES PKI and ribosomal 

A-site, and thus promotes the PKI domain to translocate from ribosomal A-site to P-site 

(Abeyrathne, Koh, Grant, Grigorieff, & Korostelev, 2016; Fernández et al., 2014; Muhs et al., 

2015; Murray et al., 2016; Yamamoto et al., 2007). 

IRES translocation proceeds with a swiveling movement of the head of 40S in an 

orthogonal direction with respect to the back rotation of the 40S to recover a canonical 

configuration (Pisareva, Pisarev, & Fernández, 2018; Ratje et al., 2010). After eEF2 leaves the 

ribosome, the head of 40S returns to its non-swiveled configuration (Noller, Lancaster, Zhou, & 

Mohan, 2017; Pisareva et al., 2018). Since translocation of the PKI domain to the P-site is not 

stabilized in reactions with just eEF2, the PKI domain can back translocate (Warsaba et al., 

2020). Stable translocation of the PKI domain to the P-site requires delivery of the first aa-tRNA 
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to the A-site by eEF1A (Muhs et al., 2015; Warsaba et al., 2020). The entire process is known as 

pseudotranslocation as no peptide bond is formed (Ruehle et al., 2015; Warsaba et al., 2020). 

Type IV IRESs requires in total two translocation events to place the first aa-tRNA in the P-site, 

then proceeding with canonical elongation (Abeyrathne et al., 2016; Murray et al., 2016; 

Pisareva et al., 2018). The mechanism of the second translocation still largely remains unknown. 

However, a recent Cryo-EM study revealed that the IRES PKI domain resembles an acceptor 

tRNA and flips from the decoding E-site in the 40S to the 60S subunit, and the head swiveling of 

40S plays an important role in the second translocation of IRESs (Pisareva et al., 2018).  

To date, there are two sub-classes of the Type IV IRES based on different features: Type 

IVa and Type IVb, characterized by cricket paralysis virus (CrPV) intergenic region (IGR) IRES 

and Taura syndrome virus (TSV) IGR IRES as examples, respectively (Figure 1.6) (Jan, 2006; 

Nakashima & Uchiumi, 2009). Type IVb IRESs contains a longer L1.1 region and an extra stem-

loop, SLIII, as indicated in blue box in Figure 1.6, compared with Type IVa IRESs. Studies 

have shown that mutations in SLIII can still assemble 80S ribosomes in RRL but deletion of 

SLIII abolishes both 80S positioning and IRES-driven translation activity (Hatakeyama, 

Shibuya, Nishiyama, & Nakashima, 2004; C. J. Jang & Jan, 2010; Pfingsten et al., 2007). 

Interestingly, Type IVa and IVb IGR IRESs are thought to function in a similar mechanism 

(Warsaba et al., 2020). PKI domains of Type IVa and IVb IGR IRESs are functionally 

interchangeable (Hertz & Thompson, 2011; C. J. Jang & Jan, 2010). 

A subset of type IV IRESs from dicistroviruses, including IAPV, Kashmir bee virus 

(KBV), Acute bee paralysis virus (ABPV) and Solenopsis invicta virus 1 (SINV), contains a 

overlapping +1 ORF (ORFx) within the viral structural protein coding region (H. H. Au et al., 

2015; Firth, Wang, Jan, & Atkins, 2009; Sabath, Price, & Graur, 2009). For example, the IAPV 
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IRES directs both 0 and +1 frame translation (Ren et al., 2012). Specific mutations within the 

SLIII of the IAPV IRES uncouples 0 and +1 frame translation (H. H. Au et al., 2015). 

Furthermore, the integrity of the SLIII domain and two unpaired adenosines at the core junction 

of three helices in PKI are important for IRES-mediated reading frame selection (H. H. Au et al., 

2015). The CrPV IRES also can drive 0 and +1 frame translation, however, the mechanism 

mediated the CrPV IRES to drive +1 translation is distinct from that of the IAPV IRES (Kerr et 

al., 2018). In summary, the type IV IRESs have provided excellent models to study fundamental 

ribosome functions.  
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Figure 1.6 The secondary structure of Type IVa and IVb dicistrovirus IGR IRESs. A) Type 

IVa CrPV IGR IRES. B) Type IVb TSV IGR IRES. In green box shows the extra stem-loop, 

SLIII.  

Adapted with permission from (C. J. Jang & Jan, 2010) 

 

Recently, metagenomics studies have revealed many novel dicistrovirus-like genomes 

(Boros, Pankovics, Simmonds, & Reuter, 2011; Culley, Lang, & Suttle, 2007; Shi et al., 2016). 

For example, the IGR from Halastavi árva virus (HalV), isolated from the intestinal contents of 

freshwater carp (Cyprinus carpio) (Boros et al., 2011), was identified to contain novel IRES 

features (Abaeva et al., 2020). HaIV IGR IRES is predicted to form a large hairpin at the 3’ end 

of ORF1 and consist of two domains: domain 1 and domain 3 (Figure 1.7A) (Abaeva et al., 
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2020). Domain 1 contains PKII with helical elements P1.1, P1.2, and P1.3, and internal loops, 

including L1.1. Domain 3 contains PKI (Figure 1.7A) (Abaeva et al., 2020). Interestingly, even 

though HaIV IGR IRES lacks PKIII and SLIV and SLV that a typical Type IV IRES has (Figure 

1.7B) and is not able to bind to individual 40S subunit, it is still able to bind performed 80S 

ribosomes (Abaeva et al., 2020). The discovery of HaIV IGR IRES leads to the possibility of 

new IRES-dependent mechanisms.  

 

 

Figure 1.7 The predicted model of dicistrovirus IRES. A) The predicted model of HaIV IGR 

IRES. B) The secondary structure model of CrPV IGR IRES, which is a typical Type IV IRES.  

Adapted from (Abaeva et al., 2020). Permission is not required for non-commercial use.  
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1.2 Recoding mechanisms in viruses: Programmed ribosomal frameshifting 

IRESs are not the only viral RNA structures that regulate translation. Some viruses utilize 

translation recoding, which is a strategy to regulate and expand the coding capacity in some 

cellular mRNA and RNA viruses (W. P. Tate et al., 1995). As I described above, a subset of 

Type IV IRESs can initiate translation in 0 and +1 frames in order to increase coding capacity. 

Another well-studied viral recoding strategy is programmed ribosome frameshifting (PRF), 

typically classified into -1, +1 and +2 types. I will review these frameshift mechanisms in brief 

with more focus on the -1PRF as this is one of the main aims of this thesis. 

 

1.2.1 -1 Programmed ribosomal frameshifting (-1 PRF) 

A -1 PRF generates a shift of the reading frame by one nucleotide towards the 5’ 

direction. Specifically, elongating ribosomes that interact with the -1 frameshifting signal (FSS) 

will shift the reading frame and continue translate in the -1 frame. -1 PRF is commonly used by 

viruses such as coronaviruses and retroviruses (Giedroc, Theimer, & Nixon, 2000; Hatfield & 

Oroszlan, 1990). In some viruses such as human immunodeficiency virus type I (HIV-1), the 

frameshifting(FS) frequency is finely tuned to ensure an optimal ratio of structural and non-

structural protein expression for virus infection (J D Dinman, Ruiz-Echevarria, & Peltz, 1998). 

Inhibition or enhancement of -1 FS efficiency can inhibit HIV infection, thus -1 FS is an 

effective target for antiviral strategies (Hilimire et al., 2017).  

The precise location of -1 FS depends on a slippery sequence, typically an AU rich 

element, that allows the realignment of tRNA anticodons over this sequence (Choi, O’Loughlin, 
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Atkins, & Puglisi, 2020). The slippery site in eukaryotes is featured by a sequence of 

N_NNW_WWH, where N is any base, W is A or U, and H is A, C or U, with some exceptions 

(Brierley, Jenner, & Inglis, 1992). Ribosomal frameshifting over a slippery sequence alone is in 

general very weak (~2%) (Sharma et al., 2014; Weiss, Dunn, Shuh, Atkins, & Gesteland, 1989). 

The other element that promotes -1 FS is a downstream stimulatory element, which is generally a 

structured RNA such as a pseudoknot, stem-loop or long-range kissing loop interactions (Baril, 

Dulude, Steinberg, & Brakier-Gingras, 2003; Barry & Miller, 2002; Giedroc et al., 2000; Herold 

& Siddell, 1993; Liston & Briedis, 1995; Plant & Dinman, 2005). The length of the spacer 

sequence is also important in determining the frameshifting efficiency (Qiao et al., 2017). The 

common length of the spacer sequence is 5-6 nucleotides for bacterial ribosomes and 5-9 for 

mammalian ribosomes. A longer or shorter spacer length can reduce the -1 frameshifting 

frequency significantly (Brierley et al., 1992; Kontos, Napthine, & Brierley, 2001; Larsen, 

Gesteland, & Atkins, 1997; Qiao et al., 2017), possibly because the optimal pausing is required 

for the intrinsic helicase in ribosomes to restore the contact with mRNA and unwind it for 

decoding (Kontos et al., 2001). In summary, the key elements for a -1 PRF are a heptameric 

“slippery site”, a 3’ stimulatory element and the “spacer” sequence between the slippery 

sequence and the stimulatory element (Brierley, Digard, & Inglis, 1989; ten Dam, Pleij, & 

Bosch, 1990).   

Recent model suggests that the ribosome is intrinsically susceptible to frameshift before 

translocating, and this transient state is promoted by the downstream stimulatory element (Choi 

et al., 2020). In Escherichia coli, single-molecule fluorescence resonance energy transfer 

(smFRET) studies on a frameshift model showed that during elongation factor - G (EF-G) -

catalyzed translocation, a portion of ribosomes spontaneously switches from rapid, accurate 
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translation to a slow, frameshifting-prone translocation mode, where the movements of peptidyl- 

and deacylated tRNA become uncoupled (Poulis, Patel, Rodnina, & Adio, 2022). Peptidyl-tRNA 

fluctuates between chimeric and post-translocation states while deacylated tRNA translocates 

from the ribosomal P to E-sites (Poulis et al., 2022). After the release of deacylated tRNA, 

peptidyl-tRNA gains access to the -1 frame codon, leading to the -1 FS slippage and the 

recruitment of corresponding aa-tRNA at the A-site (Poulis et al., 2022). Interestingly, a trans-

acting factor, viral protein 2A, has recently been shown to bind to an RNA stem-loop, beginning 

14 nt downstream of the frameshifting slippery sequence, to form an RNA: protein complex, 

inducing higher PRF efficiency in EMCV (Napthine et al., 2017). Thus, -1 PRF can be 

stimulated by a downstream stimulatory RNA element or by a protein, highlighting the diverse 

mechanisms that could affect translation recoding. 

 

1.2.2 +1 Programmed ribosomal frameshifting (+1PRF) 

+1 FSS directs elongating ribosomes to shift 1 nucleotide towards the 3’ direction of the 

mRNA. +1 PRF is not as commonly reported as -1 FSS in eukaryotes. Exceptionally, one study 

analyzed the genome of Euplotes octocarinatus and identified 3700 +1 PRF events from 32,353 

transcripts (Klobutcher & Farabaugh, 2002; Lobanov et al., 2017; R. Wang, Xiong, Wang, Miao, 

& Liang, 2016). Interestingly, the mechanisms underlying +1 PRF are distinct  (Jonathan D 

Dinman, 2012). In E.coli prfB mRNA, which encodes for the termination factor release factor 2 

(RF2), ribosomes translate and encounter the UGA stop codon in the slippery sequence U CUU 

UGA. Typically, when a stop codon is encountered by the ribosome, RF2 recognizes the UGA 

termination codon leading to termination (Craigen, Cook, Tate, & Caskey, 1985). However, low 
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levels of RF2, will lead to inefficient recognition of the UGA stop codon, causing the ribosome 

to pause. A Shine Delgarno-like (SD-like) sequence at the 5’ of the slippery site will then 

interact with the anti-SD sequence on the 16S rRNA to relocate the ribosomes in the +1 frame. 

