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Abstract 
 

Mosquito-borne illnesses are responsible for millions of deaths every year. Some of the most 

common diseases spread include Japanese Encephalitis, Zika, and Rift Valley Fever Virus. This thesis 

seeks to describe the interactions between the non-coding regions of the RNA genomes of the viruses 

above and DEAD-box RNA helicases DDX3X and DDX17. Microscale thermophoresis indicated that DDX3X 

binds the JEV 5’ RNA with a lower dissociation constant than the ZIKV 5’ but could unwind both RNAs. 

DDX17 binds both the intergenic non-coding and 5’ terminal RNAs from the S segment of the genome, 

also unwinding both. Small-angle X-ray scattering generated low-resolution 3D structures of DDX17 and 

the non-coding RNAs. Finally, using a baculovirus expression system has shown the potential to express 

full-length DDX3X but requires optimization before it is ready for downstream experimentation. 
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Chapter 1: Introduction 

1.0 Overview 

Mosquitoes are at the forefront when discussing humanity's most deadly predator [1, 2]. The 

myriad of diseases spread by the proboscis-wielding insect is estimated to have resulted in 52 billion 

human casualties in total [3], with annual deaths ranging between 1 to 2 million. Mosquitoes have played 

a significant role in shaping the world as we know it.  The Roman empire's industrial expansion led to 

deforestation in regions that eventually led to a large area covered by standing water, forming what 

would be known as the Pontine Marshes [4, 5]. The marshes became a hotbed for mosquitoes and the 

diseases that they carried. The Romans assumed that the swamps were giving off noxious gasses that 

caused both invading armies and the Roman populous to become deathly ill. The mosquitoes weakened 

the empire and eventually contributed to its demise. The alleged fumes killing the Romans are now 

presumed to be a combination of what we now know to be malaria and arboviruses [5]. The idea to 

implement preventative measures occurred to Julius Caesar. He was the first to create plans to remove 

the stagnant water that had plagued Rome [3]. This was later realized by Benito Mussolini while he 

looked to develop Italy's agriculture and industry [6]. Draining the marshes was directly effective in 

preventing the spread of mosquito-borne illness in Italy. Developing ways to prevent the spread of 

mosquito-borne diseases has been ongoing for thousands of years, likely continuing into the foreseeable 

future. 

Humans have known about viruses since the late 1800s, but the first human virus to be described 

was the Yellow Fever Virus in 1901 [7]. Once researchers developed identification methods for viruses, 

viral discoveries occurred frequently. Even now, three new viruses are discovered annually [7]. 

Mosquitoes are the premier vector for a large selection of virus families, including Flaviviridae and 

Bunyavirales [8, 9]. The World Health Organization lists concerns for numerous potential viral outbreaks, 

primarily spread via mosquito vectors, such as Zika virus (ZIKV), which has seen 42 reported outbreaks 

since 2015 [10].  Increasing urbanization and population density have promoted these viruses' spread, 

while climate change has broadened the mosquitoes' habitable range through flooding and favourable 
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temperature changes [11, 12]. Efforts to mitigate mosquito population growth through sterilization [13] or 

insecticide-treated nets [14] are being investigated, with the hope that they will provide an ecologically 

friendly solution. While there is optimism surrounding mosquitoes' genetic sterilization [15], the mitigating 

of mosquito-borne illness will require the development of more preventative measures and treatment 

options.  

1.1 Flaviviruses 

RNA viruses are estimated to be responsible for up to 44% of all emerging infectious diseases [7, 

16-18]. The most common family of viruses spread via mosquitoes are the Flaviviridae viruses. Of all the 

Flaviviruses, Dengue Virus (DENV) infects the most humans annually. There are an estimated 390 million 

infections per year, but only a quarter of infections produce moderate to severe illness [19]. DENV has 

four known serotypes, which has made vaccine development particularly difficult. Lifelong immunity 

following infection only applies to the original serotype of infection [20], and subsequent infections from 

other serotypes were observed to be more severe in secondary infections [21]. DENV vaccine 

development has been mired in controversy. Dengvaxia was first approved in the Philippines, but soon 

after the campaign began, there were reports that children were actually at a higher risk of infection 

following the vaccination [22]. The vaccine was effective in individuals who had already been infected, but 

many of those who had not contracted DENV previously exhibited DENV-like symptoms [23].  

