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ABSTRACT 

 

 Using the Massively Parallel Genetic Algorithm for RNA folding, we show that the core 

region of the 3‟-untranslated region of the dengue virus (DENV) RNA can form two dumbbell 

structures (5‟ and 3‟DBs) of unequal frequencies of occurrence. These structures have the 

propensity to form two potential pseudoknots between identical five-nucleotide terminal loops 1 

and 2 (TL1 and TL2) and their complementary motifs, PK2 and PK1. Mutagenesis of a DENV2 

replicon RNA encoding the Renilla luciferase reporter indicated that all four motifs and the 

Conserved Sequence 2 element (CS2) within the 3‟ DB are important for replication. However, 

for translation, mutation of TL1 alone does not have any effect; TL2 mutation has only a modest 

effect, but translation is reduced by ~60% in the TL1/TL2 double mutant, indicating that TL1 

exhibits a cooperative synergy with TL2 in translation. Despite the variable contributions of 

individual TL and PK motifs in translation, WT levels are achieved when the complementarity 

between TL1/PK2 and TL2/PK1 is maintained even under conditions of inhibition of the 

translation initiation factor 4E function mediated by LY294002 via a non-canonical pathway. 

Taken together, our results indicate that the cis-acting RNA elements in the core region of 

DENV2 RNA that include two DB structures are required not only for RNA replication but also 

for optimal translation. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Dengue virus 

1.1.1 Taxonomy and phylogeny 

 Dengue viruses (DENV) are classified under the family Flaviviridae, genus Flavivirus. 

Members of this family have a positive sense single-stranded RNA genome of about 10 kb. The 

genome is packaged in the viral capsid which is surrounded by a lipoprotein envelope. 

Flaviviruses are further subcategorized according to their vectors: tick-borne viruses, mosquito-

borne viruses, and viruses with no known arthropod vectors [1]. Examples of mosquito-borne 

flaviviruses include DENV, West Nile virus (WNV), Japanese encephalitis virus (JEV), and 

yellow fever virus (YFV).   

 DENV has four antigenically distinct but genetically related serotypes, DENV1-4, which 

share about 65% homology at the amino acid level [2]. Phylogenetic analyses of the envelope (E) 

genes of DENVs show that serotype 4 was the first to diverge, followed by serotype 2, making 

DENV1 and 3 the most related serotypes [3-5]. It is believed that DENVs originated from a 

sylvatic cycle and transitioned to a sustained human zoonotic transmission cycle 125-320 years 

ago [4, 6]. Interestingly, the strains that currently circulate in human population are found to 

have evolved only within the past century [4, 5]. These suggest that industrial activities such as 

urbanization and mass transport have played a role in the recent diversification and evolution of 

DENVs. 

 DENV1 has five genotypes, including the sylvatic strain P72-1244 [7, 8]. DENV2 is 

considered to be the most diverse, with at least five lineages: sylvatic, American, Cosmopolitan, 
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Asian-American, and Asian [7, 9, 10]. DENV3 has four genotypes [9, 11] while DENV4 is 

currently the least diverse, with only three genotypes including a sylvatic lineage [7, 9, 12]. 

 

1.1.2 Transmission and disease 

 DENV is transmitted by the mosquito vector Aedes (Stegomyia) spp. and can either undergo a 

sylvatic or urban cycle. Sylvatic cycles have been observed with Macaca and Presbytis monkeys 

in Malaysia, through infection by Ae. niveus [13]. Sylvatic DENV strains were also isolated in 

Erythrocebus patas monkeys and Ae. taylori, Ae. furcifer and Ae. luteocephalus in Senegal [14, 

15]. 

 Ae. aegypti is the primary mosquito vector for urban DENV strains. Its adaptability to human 

urbanization has made it an efficient carrier of the virus [16]. It is able to breed in artificial 

containers and live indoors, in close proximity to its host.  

 Ae. albopictus is the secondary vector for urban DENV. Although this species can outcompete 

Ae. aegypti in breeding in artificial containers [17], the latter is more susceptible to DENV 

infection in experiments using field-caught mosquitoes [18, 19]. However, a genetic explanation 

for this differential vector competence has yet to be identified. 

 Inoculation in humans begins from a bite of a female carrier mosquito. Different cell types 

have been reported to support replication including Langerhans cells [20], myeloid dendritic 

cells [21, 22], splenic macrophages [23, 24], peripheral blood mononuclear cells [25] and 

possibly keratinocytes [26] and hepatocytes [27]. Viremia usually lasts around 4-7 days [28] and 

at this stage, naïve mosquitoes can be infected after taking a blood meal from a carrier human 



 

3 

 

host. Some dengue infections remain asymptomatic [29]; however, infections usually lead to a 

self-limiting febrile illness, dengue fever.  

 Primary DENV infections result in a lifelong immunity for that specific serotype [30]. 

However, this is a risk factor for severe dengue hemorrhagic fever (DHF) and shock syndrome 

upon subsequent infection by heterologous serotypes [31]. DHF is characterized by increased 

vascular permeability leading to plasma leakage and hypovolemic shock [32]. Infected cells 

activate memory T cells to produce IFN-γ and TNF-α which can directly act on vascular 

endothelial cells to induce leakage [33].  

 

1.1.3 Molecular biology 

1.1.3.1 Genomic organization 

 The DENV genome, approximately 11 kilobases, is composed of a nonsegmented single 

stranded RNA molecule of positive polarity. At its 5‟ end is a type I cap m
7
G(5‟)ppp(5‟)A [34] 

while its 3‟ terminus lacks a polyA tail. It encodes one open reading frame producing a 

polyprotein comprised of the capsid (C), pre-membrane protein (prM), envelope (E), and 

nonstructural proteins (NS) NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 (Figure 1.1).  

 

1.1.3.2 Viral proteins 

 There are three structural proteins which constitute the mature virion: C, prM and E. The C 

protein is first to be translated and contains a C-terminal hydrophobic domain which has a signal 

peptide to direct the translocation of the prM to the endoplasmic reticulum (ER) [35]. This is 

then cleaved by the viral protease NS2b-NS3 to produce a mature C of ~12 kDa [36, 37]. The 
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solution structure of the C was solved using nuclear magnetic resonance and it was revealed that 

it existed as a dimer, each monomer composed of four α helices [38, 39]. Its N-terminus contains 

hydrophobic residues that form a cleft that is proposed to interact with the lipid membrane 

surrounding the viral nucleocapsid [38]. On the other hand, the C-terminal region of the mature 

protein is largely basic and is thought to interact with the viral genome. 

 The prM and E proteins are found as membrane-associated heterodimers once the 

nucleocapsid buds off from the ER. When the immature virion is shuttled to the Golgi bodies, the 

drop in pH induces conformational changes in the E protein moving from the “spiky” trimeric 

complex of prM-E heterodimers to flatter dimers [40], allowing the host protease furin to access 

and cleave the N-terminal 91 aa of prM which is bound to the hydrophobic fusogenic domain of 

E [41].  

 The E protein (~53 kDa) is divided into three domains: DI, DII, and DIII. DI contains an 8-

stranded β-barrel motif which organizes the E homodimers [42]. DII is involved in both 

homodimerization and pr binding through the same site [41]. It also contains the fusogenic 

peptide at its distal end [41]. DIII has an immunoglobulin constant region-like fold and contains 

a putative receptor-binding motif. This is supported by evidence that DIII can bind to heparan 

sulfate, a candidate receptor for DENV entry [43], and that the addition of exogenous DIII can 

block viral entry in cell culture [44]. In addition, this domain has been shown to elicit 

neutralizing antibodies making it a good candidate as a vaccine target [45-47]. 

 NS1 (~46 kDa) is the first of the seven non-structural proteins to be translated and exists in 

different forms: intracellular, membrane-bound, and secreted hexamer [48]. Intracellular NS1 

has been reported to be involved in viral replication as it was found to colocalize with dsRNA in 
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cytoplasmic vacuoles [49] and was required for YFV replication [50]. It is currently unclear on 

what the role of the soluble hexameric form is in pathogenesis but it was shown to directly 

enhance infection in hepatocytes [51]. In addition, anti-NS1 antibodies were demonstrated to 

cross-react with common blood epitopes [52] and can also cause damage to endothelial cells [53, 

54]. However, studies in mice have shown that NS1 provides immune protection from challenge 

[55-58]. Whether NS1 is an effective immunogen for a vaccine or if it increases the risk of 

infection remains to be investigated. 

 NS2a is a hydrophobic protein of about 22 kDa and postulated to be part of the replication 

complex (RC) as glutathione-S-transferase-tagged NS2a was able to bind to NS3, NS5, and 3‟-

UTR of the Kunjin virus (KUNV) [59]. In addition to its role in replication, the viral protein was 

also shown to modulate interferon signaling [60, 61]. NS2a is also implicated in viral assembly. 

Mutation in NS2a does not affect replication but assembly into virions. A second site mutation in 

NS3 can rescue the mutational effect of NS2a [62, 63].  

 NS2b is a membrane protein that acts as a cofactor for the viral serine protease, NS3 [64]. The 

cofactor requirement can be mapped to a 40 aa region in the hydrophilic domain [65]. This wraps 

around the NS3 as part of the protease active site [66-68]. The active site contains the conserved 

catalytic triad His51-Asp75-Ser135 which preferentially cleaves between a dibasic (Arg/Lys)-Arg 

motif (P2 and P1) and a small amino acid residue such as Gly, Ala, or Ser (P1‟) [69]. The 

protease activity of NS2b/NS3 is required for the proper processing of the C-prM, NS1-NS2a, 

NS2a-NS2b, NS3-NS4a, and NS4b-NS5 junctions [69] making it an attractive target for antiviral 

drug development. 
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 Overlapping 20 aa with the N-terminal protease domain of NS3 is the C-terminal RNA 

helicase domain (181-618 aa) [70, 71]. Sharing homology with the supergroup 2 RNA helicases 

[72], NS3 requires ATP hydrolysis to unwind RNA duplexes [70]. In addition, the enzyme can 

also use different ribonucleoside triphosphates as a substrate for hydrolysis, preferring purines 

over pyrimidines [73]. Although the direct role of the helicase activity of NS3 has not been 

demonstrated to date on viral replication, it is believed to be required to unwind the highly 

structured UTRs, facilitate the unwinding of the dsRNA replicative form to make the template 

available for succeeding rounds of RNA synthesis, or displacement of bound protein [35, 73]. In 

addition to these enzymatic roles, NS3 was reported to have a 5‟-RNA triphosphatase (RTPase) 

activity, cleaving the γ-β anhydride bond of triphosphorylated RNA [74-76]. This presumably is 

the first step in capping of the RNA. Once the γ phosphate has been hydrolyzed, a guanine group 

is added which is then methylated at the N-7 position. Through mutational analysis and 

competition studies, it was shown that the NTPase and RTPase activities share a common active 

site [74, 75]. Both of these functions are stimulated by NS5 [71] suggesting that NS3 and NS5 

activities are coupled in the RC. 

 NS4a and NS4b are small membrane proteins (~16 and ~27 kDa, respectively) whose roles 

have not yet been clearly identified. NS4a may have a role in replication as it also colocalizes 

with the KUNV RC [59]. Its uncleaved precursor is able to induce membrane reorganization 

which the virus can utilize as a scaffold for the RC [77]. In addition, recent biochemical studies 

reveal that NS4a may contribute to the ATPase activity of NS3 [78]. NS4b also interacts with 

NS3, presumably to facilitate the latter‟s helicase activity [79]. This protein can also inhibit IFN-

α/β signaling [80, 81]. 
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 Lastly, NS5 is the largest protein to be expressed (~103 kDa) and has multiple functions. Its 

N-terminal region (60-132 aa) contains the methyltransferase (MTase) domain, facilitating both 

N-7 and 2‟-O methylation for cap formation. Biochemical analysis determined that N-7 

methylation preceded 2‟-O activity and that they require different catalytic residues [82]. 2‟-O 

uses K61-D146-K182-E218 tetrad similar to vaccinia virus MTase [83] and heat shock-induced 

MTase RrmJ [84] while N-7 uses D146 and additional residues yet to be determined [82]. 

Mutations in the catalytic site abolished replication of WNV replicon indicating its importance 

for viral replication. In a recent study, it was shown that the 2‟-O methylation of the cap 

functions as an evasion mechanism for interferon-mediated antiviral response of the host [85]. 

 The C-terminus of NS5 was demonstrated to contain RNA-dependent RNA polymerase 

(RdRP) activity and is able to synthesize RNA without the need for a primer [86]. This domain 

uses the catalytic triad G665D666D667 similar to other (+) ssRNA viruses [87-89]. A mutation in 

this region D666V in the context of a replicon demonstrated that the triad is absolutely critical 

for viral replication [90]. Footprinting of the NS5-RNA complex shows that the protein binds to 

stem loop A (SLA) of the 5‟-UTR and the 3‟stem loop (3‟SL) at the 3‟ end of the genome [91]. It 

was proposed that the RdRP initially binds to the 5‟-UTR then translocates to the 3‟-UTR upon 

genome circularization to initiate (–)-strand synthesis [92]. Biochemical studies show that NS5 

interacts with NS3 [93] leading to the stimulation of ATPase activity [71]. This suggests that the 

helicase and the polymerase activities are possibly coupled: the NS3 unwinds RNA structures or 

duplexes downstream, while the polymerase synthesizes the new strand. 
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1.1.3.3 Viral life cycle 

 Several receptors have been identified that DENV uses to attach to its target cell including 

heparan sulfate [94, 95], mannose receptor [23], and dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin (DC-SIGN or CD209) [96]. Using single-particle tracking in 

live cells, it was suggested that after the virus attaches to its receptor, it moves along the cell 

surface as a complex or rolls on different receptor molecules until it is captured by pre-existing 

clathrin-coated pit [97], thus triggering clathrin-mediated endocytosis [97, 98]. Upon 

internalization, acidification of the endosome causes conformational changes in the E 

glycoprotein leading to the dissociation of the flat homodimers [40, 99, 100]. This allows the 

fusion loop to be exposed and a trimeric E complex to form. The fusion loop attaches to the 

cytoplasmic membrane in the endosome and the two membranes are brought together to 

facilitate fusion and release of the nucleocapsid into the cytoplasm. 

 Once the viral RNA is uncoated, the genome needs to be translated by associating with the ER 

through an unknown mechanism [101]. Because the viral genome contains a type I cap and 

encodes MTase and RTPase, it is presumed that it undergoes cap-dependent translation. The 

addition of a m
7
G(5‟)ppp(5‟)A cap analog to a reporter RNA containing the 5‟- and 3‟-UTRs 

showed a 90-fold increase in translation compared to an uncapped transcript and a 3-4 fold 

increase relative to a reporter construct with an unmethylated A(5‟)ppp(5‟)A cap suggesting that 

the virus prefers a methylated cap for efficient translation [102]. Like in other capped mRNAs, it 

is assumed that the 5‟ cap is recognized by the eIF4F complex. This initiation complex interacts 

with the polyA binding protein (PABP) which simultaneously binds to the polyA tail to enhance 
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translation; however, because DENV lacks this polyadenylated tail, it uses a different region in 

its 3‟-UTR to recruit PABP [103]. 

 The eIF4F complex recruits and assembles the 43S preinitiation complex which scans through 

the RNA until it reaches a start codon. Because the first AUG codon in the DENV genome is 

found in a poor Kozak sequence context, it uses the conserved capsid hairpin (cHP) downstream 

of the start site to stall the ribosome at this position to favor translation initiation at the first AUG 

[104]. Analysis of several cHP mutants reveal that the role of this structure in start site selection 

is sequence-independent and position-dependent [104]. 

 Although the virus is reliant on the host cap-dependent translation machinery, DENV is able 

to replicate in differentiated cells of myeloid lineage that are known to contain limiting amounts 

of translation factors [105]. In addition, the virus survives in conditions where cellular translation 

is inhibited [106, 107]. These observations suggest that DENV may use a different mechanism to 

express its proteins. Edgil et al. demonstrated that the virus indeed can undergo noncanonical 

translation in conditions where the cap binding protein eIF4E is depleted [108]. They also 

showed that this pathway requires the presence of both the 5‟- and 3‟-UTRs that function 

independent of an internal ribosome entry site (IRES)-mediated mechanism. The exact 

requirements for noncanonical translation are not yet known. 

 During translation of the polyprotein at the ER, host proteases begin to cleave at protein 

junctions to produce mature forms of the viral proteins [69]. The ER resident signalase is 

responsible for the cleavages of the prM-E, E-NS1, NS4a-NS4b junctions while the active viral 

protease, NS2b/NS3 complex, generated by autoproteolysis of NS2b-NS3 junction, is 
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responsible for the specific cleavages involved in the maturation of C, NS2a, NS4a, 2K peptide, 

and NS5. 

 The RNA continues to be used for protein production until a yet to be identified signal 

induces it to switch its function from a template for translation to a template for RNA synthesis. 

In the current model of flavivirus replication, the genome circularizes through sequences at the 

5‟ and 3‟ termini that are exactly complementary to each other (Fig. 1.2; See also [109-112] and 

Chapter 1.2.1). NS5 recognizes and binds to the SLA structure at the 5‟-UTR and then 

translocates to the 3‟end to begin de novo (–)-strand synthesis [92]. At the end of (–)-strand 

synthesis, the viral RNA exists in a dsRNA replicative form which subsequently is used as a 

template for (+)-strand synthesis, with the nascent RNA displacing the parent (+) template [113]. 

Unlike for (–)-strand synthesis, the (+) ssRNA production is independent of interactions between 

the cyclization motifs [114]. This replication strategy results in unequal amounts of (+) and (–) 

copies of the genome with the sense strand being 10-100 fold in excess [115, 116] suggesting a 

differential control in RNA synthesis. One possible explanation is provided by the observation 

that the C protein can bind specifically to the UTRs of KUNV (+) RNA [117]. It is thought that 

the accumulation of C on the RNA after succeeding rounds of translation may thus compete and 

prevent the RC from using it as a template for RNA synthesis while initiating viral assembly 

[118]. 

 The process of viral assembly remains to be fully understood. Multiple copies of the C protein 

bind to the genome through yet to be identified packaging signals [119]. The nucleoprotein 

complex begins to bud from the ER membrane containing 180 copies each of membrane-

anchored prM and E [69]. Because nucleocapsids are rarely found in infected cells, virion 
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assembly may likely be a coordinated process between the nucleocapsid and the prM and E 

heterodimers [119]. Immature enveloped virions are then shuttled to the Golgi network where the 

E and prM are glycosylated. Transport through the trans Golgi network exposes the virions to a 

more acidic environment, triggering conformational changes in the E protein resulting in the 

transition from a trimeric to dimeric form of pRM-E heterodimers [40]. This structural 

rearrangement makes the N-terminal “pr” domain accessible for furin cleavage [41]. Mature 

viruses are released to the extracellular space by exocytosis [120]. 

 

1.2 Cis-acting RNA elements 

1.2.1 Cyclization sequences 

 Sequence analysis of different flaviviruses revealed a conserved seven nucleotide core 

sequence at the 5‟ end of the capsid-coding region (5‟-UCAAUAU-3‟) that is exactly 

complementary to a motif at the 3‟-UTR (5‟-AUAUUGA-3‟). These are called the 5‟ and 3‟ 

conserved sequence 1 or CS1 [111]. Depending on the type of flavivirus, the 5‟CS and 3‟CS1 

sequences can vary from 10 nts (in JEV) to 19 nts (in YFV); in DENV, there are 11 nts 

consisting of 5‟-UCAAUAUGCUG-3‟ (5‟CS) and 5‟-CAGCAUAUUGA-3‟ (3‟CS1) [109]. 

Because the long-range RNA-RNA hydrogen-bonding of these sequences would result in the 

circularization of the genome, the 5‟CS and 3‟CS1 are also referred to as the cyclization 

sequences (Fig. 1.2).  

