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The synthesis of proteins during eukaryotic translation involves four major phases, 

where initiation is often the rate-limiting step and target for translational control with a 

large number of factors involved. Some viruses have evolved a mechanism that allows 

them to bypass the canonical initiation, with an internal ribosome entry site



 xi 

(IRES). IRESs can functionally replace the function of the 5’ mRNA cap structure and 

many of the proteins that are involved in recruiting the ribosome. Found in Kaposi’s 

sarcoma-associated herpesvirus, the vFLIP IRES is a unique IRES in that it is found in a 

DNA virus, within the coding region of a protein, and requires most of the host factors 

involved in translation initiation. To further characterize this IRES, an in vitro transcription 

approach was developed in order to generate milligram amounts of RNA required for 

crystallography. X-ray diffraction and structure determination of IRES crystals would lead 

to important insight into the viral IRES’s mechanism of action. Although amounts 

sufficient for crystallography were not obtained during this work, optimization of the 

transcription approach showed that the RNA synthesis reactions would be amenable for 

scaling up. Secondly, a bicistronic reporter was developed suitable for functional 

investigations of the viral IRES in an in vitro translation assay as well as screening and 

testing of compounds for selective inhibitor of viral translation initiation. 
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INTRODUCTION 

The canonical synthesis of proteins through mRNA translation is a complex process 

consisting of four major phases: initiation, elongation, termination, and ribosome 

recycling. Because of the number of factors and high level of regulation involved in 

initiation, it is the rate-limiting step in translation and is a frequent target for translational 

control [1]. 

 

Canonical Cap-Dependent Translation Initiation 

The translation initiation mechanisms in eukaryotes and in prokaryotes are 

fundamentally similar: both start with separated ribosomal subunits with the smaller 

subunit binding first, involve the binding of an initiator tRNA, and formation of an 

intermediate complex with the mRNA and tRNA before the joining of the larger subunit. 

However, unlike in prokaryotes, eukaryotic translation is more highly regulated and 

involves more binding factors. There are at least nine eukaryotic initiation factors (eIFs), a 

5’ m7Gppp (cap) modification, and a 3’ poly(A) tail of the mRNA. Translation initiation 

can be divided into several stages illustrated in Figure 1: formation of the 43S preinitiation 

complexes (PIC), attachment of the complexes to mRNA, ribosome scanning of the 5’ 

UTR, initiation codon recognition, commitment of ribosomes to a start codon, and 

ribosomal subunit joining [2].  

Briefly, the 43S PIC, composed of the small (40S) ribosomal subunit, an initiator-

methionyl-transfer-RNA (Met-tRNAi) and eIF2, is brought to the capped 5’ end of mRNA 

by cap-binding factor eIF4E, eIF4G, eIF4A and poly(A)-binding protein (PABP). This 

“closed-loop” complex then scans along the mRNA in the 5’ to 3’ direction for 
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complementarity to the anticodon of Met-tRNAi in the right context. Once this match is 

found, scanning stops and the eIFs are released, allowing the large (60S) subunit to form 

an 80S initiation complex and accept the appropriate aminoacyl-tRNA for synthesis of the 

first peptide bond [3-5]. From here, translation begins. However, alternative mechanisms 

are known to initiate translation in eukaryotic mRNAs.  

 

Figure 1. Canonical eukaryotic translation initiation 

Reproduced with permission from [6].  
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Discovery of IRESs and Their Function 

Viruses have evolved mechanisms to subvert this canonical translation process. 

While some of these processes that may proceed in a completely cap-independent manner 

(such as Alfalfa Mosaic Virus RNA 4 translation) or ribosomal shunting, mRNAs can also 

recruit ribosomes for translation in a cap-independent, internal initiation process. In these 

cases, a sequence within the mRNA itself, termed an internal ribosome entry site (IRES), 

has the ability to assemble the translation machinery. First discovered in the unusually long 

and highly structured 5’ UTR of picornaviruses (which carry genomic RNA that lacks a 5’ 

cap), many IRESs have been identified within the last 25 years in viral RNAs and also in 

cellular mRNAs [1]. In depth studies of IRESs have shown that these RNAs support a great 

variety in mechanisms where some require a subset of eIFs while others do not use any 

factors [7].  

IRESs can functionally replace both the cap and also many of the proteins that 

recruit the ribosome to the start codon. The ability of an RNA to function as an IRES is 

encoded in its mRNA sequence, which determines both the secondary and three-

dimensional structure of the IRES RNA and the binding sites for interacting proteins. A 

key feature of IRES-containing mRNAs is that they are able to be translated under 

conditions that are inhibitory to cap-dependent initiation. Except for IRESs found within 

the same viral families, there are few similarities in sequence, size, or secondary structure 

in IRESs. Generally, they are often found in longer (200 to 500 nucleotides) 5’ UTRs 

upstream of the open reading frame (ORF) that they control. IRES RNAs often contain 

multiple highly structure domains and may have high GC content [8]. All IRESs have the 
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ability to interact with at least one of the canonical components of the translation machinery 

[1]. 

 

Types of IRESs 

 The most characterized IRESs have been divided into four main groups based on 

their structure and initiation factor requirements, although not all fall within these 

categories.  

The first group includes picornavirus enterovirus and rhinovirus IRESs. In these, 

there is a large number of AUG triplets in the 5’ UTR sequence which are not recognized 

as initiator codons. Translation initiation from these IRESs occurs without the cap-binding 

factor eIF4E. With these IRES, translation is inefficient and inaccurate in a rabbit 

reticulocyte lysate (RRL) system in vitro, without supplementation with a HeLa (human) 

cell extract, which led to the discovery of IRES trans-acting factors (ITAFs). ITAFs 

include polypyrimidine tract-binding protein (PTB) and La human autoantigen as auxiliary 

proteins [9].  The recruitment mechanism for initiation does not require direct binding to 

the ribosome. They mimic the role of cap-binding eIF4E instead to recruit the 40S subunit 

to the mRNA [10].  

The second group includes picornavirus cardio-, aphtho- and parechovirus IRESs. 

Although the requirements for translation initiation are similar to IRESs in the first group, 

these RNAs share similarity with hepatitis C virus (HCV) IRES.  In the RRL system, these 

IRESs do not require supplementation.  

The third group includes hepatitis C virus, pestivirus, and other HCV-like IRESs. 

HCV IRES RNA has an extended architecture composed of several highly structured 
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domains. These IRESs interact with eIF3 and the 40S ribosomal subunit, analogous to 

ribosome recruitment in bacteria. Most also require a minimal set of factors including 

eIF5B, eIF2 and Met-tRNAi. [10, 11]. 

Lastly, the fourth group includes dicistrovirus and intergenic region (IGR) IRESs. 