Despite intensive research efforts, vaccines are not available for the majority of Flaviviruses, 

except for Yellow fever (YFV), Japanese Encephalitis (JEV), and Tick-Borne Encephalitis (TBE) [24]. 

Research into these viruses cannot stop as shortages, and the costs have exposed a need for redundancy 

[25, 26]. For example, Hepatitis B vaccines have been available for 20 years [27], but nearly one million 

people still die annually [28]. JEV infections are predicted to pose a threat to fifty percent of the world's 

population, similar to DENV, which threatens an estimated forty percent [29, 30]. Flaviviruses in North 

America include West Nile (WNV), St. Louis Encephalitis (SLEV), and Powassan Virus (POWV) [31-33]. 

Every continent, except Antarctica, faces a threat from flaviviruses (Figure 1.1), making vaccination and 

treatment options increasingly necessary [34].  
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Figure 1.1. Global distribution for significant (A and B) and emerging flaviviruses (C). Demonstrating 
potential the geographical range of the flaviviruses. Reprinted with permission from Springer Nature [34]. 

 

Flaviviruses are positive-sense, single-stranded RNA viruses, typically with ~11 kilobase genomes 

[35]. Cell entry is achieved through clathrin-mediated endocytosis [36], followed by shuttling to the 

endosome, where the change in pH allows the viral membrane to fuse with the endosome [37]. Following 
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fusion, the genome is released into the cytosol, producing negative sense “mother” genomes and 

translating the viral proteins [38]. The genome is complete with a 5’ Cap, which promotes the RNA 

molecule's stability via an unusual 5’ to 5’ triphosphate linkage terminating in a guanine base [39]. 

Translation occurs as a single polypeptide that depends on a combination of host and viral proteases to 

process the ten individual proteins, three of which are structural and seven non-structural [40-42]. 

Another feature of the Flavivirus genome is the ability to cyclize to recruit proteins required for replication 

[43]. There is a conserved 10-11 nucleotide sequence within the terminal regions (TRs) responsible for 

the cyclization, and they perfectly complement their target sequence.   

Terminal regions are the viral RNA genome sections that do not encode for proteins, like non-

coding RNA but with the added stipulation that they are flanking the whole coding region (figure 1.2A). 

Occasionally viruses have non-coding sequences central in the genome and flanked by two coding regions 

[44]. Non-coding regions are often essential regulators of replication, critical in recruiting host factors 

[45]. Flavivirus TRs are mostly structured and conserved between members [46]. This overlap suggests 

that exploiting interactions with host elements could elucidate a versatile treatment option for multiple 

Flaviviruses.  
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Figure 1.2. Schematic representation of a typical flavivirus genome’s secondary structure. A) 5’ and 3’ 
terminal regions flanking the coding region. Indicates the complex secondary structure as well as several 
interactions that occur within the terminal regions. B) Circularized RNA predicted structure. Panhandle 
structure forms to promote viral replication. Reprinted with permission from Frontiers in Genetics [47]. 

 

1.1.1 Japanese Encephalitis Virus 

JEV infections constitute some of the most severe Flavivirus infections, with up to one in four 

cases resulting in death and half of the cases resulting in psychiatric sequelae [48]. JEV infection 

symptoms can range from none to severe disease, including headaches, nausea, vomiting, and brain 

tissue inflammation [48, 49]. In extreme cases, JEV infection can induce Parkinson’s like disorder, where 

patients exhibit tremors and similar movement disorders [50]. JEV promotes neuronal death and activates 

microglia, the central nervous system's primary immune response [51]. The infection is not restricted to 

the brain, though, with tissue damage occurring in the myocardium, spleen, liver, and lymph nodes [52].  
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 Detecting JEV infections has also proved difficult; the most accurate test requires cerebrospinal 

fluid to test for JEV antibodies [53]. In conjunction with the fact that many countries with endemic JEV 

struggle to provide comprehensive health care, the difficulties associated with testing suggest that the 

number of cases is likely underreported. The majority of JEV infections occur in children, and it is the 

leading cause of encephalitis in Asian children [54]. Developing novel therapeutics for JEV is essential for 

developing countries with limited treatment and prevention options.  