 Using cell lysates from DENV-infected mosquito cells, it was demonstrated that the 

complementarity between the 5‟CS and 3‟CS1 is required for RNA synthesis using exogenous 

templates containing the first 230 nt from the 5‟terminus and the last 489 nt from the 3‟end 
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[112]. The requirement for the long range interaction between 5‟CS/3‟CS1 was also 

demonstrated by using the in vitro RdRP assays with purified DENV and WNV NS5 proteins 

[114, 121], and by transfection of replicon RNAs from KUNV [122], WNV [123], DENV [124], 

and YFV [125]. The circularization of the DENV RNA mediated by the 5‟CS and 3‟CS1 was 

elegantly shown by atomic force microscopy [109]. These experimental evidences clearly argue 

for the crucial role of the 5‟CS and 3‟CS1 in replication. However, this base pairing seems to be 

only required for the (–)-strand synthesis as the polymerase can use (–) RNAs containing 

mutations either in the 5‟CS or 3‟CS1 as templates for RNA synthesis in vitro [114]. This 

complementarity, however, is not required for efficient translation of reporter constructs [126]. 

 In the in vitro RdRP assay, restoration of the 5‟CS and 3‟CS1 base pairing using nonviral 

sequences restored RNA synthesis [112, 114, 121]. This suggests that the long range interaction 

is more essential for RNA replication than the exact sequences in vitro. However, some 5‟CS 

and 3‟CS1 mutants were not able to replicate as efficiently as WT despite having complementary 

sequences in the WNV replicon systems [127]. Thus, in addition to a requirement of 5‟CS/3‟CS1 

base pairing, flavivirus RNA needs the specific nucleotides in these positions for efficient 

replication possibly involving other viral or host protein interactions.  

 Another pair of conserved sequences that facilitate long range RNA-RNA interactions was 

identified and located upstream of the AUG region (aptly named 5‟ and 3‟UARs) (Fig. 1.2) 

[109]. This interaction was demonstrated by an electrophoretic mobility shift assay of 5‟ and 3‟-

UTRs [109]. In addition, 5‟ or 3‟UAR mutants failed to produce viable viruses while 

reconstitution of the base pairing resulted in viral replication [109]. When mutant 5‟ or 3‟UAR 
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viruses were passaged longer, spontaneous mutations were generated in recovered viruses that 

partially restored UAR complementarity [128].  

 When unbound to the 3‟-UTR, the 5‟UAR forms the stem loop B (SLB) (Fig. 1.1) while the 

3‟UAR sequences are involved in the formation of a short hairpin upstream of the 3‟SL 

extending to the lower portion of the 3‟SL. In this configuration, the viral genome is in its 

„linear‟ form. A recent study showed that the UARs can regulate replication by switching 

between the linear and circular forms [129]. Stabilization of either structure that would result in a 

shift in thermodynamic equilibrium between the two forms impairs replication. Recovered 

viruses introduced spontaneous mutations that restored this balance. 

 Like in the case of the 5‟CS and 3‟CS1, alignment of DENV sequences from different isolates 

of the four serotypes shows an absolute conservation of the UARs [130]. Because these regions 

do not show any co-variation, this indicates that these cis-acting elements have another role in 

viral replication besides their involvement in genome circularization. 

 A third set of complementary sequences has recently been identified, one located between the 

5‟UAR and 5‟CS, called the downstream of AUG region (DAR) and its complementary 

sequence located near the 3‟CS1 (Fig. 1.2) [110]. Mutational analysis in a replicon system 

demonstrated that the reconstitution of base pairing between the DARs rescues replication to a 

certain extent, although not quite to the level of WT. The functional significance of DAR was 

also demonstrated in WNV [131]. Other flaviviruses possess DAR-like sequences that are also 

found downstream of the start codon and are expected to function similarly to that of the DENV 

and WNV homologs. 
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 The RNAse cleavage pattern of the solution structure of the first 151 nt of the genome shows 

that the 5‟UAR, 5‟DAR, and 5‟CS become double stranded when the 3‟-UTR is added in trans 

providing biochemical evidence for the existence of these long range interactions [132]. In 

addition, mapping 5‟UAR or 5‟CS mutants showed that the 5‟CS/3‟CS1 base pairing forms 

independently of the UAR which agrees with the MPGAfold prediction showing that 

5‟CS/3‟CS1 base pairing is more stable than that of the 5‟UAR/3‟UAR (Fig. 1.2). Analysis using 

this in vitro system suggests that the 5‟CS/3‟CS1 interaction is more essential for replication as it 

seeds the circularization of the additional motifs. However, in a recent study in WNV, it was 

shown that viruses can be recovered from an infectious clone containing a deletion of the entire 

3‟CS1 after 80-112 days post transfection (dpt) [133]. The revertant viruses did not restore the 

3‟CS1; however, second site mutations were found at the capsid-coding region (nt 108 from the 

5‟ end), NS4b, and the 3‟-UTR. Further studies are warranted to elucidate how these 

compensatory mutations are able to replace the function of a deleted 3‟CS1.   

 

1.2.2 Structures at the 5’ terminus 

 At the 5‟-most end of the genome is a Y-shaped structure called SLA that is conserved among 

different flaviviruses (Figs. 1.1 and 1.2) [134]. Chemical and enzymatic probing of the DENV2 

5‟-UTR provides strong evidence for the formation of SLA [132, 135]. Mutations dissecting the 

different parts of the SLA reveal varying degrees of requirement for each local motif for 

replication [135]. The virus cannot tolerate mutations at the lower portion (Stems 1 and 2) and 

the top loop of the SLA while the upper and side stems are more permissive to change.  
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 Although the RdRP needs to begin (–)-strand RNA synthesis at the 3‟ end, SLA was 

identified as the minimal promoter element for transcription in vitro [92]. Using a 160 nt RNA 

from the 5‟ terminus as a template, deletion mutants of SLA, SLB, cHP and 5‟CS showed that it 

was only SLA which was absolutely required for (–)-strand RNA synthesis. The binding of the 

polymerase to the 5‟ end of the genome was mapped at the SLA region by gel shift assay [92] 

and footprinting [91]. As mentioned above, it was proposed that NS5 recognizes the SLA 

structure and translocates to the 3‟ end when the genome circularizes. However, binding to the 

SLA alone is not sufficient to initiate RNA synthesis [136].  

 Downstream of the AUG site is the cHP (Figs. 1.1 and 1.2). Although the sequences within 

the different DENV serotypes or flaviviruses are not strictly conserved, a small hairpin with a 7-

8 bp stem is predicted to form in this region [104]. Because of its position relative to the start 

site, it was postulated that it directs translation to the correct AUG by stalling the ribosome at 

that position. Clyde et al. showed that the first AUG codon usage is indeed dependent on the 

presence of the cHP element [104]. Furthermore, they also demonstrated that the structure is 

position-dependent and sequence-independent. In additional studies using the replicon and 

infectious clones, they showed that RNA synthesis is dependent on an intact cHP [104, 137]. 

Based on these data, they concluded that the cHP also functions in viral replication. However, 

one should note that the systems that they have used do not separate the effect of cHP mutations 

on translation from replication. The decrease in viral titers in mutants which have unstable cHPs 

could have resulted from poor translation of the ORF. Further work is needed to determine the 

cHP‟s potential role in replication. 
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1.2.3 Structures at the 3’ terminus 

 The 3‟-UTR is divided into three regions, from 5‟ to 3‟: the variable region (VR), the core 

region (CR), and the 3‟SL (Fig. 1.1). 

 Immediately downstream of the stop codon is the VR. This region exhibits poor sequence and 

size conservation, even between the same species [138]. Because of this, it has proven to be 

challenging to identify the exact role of the VR in the virus life cycle. Deletion of this region in a 

DENV2 replicon resulted in a 10-fold decrease in replication in mammalian cells but not in 

mosquito cells [124, 139]. This domain does not seem to have any contribution to translation 

[124, 139].  

 The succeeding region is the CR which consists of sets of conserved sequences (Fig. 1.3). The 

conserved sequence 2 or CS2 (5‟-ACUAGAGGUUAGAGGAGACC-3‟) is found in all 

flaviviruses and does not show co-variation suggesting a sequence-specific function [111, 140]. 

This motif is duplicated upstream as the repeated conserved sequence 2 or RCS2 (5‟-

ACUAGcGGUUAGAcGAGACC-3‟; letters in lower case are nucleotides which differ from 

CS2). Predictive folding of the CR using data from multiple sequence alignment of DENV 

strains shows that the two almost identical dumbbell-like structures (5‟ and 3‟DB) potentially 

form due to the presence of CS2 and RCS2 (Fig. 1.3) [138]. Co-variation of the nucleotides in 

the lefthand and bottom stems provides sequence-based evidence to support this structural model 

[141].  

 Located at the loop region of the lefthand arms of the DBs are conserved sequences which are 

also duplicated (5‟-GAAGCUGUA-3‟). Like the CS2 and RCS2 sequences, they follow strict 

conservation and do not exhibit co-variation [141]. The internal pentanucleotide region in these 
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terminal loops (will be referred to as TL1 and TL2 in the 5‟ and 3‟ DBs, respectively; 

underlined) are predicted to basepair with a set of conserved sequences, PK2 (5‟-GCAGC-3‟) 

and PK1 (5‟-ACAGC-3‟), found downstream of the DBs. These tertiary RNA interactions would 

result in the formation of pseudoknots (5‟ and 3‟ψ). Olsthoorn and Bol proposed that pseudoknot 

formation enables the CS2 and RCS2 to become more exposed or accessible to binding of host or 

viral proteins [141]. In addition, because four nucleotides in PK1 overlap with the 3‟CS1, it is 

thought that PK1 may regulate the switch between translation to replication by shifting from a 

pseudoknot interaction to the long range genome circularization facilitated by 5‟CS/3‟CS1 to 

initiate replication.  

 Several groups have published different reports regarding the role of the 5‟ and 3‟DB 

elements in translation and replication [123, 124, 126]. All these studies to date conclude that the 

CR is essential, but not required, for efficient replication. Deletion of CS2, 5‟DB and/or the 

3‟DB in DENV and WNV replicon constructs decreased replication in mammalian and mosquito 

cells. However, their contribution to translation has not been well-defined. Removal of CS2 in a 

WNV replicon RNA [123] or the deletion of either the 5‟ or 3‟DB in a DENV replicon [124] 

showed that these regions seemed to be dispensable for translation. In addition, when an 

antisense morpholino oligomer was annealed to TL1 or TL2 in a DENV replicon, the RNA was 

translated like WT [142]. These results collectively indicated that the individual elements in the 

CR did not affect translation. However, the deletion of the entire CR resulted in a 30-40% 

decrease in translation of a DENV replicon [124] and a 80% drop in the signal from a reporter 

construct containing the DENV 5‟- and 3‟-UTRs flanking a firefly luciferase (Fluc) gene [126]. 

These results suggest that the 5‟ and 3‟DBs act in concert to contribute to translation. Whether 
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the RCS2/CS2 or TL1/TL2 are responsible for this function is yet to be determined. The overall 

goal of this thesis was to explore the role of these RNA elements and is discussed in the 

succeeding chapters. 

 At the most distal end of the 3‟-UTR is the 3‟SL. Its solution structure was solved by our 

group by RNAse mapping techniques [143]. The contribution of the 3‟SL in translation of viral 

RNAs was shown using a reporter construct [126, 142]. Its effect on translation is likely 

facilitated through the binding of translation elongation factor 1 alpha to the middle section of 

the 3‟SL [144], although additional translation factors may also participate. In addition, studies 

done using infectious clones have implicated the 3‟SL as a major player in replication [145]. 

Although WNV and DENV have similarly-shaped 3‟SLs, there seems to be a species-specific 

requirement for the sequences comprising this structure as some WNV-DENV 3‟SL chimeras 

were not competent for replication [145, 146]. The top loop of the 3‟SL contains a conserved 

pentanucleotide sequence 5‟-CACAG-3‟ which is shared within flaviviruses [130]. Mutational 

analyses of this region in DENV, WNV, and YFV showed that some nucleotides are essential for 

replication while others can accommodate substitutions [147-151]. It is not clear whether this 

region is involved in translation as mutations in a WNV replicon did not result in any defect in 

the early expression of the reporter [150] while targeting the loop region of a DENV replicon 

with an antisense morpholino oligomer decreased translation by 40% [142]. 

 In a recent study, it was shown that the 3‟SL represses the promoter activity of SLA in vitro 

[136]. However, this inhibition is relieved by the formation of the 5‟-3‟ UAR, which overlaps 

with the lower stem of the 3‟SL. The terminal sequences of the genome dissociate themselves 

from the 3‟UAR, thus shortening the 3‟SL and allowing 5‟-3‟UAR interaction to occur. This 
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balance between the linear and circular forms of the genome, facilitated in part by RNA 

sequences in the 3‟SL and the polymerase binding to the SLA (discussed later) was shown to be 

critical to maintain replication [129, 136]. In addition, deletion studies show that sequential 

removal of nucleotides from the 3‟ end are tolerated in infectious clones until the genome shifts 

its folding towards the linear form [152]. 

 

1.3 Scope of the thesis 

 In order to study the roles of cis-acting elements in DENV processes, Dr. Erin Reichert, 

constructed a replicon expressing the Renilla luciferase (Rluc) (Fig. 1.4). The structural proteins 

were replaced by the Rluc and encephalomyocarditis virus internal ribosome entry site (EMCV 

IRES) but the cis element 5‟CS in the C coding region and the last 75 aa of the E protein which 

contains an ER translocation signal for NS1 were retained. Translation of Rluc is controlled by 

cis acting elements of the DENV RNA while expression of the non-structural proteins is driven 

by the EMCV IRES. A time course experiment following the kinetics of Rluc activity from the 

replicon transfected into BHK21 cells showed two peaks, at 2 and 96 hours post transfection 

(hpt) [153]. The first peak represents the translation of the electroporated RNA while the second 

burst is associated with the translation of replicated replicon RNA. Translation and replication of 

the viral RNA can thus be studied by measuring the expression of Rluc at these time points. 

 Our laboratory used this DENV2 replicon construct to study the role of the potential 

pseudoknots in the CR. Dr. Reichert initially sought to reproduce the results  of another study 

that reported the effect of a 30 nt deletion of the left arm in the 3‟DB (Δ
30

TL2) in the context of a 

DENV4 infectious clone that resulted in lower viral titers (Fig. 1.5) [154]. She constructed two 
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other mutants, by deletion of the similar region at the 5‟DB (Δ
30

TL1) and both deletions in the 

same RNA (Δ
30

TL1 Δ
30

TL2) [153]. Removal of these regions included TL1 and TL2 which 

would abrogate any potential pseudoknot formation. In contrast to what was observed in the 

DENV4 study, a similar 30 nt deletion in DENV2 replicon (Δ
30

TL2) did not affect translation 

and replication. Δ
30

TL1, on the other hand, had a more drastic effect in replication. The 

combination of these mutations led to a more severe phenotype suggesting a possible redundancy 

of function of the two duplicated motifs.  

 In a follow-up experimental approach to study the potential formation of pseudoknots, Dr. 

Reichert constructed another set of mutants. Rather than deleting 30 nt which may induce 

different RNA structures, she made substitution mutations by reversing the orientation of TL1 

and TL2 (5‟-GCUGU-3‟  5‟-ugUcg-3‟, lower case denotes mutation; TL1Flip and TL2Flip in 

Fig. 1.5). This approach would preserve the secondary structure of the CR while preventing the 

formation of the pseudoknots. Analysis of these mutants showed that TL1Flip has minimal effect 

while TL2Flip resulted in an attenuation of translation and replication. Consistent with the 

deletion mutants, the combination of the mutations in a single replicon produced a severe 

phenotype. At this stage of the study, it has not been established which element (TL1 or TL2) is 

more important for the virus and whether they act through the proposed pseudoknot interactions 

with PK2 and PK1, respectively. In addition, the roles of the nucleotides adjacent to the TLs and 

CS2 have not been carefully examined. 

 This dissertation thus aims to: 

Aim 1. Determine the functional roles of the putative pseudoknot elements consisting of the 

TLs and PKs; 
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Aim 2. Analyze the function of the conserved cis elements in the 3’DB; and, 

Aim 3. Identify novel functions of the CR in noncanonical translation and RNA synthesis.   
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1.4 Figures 

 

 

 

 

 

Figure 1.1. The organization of the DENV genome. The DENV genome is composed of a positive sense, single 

stranded RNA of about 11 kb. It contains a 5‟ type I cap but lacks a polyA tail. The genome encodes a polyprotein 

which is co- and post-translationally processed into three structural (capsid, membrane, and envelope) and seven 

non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5). Flanking the single open reading frame are 

highly structured untranslated regions (UTRs) containing cis-acting elements which are important for translation and 

replication. The 5‟-UTR comprises the stem loop A (SLA) which is essential for polymerase binding and RNA 

synthesis [92, 136]. In the capsid-coding region is the capsid hairpin (cHP) which regulates translation start site 

selection and efficient translation [104]. The 3‟-UTR is divided into the variable region (VR), core region, and the 

3‟stem loop (3‟SL) [138]. The sequence and structure of the VR is highly diverse and its function has yet to be 

determined. The core region is postulated to form two almost identical dumbbell-like (DB) structures. The 3‟SL has 

been well-studied and has been implicated in both translation and replication. The cyclization sequences 5‟CS and 

3‟CS1 [111], and 5‟ and 3‟UARs are shown on the 5‟ and 3‟ termini of the genome. Both facilitate (–)-strand 

synthesis [109, 112, 121, 128]. The diagram is not drawn to proportion. 
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Figure 1.2. The termini of the DENV genome participate in long range RNA-RNA interactions through 

different sets of cyclization motifs as predicted by the Massively Parallel Genetic Algoritm (MPGAfold). 

Using a minigenome consisting of the first 230 nt of the 5‟ terminus and the last 489 nt from the 3‟ end, MPGAfold 

analysis reveals three sets of base pairing between the 5‟ and 3‟ ends: UARs, DARs, and CSs. The interactions of all 

three pairs were only found in 8% of the final structures. The color scheme indicates the frequency of occurrence of 

the RNA motifs in the final structures. Computational analysis was done using efn2 calculations and a 16K 

population by Wojciech Kasprzak and Dr. Bruce Shapiro of NCI. 
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Figure 1.3. Predicted structure of the core region (CR) of the 3’-UTR. Two almost-identical dumbbell-shaped 

structures are predicted to form in the CR of the DENV 3‟-UTR [138]. Three sets of conserved sequences are 

duplicated in each DB: RCS2 and CS2, TL1 and TL2, and PK2 and PK1. TL1 and TL2 are complementary to 

downstream sequences PK2 and PK1 which are thought to form pseudoknots, 5‟ and 3‟ψ, respectively [141]. The 

left arm and base stalk of each DB show co-variation from sequence alignment results. 

 

 

 

 

 

 

 

 

 



 

25 

 

 

 

 

 

 

 

 

Figure 1.4. A schematic of the DENV2 replicon expressing Renilla luciferase (Rluc). The structural genes are 

replaced by the Rluc and IRES cassette, retaining the first 75 nt of the C protein containing the cHP and 5‟CS and 

the last 73 aa of the E for proper translocation of the NS1 protein to the ER. 
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Figure 1.5. Location of mutations in the TL regions that disrupt the potential pseudoknots. Deletions of 30 nt 

were made along the leftmost arm of the DBs (dotted boxes) to form Δ
30

TL1, Δ
30

TL2 and Δ
30

TL1Δ
30

TL2. In 

addition, another set of replicon mutants were constructed that limited the substitutions within TL1 and TL2 (solid 

boxes). TL1Flip, TL2Flip, and TL1FlipTL2Flip have a reversed or “flipped” TL region. Altered nucleotides are shown in 

lower case. These mutations potentially disrupt the TL-PK interactions. 

 

 

 

 

 

 

 

 

 



 

27 

 

CHAPTER 2  

MATERIALS AND METHODS 

 

 

2.1 Materials 

2.1.1 Molecular cloning 

 Primers that were used to introduce mutations or amplify select fragments were purchased 

from Integrated DNA Technologies (Coralville, IA) (Table 2.1). Locked nucleic acids (LNAs) 

were custom synthesized from Exiqon (Woburn, MA) (Table 2.2). DyNAzyme II DNA 

polymerase was from Finnzymes USA (Thermo Fisher Scientific, La Fayette, CO). Restriction 

enzymes BbvCI and EcoICRI were purchased from New England Biolabs (Ipswich, MA) and 

Promega (Madison, WI), respectively. Zymoclean Gel DNA Recovery Kit, DNA Clean & 

Concentrator-5, Zyppy Plasmid Miniprep Kit, Zymoprep Yeast Plasmid Miniprep II and Frozen-

EZ Yeast Transformation II Kit were all purchased from Zymo Research (Orange, CA). The 

Wizard Plus Midipreps DNA Purification System was from Promega. 