As a result, the +1 FSS leads to translation of the full-length RF2 and increasing expression of 

RF2. Thus, the +1 PRF in the RF2 mRNA undergoes an autoregulation to control levels of RF2 

(Adamski, Donly, & Tate, 1993). Mathematical modeling showed the +1 PRF efficiency is 

related to destabilization of deacylated tRNA in the E-site, rearrangement of peptidyl-tRNA in 

the P-site, and the availability of cognate aa-tRNA corresponding to the A-site (Liao, Gupta, 

Petrov, Dinman, & Lee, 2008).  

In eukaryotic cells, +1 PRF is driven by other mechanisms. The mammalian ornithine 

decarboxylase antizyme such as OAZ uses a strong secondary structure at the 3’ of the slippery 

site as the main kinetic trap for +1 PRF. Almost all vertebrate OAZ +1 PRFs have pseudoknots 

(Ivanov, Anderson, Gesteland, & Atkins, 2004). However, similar to E.coli prfB, the +1 PRF in 

OAZ is activated by a 0-frame UGA codon at A-site, and also is negatively related to the tRNA-

mRNA interactions in the ribosomal P-site (Ivanov et al., 2004). Interestingly, OAZ +1 PRF is 

regulated by polyamines (Rom & Kahana, 1994). Polyamines are small polycationic molecules 

such as putrescine, spermidine and spermine that are important for many basic cellular functions 

(Cohen & -, 1998; Tabor & Tabor, 1984). Although mechanisms remain unknown, a high 

concentration of polyamine is found to be able to induce promiscuous +1 frameshifting (Oguro et 

al., 2020).   
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1.2.3 +2 Programmed ribosomal frameshifting (+2 PRF) 

+2 FSS directs the elongating ribosome to shift two nucleotides towards 3’ direction of 

the mRNA. +2 PRF was observed typically in the Potyviridae family, which consists of about 

30% of the known plant viruses (Riechmann, Laín, & García, 1992). These viruses are positive 

sense RNA viruses that contain one single long ORF around 10 kb in length. The ORF is 

translated into a large polyprotein, which is later cleaved into about 10 mature proteins. +2 PRF 

allows for the translation of a short overlapping ORF, Pretty Interesting Potyviridae ORF 

(PIPO), embedded within the P3 cistron of the polyprotein (Chung, Miller, Atkins, & Firth, 

2008). PIPO was first identified in an alignment of Turnip mosaic virus (TuMV) sequences using 

bioinformatics tool Maximum Likelihood Overlapping Gene Detector (MLOGD) (Chung et al., 

2008; Firth & Brown, 2006; J. A. Walsh & Jenner, 2002). +2 PRF in Potyviridae begins at the 

G1-2A6-7 motif, which is generally (G) GAA_AAA_A(A) (Chung et al., 2008). The resulting 

polyprotein P3N-PIPO fusion protein is vital for cell-to-cell movement during viral infection 

(Chung et al., 2008). The exact RNA structure or mechanism to stimulate the frameshifting is 

still under investigation, but evidence suggests that a polymerase slippage may be involved 

(Chung et al., 2008; Rodamilans et al., 2015).  

 

1.3 Dicistrovirus  

Dicistrovirus are single-stranded, positive-sense RNA viruses, which mainly infect 

arthropods. Well-studied examples include CrPV and Drosophila C virus (DCV). CrPV was 

originally isolated from two species of field crickets, Teleogryllus oceanicus and Teleogryllus 

commodus, in 1970 (Reinganum, O’Loughlin, & Hogan, 1970). DCV infects Drosophila 
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melanogaster and was firstly reported as an unclassified member of Picornaviridae in 1995 

(Murphy et al., 1995). CrPV has a wide host range (over 40 species) and can replicate in most D. 

melanogaster cell lines, thus providing a cell culture infection model. In cultured D. 

melanogaster cell lines, CrPV infection causes cytopathic effect which eventually leads to cell 

lysis. DCV can also cause cytopathic effect in D. melanogaster cells, which can lead to cell lysis 

through mainly cell clumping and cell detachment.  

 

1.3.1 Classification 

CrPV and DCV are RNA viruses with picornavirus-like characteristics ((Johnson & 

Christian, 1998). Debates about whether CrPV and DCV belong to the family Picornaviridae 

existed for a long time (Norman F. Moore, Reavy, Pullin, & Plus, 1981; N F Moore, Kearns, & 

Pullin, 1980). CrPV and DCV and many other small RNA viruses have been previously 

classified in Picornaviridae based on their physicochemical properties, and the presence of three 

major structural proteins (Jousset, Bergoin, & Revet, 1977; N F Moore et al., 1980; Plus, 

Croizier, Reinganum, & Scotti, 1978). Picornaviruses has a single strand of positive sense RNA, 

which encodes one open reading frame, flanked by a 5’ untranslated region (5’UTR), a 3’ UTR 

and a poly(A) tail. The open reading frame of a picornavirus genome is translated into a single 

polyproteins, which is then cleaved into individual proteins in three segments: P1, P2 and P3, as 

shown in Figure 1.4 (Jacobson & Baltimore, 1968; J. Tate et al., 1999). P1 segment encodes for 

the structural proteins, including precursor protein VP0, which contains VP4 and VP2, VP3 and 

VP1 (Figure 1.8A). Segment P2 and P3 encodes the non-structural proteins. P2 contains the 2A 

protease and 2C. P3 contains protease 3C and RNA-dependent RNA polymerase 3D (J. Tate et 
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al., 1999).  

 

 

Figure 1.8 The genome organization of a standard picornavirus and a standard 

dicistrovirus.  A) The organization of a standard picornavirus genome, with the structural 

proteins (encoded in the P1 segment) at the 5’ end. B) The genome organization of CrPV. P1 

segment is at the 3’ end. Two open reading frames were flanked by a proposed IRES.  
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Adapted with permission (J. Tate et al., 1999).  

 

Sequencing of the viral genomes revealed that DCV and CrPV genome organizations are 

different compared to picornavirus genomes (Johnson & Christian, 1998; J. Tate et al., 1999). 

Instead of a single polyprotein ORF observed in picornaviruses, dicistroviruses encode two main 

ORFs with the non-structural proteins encoded in ORF1 and the structural proteins encoded in 

ORF2, thus the non-structural proteins are encoded upstream of structural proteins. These viral 

genomes were subsequently classified into a distinct family, Dicistroviridae. Dicistroviridae is a 

rapidly growing family of RNA viruses that mainly infect arthropods (Figure 1.8B) (Bonning, 

2009; Warsaba et al., 2020). The detailed genome organization is introduced in the following 

section.  

 

1.3.2 Genome organization  

As mentioned above, the dicistrovirus genome encodes two main ORFs, ORF1 and ORF2 

(Figure 1.9). The translation of each ORF is directed by the 5' untranslated region internal 

ribosome entry site (5’UTR IRES) and the intergenic region internal ribosome entry site (IGR 

IRES), respectively. The upstream ORF1 encodes the non-structural proteins including the viral 

silencing suppressor 1A protein, the 2B protein, the 2C RNA helicase, the 3A protein, the viral 

protein genome-linked (VPg), the 3C protease and the RNA-dependent RNA polymerase (RdRP) 

3D proteins (Warsaba et al., 2020). The downstream ORF2 encodes the structural proteins VP2, 

VP4, VP3, VP1 and an ORFx in the +1 reading frame (Ren et al., 2012; J. Tate et al., 1999). The 
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ORFs are translated into polyproteins which are then processed into individual proteins by 

virally encoded 3C protease, a 2A “stop-go” translation mechanism and other yet to be identified 

mechanisms (Warsaba et al., 2020).  

The functions of specific dicistrovirus proteins are still not fully understood, however 

some viral proteins are characterized. CrPV 1A inhibits the insect antiviral RNA interference 

pathway and stress granule (SG) assembly (Khong & Jan, 2011; Khong et al., 2017; Nayak et al., 

2010; Sadasivan et al., 2022). 2B has similarity to poliovirus 2B and is predicted to function in 

remodeling membranes (Aldabe, Barco, & Carrasco, 1996). 2C is a RNA helicase and is also 

predicted to mediate membrane permeabilization (Gorbalenya, Koonin, & Wolf, 1990; Mirzayan 

& Wimmer, 1994; Rodríguez & Carrasco, 1993). 3A is predicted to be responsible for viral 

replication complex formation (Fujita et al., 2007). VPg is covalently linked to the 5’ end of viral 

genomic RNA and is important for priming viral replication (Hwang et al., 2015; Warsaba et al., 

2022). CrPV has four nonidentical copies VPg and deletion analysis showed a threshold number 

of VPgs is important for productive infection (Hwang et al., 2015; Warsaba et al., 2022). 3C is a 

protease that processes the viral polyprotein into individual viral proteins (Nakashima & 

Nakamura, 2008). 3D encodes the RNA-dependent RNA polymerase which is responsible for 

viral RNA synthesis and viral replication (Bonning & Miller, 2010). Dicistroviruses are non-

enveloped viruses that are roughly spherical consisting of three major capsid proteins VP1, 2 and 

3 (J. Tate et al., 1999). VP3 and VP4 are firstly translated as precursor protein VP0 before 

cleavage. VP1 subunits form a pentamer, whereas VP2 and VP3 form heterohexamers. VP4 is 

attached to the inner surface of the viral asymmetric unit, and is important to membrane 

permeabilization during viral entry (Sánchez-Eugenia, Goikolea, Gil-Cartón, Sánchez-Magraner, 

& Guérin, 2015; Warsaba et al., 2020). 
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Figure 1.9 The RNA genome and polyprotein processing of dicistroviruses. The genome is 

translated by 5’ UTR IRES and IGR IRES to produce two polyproteins, ORF1 and ORF2, 

respectively, that are then processed by proteases.   

Adapted from (Warsaba et al., 2020). Permission is not required for non-commercial use.  

 

1.3.3 Viral strategies of translational control 

After entering host cells, some viruses have evolved strategies to modulate the host 

translation machinery in order to redirect ribosomes to viral RNAs for viral protein synthesis as 

well as to dampen antiviral responses (H. H. T. Au & Jan, 2014). I will describe a few notable 

examples.  
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Internal Ribosome Entry Site hijack host translational machinery:  

 Type IV IRESs for example, as mentioned previously in chapter 1.2.2.1., initiate 

translation internally by functionally mimicking a tRNA to span over ribosomal A, P, E-sites, 

and direct a non-AUG codon to the ribosomal A-site. Thus, they bypass the requirements for 

initiation factors or Met-tRNAi, giving the advantage for translation initiation when initiation 

factors are disrupted by other viral strategies.  