These IRESs initiate translation from a non-AUG start codon at the A-site rather than P-

site of the aminoacyl-tRNA and do not require involvement of any EIFs and Met-tRNAi. 

Instead, these IRESs bind directly to the ribosome without protein factors and induce a 

ribosome-translocation event before peptide bond instead of forming an initiation state.  

Unlike other IRESs, IGR IRESs have a tightly folded globular structure [10, 12]. 

There are also several unclassified viral IRESs whic9h include the hepatitis A 

picornavirus, the lentivirus human immunodeficiency virus 1 (HIV-1) and the mRNAs of 

DNA-containing herpesviruses.  

 

Studying IRES Activity 

 Typically, the first experiment done when a sequence is thought to contain an IRES 

element is testing it in a bicistronic mRNA construct. By cloning the putative IRES 

sequence in between two open reading frames, the expression of the two ORFs or cistrons 

can be compared. The cistrons can code for easily quantified proteins such as Renilla and 

firefely luciferase or β-gal reporters. An example construct is shown in Figure 2 where the 

IRES is located between Renilla luciferase and firefly luciferase. 
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Figure 2. In vitro translation assay and bicistronic reporter construct 

 

 Functional aspects of components involved in translation can be studied in an in 

vitro translation (IVT) assay which uses cell lysates containing all components required for 

eukaryotic protein synthesis. mRNA for translation may be added from separate in vitro 

transcription with phage polymerase or obtained by coupling translation with an in situ 

transcription reaction using the same polymerases. This assay can be done translationally 

active cell-free extracts such as rabbit reticulocyte lysate where mRNAs without the 5’ cap 

structure can be efficiently translated [7]. The bicistronic construct allows comparison of 

translation levels with a control (empty) construct that has a non-IRES sequence in the 

intercistronic region. If there is no change between the 3’ cistron and the control, the 

sequence likely has no IRES activity. A sequence is a potential IRES if there is an increase 

in the 3’ cistron expression compared to the control. However, additional controls are 

needed to determine if this expression is from cryptic promoters, splicing, or other spurious 

initiation events. 

A cryptic promoter could generate a monocistronic mRNA that contains the 3’ 

cistron. A small amount of RNA could result in a significant level of reporter expression. 
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This may be ruled out by using Northern blotting analysis to detect all RNA transcripts 

made. Other methods to rule out cryptic promoters include reverse transcription 

polymerase chain reaction (RT-PCR) to look for shorter (monocistronic or spliced) 

transcripts, RNAi knockdowns of the 5’ cistron of the bicistronic mRNA where there 

should be no reporter activity or transfecting cells with a promoter-less DNA reporter [13]. 

In the promoter-less reporter where the absence of a promoter means no mRNA is 

generated, protein expression should not be detected. If activity of a 3’ cistronic reporter is 

detected, a cryptic promoter may be present.  

 Another assay used is the insertion of possible IRES sequences into a circular RNA. 

Because there is no free 5’ end, translation must be initiated from the IRES. This is done 

by performing in vitro transcription of an RNA sequence thought to be an IRES with a 

downstream reporter protein and then ligating the 5’ and 3’ ends together with a bridging 

oligo and T4 DNA ligase. While this procedure is considered a definitive test of an IRES, 

this is technically more difficult to perform. However it has been shown recently that even 

circular RNA can be efficiently translated without an IRES [14].  

 Finally, a less commonly used assay involves the introduction of a stable hairpin 

structure at the 5’ end of mRNA which blocks cap-dependent translation, but not the IRES-

driven process. Such an initiation-blocking hairpin could be added to either a bicistronic or 

a monocistronic reporter construct. In the bicistronic construct, the translation of the 5’ 

cistron should be inhibited, but the translation of the 3’ cistron by an IRES should not 

change. If the introduction of the hairpin inhibits the 3’ cistron activity, alternative splicing, 

readthrough or ribosomal shunting could be contributing to some (if not all) the 3’ cistron 

expression. 
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 There is no singular definitive method for determining if a sequence is an IRES, 

but with a combination of the mentioned methods with the appropriate controls the 

candidate sequence can be truncated to establish an IRES sequence for further in depth 

studies.  

 

 

KSHV 

Oncogenic Kaposi’s sarcoma-associated herpesvirus (KSHV; also known as human 

herpesvirus 8 HHV8) is the etiological agent of Kaposi’s Sarcoma (KS). It is a 

lymphotropic, DNA virus that induces both latent and lytic phases during infection, 

affecting primarily B cells but also the endothelium. It is found in spindle cells and cells 

that line the vessels of KS lesions. KS is the most common tumor in HIV-infected patients 

where immunosuppression promotes KSHV infection and development of KS [15, 16].  

KSHV infection is mainly latent in lymphoid tumors, where only a small set of 

genes are expressed. These latency-associated genes include latency-associated nuclear 

antigen (LANA, ORF 73), viral-cyclin (v-cyclin, ORF 72), v-FLICE inhibitory protein 

(vFLIP, ORF 71), and kaposins A, B, and C. ORFs 71, 72, and 73 are transcribed from a 

common promoter, which is then spliced to yield a tricistronic message encoding all three 

ORFs and a bicistronic message encoding vCyclin and vFLIP. Ribosome profiling has 

shown that in SLK cells (a cell line derived from a Kaposi’s sarcoma tumor), the tricistronic 

transcript is present during latency while the bicistronic transcription was only detected in 

lytic cells. Because no monocistronic messages for vCyclin could be observed, translation 

initiation of vFLIP was proposed to be driven by an IRES which allows its expression to 
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be regulated at the RNA level [15, 16].  

 

vFLIP and vFLIP IRES 

 It has been proposed that vFLIP plays a role in KSHV pathogenesis by inhibiting 

Fas-induced apoptosis. Recent evidence suggests that the key role of vFLIP is by its 

interaction with the IκB kinase γ in the NF-κB pathway. This interaction induces the 

expression of antiapoptotic and proinflammatory genes which extends the lifespan of 

infected cells [15].  

 Previous reports have described the presence of an IRES element within the 

vCyclin coding region that drives vFLIP expression [17-19]. The vFLIP IRES is unusual 

in that it is found in a DNA virus genome and within a coding region, as opposed to a 5’ 

UTR. However, several discrepancies exist in literature reports which describe using 

different cell lines and different fragments and regions of the vCyclin coding region in 

determining the minimum IRES sequence. Recently, a 252-nt region directly upstream of 

vFLIP was found to support initial initiation in RRL and in 293 cells [15].  

 Molecular characterization of the IRES found that vFLIP activity requires an intact 

eIF4F complex, inactivating eIF4E inhibits IRES activity, eIFs are recruited by the IRES, 

and that the vFLIP IRES directly interacts with the ribosome and some of the eIFs. 