 The synthetic dextrose (SD Trp
-
) media for yeast was made using an amino acid “drop out” 

recipe provided by Dr. Michael Kruppa. The medium contained per liter, 20 g dextrose, 6.7 g 

yeast nitrogen base with (NH4)2SO4, and 1.2 g amino acid drop out mix (Table 2.3). 

 

2.1.2. Cells 

 Baby hamster kidney cells (BHK21) of passage 53 were purchased from ATCC (Manassas, 

VA). These were harvested from kidneys of unsexed, 1 day old Mesocricetus auratus (Syrian 

golden hamster) in 1961. Chemically competent MAX Efficiency Stbl2 Escherichia coli cells 
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were purchased from Invitrogen (Carlsbad, CA). E. coli Rosetta (DE3)pLysS was a generous gift 

from Dr. Craig Cameron (Pennsylavnia State University, University Park, PA). Saccharomyces 

cerevisiae YPH 857 cells were a generous donation from Dr. Barry Falgout (CBER, FDA).  

 

2.1.3. Plasmids 

 The Renilla luciferase-expressing WT replicon (pRS424-DEN2RepRlucWT-21) was 

constructed by Dr. Erin Reichert (Fig. 1.4) [153]. The plasmid pGLGpA [126] was provided by 

Dr. Theo Dreher (Oregon State University, Corvallis, OR). The full length NS5-expressing 

plasmid pSUMO-DEN2NS5NHis was provided by Dr. Craig Cameron which was subcloned 

from pMHA-77-3 [86]. pSY2 was constructed by Dr. Shihyun You [112]. pQE32 NS5 pol 

domain was constructed by Dr. Tadahisa Teramoto (unpublished). 

 

2.1.4. RNA work 

 The Ampliscribe T7 and SP6 High Yield Transcription Kits and RNAse-free DNAse I were 

from Epicentre Biotechnologies (Madison, WI). The cap analog m
7
G(5‟)ppp(5‟)G and murine 

RNAse inhibitor were from NEB. Ribonucleotide triphosphates were either from Epicentre 

Biotechnologies or Bioline (Taunton, MA). RNA Clean & Concentrator-25 kit were from Zymo 

Research. Diethylpyrocarbonate (DEPC)-treated H2O was purchased from Ambion (Austin, TX).  

 

2.1.5. Mammalian cell culture and transfection reagents 

 The minimal essential medium with Earle‟s salts, L-glutamine (EMEM) and penicillin-

streptomycin (10,000 U penicillin G, 10,000 µg/mL), and trypan blue solution were purchased 
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from Mediatech (Manassas, VA). TrypLE Express Stable Trypsin Replacement Enzyme was 

from Invitrogen (Carlsbad, CA). Ingenio solution, cuvettes, and cell droppers were purchased 

from Mirus Bio (Madison, WI).     

 

2.1.6. Equipment 

 All standard PCR reactions were done in a MyCycler Thermal Cycler (Bio-Rad, Hercules, 

CA). qPCR reactions were done in iCycler Thermal Cycler and detected using the iQ5 

Multicolor Real-Time PCR Detection System (Bio-Rad). Electroporation reactions were done 

using the Nucleofector II (Lonza, Basel, Switzerland). Luminescence from the luciferase assays 

was detected using Centro LB 960 (Berthold Technologies, Oak Ridge, TN). Nucleic acid 

quantification was done using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher) from 

the Georgetown University Lombardi Cancer Center Shared Resources.  

 

2.1.7. Replicon assay materials 

 The Renilla Luciferase Assay System, Luciferase Assay System (for firefly luciferase 

detection), and 5X Passive Lysis buffer were purchased from Promega. LY294002 was from 

Cayman Chemicals (Ann Arbor, MI). Wortmannin was purchased from MP Biomedicals. 

 

2.1.8. Quantitative Real Time Reverse Transcription PCR (qPCR) materials 

 TRIzol Reagent was purchased from Invitrogen. iScript cDNA Synthesis Kit and iQ SYBR 

Green Supermix were from Bio-Rad. 
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2.1.9. In vitro RNA-dependent RNA polymerase assay materials 

2.1.9.1. Protein purification 

 Protease Inhibitor Cocktail VII was purchased from Calbiochem (Gibstown, NJ), lysozyme 

was from Pierce (Rockford, IL), TALON His-Tag Purification Resin was purchased from 

Clontech (Mountain View, CA), 0.8×4 cm Poly-Prep Chromatography Column and Quick Start 

Bradford Dye Reagent 1X were from Bio-Rad, SUMO protease 1 was purchased from 

LifeSensors (Malvern, PA), Spectra/Por 6 dialysis tubing 50K MWCO was from Spectrum Labs 

(Rahnco Dominguez, CA), and Amicon Ultracel 50K was from Millipore (Billerica, MA). 

Sonication was done using Sonicator 3000 (Misonix, Farmingdale, NY). 

 

2.9.1.2. In vitro RdRP assay  

 The [α-
32

P]-GTP isotope (6000 Ci/mmol, 222 TBq/mmol, 10 µCi/µL) was purchased from 

MP Biomedicals (Solon, OH). Yeast RNA, acid phenol, and Gel Loading Buffer II were from 

Ambion. Micro Bio-Spin P-30 Column was from Bio-Rad. 
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2.2. Methods 

2.2.1. Replicon mutant construction 

2.2.1.1. Overlap-extension PCR mutagenesis 

 Mutations in the replicon backbone were introduced using overlap-extension PCR (OE PCR) 

mutagenesis. Primers that were used are listed in Table 2.1 with the mutations in bold and italics. 

The first round of PCR for the 3‟-UTR mutations uses the primer pairs (1) Start of 3‟-UTR 

primer and reverse primer containing the mutation; and (2) forward primer containing the 

mutation and 3‟-end DEN2. Each 30 L PCR reaction contained 0.83 mM of each dNTP, 1X 

DyNAzyme Buffer, 1 ng of WT replicon DNA, 83 nM of each primer, and 0.01 U DyNAzyme II 

DNA polymerase. Amplification was done using the following conditions: initial denaturation at 

94 C for 2 min, 35 cycles of 94 C for 30 s, 55 C for 30 s, 72 C for 15 s, and a final extension of 

72 C for 2 min. PCR products were run on 1% agarose gel to verify estimated amplicon size. 

Bands were excised and purified using Zymoclean Gel DNA Recovery kit following the 

manufacturer‟s protocol. DNA was eluted with 10 L H2O. Purified PCR products were joined 

using OE PCR in four reaction tubes. Each 50 L mix had 1 mM each dNTP, 1X DyNAzyme 

buffer, 0.75 L of each PCR product, 0.1 M of Start of 3‟-UTR, 0.1 M of 3‟-end DEN2, and 

0.02 U DyNAzyme II DNA polymerase. Amplification was done using the following protocol: 

initial denaturation at 94 C for 2 min, 35 cycles of 94 C for 30 s, 60 C for 30 s, 72 C for 30 s, 

and a final extension of 72 C for 2 min. Final PCR products were purified from an agarose gel 

and combined in one tube.  
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2.2.1.2. Preparation of replicon template for yeast recombination 

 To prepare the template for yeast recombination, a stock of linearized WT replicon DNA of 

around 42.5 g was digested with 5 U of BbvCI in Buffer 4 at 37 C overnight. A 0.5 L aliquot 

was run against an uncut plasmid on an agarose gel to confirm complete digestion. The DNA 

was purified by bringing the volume to 100 L with H2O and adding a freshly prepared 100 L 

phenol-chloroform-isoamyl mixture (25:24:1 ratio). The solution was mixed by inversion for 

about 10 s and centrifuged at 12,000 × g for 5 min. The aqueous phase (top layer) was aspirated 

carefully, not touching the interface or organic layer, and transferred to a new tube. The DNA 

was precipitated with 10 L 3M NaOAc pH 5.5 and 250 L of ice-cold ethanol. The DNA was 

pelleted at 12,000 g for 10 min and washed with 250 L 70% ethanol. After air drying, the DNA 

was dissolved in 50 L H2O.  

 

2.2.1.3. Preparation of competent yeast cells 

 Competent S. cerevisiae YPH857 cells were prepared using the Frozen-EZ Yeast 

Transformation II kit. From a frozen stock, cells were streaked onto a YPD agar plate and grown 

overnight at 30 C. An isolated colony was picked and cultured in 10 mL YPD overnight. In a 

new tube containing 10 mL YPD medium, an aliquot of the overnight culture was added to a 

final OD600 of 0.1-0.2. Cells were allowed to grow to mid-logarithmic phase or OD600 0.6-0.7. 

Cells were pelleted and washed with 10 mL EZ 1 solution and resuspended in 1 mL EZ 2 

solution. Aliquots of 50 L were prepared in separate microfuge tubes and placed in a Styrofoam 

box and slow-frozen at -80 C. 
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2.2.1.4. Yeast recombination 

 For yeast recombination, 2 L of linearized replicon DNA was added to the purified PCR 

product containing the mutation. The entire mixture was vacuum dried until the final volume was 

reduced to ~5 L. EZ 3 solution (500 L) from the Frozen-EZ Yeast Transformation II kit was 

added and mixed by inversion. A 50 L aliquot of competent yeast cells (made within the last 

three months) was added and the entire transformation reaction was incubated at 30 C for 1 h,  

occasionally mixing every 10 min. Cells were then plated on a SD Trp
-
 agar plate and grown for 

2-3 days at 30 C until visible colonies form.  

 To confirm the presence of the mutation in the replicon, ten colonies were chosen randomly 

and restreaked onto a new SD trp
-
 agar plate and incubated overnight. The 3‟-UTRs of the 

transforming DNA of these colonies were amplified by PCR using the following protocol: initial 

denaturation at 94 C for 5 min, 35 cycles of 94 C for 30 s, 60 C for 30 s, 72 C for 30 s, and a 

final extension of 72 C for 2 min. Amplicons were purified using DNA Clean & Concentrator-5 

kit and eluted with 20 L and sent for sequencing to Retrogen (San Diego, CA).  

 

2.2.1.5. Yeast plasmid DNA extraction 

 Once the presence of the mutation was confirmed, the colony was grown overnight in 3 mL 

SD trp
-
 medium at 30 C. The following day, 1.5 mL of cells were pelleted and plasmid DNA 

was recovered using the Zymoprep Yeast Plasmid Miniprep II kit. Yeast cells were resuspended 

in 200 L Solution 1 (digestion buffer) and 15 U of Zymolase as added. Slow digestion of the 

cell wall was done for 1-1.5 h at 37 C, with occasional mixing every 10 minutes. Cell lysis of 
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spheroplasts was induced with 200 L Solution 2 and neutralized with 400 L Solution 3. 

Precipitated cell debris was pelleted by spinning at 12,000 × g for 4 min. The supernatant was 

passed through a Zymo-Spin-I column and washed with 550 L Wash Buffer. Plasmid DNA was 

eluted with 10 L H2O. 

 

2.2.1.6. Transformation into E. coli cells  

 1 L of the purified DNA was mixed with chemically-competent 20 L MAX Efficiency 

Stbl2 E. coli cells in a pre-chilled 17 100 mm culture tube and incubated on ice for 30 min. Cells 

were heat-shocked at 42 C for 25 s and immediately transferred on ice for 2 min. Cells were 

allowed to recover by adding 400 L LB or SOC medium and incubating at 30 C for 2.5 h. The 

entire mixture was spun down and the cells were resuspended in 100 L medium and plated on 

LB-ampicillin agar plate (0.1 mg/mL). Colonies were allowed to grow for 1-2 days in 30 C. 

Three colonies were cultured in 2 mL LB-ampicillin overnight and the plasmid DNA was 

extracted using Zyppy Plasmid Miniprep Kit and eluted in 20 L H2O. The DNA was sent for 

sequencing again to confirm the presence of mutation. 

 

2.2.1.7. Large-scale plasmid DNA preparation 

 The positive clone was cultured in 200 mL LB-ampicillin overnight at 30 C. Large scale 

prepartion of plasmid DNA was done using Wizard Plus Midipreps DNA Purification System. 

Cells were pelleted at 5,000 × g for 5 min and resuspended in 3 mL Cell Resuspension Solution. 

3 mL of the Cell Lysis Solution was added and the reaction was incubated for 5 min. Lysis was 
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stopped by the addition of 3 mL Neutralization buffer. The crude mixture was transferred into 15 

mL tubes and spun for 15 min at 11,000 × g. This step was repeated until the supernatant became 

clear. The supernatant was transferred to a new tube containing 10 mL Column Resin. The DNA 

was allowed to bind to the resin beads for 5 min before transferring to the collection tube. 

Vacuum was applied to pack the resin at the bottom of the tube. Two washes with 15 mL 

Column Wash Buffer was done. The reservoir was removed from the collection tube and placed 

on a microfuge tube. Excess wash buffer was removed by spinning for 1 min at 12,000 × g. The 

DNA was eluted twice with 100 L H2O preheated to 80 C. The entire replicon RNA-coding 

region (from SP6 promoter to the 3‟ terminus) was sequenced. 

 

2.2.2. In vitro transcription 

2.2.2.1. Preparation of DNA template 

 Replicon DNAs (~42.5 g) were linearized with 60 U of EcoICRI in 1X Buffer B and 1X 

acetylated BSA overnight at 37 C. A 0.5 L aliquot was run against an uncut plasmid on an 

agarose gel to confirm complete digestion. The DNA was purified by bringing the volume to 100 

L with H2O and adding a freshly prepared 100 L phenol-chloroform-isoamyl mixture (25:24:1 

ratio). The solution was mixed by inversion for about 10 s and centrifuged at 12,000 × g for 5 

min. The aqueous phase (top layer) was aspirated, carefully not touching the interface or organic 

layer, and transferred to a new tube. Another round of phenol extraction was performed. A final 

purification step with 100 L chloroform was done to remove residual phenol. The DNA was 

precipitated with 10 L 3M NaOAc pH 5.5 and 250 L of ice-cold ethanol. The DNA was 
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pelleted at 12,000 × g for 10 min and washed with 250 L 70% ethanol. After air drying, the 

DNA was dissolved in 30 L nuclease-free H2O.  

 

2.2.2.2. In vitro RNA synthesis  

 Two microliters of linearized plasmid preparation were used to make RNA using the 

Ampliscribe SP6 High Yield Transcription Kit. The scaled-down reaction mixtures (5 μL) 

contained 3.13 mM GTP, 8 mM m
7
G(5‟)ppp(5‟)G cap analog and 80U of RNase inhibitor and 

were incubated for 3-4 h at 37 C. Following transcription, 0.5 μL of each reaction was visualized 

on an agarose gel to verify the integrity of the RNA. For transcripts that were to be used for 

qPCR analysis, the DNA template was digested for an hour with 1 U DNAse I at 37 C. 

 A transfection control RNA GLGpA expressing the firefly luciferase (Fluc) under the control 

of the 5‟- and 3‟-UTRs of rabbit -globin [126] was also prepared in a similar manner by 

linearizing the plasmid with Acc65I. This results in the addition of polyA72 tail immediately after 

the end of the 3‟-UTR. In vitro transcribed RNA was made using the AmpliScribe T7 High Yield 

Transcription Kit also with a m
7
G(5‟)ppp(5‟)G cap analog. 

 

2.2.3. Electroporation 

 BHK21 cells of passages 53-60 were grown and maintained in complete EMEM at 37 C with 

5% CO2. On the day of transfection, cells were washed with PBS, detached with TrypLE Express 

Stable Trypsin Replacement Enzyme and placed in a 15 mL tube with medium. Cell counts were 

performed using the trypan blue dye method in a hemocytometer. For each electroporation 

reaction, 1 10
6
 cells were required. The desired number of cells were pelleted and resuspended 
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in 100 L Ingenio solution per transfection. These were dispensed in individual microfuge tubes. 

For each electroporation reaction, 2 L of the replicon RNA and 0.5 L of a 1:5 dilution of 

GLGpA RNA were added and transferred to a 0.2 cm cuvette. Tranfection was done using 

program A031 on the Nucleofector II. Immediately after pulsing, 1 mL of complete medium was 

added using a cell dropper and the entire mixture was transferred to a microfuge tube. Cells were 

allowed to recover for 5-10 min in an incubator at 37 C with 5% CO2 until all transfections were 

done. Transfected cells were seeded in 125 L volumes in six wells of a 48-well plates 

containing 200 L medium (for time points 24 hours post transfection (hpt) or earlier) and 60 L 

volumes in three wells of a 6-well plate containing 2.5 mL medium. Cells were incubated at 

37 C with 5% CO2 until the desired timepoints. 

 

2.2.4. Luciferase assays 

2.2.4.1. Renilla luciferase assay 

 At designated time points, cells were washed with PBS. For 48-well plates, 75 L 1X Renilla 

Luciferase Assay Lysis Buffer was used to lyse the cells. For 6-well plates, 150 L was added. 

Plates were sealed with parafilm (to prevent evaporation from prolonged incubation) and placed 

on a shaker for 30 min. Lysates were transferred to a 96-well plate for either storage at –20 C or 

immediate reading. 

 Prior to reading the samples, the luminometer injectors were prepared. Injector 3 was solely 

used for Rluc assays. The injector was first cleaned with 30 washes of 70% ethanol and 30 

washes of distilled H2O. After priming with 1X Renilla Luciferase Assay Substrate, an excess of 
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1 mL substrate was added to compensate for the dead volume required for priming. For samples 

extracted from 48-well plates, 75 L of substrate was injected. For samples from 6-well plates, 

50 L was used. Rluc activity was measured for 10 s with a 2 s delay after the substrate 

injection. 

 For each mutant, at least three different RNA transcription reactions were done and each RNA 

preparation was electoporated at separate times together with a WT control. Data was normalized 

using Fluc signals and expressed as a percent of WT. 

 

2.2.4.2. Firefly luciferase assay 

 At 2 hpt, two wells from the 48-well plate were lysed with 75 L 1X Passive Lysis Buffer. 

Fluc signals from the transfection control GLGpA RNA were read with an injection of 50 L 1X 

Luciferase Assay Substrate, 2 s delay and 10 s measurement.  

 

2.2.5. LNA assay 

2.2.5.1. Buffer optimization for RNA renaturation 

 Four different RNA renaturation buffers were tested: (1) a modification of buffer D [155] 

containing 20 mM HEPES pH 7.5, 0.1 M KCl with or (2) without 0.2 mM EDTA; (3) 50 mM 

Tris, 0.1 M KCl; and (4) 30 mM Tris-Cl, 0.1 M KOAc pH 7.3 [156].  

 One microgram of WT RNA was mixed with each buffer above to a total volume of 5 µL. 

The RNAs were heat denatured at 65°C for five minutes on a heatblock. These were allowed to 

anneal by switching off the power until the the block cooled to room temperature. An 

undenatured RNA control was set aside. When the RNAs had cooled, 1 µL of 15 mM MgCl2 was 
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added and incubated for 20 min to allow Mg
2+

-dependent RNA structures to stabilize. The entire 

mixture was used to transfect BHK21 cells as described in Section 2.2.3. 

 

2.2.5.2. LNA assay without heat denaturation 

 WT replicon RNA was mixed with a 5 molar excess of each LNA (Table 2.2) in HEPES 

buffer (20 mM HEPES pH 7.5, 0.1 M KCl, 0.2 mM EDTA). This was either used directly for 

transfection or heat-denatured at 65°C for five minutes and slow cooled on a heatblock. 

Electroporation and luciferase assay were done as described above.  