Inactivation of Cap-Binding Complexes:  

Translation initiation is the rate-limiting step for protein synthesis, therefore it is tightly 

regulated by initiation factors, the eIF4F cap-binding complex, which consists of eIF4G, eIF4E 

and eIF4A, is one of the major targets for translational control (H. H. T. Au & Jan, 2014). For 

example, poliovirus (genus Enterovirus, family Picornaviridae) (PV) encodes two viral protease: 

2A protease and 3C protease, that are responsible for the cleavage of the viral polyprotein and 

specific host proteins (Glaser & Skern, 2000; Kräusslich, Nicklin, Lee, & Wimmer, 1988; 

Kundu, Raychaudhuri, Tsai, & Dasgupta, 2005). 2A protease targets the scaffold proteins eIF4GI 

and eIF4GII, resulting in two fragments: an amino-terminal fragment that contains eIF4E 

binding site (Lamphear, Kirchweger, Skern, & Rhoads, 1995; Mader, Lee, Pause, & Sonenberg, 

1995), and a carboxyl-terminal fragment that contains the eIF3- and eIF-4 binding sites (Imataka 

& Sonenberg, 1997; Lamphear et al., 1995). PV requires only the carboxyl-terminal fragment for 

its translation, which is mediated by the Type I IRES (Ohlmann, Rau, Pain, & Morley, 1996). 

Moreover, PV can also cleave PABP by viral 2A and 3C proteases, the same as coxsackievirus 

2A protease  (Joachims, Van Breugel, & Lloyd, 1999). As a result, this cleavage impairs overall 

cap-dependent translation but not poliovirus translation (Gradi, Svitkin, Imataka, & Sonenberg, 
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1998).  

eIF4E is another target during virus infections. CrPV infection in Drosophila S2 results 

in the dissociation of eIF4G and eIF4E early in infection, however the mechanism underlying 

this s inhibition remains elusive (Garrey, Lee, Au, Bushell, & Jan, 2010). Enterovirus 71 

infection induces microRNA (miRNA)-144 upregulation in host cells, which subsequently 

targets eIF4E mRNA for degradation (Ho et al., 2011). Transfection of antagomiR-141, which is 

the antisense miRNA-144 showed a delay in inhibition of eIF4E and attenuated virus production 

(Ho et al., 2011). eIF4E is also regulated by binding to its repressor 4E-BP (Garrey et al., 2010; 

Haghighat, Mader, Pause, & Sonenberg, 1995; Lin et al., 1994). 4E-BP and eIF4G compete for 

binding to eIF4E (Mader et al., 1995).  Under Vesicular stomatitis virus (VSV), PV and EMCV 

infection, eIF4E is dephosphorylated at serine 209 and binds to activated 4E-BP, leading to 

inhibition of  host protein synthesis (Connor & Lyles, 2002; Gingras, Svitkin, Belsham, Pause, & 

Sonenberg, 1996). Adenovirus (Ad) infection prevents host translation by displacing eIF4E 

kinase Mnk1 from eIF4F to block eIF4E phosphorylation with Ad 100k protein (Cuesta, Xi, & 

Schneider, 2000).  

Activation of Cap-Binding Complexes:  

Some cap-binding complexes have the effect of inhibiting translation initiation and could 

be activated by viral infection. For example, EMCV and PV infection results in the 

dephosphorylation of 4E-BP1, which activates it to bind to eIF4E, shutting off the host protein 

synthesis (Gingras & Sonenberg, 1997; Gingras et al., 1996).  

Some viruses that do not use IRES elements to recruit ribosomes, can actively assemble 

eIF4F complexes to mediate their own cap-dependent viral protein synthesis, even when host 
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protein synthesis is inhibited. For example, during herpes simplex virus -1 (HSV-1, which is a 

DNA virus) infection, the viral protein ICP6 binds to eIF4G and promotes eIF4F assembly (D. 

Walsh & Mohr, 2006).  

Inactivation of eIF2 and Alternate Initiation Factors:  

One central player in the innate immune response is eIF2. The formation of TC, which is  

composed of eIF2, GTP and an initiator tRNA (commonly, Met-tRNAi), is critical to initiation 

and initiation codon (commonly, AUG) selection, and it is highly regulated through the innate 

immune response (Alan G Hinnebusch, 2011). The inactive eIF2-GDP is required to be recycled 

by eIF2B to exchange the bound GDP for GTP, preparing the active eIF2-GTP for initiation 

cycles. However, the α subunit of eIF2 can be phosphorylated by kinases under stress conditions, 

such as viral infection. eIF2αP within the eIF2-GDP state has a high affinity to eIF2B, thereby 

reducing the overall GTP exchange for GDP on eIF2, leading to global translational repression 

(Figure 1.10). Eukaryotes have four eIF2α kinases: PKR-like endoplasmic reticulum (ER) 

kinase (PERK), general control non-derepressible-2 (GCN2), heme-regulated inhibitor (HRI) 

and interferon-inducible RNA-dependent kinase (PKR), activated by different stresses (Dever, 

2002). Among those, PKR, GCN2 and PERK have antiviral effects (Berlanga et al., 2006; Sharp, 

Xiao, Jeffrey, Gewert, & Clemens, 1993; Won et al., 2012). PKR is activated by double-strand 

RNA (dsRNA), a pathogen-associated molecular pattern (PAMP) and the host protein PACT (A 

G Hinnebusch, 2000; Mohr & Sonenberg, 2012; Sharp et al., 1993; Tavantzis, 2001). GCN2 is 

activated by amino acid degradation and UV irradiation (Deng et al., 2002; A G Hinnebusch, 

2000). GCN2 is also activated when its histidyl-tRNA synthetase-related domain binds to the 

Sindbis virus (SV) genomic RNA (Berlanga et al., 2006). PERK can be activated by ER stress 

induced by viral infection (Graham D Pavitt & Ron, 2012; Ron & Walter, 2007; Shrestha et al., 
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2012). Interestingly, several viruses have evolved strategies to antagonize PKR via virus-coded 

dsRNA decoy molecules, dsRNA-binding proteins, or PKR-binding proteins, to counteract PKR 

activation and eIF2α phosphorylation (Mohr & Sonenberg, 2012). For example, Influenza A 

virus contains the non-structural 1A (NS1A) protein that can not only bind to dsRNA to prevent 

it from activating PKR but also bind to PKR linker region to prevent the conformational change 

required for PKR autophosphorylation (Kim, Jeong, & Jang, 2021; S. Li, Min, Krug, & Sen, 

2006; Mohr & Sonenberg, 2012). HCV contains the viral nonstructural 5A (NS5A) protein that 

can also bind to PKR and suppress the dsRNA-dependent PKR activation and IFN regulatory 

factor-1 (IRF-1) activation during HCV infection (Mohr & Sonenberg, 2012; Pflugheber et al., 

2002).  
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Figure 1.10 Recycling of eIF2 during translation initiation. During translation initiation, the 

eIF2-Met-tRNAi-GTP ternary complex is recruited to the 43S PIC for initiation codon 

recognition. After GTP hydrolysis, the inactive eIF2-GDP is required to be recycled by eIF2B to 

exchange the bound GDP for GTP. However, under cellular stress, eIF2 can be phosphorylated 

at the α unit (eIF2αP) by several protein kinases (PERK, HRI, PKR, GCN2). Phosphorylated 

eIF2 acts as an inhibitor of eIF2B GEF, thus inhibiting overall protein synthesis initiation as a 

regulatory mechanism. 

Adapted with permission from  (H. H. T. Au & Jan, 2014).   
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Change the Distribution of Translation Initiation Factors: 

Another host process that viral infection changes is the subcellular distribution of 

translation factors that are required by host cap-dependent translation. For example, poliovirus 

infection leads to relocalization of eIF4E to the nucleus (Sukarieh, Sonenberg, & Pelletier, 

2010). EMCV 2A is released during infection, which has a nuclear localization signal and a 

eIF4E binding site, that is able to relocalize eIF4E to the nucleus upon interaction (Groppo, 

Brown, & Palmenberg, 2011). In Bunyamwera virus (BUNV), rotavirus, and HSV-1 infections, 

PABP is retained in the nucleus (Blakqori, van Knippenberg, & Elliott, 2009; Dobrikova, 

Shveygert, Walters, & Gromeier, 2010; Harb et al., 2008).   

Manipulation of host RNA:  

Lastly, translation can be modified by manipulating host RNA. Influenza viral 

polymerase contains three subunits: PA, PB1 and PB2 (Dias et al., 2009; Garcin et al., 1995; 

Pfingsten et al., 2006; Plotch, Bouloy, Ulmanen, & Krug, 1981). The PB2 subunits can bind to 

host pre-mRNAs (Fechter et al., 2003; Guilligay et al., 2008; M. L. Li, Rao, & Krug, 2001), use 

the endonuclease active site in PA to cleave 10-13 nucleotides after the 5’ cap of host pre-

mRNAs (Dias et al., 2009), and use the capped RNA fragment to prime viral transcription 

(Engelhardt, Smith, & Fodor, 2005; Whelan & Pelchat, 2022). Furthermore, the severe acute 

respiratory virus (SARS) coronavirus use protein Nsp1 to associate with the 40S ribosomal 

subunits and selectively cleaves host mRNA to suppress host translation (Huang et al., 2011; 

Kamitani, Huang, Narayanan, Lokugamage, & Makino, 2009; Kamitani et al., 2006).VSV 

infection suppresses the export of cellular mRNA from the nucleus to inhibit the translation of 

host defense-related proteins (Faria et al., 2005). 
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1.3.4 Viral discovery by metagenomic approaches 

Viruses are considered as the most abundant entities in the global biosphere (Koonin, 

Krupovic, & Dolja, 2022). The ongoing metagenomic-metatranscriptomic revolution showed 

that there is a vast scale of diversity in virus genomes (Dolja & Koonin, 2018; Dutilh, 2014). 

Next generation sequencing and accelerated computing power have transformed and accelerated 

the discovery of novel viral genomes. Currently, many independent studies exploring thousands 

of metatranscriptomes from diverse environments greatly increased the number of known RNA 

viruses (Edgar et al., 2022; Kuhn et al., 2021; Neri et al., 2022; Shi et al., 2016; Zayed et al., 

2022). For example, Shi et al. performed deep transcriptome sequencing on more than 220 

invertebrate species, and through Illumina HiSeq sequencing, they identified at least 1,445 

phylogenetically distinct virus genomes or genome segments that has RdRp domain, and thus 

largely expanded the viromes characteristics of diverse invertebrates  (Shi et al., 2016). Serratus, 

which is a cloud computing infrastructure that enables ultra-high-throughput sequencing 

alignment at the petabase scale, has been utilized to search 5.7million biologically diverse 

samples for RdRp domains and identified over 105 novel RNA viruses (Edgar et al., 2022). 

Scaleable, network-based, iterative clustering approach has been developed to analyse around 28 

terabases of Global Ocean RNA sequences to extend Earth’s RNA virus catalogs, taxonomy and 

evolution origins (Zayed et al., 2022).  

With all the new RNA viruses being identified, outstanding questions remain including 

identifying the host for virus infection, improving genome completeness, and capturing RNA 

virus particles from environmental samples to assess their diversity in a more targeted manner 

(Zayed et al., 2022), leading to new exciting research in the future.  
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1.4 Thesis Investigation  

Recently, using high-throughput sequencing of total RNA extracted from whiteflies, 

Inoue-Nagata et al. identified a novel dicistrovirus member, Bemisia-associated dicistrovirus 2 

(BaDV-2), that showed distinct features from other well-studied dicistroviruses (Hedil et al., 

2020). The predicted IGR region contains an atypical RNA structure that lacks conserved 

elements and altered structures that do not conform to the typical dicistrovirus IGR IRES 

structure. BaDV-2 genome also contains a predicted -1 FS RNA stem-loop structure within 

ORF1 that would direct the translation of the RNA-dependent RNA polymerase (Hedil et al., 

2020). However, whether these BaDV-2 RNA elements direct IRES and/or -1 FSS has not been 

investigated.  