However, the molecular mechanism of translation initiation by the vFLIP IRES has yet to 

be determined [10]. 

 In the same study, a compact secondary structure was proposed for the vFLIP IRES, 

derived from SHAPE analysis, shown in Figure 3.  
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Figure 3. Secondary structure of the vFLIP IRES predicted from SHAPE analysis 

Based on structure identified by [15]. 

 

 

Preparation of RNA for Crystallization  

 Crystallization of RNA has become feasible with synthesis of milligram quantities 

of RNA by using either chemical or enzymatic methods. The chemical synthesis of RNA 

is useful for short sequences (<30 nt) or for site-specific incorporation of non-natural 

nucleotide analogs. Major limitations of chemical synthesis are limitations of 

oligonucleotide length, the amount of RNA obtained, and the price of reagents. To 

overcome these limitations, in vitro transcription of a DNA template with bacteriophage 
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RNA polymerases, such as SP6 or T7, can be used to obtain significant quantities of RNA. 

There are several requirements and conditions for the transcription approach. First, 

the promoter region of the template needs to be double-stranded. This DNA template can 

be obtained from chemically synthesized single-stranded DNAs, from amplification with 

PCR, or from linearized plasmid. The first six nucleotides after the promoter (positions +1 

to +6) largely determine the yield of the target RNA. It was found empirically that 

sequences starting with two guanosines give the highest yields. Standard conditions for 

transcription are 40 mM Tris-HCl buffer (pH 7.5), 40 mM dithiothreitol (DTT), 2 mM 

spermidine, 0.01% Triton-X 100 detergent, 5 mM each nucleotide triphosphate (NTP), and 

10-50 mM MgCl2. The concentrations of magnesium, NTPs, template, and RNA 

polymerase and the time of transcription are usually optimized on a small-scale (50 µL) 

prior to large-scale transcription reactions [20].  

RNA polymerases, like DNA polymerases, have a tendency for premature 

termination or addition of non-encoded nucleotides at the 3’ end of the synthesized strand, 

leading to highly heterogeneous 3’ ends. These products are run-off transcripts. When 

homogenous samples of RNA are needed, ribozyme sequences can be placed on the 5’ 

and/or 3’ of the desired RNA where the ribozymes will cleave at a location defined by a 

specific sequence and produce homogenous ends. Some commonly used ribozymes 

include hammerhead or hairpin ribozymes, but these require specific upstream sequences. 

The hepatitis delta virus (HDV) overcomes this drawback with a catalytic RNA domain 

that has no requirements for the sequence upstream of the cleavage position, making it 

useful for the preparation of homogenous 3’ ends [21]. 

 The most common method of purifying RNA for crystallization is by preparative 
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denaturing polyacrylamide gel electrophoresis (PAGE). This allows for single-nucleotide 

resolution for short RNAs and fractionation of the desired product and side products as 

shown in Figure 4. After UV shadowing, the RNA of interest can be cut out and the RNA 

can be eluted out of the gel and precipitated for further use.  

 

Figure 4. PAGE fractionation of PCR products used as DNA templates 

Reproduced with permission from [21].  

 

Aims 

 The three-dimensional structure of the vFLIP IRES would provide valuable insight 

to more thoroughly understand the mechanism of action for this unique IRES. To determine 

the structure, the first aim was to generate DNA templates that could be used for in vitro 

transcription of the vFLIP IRES RNA. The second aim was to optimize in vitro 

transcription of the vFLIP IRES to identify conditions for large-scale transcriptions to 
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produce RNA amounts necessary for crystallography. For functional studies of the IRES, 

the first aim was to create a monocistronic luciferase construct of the vFLIP IRES that 

could be used in a reporter assay. The second aim was to modify the monocistronic 

construct to design a bicistronic luciferase construct of the vFLIP IRES for uses in a 

reporter assay and screening for inhibitors. 
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RESULTS 

In Vitro Transcription 

To obtain DNA templates for use in in vitro transcription, two different constructs 

were generated: vFLIP IRES I (nucleotides 1-154) because it is believed to be a compact 

and more structured part of the IRES based on the secondary structure and vFLIP IRES I-

IV (nucleotides 1-252) for the full-length RNA. The plasmid template was generated 

from annealing and ligating overlapping oligos to create a cassette that contained the T7 

promoter and HDV sequence surrounding the desired RNA sequence. The HDV was 

added so that a homogenous sample could be obtained for crystallography. The success 

of ligation was confirmed by agarose gel electrophoresis (not shown) before ligating into 

a plasmid, which was confirmed by sequencing.  

From this plasmid, two PCR templates were generated: one without HDV and one 

with HDV. A plasmid template was also generated by a single restriction enzyme digest. 

These templates were tested, and the results are shown in Figure 5. The linearized 

template was chosen. With each subsequent gel, one concentration was varied while the 

others remained constant, incorporating the chosen concentration based on the previous 

gel. The next set of transcriptions were used to choose the MgCl2 concentration with 

results shown in Figure 6. After a magnesium concentration was chosen, DTT 

concentration was tested next with results shown in Figure 7. Following this, spermidine 

and addition of Triton X-100 was tested with results show in Figure 8. The NTP 

concentration was tested next with results shown in Figure 9. The amount of time for 

transcription was also tested with results shown in Figure 10. The temperature for 

transcription was also optimized to 37˚C with results not shown. 
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Following these smaller optimization trials, the final conditions chosen for the 

vFLIP IRES I-IV construct of 1 µg linearized plasmid, 15 mM MgCl2, 15 mM DTT, 2 

mM spermidine, 12 hours, and 37˚C. These were adjusted to 25 mM MgCl2 and 6 hours 

of incubation with the addition of twice the amount of T7 RNA polymerase (RNAP) with 

no visible differences (not shown). For the vFLIP IRES I construct, final conditions 

chosen from the small-scale transcriptions were 1.5 µg linearized plasmid, 15 mM 

MgCl2, 15 mM DTT, 2 mM spermidine, 6 hours, and 37˚C. For the larger transcription, 

this was adjusted to 25 mM MgCl2 and 3 hours of incubation with the addition of twice 

the amount of T7 RNAP with no visible differences (not shown).  

The scaled up transcription of vFLIP IRES I-IV yielded 50 µg each of product 

and of product with HDV from a 500 µL reaction.  

 

Luciferase Reporter Constructs 

 In order to study the function of the vFLIP IRES, several monocistronic and 

bicistronic reporter constructs were made. 