JEV’s genome is consistent with other Flaviviruses, 11kB long genome with structured terminal 

regions. Some of the structures within the 3’ TR of JEV are critical regulators of the host immune system, 

enabling the formation of subgenomic RNA, capable of preventing interferon activation, avoiding siRNA, 

and promoting cell death [55-57]. It appears that subgenomic RNA’s most critical role is the coordination 

of translation and replication of the genome itself. Ribosomes and NS5 (RNA-dependent RNA polymerase) 

work in opposite directions, so there must be a way to get both tasks completed efficiently. Subgenomic 

RNA appears to repress negative-sense RNA generation to allow for translation, but subgenomic RNA only 

begins forming after ~36 hours [58, 59]. Allowing the negative-sense RNA to be developed before the 

translation is fully engaged means more copies of the positive sense genome are ready for translation and 

eventually packaging. The implication of these findings shows that the TR structure is capable of 

coordinating the timing behind replication. 

The TRs of JEV recruit host proteins to promote viral replication, one of which is DDX5, an RNA 

helicase. DDX5 was first identified as an interacting partner of the 3’ of JEV in an RNA pull-down 

experiment, and in follow-up experiments, it was determined to be an essential component for viral 

replication  [60]. Another RNA helicase, DDX3X, was also observed in multiple stages of the JEV life cycle 

[61]. These interactions are essential to examine. The interface between host and pathogen can be a 

potent target for therapeutics. 

1.1.2 Zika Virus 

ZIKV’s discovery was in 1947 but went largely ignored until the 2007 outbreak in Asia [62]. 

Predominantly spread via mosquito, like JEV, the 2007 outbreak infected 73% of individuals three and 
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older on Yap island in Micronesia, demonstrating the risk that ZIKV could pose [63]. ZIKV Infections 

typically have humans placed as dead-end hosts [64]; however, ZIKV appears to have sexual transmission 

and vertical transmission, as well [65]. Since many people are unlikely to exhibit symptoms, the virus 

spreads horizontally through unsuspecting individuals. ZIKV infections can present symptoms that can be 

easily mistaken for DENV [66], which makes the situation more complicated. People in regions where 

DENV and ZIKV are both endemic should take caution concerning horizontal transmission, particularly 

when pregnant women are involved, as the virus is suspected of causing microencephaly [67]. 

Outbreaks in Brazil and French Polynesia raised concerns about ZIKV vertically transmitting from 

mother to fetus, causing retardation in the form of significantly reduced brain size [67, 68]. The 

teratogenic nature of ZIKV makes the virus particularly devastating compared to other Flaviviruses, like 

DENV. Several Guillain-Barré syndrome (GBS) cases manifested in ZIKV infected individuals during the 

French Polynesia outbreak, causing muscle weakness, difficulty with breathing and a loss of coordination 

[69]. Many GBS patients had persisting issues lasting longer than three months. The potential severity of 

ZIKV, and its debated ability to spread through North America [70], makes developing treatment and 

prevention options essential.  

Like JEV, ZIKV also produces subgenomic RNA that provides similar interferon suppressing 

function [71]. Since the TRs of all Flaviviruses are highly conserved, these similarities are unsurprising, 

but there is still a sizeable gap in knowledge regarding the host interacting partners of ZIKV. The terminal 

regions of ZIKV are somewhat unique due to the likely internal ribosomal entry site in the 5’ TR [72]. 

There is a need to identify the interactions between ZIKV TRs and host proteins to uncover targets for the 

therapeutics we require. Testing previously identified interactions from other Flaviviruses, like JEV, will 

provide a jumping-off point to characterize ZIKV better.  

1.2 Rift Valley Fever Virus  

There is concern surrounding another group of highly infectious viruses that can cause severe 

illness in humans and livestock [73]. Order Bunyavirales consists of negative or ambisense (simultaneous 

positive and negative sense) RNA viruses. Typically, the genomes comprise three separate segments, 
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small (S), medium (M), and large (L), named based on the segment's length [74]. The S segment being 

ambisense, while the M and L are negative-sense.  Like flaviviruses, bunyaviruses spread predominantly 

via arthropod vectors, but there are unique exceptions, like Hantavirus, which entirely relies on rodent 

vectors [74, 75]. Gaining entry to the target cells occurs via dynamin-dependent caveola mediated 

endocytosis, a slightly different mechanism than the Flaviviruses [76].  