In Chapter 2, I hypothesize that BaDV-2 IGR supports IRES activity and BaDV-2 IGR 

IRES functionally and structurally resemble a typical dicistrovirus IRES. I use molecular, 

biochemical, and structural assays to validate the BaDV-2 IGR IRES and investigate the 

functions and structures of BaDV-2 IGR IRES. In Chapter 3, I hypothesize that BaDV-2 utilizes 

-1 FSS to direct the translation for RdRp motif. I use molecular assays to validate the BaDV-2 -1 

FSS and investigate its secondary structure. In summary, I am hoping my work helps to expand 

our knowledge of the factorless translation mechanisms in diverse dicistroviruses, and thus 

providing a framework for future studies into novel translation mechanisms and into the 

evolution of IGR IRES translation in dicistrovirus field, and hopefully reveal some new 

translation initiation and recoding mechanisms.  
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Chapter 2: A novel factor-dependent internal ribosome entry site in the 

Bemisia-associated dicistrovirus 2  

2.1  Introduction  

IRESs are typically structured RNAs that recruit ribosomes using a subset of translation 

factors in a 5' cap-independent manner (S. K. Jang, Pestova, Hellen, Witherell, & Wimmer, 

1990). The dicistrovirus IGR IRES uses the most streamlined mechanism: the IRES recruits 

ribosomes directly without the use of initiation factors and directs translation from a non-AUG 

codon (C. U. T. Hellen, 2007). The IRES adopts three overlapping pseudoknots containing key 

stem-loops and unpaired regions that interact with specific domains of the ribosomal 40S and 

60S subunits (Fernández et al., 2014; Jan & Sarnow, 2002; Kanamori & Nakashima, 2001; 

Nishiyama et al., 2003; Spahn et al., 2004).  

Analysis of dicistrovirus-like genomes identified via metagenomic studies predict 

potentially novel atypical IRES RNA structures (Abaeva et al., 2020; Boros et al., 2011; Culley 

et al., 2007; Shi et al., 2016). Specifically, the Bemisia-associated dicistrovirus 2 (BaDV-2) 

genome contains a predicted IGR IRES containing an unusual RNA structure that lack conserved 

elements and altered structures that do not conform to the typical dicistrovirus IRES mechanism. 

For instance, the L1.1 and SLIV sequence, which are generally conserved across dicistrovirus 

IGR IRESs, are distinct in the predicted BaDV-2 IGR secondary structure (Hedil et al., 2020). 

The sequence identities in L1.1 and SLIV are important because they are responsible for the 

interaction with ribosomes (Fernández et al., 2014). Therefore, distinct sequences might lead to 

an atypical translation initiation mechanism by the predicted BaDV-2 IGR IRES. However, the 

IRES activity of BaVD-2 IGR needs to be validated and the molecular mechanism needs to be 

https://sciwheel.com/work/citation?ids=3312184&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3312184&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13908494&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13408869,1285830,11078427,1285236,1329238&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
https://sciwheel.com/work/citation?ids=13408869,1285830,11078427,1285236,1329238&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
https://sciwheel.com/work/citation?ids=11885575,12551002,2630075,11078433&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=11885575,12551002,2630075,11078433&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1329238&pre=&suf=&sa=0
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uncovered. Therefore, I hypothesize that BaDV-2 IGR contains IRES activity, and it structurally 

and functionally resembles a typical dicistrovirus IGR IRES. In this chapter, I demonstrate that 

the BaDV-2 IGR supports IRES activity using a bicistronic reporter in in vitro insect Spodoptera 

frugiperda (Sf) 21 and rabbit reticulocyte (RRL) translation extracts. Using deletion and 

mutagenesis analyses, I demonstrate that the BaDV-2 IRES activity is within a minimal 140 

nucleotide element containing a predicted stem-loop. Moreover, the IRES is sensitive to eIF2 

and eIF4A inhibitors, NSC1198983 and hippuristanol, respectively, indicating that this IRES is 

factor-dependent which is unlike typical factorless dicistrovirus IRES mechanisms. In summary, 

we have provided evidence of a novel IRES mechanism in this viral family, thus highlighting the 

diversity of viral strategies to direct viral protein synthesis.   

 

2.2 Material and methods 

Cell Culture  

 Drosophila Schneider 2 cell line (S2) cells (Invitrogen) were maintained in Shields and 

Sang M3 insect medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum and at 

25 ℃.  

Plasmids 

BaDV-2 IGR IRES gene fragment (nucleotides 5325 to nucleotides 5694, Accession No. 

MN231041) (Twist Biosciences) was cloned into bicistronic and monocistronic reporter 

plasmids using Gibson assembly. Deletion mutations and specific nucleotide mutations were 

generated by PCR-based methods.  BaDV-2 IGR IRES with a downstream P2A peptide 
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sequence (Twist Biosciences) was cloned into the CrPV infectious clone (Kerr et al., 2015), 

replacing the CrPV IGR IRES.  

In vitro Transcription  

Monocistronic, bicistronic and infectious clones were linearized by NarI, BamHI and  

Eco53KI (NEB) restriction enzymes, respectively. RNA was transcribed using T7 RNA 

polymerase and subsequently purified with a RNeasy kit (Qiagen). 5’capping and 

polyadenylation were performed post-transcriptionally (CellScript). The RNA integrity and 

purity was confirmed by denaturing agarose gel analysis and concentration was measured by a 

spectrophotometer (Nanodrop).  

Transfection 

3 ug of bicistronic or infectious clone RNA was transfected into S2 cells (3×106 cells) 

using Lipofectamine 2000 reagent (Thermo Fisher Scientific). For monitoring reporter RNA 

translation under CrPV infection, S2 cells were transfected with bicistronic RNA for 1 hour, 

followed by infection with CrPV (MOI = 20) for 4.5 hours (Kerr et al., 2015). For infectious 

clone transfection experiments, S2 cells were transfected and then harvested at the indicated 

times and lysed in 1× passive lysis buffer (Promega). Lysates were cleared and protein 

concentration was measured by Bradford assay (Bio-Rad). Western blotting using an anti-VP2 

antibody was performed as previously described (Kerr et al., 2015). 

 

 

https://sciwheel.com/work/citation?ids=13753201&pre=&suf=&sa=0
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In vitro Translation Reactions 

In vitro transcribed bicistronic (1 ug) and infectious clone RNA (2 ug) were incubated in 

Sf-21 cell extract (Promega) or RRL (Promega) for 2 hours or 45 minutes, respectively, in the 

presence of [35S]-methionine/cysteine. Inhibitors (hippuristanol or NSC119889) at desired 

concentrations were added to the reaction 5 minutes prior to the addition of RNA. Reactions 

were either loaded and resolved on 15% SDS-PAGE gels and analyzed by phosphorimager 

analysis (Amersham Typhoon) or analyzed for enzymatic luciferase activity (Promega) using a 

luminometer (Turner Designs TD-20/20). 

Ribosome Filter Binding Assay  

40S and 60S ribosomal subunits were purified as previously described (Jan & Sarnow, 

2002; X. Wang, Vlok, Flibotte, & Jan, 2021). RNA was dephosphorylated by FastAP 

thermosensitive alkaline phosphatase (ThermoFisher) then labelled with T4 polynucleotide 

kinase (NEB) and [γ32P]-ATP.  [γ32P]-RNA (final concentration: 0.5 nM) was heated at 65℃ for 

3 min prior to the addition of 1× buffer E (final concentration: 20 mM Tris pH7.5, 100 mM 

KCl, 2.5mM MgOAc, 0.25 mM Spermidine and 2 mM DTT) and gently cooled to room 

temperature for 20 min, allowing for proper folding. The RNA was then incubated with purified 

40S ribosomal subunits from 0.1 nM to 100 nM for 5 minutes, followed by 60S ribosomal 

subunits from 0.15 nM to 150 nM for 15 minutes, with 50 ng/ul in vitro transcribed 

noncompetitor RNA prepared from pcDNA3 (linearized with EcoRV) to prevent non-specific 

binding (Jan & Sarnow, 2002). Reactions were loaded to the Bio-Dot filtration apparatus (Bio-

Rad) with nitrocellulose and nylon membranes (Zeta-Probe, Bio-Rad). The membranes were 

then washed three times with 1×buffer E, then dried and imaged by phosphoimager analysis 

https://sciwheel.com/work/citation?ids=1285830,13744302&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1285830,13744302&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1285830&pre=&suf=&sa=0
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(Amershan Typhoon, Image Quant). The fraction bound and the dissociation constant (KD) were 

calculated as previously described (X. Wang et al., 2021).  

RNA purification and Size Exclusion Chromatography with Multi-angle Light Scattering 

(SEC-MALS) 

 In vitro transcribed BaDV-2 IGR IRES RNA was purified by size exclusion 

chromatography(SEC) with an ÄKTA pure fast protein liquid chromatography (FPLC) (Global 

Life Science Solutions USA LLC) as previously described (D’Souza et al., 2022). RNA 

containing fractions were then pooled and purified by ethanol precipitation with resuspension in 

HEPES folding buffer (final concentration: 50 mM HEPES, 150 mM NaCl, 15 mM MgCl2, 3% 

Glycerol, and at pH 7.4) for SEC-MALS analysis and small-angle X-ray scattering (SAXS) 

submission. SEC-MALS analysis was performed as previously described with Optilab Refractive 

Index System (Wyatt Technology) (D’Souza et al., 2022).  

Small-angle X-Ray Scattering (SAXS) 

SAXS was performed as previously described in (D’Souza et al., 2022). Briefly, SAXS 

data for BaDV-2 minimal IRES RNA were collected at 2mg/ml. Samples were run at Diamond 

Light Source Ltd. synchrotron (Didcot, Oxfordshire, UK) on the B21 SAXS beamline, with a 

high-performance liquid chromatography (HPLC) system attached upstream to ensure the 

monodispersity (Cowieson et al., 2020). A specialized flow cell was employed in conjunction 

with an inline Agilent 1200 HPLC system (Agilent Technologies, Stockport, UK). RNA samples 

were injected onto a Shodex KW403-4F (Showa Denko America Inc., New York, NY, USA) 

size exclusion column, with a flow rate maintained at 0.160mL/minute. The eluted samples are 

https://sciwheel.com/work/citation?ids=13744302&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13111452&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13111452&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13111452&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10476990&pre=&suf=&sa=0
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exposed to X-rays with 3 second exposure time and 600 frames. Analysis of scattering data was 

performed using the ATSAS suite and as previously described (Badmalia, Sette Pereira, 

Siddiqui, & Patel, 2022; D’Souza et al., 2022; Manalastas-Cantos et al., 2021). RNA models 

were generated using DAMMIN (Badmalia et al., 2022; D’Souza et al., 2022; Svergun, 1999).  

2.3 Results 

2.3.1. BaDV-2 IGR supports internal ribosome entry  

We investigated whether the BaDV-2 IGR supports IRES activity. Our initial analysis 

predicted an atypical RNA structure that had features (i.e. PK) like known dicistrovirus IRES 

structures (Hedil et al., 2020). We cloned the IGR of BaDV-2 (nucleotide 5325 to 5694) into the 

IGR of a RLuc-FLuc bicistronic reporter construct (Figure 2.1A). The predicted start site based 

on the proposed IRES structure starts at a GCG codon (nucleotide 5668 to 5670). We incubated 

in vitro transcribed RNAs into Sf-21 extracts and monitored scanning-dependent RLuc 

translation and IRES-mediated FLuc translation. As shown previously, the CrPV IGR IRES 

directed FLuc expression and activity, whereas a mutant CrPV IGR IRES that disrupts PKI base 

pairing (CC6214-5 to GG mutant) abolished IRES activity (Figure 2.1A). We calculated IRES 

activity as a ratio of FLuc/RLuc, where RLuc serves as a normalization control across 

experiments. The BaDV-2 IGR also resulted in FLuc expression, ~1.5 fold activity as compared 

to the wild-type CrPV IGR IRES (Figure 2.1A). 