 In the monocistronic constructs, the IRES was placed after the SP6 promoter and 

directly proceeded the ORF for firefly luciferase (FFLuc). With this, the full-length IRES 

(vFLIP-FF) and the IRES with deletion of domains II-IV (ΔvFLIP II-IV-FF) placed 

directly 5’ to the firefly luciferase. These two constructs were tested using an in vitro 

coupled transcription/translation system in RRL shown in Figure 12. This showed that  

 For the bicistronic reporter assay, several constructs were created with the addition 

of the Renilla luciferase (RLuc) located 5’ to the IRES and firefly luciferase, shown in 

Figure 13. The IRES deletion construct (pSP R-ΔvFLIP-FF) served as a negative control 
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for IRES activity. The vector promoter deletion construct (pSP ΔSP6 R-vFLIP-FF) served 

as a control to rule out the presence of cryptic promoters for SP6. The hairpin control (pSP 

HP-R-vFLIP-FF) served as a control to rule out read through translation. The full-length 

vFLIP IRES construct (pSP R-vFLIP-FF) served as a fully functional IRES, and the 

deletion of vFLIP II-IV construct (pSP R-vFLIP ΔII-IV-FF) was made to confirm vFLIP 

IRES was the correct minimal IRES sequence. These constructs were tested in vitro using 

the RRL system with the controls working as expected. The results of the assay are shown 

in Figure 14. 
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Figure 5. Effects of DNA template on RNA transcription 

This shows that linearized plasmid for both constructs provides a cleaner product with 

identifiable bands. For each construct, three separate T7 transcription reactions were 

performed identically except for the DNA template used. Transcriptions were incubated 

for two hours at 37˚C and contained 40 mM Tris-HCl, pH 7.9, 15 mM MgCl2, 15 mM 

DTT, 4 mM each NTP, 2 mM spermidine. The products were fractionated on a 5% 

acrylamide, 8 M urea gel, which was stained with 0.5 ug/mL EtBr. The RiboRuler Low 

Range RNA Ladder used, and 1 µg of yeast tRNA was run as a control in the last lane.



18 

 

 



19 

 

 

Figure 6. Effects of magnesium chloride concentration on transcription 

This shows that 15 mM MgCl2 could be used for maximal product for both constructs. 

For each construct, eight separate T7 transcription reactions were performed identically 

except for the concentration of MgCl2. Transcriptions were incubated for two hours at 

37˚C and contained 40 mM Tris-HCl, pH 7.9, 1 µg linearized plasmid, 15 mM DTT, 4 

mM each NTP, 2 mM spermidine. The products were fractionated on a 5% acrylamide, 8 

M urea gel, which was stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA 

Ladder used in the first lane, and 1 µg of yeast tRNA was run as a control in the last lane.
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Figure 7. Effects of DTT concentration on transcription 

This shows that 15 mM DTT could be used for maximal product for both constructs. For 

each construct, eight separate T7 transcription reactions were performed identically 

except for the concentration of DTT. Transcriptions were incubated for two hours at 37˚C 

and contained 40 mM Tris-HCl, pH 7.9, 1 µg linearized plasmid, 15 mM MgCl2, 4 mM 

each NTP, 2 mM spermidine. The products were fractionated on a 5% acrylamide, 8 M 

urea gel, which was stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA 

Ladder used in the first lane, and 1 µg of yeast tRNA was run as a control in the last lane.
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Figure 8. Effects of spermidine and Triton-X 100 concentrations on transcription 

This shows that 2 mM spermidine without 0.01% Triton-X 100 could be used for 

maximal product for both constructs. For each construct, eight separate T7 transcription 

reactions were performed identically except for the concentration of spermidine and 

addition of Triton-X 100. Transcriptions were incubated for two hours at 37˚C and 

contained 40 mM Tris-HCl, pH 7.9, 1 µg linearized plasmid, 15 mM MgCl2, 15 mM 

DTT, and 4 mM each NTP. The products were fractionated on a 5% acrylamide, 8 M 

urea gel, which was stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA 

Ladder used in the first lane, and 1 µg of yeast tRNA was run as a control in the last lane.
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Figure 9. Effects of NTP concentration on transcription 

This shows that 4 mM each NTP could be used for maximal product for both constructs. 

For each construct, four separate T7 transcription reactions were performed identically 

except for the concentration of NTPs. Transcriptions were incubated for two hours at 

37˚C and contained 40 mM Tris-HCl, pH 7.9, 1 µg linearized plasmid, 15 mM MgCl2, 15 

mM DTT, and 2 mM spermidine. The products were fractionated on a 5% acrylamide, 8 

M urea gel, which was stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA 

Ladder used in the first lane, and 1 µg of yeast tRNA was run as a control in the last lane.



26 

 

 

 



27 

 

 

Figure 10. Effects of amount of linearized plasmid on transcription 

This shows that 1 µg of template for vFLIP IRES I-IV and 1.5 µg of template for vFLIP 

IRES I could be used for optimal transcription. For each construct, four or five separate 

T7 transcription reactions were performed identically except for the amount of template. 

Transcriptions were incubated for two hours at 37˚C and contained 40 mM Tris-HCl, pH 

7.9, linearized plasmid, 15 mM MgCl2, 15 mM DTT, 4 mM each NTP, and 2 mM 

spermidine. The products were fractionated on a 5% acrylamide, 8 M urea gel, which was 

stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA Ladder used in the first 

lane, and 1 µg of yeast tRNA was run as a control in the last lane.
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Figure 11. Effects of time on transcription reaction 

This shows that 12 hours could be used for both constructs for optimal transcription. For 

each construct, four separate T7 transcription reactions were performed identically except 

for the time of transcription. Transcriptions were incubated at 37˚C and contained 40 mM 

Tris-HCl, pH 7.9, linearized plasmid, 15 mM MgCl2, 15 mM DTT, 4 mM each NTP, and 

2 mM spermidine. The products were fractionated on a 5% acrylamide, 8 M urea gel, 

which was stained with 0.5 ug/mL EtBr. The RiboRuler Low Range RNA Ladder used in 

the first lane, and 1 µg of yeast tRNA was run as a control in the last lane.
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Figure 12. Monocistronic FFLuc reporter assay in RRL 

Bicistronic DNAs transcribed/translated in RRL measuring FFLuc activity. Values are the 

mean ± SD from one experiment with biological triplicates.  
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 Figure 13. Bicistronic onstructs used for IVT assay 
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Figure 14. Bicistronic luciferase reporter assay in RRL 

(A) Bicistronic  DNAs transcribed/translated in RRL measuring FFLuc activity. (B) 

Bicistronic  DNAs transcribed/translated in RRL measuring RLuc activity. (C) 

Bicistronic  DNAs transcribed/translated in RRL showing relative FFLuc/RLuc ratio. (D) 
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Capped bicistronic  mRNAs translated in RRL showing relative FFLuc/RLuc ratio. 