One Bunyavirus that has seen multiple outbreaks, the first occurring in Eastern Africa, 1931, is 

the Rift Valley Fever Virus (RVFV) [77]. This virus has decimated livestock during outbreaks, causing mass 

deaths of cattle and sheep neonates [78]. Symptoms of RVFV infection in humans include fever, dizziness, 

muscle fatigue and soreness [79]. One-tenth of infected individuals will experience more severe 

symptoms. Rarely, people experience ocular disease that can occasionally result in blindness [80]. 

Encephalitis also occurs infrequently but can have lasting consequences [81]. Finally, RVFV can lead to 

hemorrhagic fever, a deadly symptom, causing half of the afflicted individuals to die. In livestock, the 

virus is particularly deadly to young and pregnant animals, leading to pregnancy termination [82].  A 

vaccine is available for veterinarian practices, but human vaccinations proved costly and required many 

booster doses to maintain immunity [83, 84]. 

Once in the cytosol, the genome begins making copies of the complementary RNA for each 

segment, done via an RNA-dependent RNA polymerase (RDRP) packaged in the virus [85, 86]. The 

genome lacks a 5’ cap but “snatches” one from a host mRNA to promote the RNA transcription [87]. The 

M and L segments begin producing protein from the complementary strand, while the S segment 

translates protein from both the original genome and the complimentary one. Replication occurs through 

circularization, which relies on the complimentary TRs to form a pan-handle structure (figure 1.2B), where 

the RDRP remains attached, producing new copies of the genome [85, 88]. 

 RVFV’s S segment genome is an ambisense RNA that contains both terminal regions and a non-

coding region that divides the positive and negative sense portions of the genome. These non-coding 

portions exhibit significant secondary structure, suggesting their role is regulatory in a similar manner to 
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the TRs of Flaviviruses [44]. RVFV interactions with host RNA helicases have been reported, specifically 

DDX17 [89].  

1.3 DEAD-Box Helicases  

 DEAD-Box helicases belong to superfamily 2 of helicases [90]; RNA helicases depend on ATP to 

restructure double-stranded RNA molecules [91]. The name DEAD-box stems from the conserved motif of 

Asp-Glu-Ala-Asp and is essential in the ATP-binding domain [92]. In humans, these proteins are involved 

in many biological processes, such as ribosomal RNA processing, micro-RNA processing, spermatogenesis, 

cell proliferation, and translation regulation, to name a few [93-96]. In total, nine conserved motifs make 

up the biologically active ATP binding and RNA binding domain while being flanked by disordered 

terminals that make full-length protein constructs challenging to express [92, 97].  

Figure 1.3. Schematic of DEAD-Box helicase, highlighting the organization of domains and folded structure. 
A) Linear schematic of DEAD-Box helicase, bands indicate the general position of conserved motifs. B) 
Structure of DEAD-Box helicase “Vasa” from Drosophila melanogaster bound to an RNA molecule. Reprinted 
with permission from Nature Reviews Molecular Cell Biology [98]. 
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1.3.1 DDX3X 

 DDX3X is a member of the DEAD-Box helicase family and is located on the human X chromosome. 

It also has a Y-chromosome homolog expressed predominantly in male germ cells but can rescue non-

functional DDX3X mutants [99]. DDX3X is approximately 73kDa, and like most DEAD-Box helicases, it has 

significant cell metabolism roles. The RNA helicase has demonstrated the ability to suppress translation 

during stress conditions [100]. It does this by interacting with initiation factors and preventing translation 

[101]. Pull-downs identified spliced mRNAs bound to DDX3X immediately following splicing, suggesting 

that the helicase plays a role during splicing [102]. Assembly of the 80S ribosome also depends on DDX3X 

for formation [103]. Additionally, the protein has to have sequence similarities to common splicing factors, 

indicating a potential role in splicing RNAs [104]. In a cancer-related context, DDX3X modulates 

transcription of cell cycle regulator p21, suggesting DDX3X has a position as a tumour suppressor [105, 

106]. Another group observed that DDX3X upregulation in breast cancer correlates with more aggressive 

and invasive tumours [107].  