Furthermore, we added a hairpin loop right before RLuc to abolish RLuc translation and 

investigated if FLuc translation was coupled to RLuc translation (Figure 2.1B). Without the 

hairpin loop, RLuc and FLuc were translated (Figure 2.1B, black bars), whereas with the 

hairpin loop, there was only FLuc translation but not RLuc translation (Figure 2.1B, red bars). 

https://sciwheel.com/work/citation?ids=10362792,13111452,13893856&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=10362792,13111452,13893856&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=709881,13111452,13893856&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
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This suggested that FLuc translation was not coupled to RLuc translation therefore further 

validating that BaDV-2 IGR has IRES activity.  
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Figure 2.1. BaDV-2 IGR and its IRES activity. A) Bicistronic reporter RNAs containing either 

the CrPV IGR or the BaDV-2 IGR (top schematic) were incubated in Sf-21 extracts. The FLuc 

and RLuc activities were measured and the FLuc/RLuc ratio was calculated and normalized to 

the wild-type CrPV bicistronic RNA as shown in the bar graph. An ANOVA statistical test was 

used to determine the p value and thus the significance levels. B) A bicistronic RNA containing 

an upstream hairpin to block scanning dependent translation was incubated in Sf-21 extracts. 

Translation of FLuc and RLuc was measured by either (left) radioisotope [35S]-

methionine/cysteine incorporation followed by SDS-PAGE and phosphorimager analysis or 

(right) luciferase assays. A paired t-test was used to determine the p value and thus the 

significance levels. * represents p<0.05, ** represents p<0.01. Shown are a representative SDS 

PAGE gel and the averages from at least three independent experiments ± standard deviation. 

 

2.3.2 Minimal BaDV-2 IGR that directs IRES activity  

 

The predicted BaDV-2 IRES structure adopts several stem-loop and pseudoknot 

structures (Hedil et al., 2020). A series of mutations were generated that disrupt predicted base 

pairing (Figure 2.2A). In summary, the majority of mutants did not affect BaDV-2 IRES activity 

(Figure 2.2 B), suggesting there is an alternative RNA structure and possibly mechanism for 

translation initiation.  

 

https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
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Figure 2.2 Predicted secondary model of BaDV-2 IGR IRES. A) Specific nucleotides were 

mutated to validate the predicted secondary structure of BaDV-2 IGR IRES. B) The luciferase 

activities were measured through luciferase assays for each mutation via bicistronic reporter 

RNA assays in Sf-21 extracts. An ANOVA statistical test was used to determine the p value and 

thus the significance levels. Groups were compared to WT BaDV. * represents p<0.05, ** 

represents p<0.01. Shown are the averages from at least three independent experiments ± 

standard deviation. 
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We next generated a series of 5’ and 3’ deletions mutations within the IGR region to 

pinpoint the minimal sequence for BaDV-2 IRES translation. As a reminder, nucleotides 5325 to 

5694 of BaDV-2 was initially cloned and showed IRES activity (Figure 2.1). Compared to the 

wild-type BaDV-2 IRES, 5’ deletions from nucleotide (nt) 5325-5366 (5’Del1) still displayed 

IRES activity, however, deleting nt 5325-5421 (5’Del2) inhibited IRES activity (Figure 2.3A), 

thus setting the boundaries from the 5’end of the BaDV-2 IRES. Using a similar approach from 

the 3’end, the majority of 3’ deletions from 5506-5694 (3’Del1-5) resulted in IRES activity as 

similar to or higher as wild-type IRES activity (Figure 2.3B). The only exception was 3’DelΔ3, 

which showed 60% of wild-type IRES activity (Figure 2.3B). To further pinpoint the minimal 

IRES, we generated combinations of 5’ and 3’ deletions. Combining 5’Del 1 and 3’Del 4 or 

3’Del 5 still resulted in IRES activity, whereas combining 5’Del 2 and 3’Del 4 inhibited IRES 

activity to ~40% of wild-type IRES activity (Figure 2.3B). Thus, our deletion analysis showed 

that the minimal BaDV-2 IRES is contained within a 140 nucleotide region from nt 5366-5506. 
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Figure 2.3 Deletion analysis of BaDV-2 IGR IRES. A) 5’ and 3’ deletions were generated 

within the BaDV-2 IGR. “▲” = del = deletion B) Bicistronic RNAs containing the 

corresponding deletion mutants were incubated in Sf-21 extracts and RLuc and FLuc activities 

measured and normalized to the wild-type BaDV-2 IRES. An ANOVA statistical test was used 

to determine the p value and thus the significance levels. Groups were compared to WT BaDV. * 

represents p<0.05, ** represents p<0.01. Shown are the averages from at least three independent 

experiments ± standard deviation. 
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2.3.3 BaDV-2 IGR IRES initiates translation from an AUG start codon 

We next determined the start site of the BaDV-2 IGR IRES. In-frame stop codons (SC) 

were inserted across the full-length BaDV-2 IGR. Insertion of stop codons at nt 5503, 5608 and 

5668 (SC1-3) all decreased IRES activity to ~5-25% of wild-type IRES activity (Figure 2.4), 

thus suggesting that the start site is upstream of nt 5503. Moreover, these experiments are in line 

with the deletion analysis that the minimal IRES is contained between nt 5366-5506. A stop 

codon insertion at nt 5444 (SC4) did not affect IRES activity, thus indicating that the start codon 

is between nts 5444 and 5503 (Figure 2.4). We hypothesized that an AUG (nt 5491-3) codon 

may be the initiation codon of the IRES. We mutated the AUG (nt 5491-3) codon to UGA (M1) 

or GCG (M2) or deleted the AUG (Del). Deletion of the AUG codon or mutating to UGA (M1) 

dramatically inhibited IRES translation by ~75-80% compared to wild-type IRES activity 

(Figure 5B). We reasoned that the IRES may recruit ribosomes and then scan downstream to 

initiate translation from the AUG codon of FLuc. To address this, we deleted the AUG codon of 

FLuc in combination with the deletion of and mutant AUG (nt 5491-3). Deleting the AUG codon 

of FLuc within the wild-type BaDV-2 IGR IRES inhibited IRES activity by ~10-15% as 

compared to the wild-type IRES with the AUG codon of FLuc. By contrast, combining the 

deleted AUG codon of FLuc with deletion of AUG (nt 5491-3) or M1 or M2 mutants abolished 

IRES-mediated FLuc activity completely. These results strongly demonstrated that BaDV-2 

IRES initiates from the AUG (nt 5491-3) codon and that a fraction of 40S subunits of ribosomes 

recruited to the IRES can scan to initiate translation from a downstream AUG codon.    
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Figure 2.4 Stop codon mutations to confirm the BaDV-2 IGR IRES initiation site. A) 

Schematic of stop codon mutations along the BaDV-2 IGR IRES (upper). In vitro translation 

assays were performed in Sf-21 cell lysate with the indicated mutations using bicistronic reporter 

RNAs. RLuc and FLuc activities were measured and normalized to the wild-type BaDV-2 

bicistronic RNA (bottom). An ANOVA statistical test was used to determine the p value and thus 

the significance levels. Groups were compared to WT BaDV. * represents p<0.05, ** represents 

p<0.01. Shown are the averages from at least three independent experiments ± standard 

deviation. 
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2.3.4 BaDV-2 IGR IRES does not bind to purified 80S ribosome 

A unique feature of dicistrovirus IGR IRESs is its ability to recruit ribosomes directly 

without the aid of initiation factors. The CrPV IGR IRES can assemble ribosomes by first 

recruiting 40S subunits followed by 60S subunit joining (Jan, Kinzy, & Sarnow, 2003), however, 

at ~8% of the time, the CrPV IRES can also bind to pre-formed 80S ribosomes (Petrov, Grosely, 

Chen, O’Leary, & Puglisi, 2016). We accessed the ribosomal binding using an established filter 

binding assay (H. H. T. Au, Elspass, & Jan, 2018). Incubating increasing concentration of 

purified salt-washed ribosomes with wild-type CrPV IRES resulted in increasing fraction of 

CrPV IRES: ribosome complexes with a KD of 1.4 ± 0.3 nM (Figure 2.5A), which is similar to 

previous reports (H. H. T. Au et al., 2018; X. Wang et al., 2021). By contrast, a mutant CrPV 

IRES containing disruptions that disrupt all three pseudoknot structures did not show appreciable 

80S binding (Figure 2.5A, KD = 321.0 ± 523.0 nM) (H. H. T. Au et al., 2018). Similarly, the 

BaDV-2 IRES did not bind to purified ribosomes (Figure 2.5A, KD = 940.3 ± 4377 nM), thus 

indicating that this IRES is likely not using a factorless mechanism for translation.  

 

 

https://sciwheel.com/work/citation?ids=13893524&pre=&suf=&sa=0
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Figure 2.5 Affinity of 80S-BaDV-2 IGR IRES complexes. 

(A) Filter binding assays.  [32P]-BaDV-2 IGR IRES, [32P]-Cricket Paralysis Virus (CrPV) IGR 

IRES or mutant (∆PKI/II/III) CrPV IGR IRES were incubated with increasing amounts of 

purified salt-washed 80S. The fractions bound were quantified by filter binding assay followed 

by phosphorimager-analysis. CrPV WT has a KD value of 1.4 nM, CrPV MT has a KD value of 

321.0 nM and WT BaDV-2 has a KD value of 940.3 nM. Shown are the averages from at least 

three independent experiments ± standard deviation.  

 

2.3.5 BaDV-2 IGR IRES requires eIF4A and eIF2 to recruit ribosomes 

Our results so far point to an alternative IRES mechanism that drives BaDV-2 IGR IRES 

activity. To determine whether the BaDV-2 IRES uses translation factors, we used inhibitors that 

target specific translation initiation factors (Figure 2.6 A). Specifically, hippuristanol inhibits 

eIF4A helicase activity and NSC119889 blocks eIF2 from binding to initiator Met-tRNAi 

(Cencic & Pelletier, 2016; Novac, Guenier, & Pelletier, 2004; Robert et al., 2006). We pre-

incubated these inhibitors in RRL or Sf-21 followed by addition of IRES-containing reporter 

https://sciwheel.com/work/citation?ids=7133438&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3874173,1256240&pre=&pre=&suf=&suf=&sa=0,0


 

52 
 

RNAs. Incubating with hippuristanol (10 uM and 15 uM) or NSC119889 (12.5 uM) significantly 

decreased scanning dependent RLuc translation, as expected (Figure 2.6 B, C). By contrast, 

CrPV IRES-mediated FLuc translation was relatively resistant to hippuristanol or NSC119889, 

in line that the CrPV IRES drives factorless translation (Figure 2.6 B, C) (C. J. Jang & Jan, 

2010). Interestingly, BaDV-2 IRES translation was sensitive to both drug treatments, thus 

demonstrating that eIF4A and eIF2 ternary complexes are required for BaDV-2 IRES translation.  