Values are the mean ± SD from one experiment with triplicate for (A)(B), six 

independent experiments with biological triplicate for (E) and three independent 

experiments with biological triplicate for (D). All were analyzed by one-way ANOVA 

with Dunnett’s multiple comparison test: (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001, and 

(∗∗∗∗) P < 0.0001. 
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DISCUSSION 

In Vitro Transcription 

DNA templates of vFLIP IRES I and vFLIP IRES I-IV were successfully generated 

for use preparation of RNA by in vitro transcription, confirmed through sequencing. Using 

analytical gels (Figures 5-11), optimized conditions were chosen based on relative 

transcription efficiency.  

Following these smaller optimization trials, conditions for the vFLIP I-IV 

construct of 1 µg linearized plasmid, included 25 mM MgCl2, 15 mM DTT, 2 mM 

spermidine, and a reaction time of 6 hours at 37˚C with the addition of twice the amount 

of T7 polymerase. For the vFLIP I construct, final conditions chosen from the small-scale 

transcriptions were 1.5 µg linearized plasmid, 25 mM MgCl2, 15 mM DTT, 2 mM 

spermidine, for 6 hours at 37˚C with the addition of twice the amount of T7 RNA 

polymerase. These reactions were scaled up for larger scale transcriptions. While the 

yields for the reactions were low, they showed that the reaction could be continually 

scaled up to milliliter amounts to generate milligram amounts of RNA for 

crystallography.  

However, various temperatures and lengths of cycling to optimize HDV cleavage 

of the primary transcript seemed to be unsuccessful (data not shown). Because of this, 

larger scale transcriptions were run on a longer gel where both the product and the 

product with HDV bands could be cut out separately to run additional testing without 

degrading the already formed product to increase the amount of cleavage.  

 

Luciferase Reporter Assay 
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 Only two monocistronic constructs were created for testing in the RRL system; one 

with the full-length vFLIP IRES and one with only the first domain of the vFLIP IRES. 

These were compared against one another to see if the full-length identified previously was 

the minimal sequence for the IRES. No deletion construct was made because cap-driven 

translation is more efficient than translation driven by an IRES. Comparing the two 

constructs, domains II-IV of the vFLIP IRES seemed to initiate translation more efficiently 

than the full-length vFLIP IRES. This suggested that either the functional IRES was within 

a smaller region or that differences in template concentration resulted in the unexpected 

differences in reporter signal. The monocistronic construct also does not rule out initiation 

through the canonical translation pathway, so the deletion construct could have been used 

to determine how much of the signal was contributed through the canonical pathway. 

However, using the bicistronic assay, the possibility of initiation through the 

canonical method could be ruled out because firefly luciferase would have to be translated 

through internal initiation from a bicistronic mRNA. Another benefit of using two different 

luciferase reporters was that the signal of one could be normalized to the other as an internal 

control for concentration differences in DNA or mRNA template. The ratio of the IRES 

signal (FFLuc) to the cap-driven signal (RLuc) could also be used to compare translation 

efficiency across different constructs. While Renilla luciferase signaling is considered cap-

driven, the protein was made from coupled transcription and translation in RRL, where 

mRNA does not have to be capped to function efficiently. 

Looking at just the firefly signal (Figure 14 (A)), the only statistical differences 

were between the full-length IRES and the deletion of the entire IRES, which was expected, 

and between the full-length IRES and deletion of domains II-IV of the IRES. This 
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confirmed that the no-IRES control worked as expected with a signal near blank levels. 

There was no statistical difference between the deletion of the entire IRES and the deletion 

of only domains II-IV of the IRES, consistent with the identified minimal IRES, but 

contrary to the results seen in the monocistronic constructs. With no statistical significance 

between the deletion of the promoter and the deletion of the IRES confirms there was no 

cryptic promoter sequence for SP6 polymerase. There was also no statistical significance 

between the full-length IRES and the full-length IRES with a hairpin to block the cap-

driven translation which confirms that the vFLIP IRES is indeed initiating internally and 

seems to be unaffected by the cap-driven translation. Looking at just the cap-driven Renilla 

signal, the signals remained statistically unchanged for the constructs where cap-driven 

translation was blocked. For the no promoter and hairpin to block cap-driven translation, 

the cap-driven translation was at the level of the blank. 

The relative luminescence of the firefly (IRES-driven) to the Renilla (cap-driven) 

was looked at with both the coupled transcription and translation and with translation from 

capped mRNA prepared with in vitro transcription. For the coupled 

transcription/translation, the relative signal of the full-length vFLIP IRES was statistically 

significant compared to the no IRES control, confirming that it acted as an IRES. The 

relative luciferase activity between the full-length IRES and the construct with domains II-

IV deleted was also statistically significant, with a large decrease in relative activity with 

the deletion of the domains. Surprisingly, the relative activity of the deletion of domains 

II-IV was still statistically significant compared to the no-IRES control. However, using 

the capped mRNA, the difference between the deletion domains II-IV and the no-IRES 

control was not statistically significant. Still, the trend of the relative signal of the full-
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length IRES being greater than the no-IRES control and the deletion of domains II-IV is 

the same with both the capped and uncapped mRNA. 

The results from the bicistronic reporter assay confirm published results of the 

vFLIP IRES sequence as the 252 nucleotide region directly 5’ of the vFLIP ORF, contrary 

to the monocistronic reporter. Perhaps in the monocistronic reporter canonical translation 

initiation played a greater role than internal initiation, where the deletion of domains II-IV 

could be both transcribed and translated more efficiently than the full-length IRES due to 

a lesser impact of the RNA secondary structure. In RRL, the use of capped mRNA and the 

“un-capped” mRNA from coupled transcription/translation should not affect translation 

efficiently. Surprisingly, there was a statistical difference between the deletion of the entire 

IRES and the deletion of domains II-IV that was in the coupled transcription/translation as 

opposed to the capped-mRNA translation where there was no statistical difference.  

 

Future Directions 

 While milligram amounts of RNA were not obtained for either vFLIP IRES 

construct, these RNA experiments have shown that the transcription reaction can be scaled 

up to produce the amounts required for crystallography. Future studies will aim at using 

the transcription constructs and reaction conditions developed in this study to produce 

larger amounts of RNA for crystal structure analysis of the vFLIP IRES. With the crystal 

structure in hand, the mechanism of action for this unique IRES could be studied in further 

detail. In addition, mutational studies could be done to determine the essential areas as 

location for binding of the traditional translation machinery. Since it was previously shown 

that many of the eukaryotic imitation factors interact directly with the vFLIP IRES and that 
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the IRES binds the ribosome, the structure could provide insight into how and where these 

factors bind [15]. With this information, specific domains and/or nucleotides in IRES could 

be mutated or removed to see how these interactions could be blocked and if the sites are 

necessary for function of the IRES.  