 DDX3X’s dual nature is not exclusive to cancer; some viruses exploit DDX3X for replication, 

suggesting that the protein is integral in the viral life cycle. However, DDX3X can obstruct the replication 

of other viruses, often through signalling the immune system. DDX3X has been described as indispensable 

for Human Immunodeficiency virus 1 (HIV-1) via DDX3X’s ability to export the unspliced HIV RNA [108]. 

Using indirect inhibitors against viral infections that target host proteins is essential, particularly as viruses 

become resistant to direct therapies when used alone [109]. The need for indirect therapies has driven 

developments into DDX3X inhibitors as antivirals. This has shown promise for the treatment of HIV-1, at 

least in mice thus far [110]. Hepatitis C virus (HCV) protein interactions with DDX3X were the first 

identified viral protein interaction for DDX3X; more specifically, the HCV core protein was co-localized with 

DDX3X. HCV replication rate decreased when DDX3X expression was knocked down, demonstrating that 

HCV replication requires DDX3X [111]. 

 Comparing DENV infected cells with and without DDX3X present, it is clear that the virus’ 

replication is inhibited by DDX3X [112]. DDX3X is an essential modulator of the type one interferon (IFN) 



11 
 

pathway, promoting the innate immune response against DENV [112, 113]. Hepatitis B virus (HBV) is 

another virus that DDX3X impedes. HBV is also targeted via the IFN immune response, and to overcome 

the immune system, HBV suppresses the interactions DDX3X makes as part of the IFN response [114]. 

Exploiting DDX3X for a one-size-fits-all approach will not work, it is a keystone in both viral and antiviral 

systems. Using inhibitors can be effective, so long as the risk of vulnerability to other viruses, like DENV 

and HBV, is considered. 

1.3.2 DDX17 

 Like DDX3X, DDX17 is an RNA helicase capable of unwinding RNA in an ATP-dependent fashion 

[115]. It has a molecular weight of 80.3 kDa, making it larger than its aforementioned paralog. DDX17 is 

an essential regulator of transcription, splicing and miRNAs through its interaction with another DEAD-box 

helicase, DDX5 [116]. Like DDX3X, DDX17 also exerts control over cell cycle processes. DDX5 and 17 are 

both essential in development, but their ability to promote cell proliferation and prevent apoptosis 

indicates a potential role as oncogenes [96].  Despite DDX17 and DDX3X’s similarities functionally, only a 

45% identity overlap exists between the two, with the overlap region consisting of the ATP and RNA 

binding domains forming the minimal helicase domain [117].  

 DDX17 is involved with numerous viruses, and much like DDX3X, its role is varied from virus to 

virus. Some Influenza strains appear to depend on DDX17 to assist with viral replication, specifically H1N1 

[118]. DDX17-like RH30 relocates from the nucleus during Tombusvirus infection, where it blocks 

replication by interfering with host and viral machinery [119]. The ability of DDX17 to migrate from the 

nucleus to the cytoplasm suggests a pathway where the RNA helicase acts as an early detector of viral 

invaders.  

1.4 Objectives of Thesis 

 The host protein-viral nucleic acid interaction is a critical component of viral replication. My thesis 

work seeks to highlight interactions between a pair of DEAD-box helicases and viral non-coding RNAs that 

can provide targets for indirect antivirals. DDX3X was shown to interact with the 5’ terminal region of JEV 
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[61], therefore I hypothesize that the interaction is direct and DDX3X will also unwind the RNA. 

Additionally, since terminal regions are highly conserved, DDX3X should directly interact and unwind the 

ZIKV 5’ terminal region as well. DDX17 was demonstrated to limit RVFV infection through it’s interaction 

with non-coding RNAs from the S-segment [89], therefore it is reasonable to hypothesize that DDX17 will 

both recognize the RVFV 5’ NCR and IGR directly in isolation and unwind them.  

 Expression of recombinant proteins is typically done using bacterial systems, but these often 

come with a set of compromises. Bacteria lack the post translational modifications of eukaryotic protein 

expression and some proteins fail to be expressed in bacteria entirely. Using insect cell culture to produce 

recombinant proteins provides a eukaryotic expression system that will produce proteins that otherwise 

wouldn’t be expressed in Bacteria, like many full length DEAD-box proteins. 