 

 

 

https://sciwheel.com/work/citation?ids=13868680&pre=&suf=&sa=0
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Figure 2.6 Inhibitor treatment to test the requirement of initiation factors.  A) Schematic 

illustration of bicistronic reporter RNAs with CrPV or BaDV-2 IGR IRESs. In vitro transcribed 

reporter RNAs were incubated in RRL with B) hippuristanol or C) in Sf21 extracts with 

NSC119889 at the indicated concentrations. RLuc and FLuc activities were measured and 

normalized to DMSO-treated lysates with wild-type CrPV or BaDV-2 IGR IRES bicistronic 

RNAs. An ANOVA statistical test was used to determine the p value and thus the significance 
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levels. * represents p<0.05, ** represents p<0.01. Shown are the averages from at least three 

independent experiments ± standard deviation.  

 

2.3.6 BaDV-2 minimal IRES contains predicted stem loops  

Small angle X-Ray scattering (SAXS) is a method to resolve the size and shape of 

monodispersed macromolecules (Stetefeld, McKenna, & Patel, 2016). A prerequisite for SAXS 

is a pure, monodisperse sample that displays similar hydrodynamic properties (Dzananovic et al., 

2014). We firstly purified BaDV-2 minimal IRES RNA made from T7 promoter by FPLC 

Superdex 200 (S200). The elution profile of the RNAs is as shown in Figure 2.7A for pure 

monomer BaDV-2 minimal IRES RNA collection. Combined RNA went straight to SEC-MALS 

for further purity and molecular weight analysis. SEC-MALS confirmed BaDV-2 IGR IRES had 

a molecular weight of 47.53 (± 1.675%) kDa (Figure 2.7B), consistent with the predicted 

molecular weight (49.22kDa). Taken together, the results suggest BaDV-2 minimal IRES RNA 

sample is appropriate for sending for SAXS analysis. After obtaining SAXS data, DAMMIN was 

performed to obtain low-resolution structures for BaDV-2 minimal IRES RNA (D’Souza et al., 

2022). Here, we showed a representative model in Figure 2.7C and its corresponding secondary 

structure model in Figure 2.7D. Mutations were made at the stem loop areas and results showed 

mutations at the UA-rich region was important for IRES activity (Figure 2.7D, M4).  
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Figure 2.7 Structural analysis of BaDV-2 IGR IRES. A) FPLC profiles associated with 

BaDV-2 IGR minimal IRES IVT RNA purification. B) SEC-MALS traces of the peak from the 

BaDV-2 minimal IRES RNA run and the absolute molecular weight across them. C) Predicted 
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BaDV-2 minimal IRES RNA structure model from SAXS data. D) The secondary structural 

model of BaDV-2 minimal IRES corresponding to the predicted model as shown in C). Mutation 

analysis of BaDV-2 minimal IRES with bicistronic reporter Sf-21 translation assays were 

performed and the results (M1-7) were measured by luciferase assays and normalized to wild-

type (WT) BaDV-2 IGR IRES minimal IRES (bottom). Mutations marked in red (M8-9) are 

interesting mutants that can be tested in the future. Groups were compared to WT BaDV. An 

ANOVA statistical test was used to determine the p value and thus the significance levels. * 

represents p<0.05, ** represents p<0.01. Shown are the averages from at least three independent 

experiments ± standard deviation.  

 

 

2.3.7 BaDV-2 IGR does not support IRES activity in S2 cells  

Next, we wanted to test how well the BaDV-2 IGR IRES functions in mock- and CrPV-

infected S2 cells. We tested in both mock and infected cells as it has been shown that IRES 

translation is stimulated under virus infection (Kerr, Ma, Jang, Thompson, & Jan, 2016). Firstly, 

we transfected in vitro transcribed RNA (WT and MT CrPV IRES, WT, 3 del 5 and minimal 

BaDV-2 IRES) into S2 cells, infect with CrPV virus at MOI = 20 after 1 hour for the CrPV-

infected groups, and measured RLuc and FLuc activity at 6 hours after transfection. Translation 

of transfected reporter RNAs in S2 cells are active at this time after transfection. The results 

showed that only wild-type CrPV but not BaDV-2 IGR (including WT, 3 del 5 and minimal 

IRES) was able to support FLuc translation in mock and CrPV-infected cell conditions (Figure 

2.8A).  

https://sciwheel.com/work/citation?ids=5555725&pre=&suf=&sa=0
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Next, we determined whether the BaDV-2 IRES could support viral translation in an 

infectious clone model. We previously showed that the dicistrovirus IAPV IRES and an ancient 

Northwest Territories Cripavirus IRES can support virus translation and in infection using a 

heterologous chimeric CrPV infectious clone (H. H. T. Au et al., 2018; X. Wang et al., 2021). 

Briefly, we replaced the CrPV IGR IRES with the BaDV-2 IGR IRES (full length, nt 5325 to 

5694) in the CrPV infectious clone that was previously made in our lab (Figure 2.8B) (Kerr et 

al., 2015; Warsaba et al., 2020). We also generated a clone with an inserted P2A “stop-go” 

peptide site between BaDV-2 IGR IRES and ORF2 to ensure proper expression of CrPV ORF2 

(Q. S. Wang, Au, & Jan, 2013). We first determined whether the BaDV-2 IRES could support 

translation of the infectious clone in Sf-21 extracts. Our results showed that the CrPV but not 

BaDV-2 IGR IRES supported translation of ORF2 proteins (Figure 2.8C). To determine whether 

the CrPV-BaDV-2 chimeric clone is infectious, we transfected in vitro transcribed infectious 

clone RNAs into S2 cells and then followed VP2 expression by immunoblotting at 144 hours 

after transfection. We previously showed that detection of VP2 after transfection of CrPV 

infectious clone RNA reflects productive CrPV infection in S2 cells (Kerr et al., 2015; Warsaba 

et al., 2020). VP2 was detected in S2 cells transfected with wild-type CrPV clone but not a 

mutant CrPV clone containing a stop codon in ORF1 or with the CrPV-BaDV-2 IGR IRES 

chimeric clone (both with and without P2A peptide site) (Figure 2.8D). Moreover, cytopathic 

effects were observed in S2 cells transfected with the wild-type CrPV clone but not with the 

other clones (data not shown). In summary, the BaDV-2 IRES is not active in the infectious 

clone and does not support CrPV infection using a chimeric infectious clone.  

https://sciwheel.com/work/citation?ids=13893561,13744302&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13753201,13753204&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13753201,13753204&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=5555735&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13753201,13753204&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13753201,13753204&pre=&pre=&suf=&suf=&sa=0,0
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Figure 2.8 BaDV-2 IGR IRES activity in infectious clone and in cells. A) Bicistronic 

reporters were transfected into S2 cells followed by mock infection or CrPV infection (MOI = 

20). Cells were collected 6 hour post transfection. Bicistronic RNAs tested contain the wild-type 

CrPV, mutant CrPV (CC6214-5 to GG at PKI, previously shown abolished CrPV IGR IRES 

activities, (X. Wang et al., 2021)), wild-type BaDV-2 full-length IGR IRES (WT BaDV-2), 

BaDV-2 3’ del 5 (as shown in figure 2.3) and BaDV minimal IRES (double deletion at both 3’ 

and 5’ end, as shown in figure 2.3).  Luciferase activities were measured and normalized to 

https://sciwheel.com/work/citation?ids=13744302&pre=&suf=&sa=0
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wild-type CrPV with mock infection. A paired t-test was used to determine the p value and thus 

the significance levels. * represents p<0.05, ** represents p<0.01. Shown are the averages from 

at least three independent experiments ± standard deviation. B) Schematic of infectious clone 

CrPV (pCrPV, CrPV_IGR_IRES) and chimeric clones with CrPV IGR IRES replaced with 

BaDV-2 IGR IRES (BaDV-2 IGR IRES) and with P2A-site added after BaDV-2 IGR IRES 

(BaDV-2 IGR IRES+ P2A). C) Infectious clone RNAs were incubated in Sf-21 extracts 

containing [35S]-methionine/cysteine and then monitored by SDS-PAGE analysis. Mock = mock 

transfection; OS = ORF1Stop; CrPV = pCrPV; BaDV= BaDV-2 IGR IRES; P2A= BaDV-2 IGR 

IRES+ P2A. Shown is a representative gel from at least three independent experiments. D) In 

vitro transcribed infectious clone RNAs were transfected into S2 cells for 144 hours. VP2 

expression was detected by immunoblotting. Shown are a representative SDS PAGE gel and the 

averages from at least three independent experiments ± standard deviation.  
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2.4 Discussion 

Dicistroviruses IGR IRESs utilizes the most streamlined eukaryotic translation 

mechanism to date. It is presumed that translation mechanisms within a viral family would have 

conserved viral translation strategies. In this chapter, I demonstrated that the IGR of the 

dicistrovirus BaDV-2 contains IRES activity. Moreover, unlike typical dicistrovirus IRESs, the 

BaDV-2 IRES cannot bind to ribosomes directly and requires translation factors, eIF2 and 

eIF4A, for IRES activity. Finally, the BaDV-2 minimal IRES within a 140 nucleotides region is 

sufficient to direct translation from an AUG codon. Therefore, I propose that the BaDV-2 IRES 

represents a novel IRES mechanism within the Dicistroviridae family. 

Although we did not observe BaDV-2 IRES activity in S2 cells, possibly because there is 

a cell type specificity that allows for it to function, further experiments are needed to draw 

definite conclusions. Infectious clones are a great tool to investigate the viral life cycle and 

pathogenesis (Kerr et al., 2015). Transfection S2 cells with infectious clone RNA helps to 

uncover the fundamental host-viral interactions in insect cells (Kerr et al., 2015). Unfortunately, 

an infectious clone for BaDV-2 is not available. Instead, we used bicistronic reporters and 

chimeric clones to investigate BaDV-2 IGR IRES mechanisms, which are also considered as 

handy and powerful tools for IRES studies (Q. S. Wang et al., 2013). Chimeric infectious clones 

should enable CrPV ORF2 translation when transfecting S2 cells. However, we were unable to 

detect VP2 expression in both chimeric clones, CrPV-BaDV-2 IGR IRES and CrPV-BaDV-2 

IGR IRES +P2A. A possible explanation is that BaDV-2 IGR IRES-dependent translation 

requires eIF4A and eIF2 ternary complexes. Under viral infection,  eIF2α kinases are activated 

and phosphorylate eIF2α, which prevents eIF2-GDP from exchanging to GTP (H. H. T. Au & 

Jan, 2014; Garrey et al., 2010; A G Hinnebusch, 2000). The lack of activated eIF2 ternary 

https://sciwheel.com/work/citation?ids=13753201&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13753201&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5555735&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13799130,6522685,5555727&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=13799130,6522685,5555727&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
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complex will disable BaDV-2 IGR IRES from recruiting ribosomes and initiating ORF2 

translation, leading to lack of VP2 expression.   