 The preparation and testing of bicistronic reporter constructs for the vFLIP IRES 

show that the in vitro translation assay could be used as a valuable tool for functional 

investigations of the vFLIP IRES. Previously, our lab used a similar same assay for 

identification and testing of small-molecule inhibitors of IRES-driven translation of HCV 

proteins. With structural data, more informed inhibitor testing and mutational assays could 

be tested using the same IVT assay. 
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MATERIALS AND METHODS 

Annealing, Phosphorylation, and Ligation of DNA Oligonucleotides 

The DNA oligonucleotides (oligos) were resuspended in H2O to a concentration of 

100 µM. The oligo sequences used can be found in Table 2.  Each 100 µL reaction 

contained 3 pmol of the top oligo, 3 pmol of the bottom oligo, 1x T4 DNA Ligase Reaction 

Buffer (NEB), and 20 U T4 polynucleotide kinase (PNK) (Promega), and H2O. Reactions 

were incubated at 37˚C for 30 minutes, 90˚C for 2 minutes, and slowly cooled to 25˚C. The 

top T7 promoter oligo and the bottom HDV2 oligo were not phosphorylated before 

annealing to their respective oligo pair.  

 A 5:5:1 (volume) mix of T4 DNA ligase (NEB) to H2O to 10x T4 DNA Ligase 

Reaction Buffer was made. For each reaction, 10 µL of an oligo pair, 10 µL of an adjacent 

oligo pair, and 5 µL of master mix were combined and incubated at room temperature (RT) 

for 30 minutes. No more than 2 annealed oligo pairs were ligated at a time. For the 

subsequent ligations, 15 µL of a previous ligation reaction and 15 µL of an adjacent 

previous ligation reaction were combined and incubated for 30 minutes at RT. The 

subsequent ligation protocol was repeated until a single cassette was made. Agarose gel 

electrophoresis was done to confirm successful ligation. The final cassette was incubated 

at 65˚C for 20 minutes to heat kill the ligase.  

 

Agarose Gel Electrophoresis 

Agarose gels (w/v%) were made in 1x TBE with 1 µg/mL ethidium bromide. 1x 

TBE was used as the running buffer, and the gel was run at 5-10 V/cm. Each lane contained 

1x gel loading dye (purple, no SDS) (NEB). Either the 2-Log DNA Ladder (NEB) or Low 
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Molecular Weight DNA Ladder (NEB) was used. The bands were visualized using a Multi 

Doc-It Digital Imaging System 2UV Transilluminator (UVP) at 302 nm.  

 

Restriction Digest and Phosphorylation of Vector 

The pBR322 DNA plasmid vector was previously modified by the lab to contain 

the T7 terminator sequence. The plasmid was digested and dephosphorylated in a reaction 

that contained 1x CutSmart buffer (NEB), 1 µg of plasmid, 20 U EcoRI-HF (NEB), 20 U 

HindIII-HF (NEB), 5 U Antarctic phosphatase (NEB), and H2O to a total volume of 50 µL. 

The reaction was incubated overnight at 37˚C and then 70˚C for 5 minutes. The reaction 

was purified using the QIAquick PCR Purification Kit according to manufacturer’s 

recommendations (Qiagen).   

 

Phosphorylation of Cassette and Insertion into Vector 

To phosphorylate the annealed and ligated oligo cassette, 2.5 µL 10x T4 DNA 

Ligase Buffer, 20 µL of the cassette, and 1 µL of T4 PNK were incubated for 30 minutes 

at 37˚C and then 65˚C for 20 minutes.  

 Each ligation reaction contained 1x T4 DNA Ligase Buffer, T4 DNA ligase, and 

different ratios of vector to cassette in a total volume of 10 µL. The reactions were 

incubated for 30 minutes at RT.  

 

Transformation of E. coli 

Competent NEB 5-alpha cells were generated by the CaCl2-method. For each 

transformation, bacteria were incubated with plasmid DNA or ligation reaction for 30 
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minutes on ice. After heat shock of the cells at 42˚C for 30 seconds and a 2-minute 

incubation on ice, cells were mixed with an equal volume of LB-media. Cells were plated 

on a 100 µg/mL ampicillin LB-agar plate and incubated overnight at 37˚C.  

 

Plasmid DNA Isolation  

Small-scale overnight growths were made for isolation of plasmid DNA. Each 

culture was grown in 5-10 mL LB-media containing 50 µg/mL ampicillin and 1 colony 

forming unit from the plates of transformed E. coli. The overnight culture (12-16 hours) 

was pelleted by centrifugation at 4,000 rpm at 4˚C using a Hettich Rotina 46 RS centrifuge. 

The plasmid was isolated using the Wizard Plus Minipreps DNA Purification System 

(Promega) or NucleoSpin Plasmid (Machery-Nagel) according to manufacturer’s 

recommendations. The sequences were verified by DNA sequencing. Sequencing primers 

are listed in Table 3.  

 

Site-Directed Mutagenesis  

 Substitutions, deletions, and insertions to the plasmid DNA were introduced using 

standard molecular cloning techniques and site directed mutagenesis using the 

NEBaseChanger and Q5 Site-Directed Mutagenesis Kit (NEB). The sequences were 

verified by DNA sequencing. Primers used are listed in Tables 4 and 5.  

 

Polymerase Chain Reaction (PCR) 

For sub-cloning and PCR template for transcriptions, the Q5 High-Fidelity 2X 

Master Mix (NEB) was used along with the NEB Tm Calculator according to 
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manufacturer’s recommendations. Reactions contained master mix with magnesium, 

deoxynucleotides, and Q5 DNA polymerase, forward and reverse primers, plasmid 

template DNA (1 pg-1 ng), and H2O in 50 µL. Briefly, in a thermocycler, initial 

denaturation was done for 30 seconds at 98˚C then, 35 cycles of 98˚C for 5 seconds, 50-

72˚C for 10 seconds, and 72˚C for 20 seconds/kb, and then final extension for 2 minutes at 

72˚C. The reactions were purified using the NucleoSpin Gel and PCR Clean-up (Macherey-

Nagel) according to manufacturer’s recommendations. Primers used are listed in Table 6.  

 

Templates for In Vitro Transcription 

To obtain linearized plasmid for transcriptions, the T7 promoter through the T7 

promoter was subcloned into pUC19 using standard molecular cloning techniques as per 

manufacturer’s recommendations for the Anza Restriction Enzyme Cloning System 

(ThermoFisher). Plasmid isolation was also done as previously described.  

To digest the plasmid, FastDigest NcoI (ThermoFisher) was used according to 

manufacturer’s recommendations. To obtain PCR templates, PCR was done as previously 

described using primers in Table 7. NucleoSpin Gel and PCR Clean-up (Machery-Nagel) 

was used to purify the templates.  