 

2.2.6. Cap-independent translation assay 

 For the cap-independent translation assay, cells and RNAs were similarly prepared and 

transfected as in 2.2.2-2.2.3. After recovery from electroporation, cells are dispensed into two 

tubes containing 500 L medium with or without 80 M LY294002 (final concentration is 40 

M). Each set-up was distributed equally in five wells of a 48-well plate containing 150 L 

medium with or without 40 M LY294002. Cells were harvested at 2 hpt and luciferase 

activities were measured as described in 2.2.4. Three wells from untreated or LY294002-treated 

were used for Rluc; the remaining two for Fluc. 

 

2.2.7. Quantitative PCR 

2.2.7.1. RNA purification by TRIzol reagent 

 At 96 hpt, replicon-transfected BHK21 cells plated in 6-well plates were harvested. Cells 

were washed with PBS and 1 mL of TRIzol reagent was added. Reactions were incubated for 5 
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min afterwhich the lysates were pipetted repeatedly to complete lysis and detach the cells from 

the plate. TRIzol extracts were transferred to a new tube and 200 L chloroform was added. 

Solutions were mixed by inversion for 10 s and left to settle for 5 min. Phases were separated by 

spinning for 10 min at 12,000 × g. The aqueous phase was transferred to a new tube and RNA 

was precipitated using 50 L 3M NaOAc and 1 mL ice-cold 100% ethanol. The tubes were 

placed in a -80°C freezer for 15 min and then pelleted at 12,000 g for 10 min. The RNA was 

washed with 70% ethanol to remove residual salt and impurities. After air drying, total RNA was 

resuspended in 50 L DEPC-treated water and quantified using the NanoDrop ND-1000 

Spectrophotometer. A 100 ng/ L dilution was prepared for each sample.  

 

2.2.7.2. qPCR 

 cDNA was synthesized from 1.5 µg of total RNA using iScript cDNA Synthesis Kit. qPCR 

analysis was done to detect the NS1 region using 2 L of the cDNA reaction and 0.25 M each 

of primers qPCR NS1F and qPCR NS1R (Table 2.1) in a 20 L reaction with iQ SYBR Green 

Supermix. Each sample was assayed in triplicate. Thermocycling was done on an iQ5 Multicolor 

Real-Time PCR with the following conditions: 95°C for 3 min, 35 cycles of 95°C for 20 s, 55°C 

for 30 s (data collection), and 72°C for 30 s. RNA copy numbers were determined using serially-

diluted standards of purified PCR products of the NS1 region of known RNA copy numbers. 

Data points were further normalized from the GAPDH copy numbers generated using the same 

protocol and the cDNA using primers qPCR GAPDHF and qPCR GAPDHR (Table 2.1)  
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2.2.8. Purification of full length NS5 protein 

 The plasmid pSUMO-DEN2NS5NHis was freshly transformed into E. coli Rosetta 

(DE3)pLysS cells and transformed cells were selected on a LB-agar plate with 25 µg/mL 

chloramphenicol and 30 µg/mL kanamycin (C25K30). The resistance to kanamycin comes from 

the pSUMO vector while the chloramphenicol antibiotic is required to maintain the plasmids 

expressing T7 lysozyme and rare tRNAs in the Rosetta(DE3)pLys strain. A colony from the 

plate was seeded in a 10 mL LB-C25K30 solution overnight at 37°C. The following day, the 

seed culture was transferred to 2 L LB-C25K30 supplemented with 0.1% glucose in a 4 L flask. 

Cells were allowed to grow and reach the mid-log phase (OD600 of 0.5-0.6). The medium was 

replaced with fresh 2 L LB-C25K30 and 1 mM IPTG. Cells were incubated for 48 h at 16°C. 

 After induction, cells were harvested and resuspended in 30 mL lysis buffer (50 mM HEPES, 

0.3 M NaCl, 10% glycerol, 1% Nonident P40, pH 7) supplemented with 500 µL Protease 

Inhibitor Cocktail VII. A pinch of lyzozyme was also added. Cells were allowed to lyse on ice 

for 30 min. Lysates were sonicated on ice for 20 min total processing time (15 s on, 45 s off) and 

were immediately centrifuged at 18,000 × g for 45 min. While the samples were centrifuging, 3 

mL of TALON resin was washed five times with 10 mL water and thrice with 10 mL Buffer A 

(50 mM NaH2PO4, 0.3 M NaCl, 10% glycerol, pH 7). Resin was allowed to bind to the clarified 

supernatant in a 50 mL tube for 1 h in the cold room on a shaker.  

 After incubation, the slurry was transferred to a 15 mL tube and was centrifuged to collect the 

resin. This was repeated until all of the resin had been pelleted. The resin was then resuspended 

in 15 mL buffer A and mixed by inversion. The resin was again pelleted and the washing step 

was repeated twice. After the last wash, 10 mL buffer A was added and the entire mixture was 
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transferred to a 0.8×4 cm Poly-Prep Chromatography Column and the resin was allowed to pack. 

The column was eluted with 10 mL buffer A and 150 mM imidazole. Fractions of 500 µL were 

collected and protein amount was monitored by Bradford assay on a 96-well plate. The eluted 

fractions containing the most protein were combined in a single tube and 20 U of SUMO 

protease I was added to cleave the N-terminal histidine tag. Digestion was allowed to proceed 

overnight on ice in the cold room. The purified protein was dialyzed using Spectra/Por 6 dialysis 

tubing (50K MWCO) for 6 h in 1 L of enzyme buffer (50 mM Tris-Cl, 50 mM NaCl, 5 mM 

MgCl2, 40% glycerol, 1 mM fresh DTT pH 7.5). Because the dialysis tubing failed to remove the 

truncated NS5 product (~30 kDa), the protein was further purified using Amicon Ultracel 50K. 

The enzyme was diluted back to the volume after dialysis using fresh enzyme buffer. 

 

2.2.9. In vitro RdRP assay 

2.2.9.1. Template preparation 

 DNA templates for in vitro transcription harboring the desired mutations in a 719 nt-template 

containing the first 230 nt from the 5‟ end and the last 489 nt of the genome [112] were prepared 

by overlap PCR mutagenesis similar to Section 2.2.1. First, using the pSY2 plasmid as a 

template, the 5‟-UTR to the NS5-3‟-UTR junction was amplified using a forward primer (pSY2 

EcoRI for (+)-strand or 5‟-UTR Start for (–)-strand) and NS5-3‟-UTRr (Table 2.1). A second 

PCR fragment of the full length 3‟-UTR was amplified from the replicon mutants using Start of 

3‟-UTR and a reverse primer (3‟end DEN2 for (+)-strand or T7(–)3‟endDEN2 for (–)-strand). 

The two fragments were joined together by overlap PCR and purified. RNA templates were then 
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made from these PCR fragments using the Ampliscribe T7 High Yield Transcription Kit with no 

cap analog.  

 After DNAse I treatment, RNAs were purified using RNA Clean & Concentrator-25 Kit. The 

volume was brought to 100 µL with sterile water. Two volumes (200 µL) of RNA Binding 

Buffer were added and mixed. 300 µL of ethanol was then added to the mixture. This was then 

transferred to the Zymo-Spin IIC Column and spun for 1 min at 11,000 × g. The column was 

washed with 400 µL RNA Prep Buffer, 800 µL RNA Wash Buffer and a final 400 µL RNA 

Wash Buffer. The columns were then transferred to a new microfuge tube and the RNAs were 

eluted with 20 µL water. 

 RNAs were quantified by NanoDrop and dilutions of 100 ng/µL were made for the RdRP 

reaction. 

 

2.2.9.2. In vitro RdRP assay 

 Each 25 µL RdRP reaction contained 150 ng of RNA, 4 µCi of [α-
32

P]-GTP, 0.5 mM ATP, 

CTP, UTP, 12.5 µM GTP, and 20 nM NS5 in 50 mM HEPES, 10 mM KCl, 5 mM MgCl2, pH 8 

with or without 2 mM MnCl2. The reaction was incubated at 37°C for 1 h. The volume was 

brought to 100 µL with water and the reaction was stopped by the addition of 100 µL acid 

phenol-chloroform. The tubes were mixed by inversion and spun for 5 min at 12,000 × g. The 

aqueous phase was transferred to a new tube and the RNA was precipitated with 5 µg yeast 

RNA, 10 µL 3M NaOAc, and 250 µL ice-cold ethanol. RNA was pelleted at 12,000 × g for 10 

min and resuspended in 100 µL water. Unincorporated nucleotides were removed by passing 
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through a Micro Bio-Spin P-30 Column. RNA was precipitated and pelleted once again and was 

resuspended in 15 µL water.  

 An aliquot (5-7.5 µL) of the RNA was mixed by an equal amount of Gel Loading Buffer II 

(containing formamide) and was heat-denatured at 70°C for 10 min. Tubes were flash cooled on 

ice for 5 min then loaded on a 8M urea-4% polyacrylamide gel. Electrophoresis was run in 1X 

TBE buffer at 125V until the bottom blue dye reaches the lower third of the gel. The gel was 

then transferred to a Whatman paper and dried at 80°C for 30 min. Once the gel has been dried, 

the portion of the gel containing the two running dyes was excised and discarded. The top 

portion of the gel was exposed to a Storage Phosphor Screen. 
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2.3 Tables 

Table 2.1. Oligonucleotides used in this study. Mutated sequences are underlined in bold italics. 

Name Sequence and function 

5’-UTR Start 5‟-AGTTGTTAGTCTACGTGGACC-3‟ (binds exactly at the start of the 5‟-UTR, forward) 

RevRluc 5‟-GTGGCCCACAAAGATGATTTTCTTTGG-3‟ (reverse primer binding to Rluc to make 

5‟CS mutant PCR products) 

Start of 3’-UTR 5‟-AAGGCAAAACTAACATGAAACAAGGCTAG-3‟ (binds exactly at the start of the 3‟-

UTR, forward) 

3’end DEN2 5‟-AGAACCTGTTGATTCAAC-3‟ (binds exactly at the end of the 3‟-UTR, reverse) 

del5TL1-F 5‟-ATGGAA ___ ACGCATGGCGTAGTGGACTAGC-3‟ (to introduce TL1 deletion) 

del5TL1-R 5‟-ATGCGT ___ TTCCATGGTTTGTGGCCTCC-3‟ (to introduce TL1 deletion) 

del5TL2-F 5‟-ATGAA ___ AGTCTCACTGGAAGGACTAG-3‟ (to introduce TL2 deletion) 

del5TL2-R 5‟-AGTGAGACT ___ TTCATCTCACCTTGGG-3‟ (to introduce TL2 deletion) 

TL1Flip-F 5‟-ATGGAATGTCGACGCATGGCGTAGTGGACTAG-3‟ (to introduce TL1Flip) 

TL1Flip-R 5‟-CCATGCGTCGACATTCCATGGTTTGTGG-3‟ (to introduce TL1Flip) 

TL2Flip-F 5‟-GATGAATGTCGAGTCTCACTGGAAGGACTAGAG-3‟ (to introduce TL2Flip) 

TL2Flip-R 5‟-GTGAGACTCGACATTCATCTCACCTTG-3‟ (to introduce TL2Flip) 

PK2Flip-F 5‟-AATCCGACGAACAATGGGGGCCCAAG-3‟ (to introduce PK2Flip) 

PK2Flip-R 5‟-ATTGTTCGTCGGATTTGTAAGGGAGGGGGT-3‟ (to introduce PK2Flip) 

PK1Flip-F 5‟-AAA ACG ACA ATA TTG ACG CTG GGA AAG ACC AG-3‟ (to introduce PK1Flip) 

PK1Flip-R 5‟-TAT TGT CGT TTT TGT TTT GGG GG-3‟ (to introduce PK1Flip) 

5’CS-3nt-F 5‟-CTTTCAATATTGTCAAACGCGAGAGAAACCGCGTGTCGACTGTACAACAGC-3‟ 

(to introduce mutation at 5‟CS that will compensate PK1Flip) 

5’CS-3nt-R 5‟-GCGTTTGACAATATTGAAAGGCGTATTTCTCGCCTTTTTTCGTTGGTTAT-3‟ 

(to introduce mutation at 5‟CS that will compensate PK1Flip) 

TL2PK1 F 5‟-GTGAGATGAAACAGCAGTCTCACTGGAAGGACTAGAGGTTAGAGG-3‟ (to 

introduce TL2PK1 mutation) 

TL2PK1 R 5‟-CAGTGAGACTGCTGTTTCATCTCACCTTGGGCCCCCATTGTTGCTG-3‟ (to 

introduce TL2PK1 mutation) 

PK1TL2 F 5‟-CAAAAAGCTGTATATTGACGCTGGGAAAGACCAGAGATCC-3‟ (to introduce 

PK1TL2 mutation) 

PK1TL2 R 5‟-AATATACAGCTTTTTGTTTTGGGGGGGTCTCCTCTAACCTCTAGTC-3‟ (to 

introduce PK1TL2 mutation) 

PK2mut F 5‟-TTACAAATCTGTCGAACAATGGGGGCCCAAGGTGAGATG-3‟ (to introduce PK2mut 

mutation) 

PK2mut R 5‟-ATTGTTCGACAGATTTGTAAGGGAGGGGTCTCCTCTAACC-3‟ (to introduce PK2mut 

mutation) 

PK1mut F 5‟-CAAAAATGTCGATATTGACGCTGGGAAAGACCAGAGACC-3‟ (to introduce PK1mut 

mutation) 

PK1mut R 5‟-CGTCAATATCGACATTTTTGTTTTGGGGGGGTCTCCTCTAACCTCTAGTC-3‟ (to 

introduce PK1mut mutation) 

+1 down F 5‟-ATGAAGCTGTUGTCTCACTGGAAGGACTAGAGG-3‟ (to introduce a mutation 

downstream of TL2 that will increase the 3‟ψ by a base pair) 

+1 down R 5‟-CCAGTGAGACAACAGCTTCATCTCACCTTGGGCCCCCATTGTTGCTGCG-3‟  

(to introduce a mutation downstream of TL2 that will increase the 3‟ψ by a base pair) 

+1 up F 5‟-AGGTGAGATGTTGCTGTAGTCTCACTGGAAGGACTAGAGG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by a base pair) 

+1 up R 5‟-AGACTACAGCAACATCTCACCTTGGGCCCCCATTGTTGCTGCG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by a base pair) 

+2 up F 5‟-GTGAGATGATGCTGTAGTCTCACTGGAAGGACTAGAGG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by 2 base pairs) 
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+2 up R 5‟-AGACTACAGCATCATCTCACCTTGGGCCCCCATTGTTGCTGCG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by 2 base pairs) 

+3 up F 5‟-AGGTGAGATTATGCTGTAGTCTCACTGGAAGGACTAGAGG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by 3 base pairs) 

+3 up R 5‟-AGACTACAGCATAATCTCACCTTGGGCCCCCATTGTTGCTGCG-3‟ (to introduce a 

mutation upstream of TL2 that will increase the 3‟ψ by 3 base pairs) 

+4 mut F 5‟-AGGTGAGATTATGCTGTTGTCTCACTGGAAGGACTAGAGGAGAC-3‟ (to introduce 

a mutation around TL2 that will increase the 3‟ψ by 4 base pairs) 

+4 mut R 5‟-AGACTACAGCATAATCTCACCTTGGGCCCCCATTGTTGCTGCG-3‟ (to introduce a 

mutation around TL2 that will increase the 3‟ψ by 4 base pairs) 

Loop A F 5‟-ACTGGAAGGTAACACGGTTAGAGGAGACCCCCCCAAAAC-3‟ (to introduce Loop A 

mutation in CS2) 

Loop A R 5‟-CCTCTAACCGTGTTACCTTCCAGTGAGACTACAGCTTCATCTCAC-3‟ (to introduce 

Loop A mutation in CS2) 

Loop B F 5‟-GAGAAGGACCCCCCCAAAACAAAAAAC-3‟ (to introduce Loop B mutation in CS2) 

Loop B R 5‟-CTT CTCAACCTCTAGTCCTTCC-3‟ (to introduce Loop B mutation in CS2) 

Stem F 5‟-GUGGAGAGGACUACCCCCCAAAACAAAAAAC-3‟ (to introduce Stem mutation in 

CS2) 

Stem R 5‟-GTAGTCCTCTCCACTCTAGTCCTTCCAGTG-3‟ (to introduce Stem mutation in CS2) 

CS2 F 5‟-UAACACGUGGGAGAAGCUACCCCCCAAAACAAAAAACAGC-3‟ (to introduce CS2 

mutation) 

CS2 R 5‟-GTAGCTTCTCCCACGTGTTACCTTCCAGTGAGACTACAGC-3‟ (to introduce CS2 

mutation) 

qPCR NS5F
1
 5‟-AAGACGGCCGCGTACTTG-3‟ (for NS5 detection in qPCR) 

qPCR NS5R
1
 5‟-TCTCTCGCAAAGACCACC-3‟ (for NS5 detection in qPCR) 

qPCR NS1F
2
 5‟-CTGCGACTCAAAACTCATGTCAG-3‟ (for NS1 detection in qPCR) 

qPCR NS1R
2
 5‟-GGCTTTCTCTATCTTCCATGTGTC-3‟ (for NS1 detection in qPCR) 

qPCR GAPDHF 5‟-AACTCCCTCAAGATTGTCAGC-3‟ (for GAPDH detection in qPCR) 

qPCR GAPDHR 5‟-TGAGTCCTTCCACAATGCC-3‟ (for GAPDH detection in qPCR) 

pSY2 EcoRI 5‟-AGCTATGACCATGATTACGAATT-3‟ (binds to the EcoRI start of the pSY2 vector 

upstream of the T7 promoter; to make (+)-strand RNA templates) 

T7(–)3’endDEN2 5‟- TAATACGACTCACTATAGGGAGAACCTGTTGATTCAACAGCACCATTCCATTTT 

CTGG-3‟ (binds to the 3‟ end of the genome; contains a T7 promoter that will drive the 

transcription of the (–)-strand) 

NS5-3’-UTRr 5‟-TTGTTTCATGTTAGTTTTGCCTTCTACCACAGGACTCCTG-3‟ (reverse primer that 

will bind at the junction of the NS5 and 3‟-UTR region) 
1
Primer sequences were designed by Dr. Robin Levis of FDA.  

2
Primer sequences were designed by Dr. Ratree Takhampunya. 
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Table 2.2. LNAs used in this study. 

Name Sequence 

LNA 5’CS 5‟-CAGCATATTG-3‟ 

LNA TL1 5‟-GCGTACAGCT-3‟ 

LNA PK2 5‟-GCTGCGATTT-3‟ 

LNA TL2 5‟-CTACAGCTTC-3‟ 

LNA PK1 5‟-CTGTTTTTTG-3‟ 

 

 

 

Table 2.3. Amino acid drop out mix. The amino acid mixture is added to 

synthetic dextrose medium to select for yeast transformants harboring a plasmid 

that expresses an amino acid synthetase (selectable marker). In our experiments, 

yeast clones with the pRS424 (containing the tryptophan synthetase) is able to 

grow in medium without tryptophan. (Source: Dr. Michael Kruppa) 

Amino acid Amount (g) 

Valine 1.5 

Tryptophan 0.2 

Arginine 0.2 

Isoleucine 0.3 

Methionine 0.2 

Phenylalanine 0.5 

Lysine 0.3 

Glutamic acid 1.0 

Serine 3.7 

Tyrosine 0.3 

Leucine 0.3 

Aspartic acid 1.0 

Histidine 0.2 

Threonine 2.0 

Uracil (if S. cerevisiae) 0.2 

Adenine sulfate 0.2 
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RESULTS 

 

Excerpts from Manzano, M., Reichert, E.D., Polo, S., Falgout, B., Kasprzak, W., Shapiro, B., 

and Padmanabhan, R. Identification of cis-acting elements in the 3‟-untranslated region of the 

dengue virus type 2 that modulate translation and replication. Journal of Biological Chemistry. 