In summary, in chapter 2 I concluded that the BaDV-2 IRES contains a novel IRES 

mechanism that is distinct from a typical dicistrovirus IGR IRES. Knowing that BaDV-2 IGR 

IRES recruit ribosomes in an eIF4A- and eIF2- dependent manner to initiate translation at an 

AUG codon, we are interested to investigate further about the details in its translation 

mechanism. Other molecular assays could be further performed to uncover this mechanism in the 

future. For example, toeprinting can validate the BaDV-2 ORF2 initiation site (Gu, Mao, Jia, 

Dong, & Qian, 2021). Mutations at the specific regions in minimal IRES could be performed to 

validate the predicted secondary structure of BaDV-2 minimal IRES. Chemical modification 

combined with sequencing is a great tool to validate the BaDV-2 IGR IRES and minimal IRES 

structures, assisting with our SAXS data. For example, selective 2′ hydroxyl acylation analyzed 

by primer extension (SHAPE) utilizes hydroxyl-selective electrophiles such as NMIA to react 

with the 2’hydroxyl group in flexible nucleotides to form a stable 2’-O-ester adduct, which is 

later used to identify exposed nucleotides through primer extension (Chahal et al., 2019; 

Wilkinson, Merino, & Weeks, 2006). Dimethyl sulfate (DMS) mutational profiling with 

sequencing (DMS-MaSeq) uses DMS modification within the Watson-Crick face to investigate 

RNA structures in vivo (Zubradt et al., 2017). Furthermore, reconstitution assays that add back 

different initiation factors together can be used to systematically validate eIF2 and eIF4A and 

other initiation factor requirements for BaDV-2 IRES to function (Lancaster et al., 2006).   

In conclusion, our work in BaDV-2 IGR IRES provides a systematic workflow to 

investigate viral IRESs and expands the current knowledge on the mechanism that dicistrovirus 

https://sciwheel.com/work/citation?ids=13887964&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13887964&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13887968,924667&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13887968,924667&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2467785&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=773262&pre=&suf=&sa=0
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IGR IRESs use to recruit ribosomes and drive translation initiation. It will be of great interest to 

investigate this novel IRES further, both functionally and structurally.  
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Chapter 3: A novel programmed -1 frameshifting signal in the Bemisia-

associated dicistrovirus 2 

3.1 Introduction 

As described previously in chapter 1, -1 PRF is a common strategy for viral recording to 

expand the viral genome coding capacity. -1 PRF directs elongating ribosome to shift one 

nucleotide towards the 5' direction of the mRNA and is a critical process in coronavirus and 

retrovirus life cycles. Generally , a -1 PRF consists of a heptameric “slippery site”, a 3’ 

stimulatory element and the “spacer” sequence between the slippery sequence and the 

stimulatory element (Brierley et al., 1989; ten Dam et al., 1990). The stimulatory element has 

been proposed to hinder elongating ribosomes such that ribosomes decoding over the slippery 

sequence shifts in the -1 frame, as previously described in chapter 1.2.1.  

BaDV-2 was isolated from the sweet potato whitefly Bemisia tabaci (Hedil et al., 2020). 

The 8012 nt genomic sequence of BaDV-2 contains (GeneBank accession No. MN231041) three 

ORFs (ORF1a, ORF1b, and ORF2) with a 5’UTR, an intergenic region (IGR),  a 3’UTR and 

poly(A) tail (Hedil et al., 2020). ORF1a contains an RNA helicase (nt 1780-2121) and a 3C 

cysteine protease motif (nt 3541-3654) (Hedil et al., 2020). ORF1b is in -1 frame and contains an 

RdRp motif (nt 4047-5261) (Hedil et al., 2020). ORF2 contains two picornavirus capsid protein-

like Rhv motifs (nt 5893 to 6177 and 6730 - 7002, respectively), a calicivirus coat-protein motif 

(nt 7021 to 7209) and a CrPV-capsid protein-like motif (nt 7336 to 7977) (Hedil et al., 2020). A 

putative -1 frameshifting signal (-1 FSS) was proposed to drive the translation of the full-length 

ORF1 polyprotein, consisting of a slippery sequence (GUCUUUU, nt 3780-6) and a putative 

pseudoknot (Hedil et al., 2020). The -1 FSS is required to direct translation of the RdRP 

https://sciwheel.com/work/citation?ids=10499888,13799367&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
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replicase motif. In this chapter, I hypothesize that BaDV-2 utilizes a -1 FS strategy to express 

RdRP domain of the ORF1 polyprotein. Overall, I validated that the putative BaDV-2 -1 FSS is a 

bona fide FSS. Mutational and deletion analyses revealed that a stem-loop structure and slippery 

sequence are essential for FS activity. This is the first report of a bona fide -1 FSS in the 

Dicistroviridae family.   

 

3.2 Material and methods 

Plasmids 

The BaDV-2 predicted frameshifting signal fragment (nucleotides 3742 to 3884, 

Accession No. MN231041) (Twist Biosciences) was cloned into bicistronic reporter plasmids 

using Gibson assembly. Deletion mutations and specific nucleotide mutations were generated by 

PCR-based mutagenesis methods.  

In vitro Transcription  

Bicistronic plasmids were linearized using BamHI (NEB) restriction enzyme. RNA was 

transcribed using T7 RNA polymerase and subsequently purified with a RNeasy kit (Qiagen). 

The RNA integrity and purity was confirmed by denaturing agarose gel analysis and 

concentration was measured by a spectrophotometer (Nanodrop).  

In vitro Translation Reactions 
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In vitro transcribed bicistronic (1 ug) was incubated in Sf-21 cell extract (Promega) or 

rabbit reticulocyte lysate (Promega) for 2 hours or 45 minutes, respectively, in the presence of 

[35S]-methionine/cysteine. Reactions were either loaded and resolved on 15% SDS-PAGE gels 

and analyzed by phosphorimager (Amersham Typhoon) or analyzed for enzymatic luciferase 

activity (Promega) using a luminometer (Turner Designs TD-20/20). 

 

3.3 Results 

3.3.1 BaDV-2 IGR supports a -1 PRF 

A predicted pseudoknot structure with an upstream of a putative slippery sequence as 

characteristics of a -1 programmed frameshift signal within the BaDV-2 genome was proposed 

(Brierley et al., 1989; Hedil et al., 2020) (Figure 3.1A). To determine whether this element can 

support FS, we cloned the putative -1 FS element (nucleotides 3742 to 3884, Accession No. 

MN231041) into a bicistronic reporter between the Renilla (RLuc, 0 frame) and Firefly 

luciferase (FLuc, -1 frame) open reading frames (Figure 3.1B). We cloned sequences upstream 

and downstream of the predicted -1 FSS to ensure the entire element is present. We also 

generated an in-frame control reporter whereby the RLuc and FLuc ORFs are in the same frame 

and a mutation (UUU3783-85 to CCC) (SS MUT) that disrupts the putative slippery sequence 

(Figure 3.1B).  

https://sciwheel.com/work/citation?ids=10499888,13342459&pre=&pre=&suf=&suf=&sa=0,0
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Figure 3.1. The predicted secondary structure of BaDV-2 -1 FSS. A) Simplified schematic of 

BaDV-2 genome. B) The predicted secondary structure of BaDV-2 -1 frameshifting signal, and 

schematic of the bicistronic reporter with RLuc and FLuc. 

 

We incubated in vitro transcribed bicistronic reporter RNAs in Sf-21 insect cell lysate 

(Sf-21) and rabbit reticulocyte lysate (RRL) and monitored luciferase activities and expression 

by incorporation of [35S]-methionine/cysteine (Figure 3.2A, 3.2B). FLuc activity was detected 

suggesting that -1 frameshifting was occurring. Therefore, a fusion RLuc-FLuc protein product 

(~100 kDa) was detected supporting that -1 frameshifting occurred (Figure 3.2A, 3.2B, lane 2). 

An RLuc protein was also detected indicating that a fraction of translation ribosomes do not 
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undergo frameshifting (Figure 3.2A, 3.2B, lane 2). As expected, the in-frame control reporter 

RNA resulted in robust expression of the 100 kDa RLuc-FLuc fusion protein and loss of RLuc 

expression (Figure 3.2A, 3.2B, lane 3). Based on the relative luciferase activities, the -1 FSS 

activity occurred at 4 and 8% efficiency in Sf-21 and RRL, respectively. Mutant bicistronic 

RNAs containing either a premature stop codon at the end of RLuc (Figure 3.2A, 3.2B, lane 1) 

or the slippery sequence mutant (SS Mut, UUU3783-5CCC) (Figure 3.2A, 3.2B, lane 4) abolished 

FLuc translation and activity, thus supporting the presence of a -1 FSS. These results 

demonstrated that the BaDV-2 genome contains a bona fide -1 FSS and the fact that it can be 

detected in both Sf-21 and RRL suggests this activity is species-independent.  
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Figure 3.2 In vitro translation assays in Sf-21 cell extracts and RRL. Bicistronic reporter 

RNAs containing wildtype or mutant BaDV-2 -1 FSS, and in-frame controls were incubated in 

A) Sf-21 or B) RRL extracts. “RLuc Stop” contians a premature stop codon at the end of RLuc; 

“RLuc_FS_-1FLuc” contains wild-type -1 FSS with FLuc in -1 frame; “SS Mut” contains a 

mutant slippery sequence (UUU3783-5CCC); “0FLuc” is the in-frame control where RLuc and 

FLuc are both in the 0-reading frame. (left) Reactions were resolved on SDS-PAGE gel and 

monitored by phosphor-imager analysis. Shown are a representative SDS PAGE gel. (right) 

Luciferase activities were measured and calculated as a ratio of FLuc/RLuc and normalized to 

the in-frame control (0FLuc). Groups were compared to 0FLuc. An ANOVA statistical test was 
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used to determine the p value and thus the significance levels. * represents p<0.05, ** represents 

p<0.01. Shown are averages from at least three independent experiments ± standard deviation. 

 

3.3.2 Characterization of the BaDV-2 -1FSS 

The proposed -1 FSS of BaDV-2 contains a putative pseudoknot structure seven 

nucleotides downstream of the slippery sequence. To determine whether other elements are 

important, systematic 3’ end deletions were created (Figure 3.3A). Progressive 3’ deletions 

significantly inhibited -1 FSS activity. Of note, the largest deletion (3’del 3), which includes the 

putative pseudoknot base-pairing inhibited -1 FSS activity the most (Figure 3.3B). These results 

suggested that the elements downstream of the putative -1 FSS element may promote 

frameshifting. 
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Figure 3.3. Deletion analysis of BaDV-2 -1 FSS. A)  Schematic of deletion mutants 

surrounding the putative BaDV-2 -1 FSS. B) In vitro transcribed RNAs were incubated in RRL 

and luciferase activities were measured and normalized to wild type BaDV-2 -1 FSS (BaDV-2 

FS WT). The red dot line represents the background characterized by a mutation in the slippery 

site (SS MUT, UUU3783-5CCC) that abolishes -1 FS activity. Groups were compared to BaDV-2 

FS WT. An ANOVA statistical test was used to determine the p value and thus the significance 

levels. * represents p<0.05, ** represents p<0.01. Shown are averages from at least three 

independent experiments ± standard deviation. 
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To determine whether the predicted stem-loop and pseudoknot are important for -1 FSS, 

we generated mutations that would disrupt base pairing and tested-1 FSS activity in RRL 

(Figure 3.4A). Mutations that disrupt the bottom base paired domain of the stem-loop (M1, M2) 

abolished -1 FSS activity to the same extent as the SS MUT, however, compensatory mutations 

(M1+M2) that restored base pairing did not rescue activity, suggesting that the sequence 

identities may be important (Figure 3.4B). Mutations that disrupt the upper base-paired region 

(M4) inhibited -1 FSS activity, however, the corresponding disrupted base-paired region (M5) 

had only a minor effect (~84% of the wild type) (Figure 3.4B). Compensatory mutations 

(M4+M5) rescued -1 FSS activity to wild-type levels, suggesting that nucleotide identity of ACC 

(nt 3804 to 3806) may be important (Figure 3.4B). Note, a potential pseudoknot was proposed, 

however, mutant (M5), which would disrupt the pseudoknot base pairing, had only a minor 

effect on -1 FSS activity, thus indicating that the putative pseudoknot may not be critical for 

frameshifting (Figure 3.4B). Mutations that disrupt the apical loop (M3) did not affect -1 FSS 

activity (Figure 3.4B). In summary, we have demonstrated that the BaDV-2 genome contains a 

bona fide -1 FSS signal and identified several key nucleotides and a stem-loop important for 

activity.   
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Figure 3.4 Mutation analysis of BaDV-2 -1FSS.  A)  Schematic of BaDV-2 -1 FSS mutations. 