 

In Vitro RNA Transcription  

All small-scale in vitro transcription reactions were done in a 50 µL volume and 

larger-scale reactions were done in 500 µL volume. T7 RNA polymerase (RNAP) was 

previously expressed and purified in lab. Inorganic yeast pyrophosphatase (NEB), murine 

RNase Inhibitor (NEB), and NTP mix (Thermo Fisher Scientific) were used directly. 
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Stocks were prepared of Tris-HCl, MgCl2, DTT, spermidine, and Triton X-100. Reactions 

were prepared at room temperature before incubation. Specific concentrations and 

conditions are described within the results section.  

 

Denaturing Urea-Polyacrylamide Gel Electrophoresis 

 All gels were 5% acrylamide-8 M Urea gels prepared using urea, acrylamide, 

ammonium persulfate (APS), and TEMED. RiboRuler Low Range RNA Ladder 

(ThermoFisher) used in the first lane per manufacturer’s recommendation, and 1 µg of 

yeast tRNA was run as a control in the last lane. Each lane contained 5 µL of the 

transcription reaction and 1x RNA loading dye containing 47.5% formamide, 0.0125% 

bromophenol blue, 0.0125% xylene cyanol FF, and 0.25 mM EDTA. The ladder, tRNA, 

and samples were heated to 65˚C for 10 minutes before loading on the gel. Gels were run 

at 150 V with a maximum current of 50 mA. 

 Gels were stained for 10 minutes in 5 µg/mL ethidium bromide (EtBr) and 

visualized using a Multi Doc-It Digital Imaging System 2UV Transilluminator (UVP) at 

302 nm. For large-scale transcription, UV shadowing using 254 nm radiation from a 

handheld lamp and a TLC plate was done to visualize the RNA without staining.  

 

RNA Purification 

  Relevant bands were cut directly from the gel using a clean razor blade. The gel 

was crushed by forcing the gel through a small syringe. The gel pieces were placed into a 

centrifuge tube with enough TE buffer to cover the gel pieces. The gel was eluted on a 

rotary shaker overnight at 4˚C. The tube was spun to pellet the gel fragments. The 
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supernatant was passed through a 0.2 µM filter into a new centrifuge tube. The sample was 

concentrated. This was repeated until the volume was convenient for precipitation. To 

precipitate the RNA, 3.0 M sodium acetate, pH 5.2 was added to a final concentration of 

0.3 M and then 3 volumes of absolute ethanol. The reaction was chilled at -20˚C overnight. 

The RNA was pelleted by centrifuging at full speed for 15 minutes. The supernatant was 

removed, and a rinse with 70% ethanol was done. After centrifuging again, the pellet was 

left to dry at room temperature for an hour before dissolving in 0.1 M sodium cacodylate, 

pH 6.5.  

 

Capped mRNA In Vitro Transcription 

 Capped mRNA was prepared and purified using the mMESSAGE mMACHINE 

SP6 Transcription Kit (ThermoFisher) per manufacturer’s recommendations.  

 

In Vitro Transcription/Translation Assay and Luciferase Detection 

 Traditional cloning procedures were done as previously described to modify the 

pSP-luc+NF Fusion vector (Promega).  

The in vitro transcription-translation assay (IVT) was conducted using the TNT 

Quick Coupled Transcription/Translation System (Promega) and both a monocistronic and 

bicistronic luciferase reporter. The bicistronic luciferase reporter contains the coding 

sequence for the vFLIP IRES-firefly luciferase preceded by a cap-initiated firefly luciferase 

internal control. The monocistronic luciferase reporter contains the coding sequence for 

the vFLIP IRES-firefly luciferase. 

 IVT reactions were run in 7.5 µL volume according to manufacturer’s 
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recommendations. In brief, each reaction contained plasmid DNA (100 ng µL-1, 1.5 µL), 

H2O, and reaction buffer containing rabbit reticulocyte lysate (5 µL), SP6 polymerase, and 

RNase inhibitor. Incubation was at 30˚C for 55 minutes. For translation using capped 

mRNA, each reaction contained mRNA (280 ng µL-1, 1.5 µL) instead of plasmid DNA and 

SP6 polymerase was left out of the reaction. 

Detection of firefly and Renilla luciferase levels was done using the Dual-

Luciferase Reporter Assay System (Promega) according to the manufacturer’s 

recommendations. In brief, 5 µL of the reaction mixture was mixed with luciferase assay 

reagent II (25 µL) on a 96-well plate. Firefly luminescence was quantified. Then for 

bicistronic constructs, Stop & Glo reagent (25 µL) was added to each well, and Renilla 

luciferase luminescence was quantified. Relative translation efficiencies were calculated 

as a ratio of IRES-drive firefly luciferase levels to the internal control Renilla luciferase 

levels.  
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Table 1. Oligonucleotides used for vFLIP I and I-IV template construction 

Name Sequence (5’  3’) 

vFLIP 1 

Top  

AGGGCGCTGTTGGTTCCTGCCAACGTCATTCCGCAGGATACCC

AC 

vFLIP 1 

Bottom 

CCACCCGAGTGGGTATCCTGCGGAATGACGTTGGCAGGAACC

AACAGCGC 

vFLIP 2 

Top 

TCGGGTGGGGTAGTTCCTCAGCTGGCAAGCATATTGGGATGC

GATG 

vFLIP 2 

Bottom 

GAACGGAAACATCGCATCCCAATATGCTTGCCAGCTGAGGAA

CTACC 

vFLIP 3 

Top 

TTTCCGTTCTACAGGCGGCAGTGGAACAGA 

vFLIP 3 

Bottom 

GATGTTAGGATCTGTTCCACTGCCGCCTGTA 

vFLIP I 4 

Top  

TCCTAACATCTGTTTCGGACTTTGATCTGCGCCC 

vFLIP I 4 

Bottom  

GCCAGGCGCAGATCAAAGTCCGAAACA 

vFLIP 4 

Top 

TCCTAACATCTGTTTCGGACTTTGATCTGCGCAT 

vFLIP 4 

Bottom 

AGCTGTCCAGAATGCGCAGATCAAAGTCCGAAACA 

vFLIP 5 

Top 

TCTGGACAGCTATTAAGCTTGTGATT 

vFLIP 5 

Bottom 

TTTCCACCCTAAACAAAATCACAAGCTTAAT 

vFLIP 6 

Top 

TTGTTTAGGGTGGAAAAATAAATTTTCCTTTGTTTTTCCA 

vFLIP 6 

Bottom 

CACCGATGTGGAAAAACAAAGGAAAATTTATT 

vFLIP 7 

Top 

CATCGGTGCCTTCACATATACAAGCCGGCACC 

vFLIP 7 

Bottom 

GCCAGGTGCCGGCTTGTATATGTGAAGG 

T7 Top AATTCACTAATACGACTCAC 

T7 Bottom CTATAGTGAGTCGTATTAGTG 

HDV 1 

Top 

GGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCA

A 

HDV 1 

Bottom 

AATGTTGCCCAGCCGCGCCAGCGAGGAGGCTGGGACCATGCC 

HDV 2 

Top 

CATTCCGAGGGGACCGTCCCCTCGGTAATGGCGAATGGGACG

TCA 

HDV 2 

Bottom 

AGCTTGACGTCCCATTCGCCATTACCGAGGGACGGTCCCCTCG

G 
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Table 2. List of sequencing primers 