2011. 286(25):22521-22534. 
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CHAPTER 3  

TL2 IS A MAJOR CIS-ACTING  ELEMENT IN TRANSLATION AND REPLICATION 

 

3.1 Background 

 The CR of the 3‟-UTR of the DENV contains several duplicated conserved sequences: 

RCS2/CS2, TL1/TL2 and PK1/PK2 (Fig. 1.3). This region is predicted to form two DB 

structures, 5‟ and 3‟DB. TL1 and TL2 have the potential to base pair with downstream sequences 

PK2 and PK1 through a tertiary pseudoknot interaction. Unpublished work from our group 

showed that a 30 nt deletion (Fig. 1.5) including TL2 in the 3‟DB did not affect translation and 

replication. On the other hand, a similar 30 nt deletion including TL1 in the 5‟DB dramatically 

reduces replication. Additional mutations that reverse or “flip” the orientation of TL1 and TL2 

(Fig. 1.5) were made to narrow down the region of interest while preserving the predicted 

secondary structure of the CR. In this set of replicons, the apparent contributions of TL1 and TL2 

regions are reversed --- TL2 affects both translation and replication while TL1 modestly 

attenuates RNA synthesis. It is possible that this discrepancy between the two sets of mutations 

is caused by the large deletions in the RNA resulting in a different secondary structure. In 

addition, the Δ
30

 mutants remove additional bases that do not participate in the ψ formation. 

These bases may have other functions that regulate translation and replication. This project aims 

to resolve these conflicting data using additional mutants that have substitutions only within the 

desired region. In addition, the functions of their proposed binding partners, PK2 and PK1, will 

be examined. 
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3.2 Results 

 Before analyzing additional mutations for translation, I wished to confirm our previous data 

that showed that an initial peak of Rluc was observed at 2 hpt which corresponded to translation 

of the input RNA. A kinetics experiment done by Dr. Reichert only included limited time points 

(2, 24, 48, 72, and 96 hpt) [153]. It is thus possible that at 2 hpt, Rluc is still accumulating and 

can peak at a later time point. I began by examining Rluc activity at additional time points 

between 2 and 24 hpt. Figure 3.1 confirms our previous results, showing a sharp burst of Rluc at 

2 hpt for both WT and the replication-deficient GND replicon which immediately decays at 4 

and 6 hpt to give an estimated halflife of 2-3 h. After 24 h, the WT RNA replicates and the newly 

synthesized copies are translated to give a second peak of Rluc at 96 hpt. Because the GND 

replicon contains a GDDGND mutation at the polymerase active site, it cannot replicate and 

does not give any signal at later time points.  

 In addition to a time course analysis of Rluc activity of transfected replicon RNA, Reichert 

characterized the system by performing immunofluorescent staining against the NS5 protein and 

a reverse transcription PCR reaction on WT and GND mutants at 96 hpt [153]. Using primers for 

the NS5 region on the (–)-strand, RNA was detected only for the WT replicon and the infectious 

clone. On the other hand, RT-PCR with primers for the 3‟-UTR on the (+)-strand showed the 

presence of the RNA for WT replicon, infectious clone, and surprisingly but in lower amounts, 

the GND mutant. They concluded that the signal that was detected for GND was from the 

original RNA that was electroporated and not from replicated RNA since there were no Rluc or 

NS5 stained on GND-transfected cells. A few years later, a report in Cell Host and Microbe 

showed that the 3‟-UTR of flaviviruses are resistant to nuclease degradation [157]. This agrees 
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with Reichert‟s RT-PCR data that shows a small amount of (+)-strand 3‟-UTR in the GND 

mutant. However, in order to demonstrate that the GND mutant indeed does not replicate, we 

performed quantitative real time reverse transcription PCR (qPCR) on WT-, GND-, and mock-

transfected cells using primers for the NS1 region on the (+)-strand. Figure 3.2 shows that RNA 

can only be detected in WT but not GND- or mock-transfected cells, thus confirming that the 

GND mutant does not replicate. 

 Because I modified Reichert‟s protocol to a 48-well scale and used a different electroporation 

condition, I wanted to confirm her results with the Δ
30

 and Flip mutants. The Flip mutants 

followed a similar trend for translation as was reported before in her thesis as shown in Figure 

3.3. TL2Flip affected translation modestly while a combination of TL1FlipTL2Flip led to a more 

dramatic effect. On the other hand, the Δ
30 

mutants followed a different trend compared to 

Reichert‟s data. She did not observe any defect in translation in any of the mutants. Figure 3.3 

demonstrates that Δ
30

TL2 and Δ
30

TL1Δ
30

TL2 are affecting translation almost similar to TL2Flip 

and TL1FlipTL2Flip levels. More surprisingly, Δ
30

TL1 translation efficiency is only 50%, similar 

to Δ
30

TL1Δ
30

TL2 and TL1FlipTL2Flip. 

 I then followed these mutants until 96 hpt and measured their Rluc and RNA levels (Figs. 

3.4A-B). The Flip mutants tested in this thesis followed the same trend as what was reported 

earlier by Reichert. TL1Flip had relatively the least effect, followed by TL2Flip, while 

TL1FlipTL2Flip abolished replication. Reichert also observed that Δ
30

TL1 and Δ
30

TL1Δ
30

TL2 

mutations severely affected their ability to replicate their RNA which we also see in Figure 3.4A. 

However, she did not see any defect in Δ
30

TL2. Using the modified protocol, we were able to 

now see a significant drop in replication activity in this mutant (Fig. 3.4A-B). 
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 The results from the Δ
30

 and Flip mutants collectively suggest that mutations in TL2 impact 

both translation and replication and that the inclusion of similar mutations in TL1 further 

aggravates these effects. However, data from Δ
30

TL1 and TL1Flip are in conflict with each other. 

The 30-nt deletion seems to have a drastic effect while reversing TL1 sequence results in 

modestly decreased phenotypes. This discrepancy is possibly caused by the large deletion that 

was made in Δ
30

TL1 replicon RNA. The removal of the 30 nts at the 5‟DB may have unforeseen 

effects in RNA structure. In order to resolve this contradicting result, smaller deletions that 

remove exactly the TL sequence were made (Δ
5
 mutants in Fig. 3.5). 

 Data from the Δ
5
 mutations appear to be more consistent with the Flip mutants. The deletion 

of TL2 (Δ
5
TL2) resulted in similar defects in translation and replication as Δ

30
TL2 and TL2Flip 

(Figs. 3.6 and 3.7). Δ
5
TL1 had less impact in replication than Δ

5
TL2 and is consistent with that 

of TL1Flip but not Δ
30

TL1. This suggests that the 30 nt deletion in the 5‟DB does induce a 

different structure, resulting in a different phenotype. The contribution of Δ
5
TL1 in translation 

can only be seen in a double mutant Δ
5
TL1Δ

5
TL2 where it further decreases translation to 37% 

from 72% of Δ
5
TL2 (Fig. 3.6). It thus seems that TL2 is a prominent modulator of translation 

and replication while TL1 only exerts a modest effect. The double mutations indicate that the 

duplicated motifs act synergistically as the mutant replicons have more severe phenotypes than 

the individual mutations.  

 The data presented thus far point that mutations in TL1 and TL2 resulted in a decrease in 

translation and replication efficiencies (Figs. 3.3-3.4 and 3.6-3.7). To determine whether these 

defects are caused by the disruption of the formations of the 5‟ and 3‟ ψs, we constructed 

replicons which have “flipped” PK2 and PK1, the proposed binding partners of TL1 and TL2, 
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respectively. We expected them to behave similarly to TLFlip mutants. In addition, we 

reconstituted the 5‟ and 3‟ψs by combining TLFlip and PKFlip mutations in a single construct 

(TL1FlipPK2Flip, TL2FlipPK1Flip, TL1FlipPK2FlipTL2FlipPK1Flip in Fig. 3.5).  

 Contrary to what we had expected, PK2Flip and PK1Flip translated as efficiently as WT (Fig. 

3.8) suggesting that these motifs are dispensable for translation. However, reconstitution of the 

base pairing between the TLs and PKs rescued the translational defect of TL2Flip and 

TL1FlipTL2Flip (see TL2FlipPK1Flip and TL1FlipPK2FlipTL2FlipPK1Flip in Fig. 3.8). The ability of 

these mutants to undergo translation efficiently argues that there is an interaction between the 

TLs and PKs in these replicons. This indicates that the exact sequence for the TLs and PKs do 

not seem to be required for translation. Additional work needs to be done to determine whether 

these tertiary interactions are present and biologically relevant in the WT strain. 

 To eliminate the possibility that the defects in translation in mutant replicons Δ
5
TL2, 

Δ
5
TL1Δ

5
TL2, TL2Flip, and TL1FlipTL2Flip were not caused by changes in RNA stability, we 

directly measured the RNA levels for select mutants by qPCR over a period of 6 h. Figure 3.9 

shows that there are no significant changes in the amounts of replicon RNA in the cells for up to 

6 h. In addition, we also followed the kinetics of the Rluc signal as an indirect measure of RNA 

stability. Results from the Rluc kinetics show that the Rluc signals for the different mutants all 

decayed in the 2-3 h range (Table 3.1). Both assays demonstrate that the defect in translation for 

the mutant replicons was specifically due to the abrogation of the functional roles of the RNA 

motifs and not from an unstable transcript. It is interesting to note, however, that the qPCR and 

luciferase analyses show different trends in the RNA and Rluc signals, respectively. RNA levels 

remained fairly constant in a 6 h time span while Rluc activities dramatically decreased by half at 
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4 hpt. A similar short half life (~2-3 h) of Rluc using a WNV replicon was reported previously 

[123]. A possible explanation for this disparity is that the viral RNA maybe immediately 

decapped and thus loses its ability to be translated while the NS5 region can be detected by 

qPCR. Alternatively, the RNA itself may already have been degraded which can still be 

amplified as the PCR amplification from the chosen primers occurs within a small region within 

NS5 gene. A Northern blot must be done in order to resolve this issue.  

 We wanted to determine if TL and PK interactions also play a role in replication. Figure 3.10 

shows that mutations in PK2 and PK1 severely attenuated RNA synthesis, much more than 

TL1Flip and TL2Flip. Unlike in translation, restoring the base pairing between the TLs and PKs 

failed to restore replication. Mutations in the PK2 and PK1 regions seem to be lethal for 

replication highlighting a critical role for these motifs. 

 Because PK1 shares 4 nt with the 3‟CS1 (Fig. 1.3), it was possible that the inability for the 

PK1Flip and TL2FlipPK1Flip replicons to replicate was due to the shortening of the number of base 

paired in 5‟CS/3‟CS1 interaction. Several reports have shown that a decrease in paired 

5‟CS/3‟CS1 resulted in a deficiency or loss of RNA synthesis [112, 114, 121-125, 127, 142]. In 

replicons containing the PK1Flip mutation, the base paired region was reduced to 7 continuous 

pairs from 11 (Fig. 3.11). We thus incorporated a 3-nt insertion at the 5‟CS in order to restore the 

cyclization in PK1Flip and TL2FlipPK1Flip mutants. 

 PK1Flip-3nt and TL2FlipPK1Flip-3nt both translated efficiently like WT (Fig. 3.12) but failed to 

replicate (Fig. 3.13), indicating that the reconstitution of the 5‟CS/3‟CS1 basepairing with 

nonviral sequences could not rescue replication. Although the complementarity between the 5‟ 

and 3‟ ends of the genome seems to be the only requirement for (−)-strand synthesis in vitro 
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[112, 121], experiments done in replicon demonstrate that the exact sequences play a role in 

replication [123, 124]  [123, 124, 127]. The core 5‟CS and 3‟CS1 sequences remain identical in 

flaviviruses and do not exhibit covariation suggesting a requirement for their specific nucleotides 

[109, 111, 138, 140]. Because of this, it is difficult to confirm the role of the 3‟ψ without altering 

PK1. The inability for PK1Flip and TL2FlipPK1Flip to replicate was thus not due to the weakening 

of genome cyclization but to a yet to be identified role of PK1 in RNA synthesis. 

 Although PK2Flip and PK1Flip can translate efficiently, it is possible that the presence of the 

WT PK1 or PK2 sequence, respectively, can rescue the mutation in PK2 or PK1 similar to how a 

WT TL2 sequence can rescue Δ
5
TL1 and TL1Flip. In another scenario, the mutations in PK2Flip 

and PK1Flip may induce different structures which may still allow translation to occur. To 

eliminate both possibilities, we constructed additional PK2 and PK1 mutants which have 

different nonviral sequences (PK2mut, PK1mut, PK2mutPK1mut in Fig. 3.5). If the phenotypes of 

PK2mut and PK1mut are similar to PK2Flip and PK1Flip, then we can conclude that the translation 

and replication activities of these mutants are due to the mutation of the RNA motifs per se and 

not from the induction of alternative structures. Figures 3.14 and 3.15 show that the new set of 

mutants behaved similarly as the PKFlip replicons. PK2mut and PK1mut translated like WT but had 

severe attenuation for replication. In addition, mutating both PK2 and PK1 gave a similar Rluc 

pattern. These results confirm our hypothesis that PK2 and PK1 do not actively participate in 

translation while they are critical for genome synthesis. 

 Likewise, we wanted to confirm whether TL2Flip and its translational rescue in TL2FlipPK1Flip 

are indeed due to the mutations and not through some alternative structures. We engineered new 

mutations in TL2 and PK1 replacing their sequences with PK1 and TL2, respectively to make 
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TL2PK1, PK1TL2, and TL2PK1/PK1TL2 (Fig. 3.5). As expected, translation of the 

new TL2 or PK1 mutants was similar to that of TL2Flip and PK1Flip (compare Fig. 3.16 with Figs. 

3.3 and 3.8). TL2PK1 had a small but statistically significant decrease of 27% while 

PK1TL2 mutation had no effect in translation. Switching the TL2 and PK1 sequences in a 

single replicon (TL2PK1/PK1TL2) to maintain their interaction restored translation back to 

WT levels. Likewise, these replicons replicated as expected: TL2PK1 was still able to 

replicate its RNA while PK1TL2 and TL2PK1/PK1TL2 did not presumably due to a 

disruption in the PK1 sequence (Fig. 3.17). 

 Although we have demonstrated that our mutations do not induce alternative RNA structures 

that might confound our data by constructing replicons containing different nonviral sequences 

on the same motif, we wanted to use antisense oligomers to eliminate this possibility as this 

approach does not involve changing the nucleotide sequence of the replicon. We chose to use 

locked nucleic acids (LNA) as they bind with high affinity and specificity to their target 

sequence, resistant to nucleases, and induce RNAse H degradation of their target mRNA thereby 

amplifying their inhibitory effect [158, 159]. LNA oligos contain a modification in their ribose 

group, a methylene bridge connecting the 2‟O and the 4‟C resulting in a “locked” conformation 

of the sugar. This then contributes to the stability of its phosphate backbone, strengthening its 

base pairing interactions. Silencing by LNAs have been demonstrated to inhibit HIV-1 [160], 

reduce serum cholesterol in mice and non-human primates by targeting apolipoprotein B mRNA 

[161], and reduce tumor growth in vivo in mice [162]. Furthermore, it has been used to inhibit 

translation of hepatitis C virus (HCV) by blocking IRES function [163].  
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 We thus designed 9- to 10-mer LNAs that specifically target TL1, PK2, TL2, PK1, and the 

5‟CS, the last to serve as a positive control for blocking replication (Fig. 3.18). Prior to testing 

their inhibitory effects in the DENV2 replicon, we wanted to optimize annealing conditions with 

our replicon RNA-LNA pairs. Because RNAs are known to fold co-transcriptionally [164, 165], 

we surmised that the elements in the core region might already be engaged in different RNA 

interactions making them inaccessible for LNA binding. To allow the LNA:RNA replicon 

duplex to form, the RNA would have to be heat denatured and renatured in the presence of the 

LNA oligomer. We thus proceeded to optimize refolding conditions by testing different buffers.       

 Two renaturation buffers were recommended by Marchand et al. [155]: (1) 20 mM HEPES-

KOH (pH 7.9), 0.2 mM EDTA, 100 mM KCl, 20% glycerol, 0.5 mM DTT, and 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF); or (2) 50 mM Tris-HCl (pH 7.5), 100 mM KCl, 2.5 mM 

MgCl2. Buffer 1 is also used for protein assays in their protocols; therefore, we decided to 

remove glycerol, DTT, and PMSF in the buffer as they mostly function for protein stabilization. 

We further made two versions of this buffer with and without EDTA as this chelator might 

interfere with the addition of Mg
2+

 later on. In addition, we also omitted MgCl2 in the Tris buffer 

as the presence of Mg
2+

 at higher temperatures can induce cleavage of phosphodiester bonds 

[155]. We also included another buffer which was used to renature E. coli DsrA and RpoS RNAs 

[156]: 30 mM Tris-Cl (pH 7.3) and 100 mM KOAc.  

 After heating the replicon RNA in the different buffers at 65°C for 5 min, they were allowed 

to slow cool. Once at room temperature, MgCl2 was added to a final concentration of 2.5 mM 

and Mg
2+

-dependent RNA structures were allowed to stabilize. These RNA preparations were 

immediately used for transfections in BHK cells. 
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 Rluc signals at 2 hpt of renatured RNAs showed that translation is only at ~40% of the 

efficiency of the undenatured control (Fig. 3.19). This suggests that refolding under these 

conditions were not optimal. Nevertheless, we proceeded to use the HEPES-KCl-EDTA buffer to 

denature-renature the RNA and follow its Rluc activity in BHK21 cells. Figure 3.20 shows that 

although replicons refolded in this buffer are able to partially undergo translation, but failed to 

serve as templates for replication. These results indicated that the native structure was not 

restored in the refolded RNAs. Thus, translation and replication assays done with these RNAs 

are not likely to be biologically relevant as the RNAs do not seem to refold to their natural 

conformation.  

 Because of this technical setback, we decided to test the effects of the LNAs without heat-

denaturating the RNA. As mentioned earlier, since the replicon RNAs may have already 

assumed a conformation during and after in vitro transcription, we did not expect to see any 

effect in translation especially since the maximum decrease that we saw is only ~25% (Figs. 3.3 

and 3.16).  However, because the LNAs can immediately anneal to the RNA as it is being 

replicated, we anticipated to see similar inhibitions of replication from the replicon RNA (Figs. 

3.4, 3.10, 3.15, and 3.17).  

As expected, treatment of the replicons with LNAs did not lead to any discernable inhibition 

of translation presumably due to the inaccessibility of the target sequences for binding of the 

oligomers (Fig. 3.21). However, RNA synthesis was blocked by several LNAs including the 

positive control LNA targeting the 5‟CS (Fig. 3.22). TL1 LNA still allowed replication while 

TL2 LNA and PK1 LNA led to complete inhibition. It is interesting that the replicon continued 

to replicate at low levels even in the presence of 5‟CS LNA. Unexpectedly, the PK2 LNA had a 
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very minimal effect unlike PK2Flip and PK2mut (compare Fig. 3.22 to Figs. 3.10 and 3.15). This 

discrepancy is not understood at present.  
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3.3 Discussion 

 We report here a functional analysis of the potential pseudoknot binding motifs TL1/PK2 and 

TL2/PK1. Unlike in other studies, our approach used smaller deletions and substitution 

mutations to avoid introducing drastic changes in the over-all structural landscape of the genome. 

Analysis of our mutant replicons demonstrates varying roles for these motifs in translation and 

replication. 

 The terminal loops TL1 and TL2 seem to modulate translation cooperatively (Figs. 3.3, 3.6, 

3.16). Mutation of TL2 per se led to a very modest decrease in translation to a level which was 

~70-75% of WT while TL1 mutants had no apparent effect. The ability of Δ
5
TL1 and TL1Flip 

mutant replicons to undergo translation efficiently could be explained by the presence of a WT 

TL2 sequence. Similarly, WT TL1 was likely responsible for the partially defective phenotypes 

of  Δ
5
TL2, TL2Flip and TL2PK1 mutants (25-30% of the WT)  in translation; this notion is 

further supported by the results that knocking out both TL1 and TL2 further decreased 

translation to ~40-50% of WT (Figs. 3.3 and 3.6). These effects were not due to a change in 

RNA stability as shown by qPCR and Rluc signals (Fig. 3.9 and Table 3.1).  