The mutation marked in red (M6) represent an interesting mutation can be tested in the future. B) 

In vitro transcribed RNAs were incubated in RRL, and luciferase activities were measured and 

normalized to wild type BaDV-2 -1 FSS (BaDV-2 WT). The red dot line represents the 

background characterized by a mutation in the slippery site (SS MUT, UUU3783-5CCC) that 

abolishes -1 FSS activity. Groups were compared to BaDV-2 WT. An ANOVA statistical test 

was used to determine the p value and thus the significance levels. * represents p<0.05, ** 

represents p<0.01. Shown are averages from at least three independent experiments ± standard 

deviation. 
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3.4  Discussion  

A -1 FSS has not been identified or biochemically validated in dicistrovirus (Hedil et al., 

2020). In this chapter, I validated for the first time that the BaDV-2 -1 FSS can support -1 

frameshifting in vitro. Using bicistronic reporters, I found that the frameshifting efficiency of 

BaDV-2 -1FSS is 4% and 8% in Sf-21 and RRL, respectively. I delineated that the -1 FSS is 

within nucleotides 3742 - 3884. Deletion analysis demonstrated the region downstream of the 

stem-loop may promote frameshifting. Moreover, mutagenesis analysis demonstrated that the 

slippery sequence and some sequence identities in the stem-loop are important for -1 FSS, 

however, the predicted pseudoknot may not be important.  

 The current approach that we used in this study has some limitations. Firstly, as 

mentioned previously in chapter 2, we lack the optimal vector, BaDV-2 infectious clone, to test 

the BaDV-2 -1 FSS. An infectious clone can allow us to investigate the significance of this 

frameshifting mechanism under BaDV-2 infection and may provide a framework to identify 

frameshifting elements key to BaDV-2 infection. Moreover, BaDV-2 -1 FSS may be more active 

in a more physiologically relevant cell line, such as Bemisia, however, there are not available cell 

lines to date. Thirdly, the real structure of the BaDV-2 -1 FSS requires further investigation. 

Deletion and mutagenesis analyses identified that the slippery sequence, the structure of the 

stem-loop, some sequence identities in the stem-loop and a downstream region (nt 3827-3842) 

are key to BaDV-2 FSS. However, it is still possible that an alternative secondary structure is 

responsible for this -1 FSS, considering that viral frameshifting such as the SARS-CoV-2 -1 

frameshifting can undergo distinct conformations (Huston et al., 2021; Lan et al., 2022). RNA 

secondary structure prediction, such as using mFold Web Server (Zuker, 2003), combined with 

https://sciwheel.com/work/citation?ids=13342459&pre=&suf=&sa=0
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molecular assays, such as mutagenesis analysis, can be used to further explore the possible 

secondary structures.  

The investigation on -1 PRF has potential in developing antiviral drugs as -1 FSS is 

essential for the viral life cycle and thus is an effective target for antiviral strategies (Hilimire et 

al., 2017). For example, studies showed that triazole-containing compounds are able to bind the 

HIV FSS with high affinity and selectivity and can strongly inhibit HIV replication (Hilimire et 

al., 2017). The explosive expansion of viral genome discovery has resulted in opportunities to 

search for novel viral mechanisms such as IRESs and PRFs. Using bioinformatics analysis, our 

lab has recently identified more possible -1 FSS and other novel features in several 

dicistroviruses (data not shown). The validation of BaDV-2 -1 FSS provides a solid foundation 

for other potential -1 FSS in dicistroviruses to be investigated.  
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Chapter 4: Summary and future directions 

Insects like whitefly Bemisia tabaci causes significant agricultural and economical loss in 

crops worldwide, including tomato, pepper and soybean (Hedil et al., 2020; Navas-Castillo, 

Fiallo-Olivé, & Sánchez-Campos, 2011). Chemical control is challenging because whiteflies can 

rapidly develop resistance to insecticides (Palumbo, Horowitz, & Prabhaker, 2001). Biological 

control includes the use of predators, fungi, and parasitoids, however, none of them are quite 

effective so far (Horowitz, Antignus, & Gerling, 2011). Therefore, entomopathogenic viruses are 

considered to be the new potential to control these insects (ACHOR, 2001; Nakasu et al., 2017, 

2019; Hedil et al., 2020). Previously known viruses transmitted by whiteflies include 

begomoviruses, criniviruses, ipomoviruses (Navas-Castillo et al., 2011). Recently, BaDV-2 was 

identified from whitefly Bemisia tabaci isolates and classified as dicistrovirus (Hedil et al., 

2020). Dicistroviruses are single-stranded positive sense RNA viruses that mainly infect 

arthropods, and are great models to study virus-host interactions, such as viral translational 

control mechanisms and insect innate immune pathways (Warsaba et al., 2020). As the name 

implies, dicistrovirus genome contains two ORFs: ORF1 and ORF2, where translation of each is 

directed by 5’ UTR IRES and IGR IRES, respectively. It was assumed that the translational 

mechanism utilized by viruses within a viral family would be conserved and similar. However, 

this may not be true given that the 5’ UTR IRESs of dicistroviruses have distinct mechanisms, at 

least the ones that have been studied (L. Gross et al., 2017; Roberts & Groppelli, 2009). For the 

IGR IRES of dicistroviruses, the IRESs studied so far are structurally similar, having a ribosome 

binding domain through PKII/PKIII and a tRNA anticodon-codon mimicry domain through PKI. 

However, a recent report showed that the Halastavi IGR IRES contains an atypical structure that 

https://sciwheel.com/work/citation?ids=3507284,13342459&pre=&pre=&suf=&suf=&sa=0,0
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binds to preformed 80S, suggesting that IGR IRESs within the dicistrovirus family may be more 

diverse than initially thought (Abaeva et al., 2020).  

Focusing on the translation initiation mechanism of BaDV-2, in chapter 2, I demonstrated 

that BaDV-2 IGR supports IRES activity using a bicistronic reporter in insect Sf-21 and RRL 

extracts. I also showed that the IRES activity is within a 140-nucleotide region via deletion and 

mutagenesis analyses. Moreover, unlike a typical dicistrovirus IGR IRES, BaDV-2 IGR IRES is 

factor-dependent and requires eIF2 and eIF4A to initiate translation at an AUG start codon. One 

main limitation is that we were not able to generate an infectious clone for BaDV-2 to fully 

access other potentially factors encoded in the BaDV-2 genome that may be key to BaDV-2 IGR 

IRES activity. Instead, we used bicistronic reporters and chimeric clones, which are also 

powerful and handy tools for IRES studies. Interestingly, we were able to detect BaDV-2 IRES 

activity in a bicistronic reporter but not a chimeric clone. This might be because some initiation 

factors, such as eIF2, are cleaved or inhibited through phosphorylation under CrPV infection and 

can no longer support BaDV-2 IRES activity. Furthermore, although we lack solid data to 

support the predicted secondary structure model of BaDV-2 IGR IRES, future investigation 

combing SAXS-predicted models with molecular assays such as mutagenesis and chemical 

modification combined with sequencing, such as DMS probing and SHAPE, can be used to 

uncover the BaDV-2 IGR IRES structure and thus its translation initiation mechanism. 

In Chapter 3, I showed that BaDV-2 genome contains a -1 FS strategy to direct the 

translation of a RdRp motif. Using a bicistronic reporter with luciferase assays and [35S]-

methionine/cysteine labeling, I validated the putative BaDV-2 -1 FSS with an efficiency of 4% 

and 8% in Sf21 and RRL, respectively. Mutagenesis and deletion analyses revealed that a stem-

loop structure, sequence identities in the stem-loop and the slippery sequence are key to the 

https://sciwheel.com/work/citation?ids=11078433&pre=&suf=&sa=0
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frameshifting activity. Main limitations include that we did not have an BaDV-2 infectious clone 

and were not able to validate the predicted -1 FSS secondary structure model. However, we 

managed to identify some key nucleotide identities and showed evidence that the predicted 

pseudoknot was not essential for -1 FSS. Structural probing analysis such as SHAPE or DMS 

analysis should provide further insights into its structure. Given the expansion of the RNA 

virome, it will also be interesting to determine whether -1 FSS is utilized in other dicistrovirus 

genomes.   

Overall, using BaDV-2 as a model, we provided strong evidence of a novel IRES and -1 

frameshifting mechanisms in dicistrovirus, and thus highlighting the diversity of viral strategies 

to direct viral protein synthesis. Importantly, the BaDV-2 IRES and -1 frameshifting viral 

mechanisms can be targeted for antivirals. There is precedent for targeting RNA structures by 

small molecules or antisense strategies. For example, small molecules such as triazole-containing 

compounds are able to bind the FSS with high affinity and selectivity and thus strongly inhibit 

HIV replication (Hilimire et al., 2017). Another small molecule based on benzimidazole can 

cause conformational change in FMDV IRES, leading to reduced IRES activity (Lozano et al., 

2015). Therefore, exploration of these screening strategies has significant antiviral potentials, 

especially for some of these viruses impacting agriculture. 

Furthermore, the recent advances in RNA therapeutics have drawn tremendous attention 

to new RNA designs including the use of IRESs. For example, IRESs are used in stable circular 

RNAs to direct translation (Chen et al., 2021). The knowledge of the BaDV-2 IRES could be 

potentially used in such RNA technologies including in circRNAs or linear RNAs. Although the 

BaDV-2 IRES is not relatively strong, it may be possible to select for stronger IRES activities 
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via directed evolution (ex. SELEX) or to try duplicated IRES elements that may possibly drive 

translation more. 

The history of nucleic acid-encoded drugs has been developing since the first direct 

injection of in vitro transcribed mRNA into the skeletal muscle of mice, and was found to be able 

to express the encoded protein in the injected musical in 1990 (Wolff et al., 1990). Since then, 

the potential of using mRNA as a therapeutic has slowly gained attention. It was only recently 

through the COVID-19 pandemic that we saw the true potential of mRNA vaccines and 

therapeutics. IRES containing mRNAs to drive therapeutic proteins can be important in specific 

cellular conditions like diseased cells, such as in hypoxic tumours or pancreatic beta-cells that 

undergo ER-stress induced apoptosis, that have impaired cap-dependent translation. Thus, 

inclusion of an IRES, which require fewer factors, could be used in therapeutic mRNAs to drive 

translation under diseased cells. Indeed, IRESs such as the CrPV IGR IRES are translated well 

under ER stress despite a shutdown of global cap-dependent translation (C. U. Hellen & Sarnow, 

2001). Therefore, there is a lot of future potential for type IV IRES as they can hijack host 

translational machinery in a factor-less manner and initiate translation even under stress. 

Working with dicistrovirus, it is of great interest to use them as a model to study viral translation 

initiation and to screen for the IRES could boost the translation efficiency mostly to be used in 

mRNA therapeutics.  

 In summary, my thesis provides a deeper understanding of the IRES-dependent 

translation mechanism in BaDV-2 and the -1 FSS. Our findings extended the current 

understanding of the dicistrovirus IGR IRES-mediated mechanism and frameshifting in this field 

and hopefully brought new potentials in utilizing these in antiviral drugs and mRNA therapeutics 

by boosting mRNA translation. 
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