Name Sequence (5’  3’) 

T7 PCR Template Sequencing  ATCAAAAAACCCCTCAAGACCCG

TTTAGAGG 

Monocistronic Reporter Sequencing GTGTTGGCGGGTGTC 

New Bicistronic Sequencing  CAAATCGTTCGTTGAGCG 

New Bicistronic Sequencing (2) CACGCTGAAAGTGTAGTAGATGT

G 

pSP-luc + NF Fusion Vector Sequencing GCTTAACTATGCGGCATCAGAG 

 
 

Table 3. Primers for site-directed mutagenesis for transcription 

Name Sequence (5’  3’) 

vFLIP I-IV Insertion Forward ATTCCGCAGGATACCCACT 

vFLIP I-IV Insertion Reverse GACGTTGGCAGGAACCAA 

Add NcoI to Linearize Forward CCATGGTTAGCATAACCCCTTGGG 

Add NcoI to Linearize Reverse AGCTTGACGTCCCATTCG 

vFLIP Add T Forward TGGTTGGCACTCCTGGTTT 

vFLIP Add T Reverse CCAGCATCTATAGTGAGTCG 

vFLIP Delete G Forward GGTTGGCACTCCTGGTTT 

vFLIP Delete G Reverse CCAGCATCTATAGTGAGTCG 

Delete Old HDV vFLIP Forward CCATGGTTAGCATAACCCC 

Delete Old HDV vFLIP I Reverse GGCGCAGATCAAAGTCCG 

Delete Old HDV vFLIP I-IV Reverse GGTGCCGGCTTGTATATG 

Add New HDV vFLIP Forward GACCTGGGCTACTTCGGTAGGCTA

AGGGAGAAGCCATGGTTAGCATA

ACCC 

Add New HDV vFLIP I Reverse GGACCGCGAGGAGGTGGAGATGC

CATGCCGACCCGCGCAGATCAAA

GTCCGA 

Add New HDV vFLIP I-IV Reverse GGACCGCGAGGAGGTGGAGATGC

CATGCCGACCCGGTGCCGGCTTGT

ATATG 
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Table 4. Primers for site-directed mutagenesis for reporter assay 

Name Sequence (5’  3’) 

Add EcoRI to Reporter Forward TTCCTTCGAAAGTTTATGATCCAG

AAC 

Add EcoRI to Reporter Reverse TTCCATGGTGCACGGTCTACG 

vFLIP Reporter Reading Frame Shift 

Forward 

ATCTTCGAAAGTTTATGATCCAGA

AC 

vFLIP Reporter Reading Frame Shift 

Reverse 

GAATTCATGGTGCCGGCT 

NI-IR vFLIP Mutation Forward GAATCCTTCGAAAGTTTATGATCC

AGAAC 

NI-IR vFLIP Mutation Reverse GTGCTCATGGTGCCGGCTTGTAT 

Delete RBS Monocistron Forward CTTTCCATGGTCACCGACG 

Delete RBS Monocistron Reverse AGGAGATCTGGTGCCGGC 

Bicistronic Add Extra Forward TCTTTCCATGAGCACGAATCCTTC

G 

Bicistronic Add Extra Reverse GGAGATCTGGTGCCGGCTTGTATA

TG 

Delete Before ATG Mono Forward ATGGTCACCGACGCCAAA 

Delete Before ATG Mono Reverse GGTGCCGGCTTGTATATG 

Add MCS and RBS to Mono Forward TTCCGATCCGTGCGCTGTTGGTTC

CTG 

Add MCS and RBS to Mono Reverse AGCTTCCTAGGCTAGCGGTACCGA

TCTG 

Monocistronic C66G Forward GGAAGCTTTCGGATCCGTGCG 

Monocistronic C66G Reverse TAGGCTAGCGGTACCGAT 

Monocistronic HindIII to SacI Forward CTAGCCTAGGGAGCTCTCGGATCC

GT  

Monocistronic HindIII to SacI Reverse CGGTACCGATCTGGTTCGG 

Remove Domains II-IV Forward ATGGTCACCGACGCCAAA 

Remove Domains II-IV from 

Monocistronic Reverse 

ATGCGCAGATCAAAGTCC 

Remove Domains II-IV from Bicistronic 

Reverse 

CGAAGGATTCGTGCTCATGG 
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Table 5. PCR primers for cloning 

Name Sequence (5’  3’) 

vFLIP Into Reporter Forward  AAGCAGAATTCGTGCGCTGTTGGT

TCCT 

vFLIP Into Reporter Reverse TGCTTAGAATTCATGGTGCCGGCT

TGTATATGT 

vFLIP IRES Into Monocistronic 

Forward 

GTTAGCTAGCGTGCGCTGTTGGTT

C 

vFLIP IRES Into Monocistronic Reverse CAATAAGCTTGGTGCCGGCTTGTA

T 

vFLIP IRES Into Monocistronic Bg1II 

Reverse 

CAATAGATCTGGTGCCGGCTTGTA

T 

Renilla for Monocistronic Forward TAAGCAAGCTTATGAGCACGAAT

CCTTCG 

Renilla for Monocistronic Reverse GCTTAGGATCCTTATTGTTCATTTT

TGAGAACTCG 

Renilla (SacI) for Monocistronic 

Forward 

TAAGCAGAGCTCATGAGCACGAA

TCCTTCG 

 

 

Table 6. Primers for PCR template for transcriptions 

Name/Purpose Sequence (5’  3’) 

pBR322 T7 Forward  GGCCCTTTCGTCTACAAG 

pBR322 T7 Reverse ATCAAAAAACCCCTCAAGAC 

pBR322 T7 End with Longer HDV 

Reverse 

TGCTTGATTATGACGTCCCATTCG 

vFLIP IRES I-IV/II-IV Run-off Rev GGTGCCGGCTTGTATATG 

vFLIP IRES I Run-off Rev GGCGCAGATCAAAGTCC 
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