 The unequal contributions of TL1 and TL2 are unlikely due to their sequence as they are 

identical. One plausible explanation then is a difference in the conformation of the surrounding 

sequences. It was proposed that the TLs are part of the 5‟ and 3‟DBs [138, 141]; it is probable 

that these motifs are only functional in the context of their secondary structures. A closer 

examination of the DBs reveals distinct differences between the two DBs. First, the number of 

covarying pairs of nucleotides is greater in the 3‟DB (Fig. 3.23). Second, the proximal arm of the 

3‟DB is composed of an 8 bp stem whereas the 5‟DB is interrupted by a bulge. These suggest 
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that the 5‟DB might be less stable, allowing it to “breathe open” and participate in other RNA 

structures. 

To test this hypothesis, the “minigenome” (a functionally active RNA template in RNA 

synthesis in vitro comprised of the first 230 nt and last 489 nt of the DENV RNA) was analyzed 

in silico for its secondary structure predictions using the Massively Parallel Genetic Algorithm 

(MPGAfold) [166-169]. Folding in this algorithm starts from a pool of randomly generated stem-

loop structures from the given RNA sequence. These parent structures are recombined over 

multiple generations until the population of RNA molecules evolves and reaches a consensus 

RNA structure. Because of MPGAfold‟s stochastic nature, multiple independent runs must be 

done to determine the overall consensus structure (100 in this study). The advantage of this 

program is that one can see the RNA intermediates that are formed in the folding pathway and 

determine their relative frequencies. In addition, coaxial stacking between stems in close 

proximity is considered during the folding and not after free energy minimization.  

 The resulting final structure after 100 runs reveals the high stability of the 3‟DB (Fig. 3.24). It 

is found as frequent as other previously characterized structures such as the SLA, cHP, and 3‟SL 

indicating that the 3‟DB can form as an independent structural unit. However, the 5‟DB is not 

formed in the most stable final structure. It is, however, present in 6% of the final structures and 

in 62% of the time as an intermediate (Fig. 3.25). This is consistent with our hypothesis that the 

instability of the 5‟DB due to its sequences increases its potential to participate in alternative 

structures such as in Figure 3.24. This could likely explain why Δ
30

TL1 does not behave like the 

other TL1 mutants (Fig. 3.3). The 30-nt deletion could alter the structure that the 5‟DB subregion 

and NS5-coding region form (nt 304-493 in Fig. 3.24). 
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 In addition to the MPGAfold analysis of the minigenome, we verified our folding results with 

the replicon RNA using Mfold v3.1 [170] and RNAfold [171] as computing predictions for a 

10210 nt RNA in MPGAfold with multiple runs would be technically challenging and 

cumbersome. Predictive analyses using the two different softwares show similar stable structures 

as in Figure 3.24. The SLA, 5‟CS/3‟CS1 interaction, 3‟DB, and 3‟SL were shown to form (Fig. 

3.26). Likewise, the 5‟DB was not present. However, instead of this region being paired with 

sequences from the NS5 (Fig. 3.24), the 5‟ end of the Rluc-coding region of the RNA (beginning 

from the green arrow) is interfering with its folding (Fig. 3.26). Both Mfold and RNAfold reveal 

this interaction. In addition, the 5‟ and 3‟ terminal regions (to the right of the red arrows) seem to 

fold independently from the rest of the RNA molecule. We thus used this self-contained region 

for the MPGAfold analysis. Using 50 runs with efn2 calculations, it was also verified that the 

Rluc was interfering with 5‟DB formation (data not shown). It is thus possible that the presence 

of the Rluc in the replicon may be confounding our results with the 5‟DB mutations. This result 

has important implications in studies involving reporter constructs in the RNA field. The effect 

of the reporter gene in RNA structure should be examined prior to any mutational analysis. 

Previously published data should be reexamined to eliminate the possibility of the reporter RNA 

complicating the interpretation of the data.  

 Despite this, it is important to note that in all three folding algorithms, the 5‟DB is still able to 

form only as suboptimal structures that are energetically similar to the final structure (within a 

0.4% difference) suggesting that the Rluc interference may be minimal. In addition, this does not 

change the conclusion that the 3‟DB independently forms a stable structure. The instability of the 

5‟DB structure most likely leads to the greater propensity of its sequences to interact with other 



 

63 

 

regions such as NS5 (Fig. 3.24) or the Rluc (Fig. 3.26). In a smaller DENV construct with a 

green fluorescent protein flanked by the UTRs, the 5‟ end of the reporter RNA also paired with 

the 5‟DB region (B. Shapiro and J. Arroyo, personal communication). 

 An examination of the 3‟-UTR sequences of different flaviviruses explains, to some extent, 

the folding inequalities between the two DBs. The 5‟DB elements are only found in the DENV 

and JEV serogroups while the 3‟DB was consistently present in DENV, JEV, and YFV [140, 

141]. It was proposed that a hypothetical precursor of mosquito-borne and no known vector 

flaviviruses contained all the direct repeats that are found in the virus genera and that 

evolutionary adaptation in different vectors and hosts led to the differences that we observe now 

[140]. These direct repeats possibly serve as replication enhancers as multiple copies of trans-

acting factors can bind and further increase the efficiency of RNA synthesis. This also serves as 

a viral “failsafe” mechanism as translation and replication can still occur even when one copy of 

the motif is mutated. Higher viral titers resulting from the duplication of these cis-acting 

elements, however, generate a heightened immune response in the human host. The immune 

system thus exerts a selection pressure on highly replicating flaviviruses. In DENV, this would 

have likely led to the destabilization of the 5‟DB. It is possible that the virus has already 

achieved equilibrium with the host such that the 5‟DB sequence can contribute to translation and 

replication together with TL2 while evading the immune system.  

 Taken together, our MPGAfold experiments, supported by published sequence comparisons 

of flaviviral 3‟-UTRs, could explain why TL2 contributes to translation more than TL1 despite 

identical sequences. We tried to determine whether the TLs function through the proposed 

pseudoknots by introducing mutations in PK2 and PK1, but the mutant replicons did not affect 
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translation even when both PKs were mutated (Figs. 3.8, 3.12, 3.14, 3.16). Surprisingly, when 

the complementarity between the TLs and PKs were reconstituted with non-viral sequences, 

translation levels were restored (Figs. 3.8, 3.12 and 3.16). This shows that the structures which 

they form are more essential for translation, rather than their sequences. 

 It is however difficult to conclude that the 5‟ and 3‟ ψs form in the CR. Although 

TL2FlipPK1Flip, TL2PK1/PK1TL2, and TL1FlipPK2FlipTL2FlipPK1Flip show functional 

interactions between the TLs and PKs based on their ability to restore function, their 

complementarity is not required (see PK1 mutants). It is possible that the pseudoknots do not 

form in the WT RNA. A quick survey of single-stranded loops in the 5‟ and 3‟ termini reveal 

that there are additional PK-like sequences which the TLs can base pair with (Fig. 3.27). It is 

possible that the TLs promiscuously bind to multiple sites. Thus, mutation of either PK did not 

led to any defects as alternative structures can rescue translation. In this scenario, the rescue of 

translation by the “pseudoknot” could either imply that the virus uses redundant RNA 

interactions or that this phenotype is an artifactual observation produced by the forced pairing of 

the two motifs. 

 Of the three candidate sequences, only the SLA and 3‟SL loops are conserved in both DENV 

and WNV. Mutation of the SLA loop did not seem to affect translation using a DENV replicon 

[92]; likewise, the conserved 3‟SL loop also had no effect in WNV translation but significantly 

impacted replication [150]. Further work needs to be done to explore the possibility of 

alternative structures.  

 The translational rescue mediated by the interaction of TL/PK was not seen in replication 

(Fig. 3.10, 3.13, and 3.17). This defect persisted even when the corresponding mutations were 
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made within the 5‟CS sequence to maintain the number of basepairing with the 3‟CS1, which 

was disrupted by PK1 mutations (Fig. 3.11 and 3.13). Replication then does not depend on 

similar RNA interactions as was seen in translation. This implies that the motifs have dual roles 

in the viral life cycle. It could be that they participate in a different RNA conformation, perhaps 

mediated by RNA-protein interactions, that is active for replication, and that they are located in 

critical positions in this structure. This could explain why any mutation in these regions led to 

dramatic attenuations. Alternatively, there is a requirement for the conservation of sequences in 

the 3‟CS1 (and PK1) in addition to the complementarity with 5‟CS [127] suggesting that this 

region is recognized by protein constituents of the replication complex. The conservation of TL2 

can similarly be attributed to a protein binding event or indirectly due to its interaction with PK1. 

Their duplication (TL1 and PK2) can increase the number of protein binding sites available, 

leading to enhanced replication. It is interesting to note that similar to what was seen in 

translation, mutations in TL2 affect replication to a greater extent than TL1 despite their similar 

sequences (Figs. 3.4 and 3.7). This functional variability is likely influenced by the structure in 

which the TL is seen by the protein. Affinity chromatography studies involving WT and mutant 

RNAs would potentially identify host or viral proteins that act as replication enhancers. 

 The significant sensitivity of the CR to mutations for replication suggests that there is a strict 

requirement for a specific structure to form for the replication complex to recognize. This seems 

to be demonstrated by the failure of refolded WT RNAs to replicate despite having an ample 

supply of NS proteins which is translated by the EMCV IRES (Figs. 3.19 and 3.20). The ability 

of these refolded RNAs to translate albeit in lower efficiencies (Fig. 3.19) indicates that the 

minimal structures for translation have formed. Additional structures that are needed to switch 
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from translation to replication are most likely absent. Because the DENV2 replicon does not 

seem to completely refold to its native state, we chose not to denature the RNA when studying 

translation and replication using the LNAs. We were aware that this would make annealing 

difficult for the oligomers as their targets are already locked in native RNA folds. We thus 

expected not to see any significant effect in translation. However, because the LNAs can bind to 

the RNA as it is being synthesized, we rationalized that this method would still be useful in 

studying replication. 

 As expected, we were able to see decreases in replication (Fig. 3.22) but not to similar extents 

as seen earlier in the analysis of mutant replicons. Although the LNA targeting the 5‟CS 

decreased replication by preventing the cyclization of the genome, it did not completely ablate 

the activity. On the other hand, LNA-PK1 completely blocked replication, consistent with the 

phenotypes of the PK1 mutants. This could mean that although both LNAs theoretically prevent 

5‟CS/3‟CS1 base pairing, the LNA-PK1 could be hindering another function of the PK1/3‟CS1 

region such as protein binding, hence its increased potency. LNA-TL1 and LNA-TL2 were also 

good replication inhibitors. We did not expect, however, that LNA-PK2 would not be effective. 

PK2 mutants (PK2Flip and PK1Flip) were severely attenuated for replication (Figs. 3.10 and 3.15). 

Because LNAs have higher specificity and affinity, it is unlikely that this discrepancy was due to 

nonbinding of the oligomer. It is possible that PK2 is immediately base paired or bound with 

high affinity to a protein replication.  

 In summary, we have shown that TL1 and TL2 have active and cooperative roles in 

translation. In addition, these motifs function in the context of a properly-folded DB structure as 

supported by our in silico studies. Although mutation of the PKs does not have any effect, 
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restoring their base pairing with the TLs rescues translation possibly alluding to a complex RNA 

structure. Future studies that involve the deciphering of the secondary and three-dimensional 

structures of the core region are recommended to shed light on the translational mechanism of 

DENV. It would also be interesting to sequence the RNAs of revertant mutant infectious clones.  
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3.4 Figures and Tables 

 

 

 

 

Figure 3.1. Kinetics of Rluc expression from BHK21 cells transfected with WT or replication-deficient GND 

replicon RNA. Two peaks of Rluc activities are seen at 2 and 96 hpt which are indicative of translation of the input 

RNA and the replicated copies of RNA, respectively. The GND replicon (dotted line), containing a GDDGND 

mutation at its polymerase active site, translates like WT (solid line) but not show the second peak.  
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Figure 3.2. DENV2 replicon RNA copies at 96 hpt. Replicon RNA was measured from total RNA preparations 

from BHK21 cells electroporated with WT, GND, or H2O (mock) using primers for NS1 region. *p<0.001 when 

compared to WT. 
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Figure 3.3. Translation of TL1 and TL2 replicons in BHK21 cells. Rluc activity was measured from cell lysates 

at 2 hpt.  *p<0.01 when compared to WT. Assays were done at least in triplicates at different times. 
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Figure 3.4. Replication of TL1 and TL2 replicons in BHK21 cells. Replication efficiencies were independently 

measured using (A) Rluc activity or (B) (+)-strand replicon RNA by qPCR at 96 hpt. *p<0.01 when compared to 

WT. n.d. indicates “no data.” Separate transfections were done for Rluc and qPCR analyses. Assays were done at 

least in triplicates at different times.  
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Figure 3.5. Schematic of additional mutations in the CR used in this study. Mutated bases are shown in lower 

case.  
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Figure 3.6. Translation of Δ
5
 replicons in BHK21 cells. Rluc activity was measured from cell lysates at 2 hpt.  

*p<0.01 when compared to WT. Assays were done at least in triplicates at different times. 
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Figure 3.7. Replication of Δ
5
 replicons in BHK21 cells. Replication efficiencies were independently measured 

using (A) Rluc activity or (B) (+)-strand replicon RNA by qPCR at 96 hpt. *p<0.01 when compared to WT. Separate 

transfections were done for Rluc and qPCR analyses. Assays were done at least in triplicates at different times.  
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Figure 3.8. Translation of replicons with disrupted and reconstituted pseudoknots in BHK21 cells. Rluc 

activity was measured from cell lysates at 2 hpt.  Assays were done at least in triplicates at different times. 
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Figure 3.9. RNA stabilities of select replicon RNAs measured by qPCR. Replicon RNAs were detected using 

primers for NS5 gene from total RNA preparations from 1, 2, 4, and 6 hpt.  Assays were done at least in triplicates at 

two different times by Stephanie Polo from CBER-FDA. 
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Figure 3.10. Replication of replicons with disrupted and reconstituted pseudoknots in BHK21 cells. 

Replication efficiencies were independently measured using (A) Rluc activity or (B) (+)-strand replicon RNA by 

qPCR at 96 hpt. *p<0.01 when compared to WT. Separate transfections were done for Rluc and qPCR analyses. 

Assays were done at least in triplicates at different times.  
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Figure 3.11. PK1Flip mutation reduces the continuous base paired region of the 5’CS and 3’CS1 from 11 to 7 

bp. PK1 (underlined) shares 4 nts with the cyclization sequence 3‟CS1 (red). Mutation of this region such as in 

PK1Flip shortens the duplexed region to 7 bp (middle panel). A 3 nt modification at the 5‟CS restores complete 

complementarity (bottom panel). Nucleotide changes are shown in lower case.  
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Figure 3.12. Translation of PK1Flip mutants which contain the correct number of 5’CS/3’CS1 base pairs. Rluc 

activity was measured from cell lysates at 2 hpt.  Assays were done at least in triplicates at different times. 
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Figure 3.13. Replication of PK1Flip mutants which contain the correct number of 5’CS/3’CS1 base pairs. 

Replication efficiencies were independently measured using (A) Rluc activity or (B) (+)-strand replicon RNA by 

qPCR at 96 hpt. *p<0.01 when compared to WT. Separate transfections were done for Rluc and qPCR analyses. 

Assays were done at least in triplicates at different times.  
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Figure 3.14. Translation of additional PK mutant replicons with nonviral sequences. Rluc activity was 

measured from cell lysates at 2 hpt.  Assays were done at least in triplicates at different times. 
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Figure 3.15. Replication of additional PK mutant replicons with nonviral sequences. Replication efficiencies 

were independently measured using (A) Rluc activity or (B) (+)-strand replicon RNA by qPCR at 96 hpt. *p<0.01 

when compared to WT. Separate transfections were done for Rluc and qPCR analyses. Assays were done at least in 

triplicates at different times.  
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Figure 3.16. Translation of mutant replicons with nonviral 3’pseudoknot sequences. Rluc activity was 

measured from cell lysates at 2 hpt.  Assays were done at least in triplicates at different times. *p<0.01 when 

compared to WT. 
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Figure 3.17. Replication of mutant replicons with nonviral 3’pseudoknot sequences. Replication efficiencies 

were independently measured using (A) Rluc activity or (B) (+)-strand replicon  RNA by qPCR at 96 hpt. *p<0.01 

when compared to WT. Separate transfections were done for Rluc and qPCR analyses. Assays were done at least in 

triplicates at different times.  
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Figure 3.18. Binding sites of antisense LNA oligos (thick black line) to the core region.  
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Figure 3.19. Translation of replicon RNAs renatured in different buffer conditions. Equivalent amounts of  

replicon RNA were heat-denatured and renatured in one of the following buffers: HEPES-KCl (20 mM HEPES, pH 

7.9, 100 mM KCl), HEPES-KCl, EDTA (20 mM HEPES, pH 7.9, 100 mM KCl, 0.2 mM EDTA), Tris-KCl (50 mM 

Tris, pH 7.5, 100 mM KCl), and Tris-KOAc (30 mM Tris-Cl, pH 7.3, 100 mM KOAc). MgCl2 (2.5 mM) was also 

added to stabilize tertiary structures. After renaturation, the mixtures were immediately used for transfection of 

BHK21 cells where Rluc activities were assayed at 2 hpt. *p<0.01 when compared to undenatured RNA. Assays 

were done at least in triplicates. 
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Figure 3.20. Translation and replication of replicon RNA denatured and refolded in 20 mM HEPES, 100 mM 

KCl, and 0.2 mM EDTA. MgCl2 (2.5 mM) was also added to stabilize tertiary structures. Assays were done at least 

in triplicates.  
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Figure 3.21. Translation efficiencies of WT replicon in the presence or absence of a five-molar excess of LNAs 

that are complementary to cis-acting elements without heat-denaturation of the replicon. Assays were done at 

least in triplicates at different times.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.22. Replication efficiencies of WT replicon in the presence or absence of a five-molar excess of LNAs 

complementary to cis-acting elements without heat-denaturation of the replicon. *p<0.01 when compared to 

WT. Assays were done at least in triplicates at different times.  
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Figure 3.23. Covariations (red boxes) in the 5’ and 3’DBs (adapted from [138, 141]).  

 

 

 

 

 

 

 

 

 

 



 

91 

 

 

 

 

 

Figure 3.24. The 3’DB structure, but not the 5’DB, forms at higher frequency as predicted by MPGAfold. 

From 100 independent runs, the minigenome consisting of the first 230 nt of the 5‟ terminus and the last 489 nt from 

the 3‟ end was shown to form a final structure with a free energy of -226.2 kcal/mol. The 3‟DB appeared 97% in the 

final structures while the 5‟DB was only found 6% of the time. The color scheme indicates the frequency of 

occurrence of the RNA motifs in the final structures. Computational analysis was done using efn2 calculations and a 

16K population by Wojciech Kasprzak and Dr. Bruce Shapiro of NCI. 
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Figure 3.25. The 5’DB structure appears only in suboptimal structures as shown here (E = -225.6 kcal/mol), 

predicted by MPGAfold. From 100 independent runs, the 5‟DB was only found in 6% of the final structures. The 

color scheme indicates the frequency of occurrence of the RNA motifs in the final structures. Computational 

analysis was done using efn2 calculations and a 16K population by Wojciech Kasprzak and Dr. Bruce Shapiro of 

NCI. 
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Figure 3.26. The Rluc-coding region in the DENV2 replicon RNA interferes with the formation of the 5’DB. 

The full length RNA sequence for the DENV2 replicon was used in Mfold analysis. Shown above is a closer image 

of the 5‟ and 3‟ termini region of the RNA. Like in MPGAfold analysis of the minigenome, the SLA, 5‟CS/3‟CS1, 

3‟DB, and 3‟SL all formed. The 5‟DB, however, was base paired with the 5‟ end of the Rluc gene (first nt shown in 

green arrow at position 172). Analysis in RNAfold showed a similar pattern, forming a self-contained region 

isolated from the rest of the RNA beginning at the stem containing the paired nt 238 and 9265 (red arrows). This 

self-contained region was then used in MPGAfold with 50 runs which also gave a similar structure. Computational 

analyses were performed by Wojciech Kasprzak and Dr. Bruce Shapiro of NCI. 
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Figure 3.27. Alternative binding partners for TL2 in the 5’ and 3’UTRs. In addition to the PKs, the TLs (shown 

as “B”) have the propensity to bind to loop regions (shown as “A”) of SLA, SLB, and the 3‟SL. RNA folding of the 

minigenome was done in MPGAfold using efn2 calculations and a 16K population by Wojciech Kasprzak and Dr. 

Bruce Shapiro of NCI. 
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Table 3.1. Half lives (t1/2) of Rluc signals of select replicon 

mutants. Rluc signals were measured from BHK21 cells 

transfected with replicon RNAs at 2, 4, and 6 hpt.  

Replicon t1/2 (h) 

WT 2.499 ± 0.1319 

GND 2.807 ± 0.535 

Δ
5
TL1 2.266 ± 0.002 

Δ
5
TL2 2.205 ± 0.045 

Δ
5
TL1Δ

5
TL2 2.198 ± 0.0385 

TL1Flip 2.619 ± 0.381 

TL2Flip 2.811 ± 0.5415 

TL1FlipTL2Flip 2.715 ± 0.49 

PK1Flip 2.499 ± 0.1319 

TL2FlipPK1Flip 2.807 ± 0.535 
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CHAPTER 4 

FUNCTIONAL ANALYSIS OF ADDITIONAL CONSERVED SEQUENCES IN THE 3’ DUMBBELL 

STRUCTURE 

 

4.1 Background 

 Results from Chapter 3, supported by an in vitro translation study [126], indicate that the 

3‟DB is the major player in translation and replication. We therefore decided to further dissect 

the role of the different parts of the 3‟DB in the viral life cycle.  

 In this region, two additional sets of conserved sequences can be found. Surrounding the TL2 

sequence are nucleotides that are also conserved but are not predicted to participate in 3‟ψ 

formation [141]. In silico analysis has not revealed any potential binding partners for these bases 

and their strong conservation in different serotypes and the JEV group suggests a functional role 

for them. To the best of our knowledge, no studies have been done to elucidate their function to 

date. 

 Towards the distal end of the 3‟DB is the CS2 which is found in all flaviviruses [111, 140]. 

Like CS1, its sequence is invariable and does not exhibit any co-variation. Folding predictions 

show that it can fold into a small stem loop [138, 141]. Deletion of the entire CS2 in WNV does 

not affect translation but severely attenuates replication [123]. Whether it functions through its 

sequence or the stem loop has yet to be determined. 
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4.2 Results 

 We first examined the role of the conserved nucleotides adjacent to TL2. In addition, we used 

this opportunity to study the potential 3‟ψ. By introducing mutations at the surrounding 

nucleotides which increase the number of bases participating in the pseudoknot, we should, in 

theory, also increase translation as we further stabilize this tertiary interaction. Our mutants in 

Chapter 3 indicate that efficient translation relies on this interaction rather than specific 

sequences. Figure 4.1 shows the sequences of the replicons that we used for this study. 

 Contrary to what we had expected, increasing the number of base pairs between TL2 and PK1 

did not enhance translation (Fig. 4.2). Changing the nucleotide immediately downstream of TL2 

(+1 down) results in a dramatic loss of protein expression indicating a critical role for this 

position.  The A-1 position seems to be tolerant for mutations as the +2 up replicon is able to 

translate efficiently. Adding another mutation at A-2 (+1 up) and G-3 (+3 up) further decreases 

translation. Interestingly, the combination of all four changes slightly rescues the defect in +1 

down.  

 A similar pattern was observed in their replication (Fig. 4.3). A+1 (+1 down) cannot tolerate a 

single mutation while A-1 (+2 up) is relatively the most flexible position which can accommodate 

a substitution mutation. Again, replication decreased in proportion to the increasing the number 

of bases that are changed upstream (+1 up and +3 up) (Fig. 4.3A). Likewise, combining the three 

substitutions upstream (+3 up) with +1 down slightly increased replication. 

 We next examined the requirements for CS2 in translation and replication. To determine if the 

sequence or stem loop structure of CS2 is required in cis, we designed mutations that maintained 

the predicted secondary structure and the number of pyrimidines and purines. In addition, we 
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divided CS2 into three regions: Loop A, Stem, and Loop B (Fig. 4.4). If structure indeed plays a 

role, we would be able to determine which submotif is responsible for its activity.  

 Analysis of Rluc activities at 2 hpt shows that although the small bulge-stem-loop structure of 

TL2 is maintained using nonviral sequences, translation and replication are both deficient (Figs. 

4.5-4.6). This eliminates RNA structure as a possible mechanism of CS2 function. In addition, 

the similar levels of the submotif mutants with CS2mut demonstrate that all positions of the CS2 

are critical and any changes would result in an immediate loss of function.   
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4.3 Discussion 

 In Chapter 3, we have shown that the interaction between TL2 and PK1 is able to restore 

translation. We surmised that stabilizing this tertiary structure would result in enhanced 

translation. A similar approach was done to study the contribution of DENV2 cHP in start site 

selection. A more stable cHP was able to increase translation from the first AUG codon by 2-3 

fold [104]. We thus changed the sequences adjacent to TL2 to increase the number of base pairs 

from 5 to 9 (Fig. 4.1). By using this approach, we would be able to simultaneously study the 

roles of these conserved nucleotides in the virus and the effect of a more stable 3‟ψ in 

translation. Because these nucleotide positions are conserved but not part of the potential 3‟ψ, it 

is likely that these bases are only required for replication possibly as part of a protein recognition 

site together with TL2. If this is the case, mutating these bases should not have any detrimental 

impact in translation.  

 Contrary to what we expected, translation was disrupted to varying degrees in the different 

mutants (Fig. 4.2). The upstream G-3A-2A-1 seems to be more tolerable to mutations while A+1 is 

the most sensitive. The inability of the “stable” 3‟ψs to enhance translation could possibly be 

explained by several reasons. For one, when the interaction occurs, the bases in the stem of the 

3‟DB might be forced to unwind to sterically accommodate the lengthened 3‟ψ. This is most 

likely the reason why mutating A+1 has the most drastic effect as it is nearest to the stem. The 

disruption of the base pairing in the 3‟DB stem would most likely lead to a decreased stability of 

this region. Second, a thermodynamic study showed that single stranded regions flanking a 

RNA-RNA duplex contribute to the stability of the interaction [172]. In the +1 down mutant, the 

single stranded region in the A+1 position is removed. This could have resulted in a less stable 
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3‟ψ interaction which would have blocked its function. On the other hand, extending the 

mutations upstream gradually attenuated translation presumably because of the loss of the single 

stranded stacking interactions. These two possibilities, however, could not explain why the +1 up 

mutant was deficient (Fig. 4.2). In this replicon RNA, there was only one additional base pair at 

the -1 position; the native -2 base pair was eliminated by an AU substitution (Fig. 4.1). If the 

3‟DB stem was destabilized due to the introduction of the nonviral base pair, we would have 

expected to see a more drastic effect in +2 up than in +1 up since the former has a base pair more 

than the latter that might have a greater unwinding effect on the 3‟DB. In the same light, because 

+2 up has more base pairs and less single stranded region at G-3, the RNA-RNA duplex should 

be less stable in this mutant and thus would have affected translation more. However, Figure 4.2 

demonstrates that the +2 up mutant translated like WT while the +1 up RNA had only ~61% 

activity. The most plausible reason that can explain our results is these nucleotides are required 

as recognition sites for a translational enhancer. The gradual weakening of this postulated 

protein-RNA interaction by mutation of the -1 to -3 positions, regardless of base pairing 

probabilities, resulted in increased defects (+2 up < +1 up < +3 up). However, it is interesting to 

note that the +4 mut slightly increased translation (Fig. 4.2) despite all positions being changed.  

 It is quite surprising that TL2 does not seem to share this sequence requirement for 

translation. One would expect that because these conserved nucleotides are adjacent to each 

other, that they may act as a single functional unit. We postulate that in protein synthesis, the role 

of TL2 is to interact with an RNA element whether through PK1 (Fig. 1.3) or other alternative 

sites (Fig. 3.27). This three-dimensional conformation of the 3‟DB is recognized by the 
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translation machinery. A protein enhancer is recruited and binds to the loop region, specifically 

engaging the nucleotides around TL2.  

 Similarly, the importance for the sequences in this region is seen in replication. It is unlikely 

that the replication efficiencies seen here are due to translational defects. For one, the Rluc data 

was supported by qPCR measurements (Fig. 4.3). Second, the +2 up translated like WT but is 

attenuated at 96 hpt. Third, the IRES element in the replicon guarantees equal supply of 

nonstructural proteins for the different mutant RNAs, regardless of their effects in translation. 

The adjacent sequences surrounding TL2 are thus multifunctional. They most likely recruit a 

trans-acting factor in the replication complex that could recognize the entire loop region as a 

single binding site. 

 Our results thus show that the sequences in the conserved region in the 3‟DB loop are 

important for both translation and replication. We extended our study of the 3‟DB by analyzing 

another conserved region, the CS2. CS2 is conserved in the flaviviruses [111, 140] and predicted 

to form a bulge-stem-loop structure. Because of its strong sequence conservation, it is difficult to 

determine whether the structure it forms is important or incidental due to the sequences. It is 

possible that like TL2, both the CS2 structure and sequence are important but at different stages 

of the life cycle.  

 Analysis of our mutant replicons all show that the sequence itself is important and 

maintaining the structure is not sufficient for efficient translation and replication (Figs. 4.5 and 

4.6). Localized mutations resulted in similar attenuation of Rluc signals suggesting that CS2 

requires its entire sequence to function possibly as a protein binding site. It is curious that 

knocking out its function resulted only to a 50% decrease in translation consistent with a 3‟DB 
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deletion done in a smaller reporter construct [126]. This residual activity could be due to the 

presence of the RCS2, a duplicated region of the CS2. However, the deletion of the entire CR, in 

the presence of the 3‟SL, still allowed translation to occur but to ~20% of WT [126]. Additional 

mutations would thus need to be done in order to examine the cooperative contributions of the 

CR and 3‟SL elements in translation.    

 Similarly, the loss in replication seems to be relatively similar for all of the mutants thus 

arguing for the CS2 to be a protein binding site (Fig. 4.6). It may, however, be for a different 

protein that is recruited for translation. Because components of the RC are in abundance, any 

translational defect by the CS2 mutations should not affect replication. However, because the 

Rluc signal at 96 hpt is still dependent on the cap-dependent translation of the reporter, qPCR 

measurements were necessary to show that the defects were solely due to a deficiency in 

replication.  

 An alternative possibility is the same protein binds to CS2 but have different functions at 

early and late time points in the viral life cycle. On the other hand, it could have a single role that 

is required for both processes such as recruitment of the RNA to the ER or act as a folding 

chaperone. For instance, the elongation factor 1 alpha (eF-1α) was identified to bind to 3‟SL of 

flaviviruses [144, 173]. Because it can be anchored at the ER [174], eF-1α can recruit the viral 

RNA for both translation in ribosomes and replication in rearranged vesicular compartments. A 

similar protein providing the same function might bind to this region. Clearly, the identification 

of proteins that interact with this region warrants further investigation and could lead to a better 

understanding of flavivirus translation and replication strategies. 
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4.4 Figures 

 

 

Figure 4.1. Sequences of TL2 loop region of replicons containing mutated nucleotides (lower case) adjacent to 

TL2 (boxed) which increases the base pairing between TL2 and PK1 regions.  

 

 

 

 



 

104 

 

 

 

 

 

 

 

Figure 4.2. Translation of replicon mutants which have increased base pairing between TL2 and PK1. 

*p<0.01 when compared to WT.  
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Figure 4.3. Replication of replicon mutants which have increased base pairing between TL2 and PK1.. 

Replication efficiencies were independently measured using (A) Rluc activity or (B) (+)-strand replicon RNA by 

qPCR at 96 hpt. *p<0.01 when compared to WT. Separate transfections were done for Rluc and qPCR analyses. 

Assays were done at least in triplicates at different times. 
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Figure 4.4. Sequences of CS2 mutants. The CS2 region was arbitrarily divided into three regions (boxed): Loop A, 

Stem, and Loop B. Mutations (lower case) were introduced in the replicon system that maintained the number of 

pyrimidines and purines, and the secondary structure as predicted by Mfold (data not shown). 
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Figure 4.5. Translation of CS2 mutants. *p<0.01 when compared to WT. Assays were done at least in triplicates. 
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Figure 4.6. Replication of CS2 mutants. Replication efficiencies were independently measured using (A) Rluc 

activity or (B) (+)-strand replicon RNA by qPCR at 96 hpt. *p<0.01 when compared to WT. Separate transfections 

were done for Rluc and qPCR analyses. Assays were done at least in triplicates at different times. 
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CHAPTER 5  

THE CORE REGION IS INVOLVED IN NON-CANONICAL TRANSLATION BUT NOT IN DE NOVO 

RNA SYNTHESIS 

 

5.1 Background 

 Mutational analysis of different regions of the CR shows that DENV uses the 3‟-UTR to 

regulate its protein expression and RNA synthesis. Because several mutants translated efficiently 

but are severely attenuated in replication (Δ
5
TL1, TL1Flip, PK2Flip, PK2mut, PK1Flip, PK1mut, 

PK2mutPK1mut, +2 up), the decrease in Rluc activity at 96 hpt cannot be explained by a defect in 

translation like with other mutants. Thus, the virus most likely utilizes this region for two distinct 

pathways. As an exploratory study to narrow down the molecular events that involve the CR, we 

decided to focus on its (1) ability to undergo non-canonical translation and (2) to synthesize de 

novo RNA products using purified polymerase.  

 DENV is a unique virus such that its genome contains type I cap at its 5‟ end yet does not 

require it when it undergoes translation in conditions where the amounts of cap-binding protein 

eIF4E are limiting [108]. It was found that the virus needs both the 5‟- and 3‟-UTRs for 

noncanonical translation of its genome in an IRES-independent manner. To date, no study had 

been done that tried to identify cis elements in the UTRs which participate in this novel 

translation mechanism. Therefore, we sought to test whether the CR was involved in this 

process. 

 Because the conserved sequences in the CR also modulate replication, the first logical step to 

examine is to determine their mode of action is RNA synthesis. Our group has developed an in 

vitro polymerase assay which has been used to identify sequence and structural requirements for 
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the promoter activity of the NS5 [92, 112, 114, 121, 136, 146, 152]. In this thesis, we intended to 

determine if the CR plays a role in de novo RNA synthesis by examining the efficiencies of (−)- 

and (+)-strand synthesis of RNA templates containing the mutations in the CR in vitro. 
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5.2 Results 

5.2.1 The role of the CR in noncanonical translation 

 In a previous study, the ability of DENV RNA to serve as a template for translation in the 

presence of limiting amounts of eIF4E was tested using an siRNA or the compounds wortmannin 

and LY294002 [108]. These two compounds are inhibitors of the phosphoinositide 3-kinase 

which regulates the eIF4E binding protein 1 (4E-BP1). Blocking kinase activity leads to 

hypophosphorylation of 4E-BP1. This form of 4E-BP1 is able to sequester the eIF4E, thus 

suppressing the cap-dependent translation of capped mRNAs. Treatment of BHK21 cells with 1 

µM wortmannin or 40 µM LY294002 led to a decrease in total cellular protein synthesis and the 

translation of the positive control luciferase reporter mRNA flanked by β-globin UTRs [108]. 

However, protein expression was not completely inhibited. Although the IC50 values for these 

compounds were reported to be much less than what was used (~4.2 nM for wortmannin and 

~1.4 µM for LY294002, [175]), it is possible that the EC50 values determined in cell culture-

based assays are much higher. The ability of the β-globin luciferase reporter to be translated 

albeit at a much lower efficiency in the presence of these inhibitors most likely suggests that the 

concentrations used were suboptimal for complete translational shutdown. Thus, we wanted to 

determine if these concentrations are indeed sufficient for inhibition. 

 Figure 5.1 demonstrates that the effect of LY294002 is already saturated at 50 µM as the 

degree of inhibition was unchanged at higher concentrations or extended incubations. Even at 

these amounts, translation of the reporter RNA was still present indicating an alternative pathway 

for translation of capped RNAs. On the other hand, wortmannin was not saturated at these 

concentrations and continued to allow translation at higher levels than LY294002. This was 
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surprising as we were already testing at ~250-500-fold more than its IC50 while LY294002 was 

only at ~50-fold more. It is possible that this difference may lie on the absorption of the two 

drugs. Because LY294002 seems to be better absorbed and its effects are immediate and stable 

as early as 2 hpt, we decided to continue our experiments using this compound. 

 We next decided to take a closer look at the kinetics for inhibition of translation by LY294002 

at 40 µM, the concentration that was used in the previous study with BHK21 cells [108]. We 

extended our time course study from 1-5 hpt to try to determine the earliest time point where we 

can detect inhibition with a decent signal:noise ratio. This is critical as the Rluc signal from the 

replicon RNAs sharply decreases after 2 hpt. Figure 5.2 shows that the inhibition is immediate 

and fairly constant for all time points. In addition, the signal:noise ratio is maximum at 5 hpt. 

However, because the Rluc reporter signal from the replicon has already significantly declined at 

this time (Fig. 4.1), we chose to do our succeeding experiments at 2 hpt. At this point, we are 

measuring the maximum translation from the replicon while getting a differentiable signal for 

inhibition of cap-dependent translation. 

 Instead of testing all the mutant replicons that we have constructed, we decided to select a set 

of replicons which best represent the mutations that were done so far. Like in the previous 

chapters, we transfected equimolar amounts of the RNAs to BHK21 cells and treated the cells 

with or without LY294002. At 2 hpt, their Rluc activities were measured and compared to the 

untreated WT. This assay would theoretically differentiate cis elements that the virus uses for 

either cap-dependent translation or noncanonical protein synthesis. RNA elements or structures 

that are solely involved in the former should not affect noncanonical translation when mutated. 

If, for example, TL2 is required only for the cap-dependent translation, then translation of the 
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replicon RNAs containing mutations of the TL2 motif as in Δ
5
TL2, TL2Flip, and TL2PK1, 

should be similar to that of the WT RNA in the presence of the inhibitor. Conversely, if DENV 

uses the motif to facilitate noncanonical translation, the mutants should exhibit a deficiency in 

Rluc expression. 

 Translation efficiencies of select mutant replicons remain the same even in the presence of 

LY294002 (Fig. 5.3A). Δ
5
TL1Δ

5
TL2, TL1FlipTL2Flip, +4 mut, and CS2mut are still deficient in 

translation while TL1FlipPK2FlipTL2FlipPK1Flip and PK2mutPK1mut translate efficiently. The control 

RNA GLGpA that was co-transfected with the mutant replicons was inhibited in all cases to 

around ~30-40% of untreated (Fig. 5.3B). The data presented here indicate that these elements in 

the CR are essential for efficient noncanonical translation. This is the first report that identifies 

specific sequences in the 3‟-UTR that function in this process. 

 

5.2.2 The role of the CR in de novo RNA synthesis 

 Our lab was the first to develop an in vitro polymerase assay for flaviviruses using exogenous 

RNA templates [86, 112, 121, 176].  Since then, the RdRP assay was used to determine the 

requirements of replication such as the long range 5‟CS/3‟CS1 interactions [114, 121], minimum 

promoter element for RNA synthesis [92], and the terminal sequences at the 3‟ end [152]. Using 

a small RNA consisting of the first 230 nt from the 5‟ end and the last 489 nt of the genome, we 

have shown that the recombinant His-tagged NS5 can synthesize a de novo product. We sought 

to determine whether mutations in the CR can affect the production of RNA using this system. 

 To date, our group has used a full length NS5 construct with a His tag at its N terminus 

expressed in E. coli [86]. However, the expression of the protein in mg quantities has proven to 
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be challenging (M. Manzano, T. Teramoto, S. Boonyasuppayakorn, S. Alcaraz-Estrada, and R. 

Takhampunya, and R. Padmanabhan, unpublished observations). To improve the yield from 

expression, we initially made a construct containing the NS5 polymerase domain in the same 

vector which greatly increased protein expression and was active in RdRP assays (T. Teramoto, 

M. Manzano, and R. Padmanabhan, unpublished results). In addition, our collaborator, Dr. Craig 

Cameron of Pennsylvania State University subcloned the full length NS5 in a pSUMO vector 

(Fig. 5.4). The expressed protein from this construct contains a His-SUMO fusion tag which can 

be cleaved off by the UlpI protease digestion to produce a full length NS5 with an authentic N-

terminus. It has been shown that the presence of additional residues on the purified RdRPs of 

norovirus and poliovirus significantly inhibited their polymerase activities [177, 178]. This 

construct, then, would be the preferred protein to be used in RdRP assays as it contains the full 

length NS5 (1-900 aa) with an authentic N-terminus.  

 We first expressed pSUMO-DEN2NSNHis in E. coli Rosetta (DE3)pLysS and determined the 

efficiency of expression. Figure 6.5 shows a significant improvement of protein yield using this 

construct (full length NS5 is migrating at >100 kDa). Similar to our original NS5 protein, we 

also see a smaller band at ~50 kDa which we believe to be a truncated product of our protein. 

 We proceeded to pool the first three fractions and dialyzed them overnight in the presence of 

UlpI. Digestion with UlpI produced a NS5 band with authentic N terminus judging from its 

faster migration when compared to the uncut protein aliquot (Fig. 5.6, Lanes 2 and 3). The 

contaminating band at ~50 kDa was now reduced to a faster migrating protein of ~30 kDa, 

confirming that this was a truncated product of the NS5 protein. Although the protein was 

dialyzed using a membrane with a 50 kDa pore size, the ~30 kDa cleavage product was not 
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removed (Lane 2). To get rid of this product, we passed the protein fraction through an Amicon 

Ultra Centrifugal Filter (50 kDa cutoff). However, Figure 5.7 shows that this additional 

purification step also did not remove the contaminating band.  

 We initially decided to use the procedure set by Filomatori et al. because they used both Mg
2+

 

and Mn
2+

 in their reaction buffer [92]. Manganese ions were shown to enhance the polymerase 

activity of HCV RdRP [179]. Using these conditions, we were able to get polymerase activity 

using the (+)- and (–)-strand (719 nt) minigenome templates (Fig. 5.8). However, in a very recent 

paper that was published after we have done some of our RdRP experiments, the same group 

who used Mn
2+

 in their DENV RdRP buffer demonstrated that this “enhancement” of activity 

was due to the nonspecific template usage of the polymerase [180]. Purified NS5 was able to use 

the PolyC RNA as templates in the presence of Mn
2+

. We thus needed to repeat some of our 

experiments to confirm our data. Figure 5.8 shows that the polymerase is active when the (+)-

strand (719 nt) DENV RNA is used in the presence or absence of Mn
2+

. However, the (–)-strand 

copy is only active with Mn
2+

. This thus implied that our RdRP data using the (–)-strand RNAs 

of the mutants cannot be used as these were done in the presence of Mn
2+

. 

 From this new information on the Mn
2+

-induced promiscuity of the DENV polymerase, we 

decided to repeat the assays of our (+) mutant RNAs by omitting Mn
2+

 in the reaction buffer. We 

observed that like in the WT (+) RNA, the mutant (+)-strand templates behaved similarly in 

either buffer. Figure 9 summarizes the results from both conditions. PK1Flip and TL2FlipPK1Flip 

were the only mutants deficient in replication. However, these are rescued by the mutation of the 

5‟CS to restore the correct number of base pairs between the 5‟CS/3‟CS1 regions. This suggests 

that the defect that we see here was not due to the mutation but to the loss of genome cyclization. 
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It is interesting that the in vitro RdRP assay which measures the (–)-strand synthesis from the 

(+)-strand templates only requires the end-to-end interaction dependent on the cyclization 

sequences but is independent of the sequence while our replicon data demonstrates a requirement 

for both.  
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5.3 Discussion 

 The DENV has been shown to translate its RNA even in conditions where amounts of the 

cap-binding protein eIF4E are limiting [108]. This mechanism was found to be independent of an 

IRES element but requires both the 5‟- and 3‟-UTRs. In this Chapter, we report that the elements 

in the CR of the 3‟-UTR are involved in the noncanonical translation of the DENV RNA. 

 Several examples of cap-independent translation strategies are well studied in plant viruses. In 

tomato bushy stunt virus for instance, two stem loops from the opposite ends of the RNA were 

proposed to interact with each other to facilitate mRNA circularization for translation [181, 182]. 

The SL3 loop at the 5‟-UTR contains a 5‟-CGAC-3‟ motif that is similar but in the reverse 

orientation as PK1. This, together with the rest of the SL3 loop can bind to a reversed TL2-like 

sequence 5‟-GUCG-3‟ in the SL-B at the 3‟end. Similar long range RNA-RNA interactions are 

also seen in Blackcurrant reversion nepovirus [183], tobacco necrosis virus [184], and Barley 

yellow dwarf luteovirus [185].  

 A parallel scenario might also take place in DENV. As mentioned earlier, DENV 

noncanonical translation requires the presence of both 5‟- and 3‟-UTRs [108]. Translation is 

independent of the 5‟CS/3‟CS1 interactions as TL1FlipPK2FlipTL2FlipPK1Flip and PK2mutPK1mut 

were able to translate even without a 3-nt compensation at the 5‟CS for the PK1 mutations (Fig. 

5.3). This is consistent with studies that demonstrate that the flaviviral 5‟CS/3‟CS1 

complementarity is not required for translation [123, 124]. Thus, the circularization of the RNA 

for translation is facilitated by another type of interaction. Potential long range “kissing” loop 

partners in the UTRs are TL1 or TL2 (5‟-CUGU-3‟) and SLA or SLB (5‟-ACAG-3‟) (Fig. 3.27).  



 

118 

 

 On the other hand, a protein complex maybe able to bridge the two ends together, much like 

in mammalian mRNAs [186]. In Turnip crinkle virus, it was shown that a T-shaped translational 

enhancer at the 3‟ end can bind to 60S ribosomal subunits [187]. According to the model that the 

authors proposed, once the 60S subunit is bound to the 3‟-UTR, this finds the 43S preinitiation 

complex at the 5‟ end to form the 80S ribosome and initiate translation. Structural analysis of 

this cis acting RNA element showed that it mimics the three-dimensional shape of a tRNA thus 

explaining its ability to recruit the 60S ribosome [188]. Preliminary modeling of the 3‟DB 

structure reveals a similar conformation (W. Kasprzak and B. Shapiro, unpublished results). It 

would thus be interesting to perform an electrophoretic mobility shift assay with the 60 and 40S 

subunits to determine whether the different 3‟DB mutants decrease binding affinities to the 

ribosome which could explain their translational defects. In addition, it may be worth exploring 

the ability of the 5‟termini to also bind to the 43S preinitiation complex or its components. 

Because the DENV RNA does not lose its translatability when eIF4E is limiting, the virus finds 

another way to recruit the translation initiation complex. 

 The presence of a translational enhancer like the CR at the 3‟end of the genome might provide 

two advantages for the virus. For one, it ensures that only transcripts that have the complete 

message will be translated [189]. Second, such RNA element may allow the RNA template to be 

used for replication rather than translation [190]. Positive strand RNA viruses cannot use the 

same template for both RNA processes and there has to be a switch that allows replication to 

proceed without competing for ribosomes [191]. When the amount of RdRP accumulates after 

several rounds of translation, the polymerase begins to copy the (–)-strand from the 3‟end. Upon 
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reaching the 3‟ translational element, the replication complex melts the structure thereby shutting 

off translation and allowing RNA synthesis to occur.  

 The CR can also possibly control replication by binding to the different components of the 

replication complex and its regulators as shown by the sequence requirement for all conserved 

motifs (See Chapters 3-4). Our choice to examine NS5 polymerase activity was based from a 

practical standpoint. Our laboratory has already established an in vitro RdRP assay which has 

been used to identify the roles of different RNA elements in the genome [112, 121, 136, 146, 

152]. The polymerase was also an obvious choice to begin a mechanistic study of the role of the 

CR as it is the major player in RNA synthesis. Having this candidate protein and assay saves an 

otherwise cumbersome step in identification of other factors that can bind to the WT but not 

mutant RNA.  

 We initially chose to test polymerase activity using both Mg
2+

 and Mn
2+ 

ions. In other viruses 

including phages Φ6 [192-194], Φ8, Φ12, and Φ13 [195, 196], bovine viral diarrhea virus [197], 

classical swine fever virus [198] and HCV [179, 199-201], the addition of Mn
2+ 

 ions stimulated 

RdRP activity. Mn
2+

 was shown to destabilize Φ6 RdRP structure that was proposed to be 

required to achieve a certain structural flexibility that allows efficient RNA binding, initiation 

and elongation [194]. However, this Mn
2+

-induced destabilization significantly decreases 

template specificity as the DENV polymerase can now use a nonspecific RNA such as a PolyC 

RNA as a template for RNA synthesis [180].  

 Re-testing our assays in buffers with or without Mn
2+

 demonstrated that the DENV 

polymerase can only use the (+)-strand template in our system (Fig. 5.8). In addition, the (+)-

strand mutant RNAs behaved similarly in either case. We did not see any significant effects in 
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RNA synthesis for both cases with the exception of the (+)-strand templates of PK1Flip and 

TL2FlipPK1Flip (Figs. 5.9). This loss of activity is due to the decrease in 5‟CS/3‟CS1 basepairing 

from the PK1Flip mutation because the reconstitution to the correct number of basepairs brought 

back replication (Fig. 5.9).  

 Taken together, at least for this system containing a 719-nt minigenome and the purified full 

length NS5, the CR does not seem to affect the (+)(–) RNA synthesis step. This seems 

consistent with prior in vitro RdRP experiments that demonstrated that the 5‟-UTR is the 

minimum promoter for polymerase activity [92, 114]. It is important to note that the in 

vitro RdRP system is limited as it cannot use the (–)-strand RNA as a template for replication. 

Developing an assay that can examine the (–)-strand(+)-strand  RNA synthesis will be useful 

to help identify the step at which the CR sequences act. One such assay that we are trying to 

develop involves the use of a Fluc reporter RNA (in either polarity) flanked by the DENV 5‟- 

and 3‟-UTRs (T. Teramoto, M. Manzano, and R. Padmanabhan, unpublished data). This RNA 

will be transfected into DENV2 Rluc replicon-expressing BHK21 cells. Because the cell line 

contains all the trans-acting factors needed to replicate the viral RNA, the transfected 

minigenome should be able to also be copied. A similar method has already been established in 

HCV [202]. Preliminary experiments have shown that the WT (–)-strand minigenome can 

replicate and produce the Fluc signal after three days of transfecting the RNA into the replicon-

expressing cells. Our next step is to examine the effect of our mutant RNAs in the trans-

complemented replication of the (–)-strand minigenome. 
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5.4 Figures 

 

 

 

Figure 5.1. The inhibition of cap-dependent translation of the reporter GLGpA by increasing amounts of 

wortmannin and LY294002. The mRNA for GLGpA (Fluc gene flanked by the 5‟ and 3‟-UTRs of rabbit α-globin) 

[126] was transfected in BHK21 cells and treated with different amounts of wortmannin and LY294002. Fluc was 

measured at 2, 3, and 4 hpt. 
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Figure 5.2. The inhibition of translation of the reporter RNA GLGpA by LY294002 (40 µM) is stable.  
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Figure 5.3. Translation efficiencies of mutant replicons in the presence or absence of LY294002 (40 µM). (A) 

Rluc activities were measured at 2 hpt in BHK21 cells transfected with equimolar amounts of capped replicon 

RNAs, and incubated in the presence or absence of 40 µM LY294002. (B) Fluc activities at 2 hpt of positive control 

RNA GLGpA co-transfected with the mutant replicons in the presence of the inhibitor expressed as a percentage of 

GLGpA signal without treatment. 
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Figure 5.4. Schematic of pSUMO-DEN2NS5NHis. The full length NS5 gene was subcloned into pSUMO vector, 

producing a His-SUMO fusion at its N terminus. Treatment of the recombinant protein with UlpI produces a NS5 

protein that has an authentic N terminus. Construct was made by Dr. Craig Cameron‟s group at Pennsylvania State 

University. 
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Figure 5.5. Eluted fractions from pSUMO-DEN2NS5NHis construct expressed in E. coli Rosetta (DE3)pLysS. 

Fractions (500 µL) were collected from a Talon cobalt resin incubated with the soluble fraction from 2 L of bacterial 

culture induced with 1 mM IPTG for 48 h at 16°C. 10 µL of the Dual Color Precision Plus Protein Standard was run 

as molecular weight ladder (MW). Proteins were run in 8% SDS-PAGE gel. 
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Figure 5.6. Full length NS5 protein after UlpI digestion. The first three fractions containing the most eluted 

proteins were dialyzed in the presence of UlpI. This protease cleaves and releases the N terminal His-SUMO fusion 

tag, producing a NS5 protein with authentic N terminus (top band in Lane 2). An aliquot of the fractions prior to 

dialysis and digestion was run in Lane 3. 10 µL of the Dual Color Precision Plus Protein Standard was run as 

molecular weight ladder (MW). Proteins were run in 8% SDS-PAGE gel.  
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Figure 5.7. Full length NS5 protein purified after passing through Amicon Ultra Centrifugal Filter. An aliquot 

of the purified NS5 after centrifuge filtration was run in a 8% SDS-PAGE gel. 6 µL of the Pre-stained Broad Range 

Protein Marker (7-175 kDa) was run as molecular weight ladder (MW).  
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Figure 5.8. The effect of Mn

2+
 ions on RdRP activity using (+)- or (–)-strand templates. WT or mutant 

(+)-strand RNAs (150 ng) were used as templates for (–)-strand synthesis by 20 nM purified NS5 in the 

presence of [α-
32

P]-GTP in reaction buffer with or without 2 mM MnCl2. RNA products were run on 

different 4% 8M urea-polyacrylamide gels as part of an antiviral polymerase assay, detected by 

PhosphorImager.  
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Figure 5.9. RdRP assay of (+)-strand copies of 719 nt minigenomes containing the CR mutations. WT 

or mutant (+) RNAs (150 ng) were used as templates for (–)strand synthesis by 20 nM purified NS5 in the 

presence of [α-
32

P]-GTP. RNA products were run on 4% 8M urea-polyacrylamide gel with or without 2 

mM MnCl2, detected by PhosphorImager. Band intensities were measured by ImageJ software and 

expressed as a percent of WT. Experiment was repeated five times. Error bars represent standard error of 

mean. *p < 0.05 compared to WT. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 Despite several studies that examined the role of the CR, its exact function and the 

contribution of its conserved sequences in translation and replication remain unclear. Alvarez et 

al. showed that the deletion of the 5‟ or 3‟DB in a DENV2 replicon reduced replication to about 

1% of WT and that the effect was greater when the entire CR is removed [124]. However, a 20-

30% decrease in translation was only seen when both DBs are deleted. Using a smaller 

translation construct, similar deletions resulted in varying degrees of translation [126]. The 

deletion of the 3‟DB had a more pronounced effect (~46% decrease) while the deletion of 5‟DB 

had a less noticeable impact (~22% decrease). Deleting both, however, dropped the luciferase 

activity by ~82% [126].  

 The differences in these published reports may lie on the approaches that they used. For one, 

the replicon study measured translation using only one time point (10 h) whereas Chiu et al. 

determined the maximum accumulation of the luciferase reporter from a 0-6 h time course 

analysis for all of their mutants. As the kinetic analysis shows, the rates of luciferase expression 

of the mutants follow the same initial trend for the first 3 h then the gaps widen afterwards [126]. 

It is likely that the 10 h translation time point Alvarez and colleagues chose fell in this initial 

phase where the mutational defects were hardly distinguishable from the WT. In addition, the 

transfection methods also differed in these studies. The replicon RNA was delivered by 

lipofection while the translation reporter was electroporated in cells. Since neither study has co-

transfected their reporter RNAs with a transfection control RNA, the efficiency of delivery is 

critical. This gives electroporation an advantage as the RNA is immediately introduced, ensuring 
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that most of the input RNA was transfected. On the other hand, the replicon-liposome complex is 

susceptible to degradation as intracellular uptake happens for several hours. This would decrease 

the assay‟s sensitivity to measure the slight differences between the translation of the mutant 

replicons. 

 Our approach takes into consideration these nuances in the protocol as we used 

electroporation, co-transfected a control RNA, and measured different time points for Rluc 

activity (for selected mutants). Our work is unique in the study of the CR as we are the first to do 

detailed mutational analysis of the different conserved sequences in this region without doing 

any large deletions.   

 Based on structural predictions and sequence analysis, it was believed that the 5‟ and 3‟DB 

are functionally redundant elements that provide a robust mechanism for translation and 

replication in the scenario when random mutations occur in either structure. However, Chapter 3 

shows that the presence of TL2 in the 3‟DB is more critical than TL1, in agreement with the 

translation study done by Chiu et al. [126]. TL1 has a minor role in translation that could only be 

seen when TL2 is also mutated (Figs. 3.3 and 3.6). Because they have the same sequence, the 

functional differences of TL1 and TL2 is likely due to the structure in which they are presented. 

In silico analysis seem to support this conclusion as their structural components differ which 

influence their stabilities of formation (Fig. 3.23-3.25).  

 Our MPGAfold results challenge the proposed model for the secondary structure of the CR of 

DENV. It is thus important to solve the solution structure of this region in order to better 

understand and interpret our results. Although Romero et al. reported a secondary structure of the 

DENV4 CR, they have used only the 3‟-UTR as the template for RNAse mapping [203]. This 
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approach is limiting as it does not take into consideration the potential effects of other sequences 

in RNA folding. The 3‟-UTR induced conformational changes in the 5‟-UTR when added in 

trans [132]; a similar effect might occur at the 3‟-UTR when other sequences are present. The 

full genome then must be used for this purpose.  

 Classical methods of RNA structure probing involve the modification of a labeled template 

whose cleavage pattern is analyzed through a sequencing gel. Because of the limit of resolution, 

this approach can only read up to 500 nt of template. In the recent decade, advances in field have 

allowed us to eliminate this length restriction. In this method, a template of any size can be 

modified enzymatically or chemically. The region of interest is analyzed by primer extension 

using labeled primers and the products are resolved through a sequencing gel or capillary 

electrophoresis. This approach was used to solve the secondary structure of an entire HIV-1 

genome [204]. 

 In addition to determining the formation of the DBs, RNA probing analysis can also identify 

the binding partners of TL1 and TL2. The ability of mutant TL1/PK2 and TL2/PK1 base pairings 

to rescue translation while PK2/1 mutations having no significant impact in translation raise the 

question whether the proposed pseudoknots do exist. Figure 3.27 shows other candidate binding 

partners for the TLs at the 5‟ and 3‟ ends which can be confirmed by structure mapping. 

Alternatively, RNA interactions can be identified from second site mutations generated from 

revertant clones of infectious mutant RNAs passaged in cells. Our group has already started to 

clone the 3‟-UTR mutations in the infectious virus. 

 Assessing the three-dimensional folding of the CR may also give hints on its role in the virus 

life cycle. Preliminary modeling of the 3‟DB indicated that it adapts a T-shaped conformation, 
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similar to a tRNA (W. Kasprzak and B. Shapiro, unpublished results). tRNA-like structures 

(TLSs) can be found in the 3‟-UTR of different plant viruses which they use for translation and 

replication [188, 205-207]. Turnip crinkle virus contains an internal TLS at its 3‟-UTR [188] 

which is able to bind to the 60S subunit of the ribosome [187]. It is believed that the 43S subunit 

subsequently binds to the 5‟ end and the long-range interaction between the two subunits initiates 

translation. A similar model may exist for flaviviruses and could explain how DENV is able to 

translate its RNA, independent of a canonical cap-dependent mechanism as seen in Chapter 5.  

 In summary, our results show a functional complexity of the 3‟-UTR CR in translation and 

replication. Our work demonstrates that the proposed secondary and tertiary structures in this 

region need to be revisited and thoroughly examined. We also provide evidence of the 

involvement of the conserved sequences in eIF4E-independent translation and replication. This 

thesis thus provides groundwork for future detailed analysis on how the viral RNA regulates its 

functions. 
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