My first objective is to characterize the direct interaction of DDX3X132-607 with the 5’ terminal 

regions of both Japanese Encephalitis and additionally, characterize the helicase activity of DDX3X132-607. 

Secondly, I sought to determine if DDX17135-555 was capable of directly interacting with the intergenic and 

5’ non-coding regions of the S segment from the Rift Valley Fever Virus and determine if the protein is 

capable of unwinding the RNAs. The final objective is to develop a method towards expression of 

recombinant proteins using genetically engineered viruses to exploit insect cells.  
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Chapter 2: Human DDX3X Unwinds Japanese Encephalitis and Zika 

Viral 5′ Terminal Regionsa 

2.0 Introduction 

Infection with pathogenic viruses often leads to severe diseases that may impact, among others, 

the metabolic, respiratory, digestive, and central nervous systems. Among the most pathogenic family of 

viruses, emerging and re-emerging outbreaks of flavivirus are responsible for thousands of deaths 

annually [1]. Furthermore, flaviviral infections also lead to significant morbidities in survivors, which can 

create a substantial burden on the health system [2,3]. The Flaviviridae family includes the most 

prevalent arthropod-borne viruses such as dengue, Japanese encephalitis (JEV), Murray Valley, Powassan, 

West Nile (WNV), yellow fever, and Zika (ZIKV) viruses. Flaviviral outbreaks are becoming increasingly 

common, due to the ease of transmission by mosquitoes and the lack of efficient therapeutics or 

immunoprophylactic strategies [4–6]. As a result, flaviviruses are emerging as a global health threat. For 

example, the WHO reports that since 2015, ZIKV outbreaks have been reported in 42 countries [7]. The 

majority of flaviviruses utilize Aedes and Culex genuses of mosquitoes for transmission [8], meaning that 

as global temperatures increase, countries that were once protected from arboviruses are also becoming 

increasingly at risk [9,10].  

The JEV is responsible for approximately 68,000 cases annually, with a fatality rate between 20–

30% and with 30% of cases developing serious long-term disabilities [11,12]. This makes JEV one of the 

deadliest flaviviruses, although an approved vaccine against JEV is available [13,14]. The Zika virus 

(ZIKV) outbreak infected >4.5 million people in Brazil and the Americas in 2015–2016 [15,16]. ZIKV is 

also linked to birth defects [3,17–23] and neurological disorders [24–30]. The ZIKV has also been 

observed to be transmitted sexually and present symptoms in only one-fifth of cases [31,32]. Unlike JEV, 

there is no approved vaccine available against ZIKV. Attempts to develop vaccines have faced unexpected 
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challenges due to antibody-dependent enhancement of infection with other flaviviruses [33–35]. 

Flaviviruses contain a positive-sense single-stranded RNA genome, comprised of 5′ and 3′ untranslated 

terminal regions (TRs). The 5′ TRs (~0.1 kb) contain a type 1 capped structure, whereas the 3′ TRs (~0.3 

to ~0.5 kb) lack a poly(A) tail, and both TRs include conserved structural motifs [36–41]. The interactions 

between flaviviral 5′ and 3′ TRs are also critical for viral replication [6,41–46]. These regions flank a single 

open reading frame (ORF), which encodes a single polypeptide that is cleaved by a combination of host 

and viral proteases [47]. Previous work has established that interactions of host proteins with the flaviviral 

TRs are crucial for viral replication [48–59].  

The human DEAD-box family of helicases is comprised of 37 members, each composed of 

conserved helicase core domains that interact with ATP and RNA [60,61]. The DEAD-box helicases consist 

of two helicase domains; domain 1 containing motifs Q, I, Ia Ib, Ic, II (DEAD-box), and III; and domain 2 

containing motifs IV, IVa, V, Va, and VI [61]. These motifs are involved in either ATP binding/hydrolysis, 

RNA binding, or couple ATP and RNA binding activities. Although the classical function of DEAD-box 

helicases is ATP-dependent unwinding of nucleic acids [62], they influence all major aspects of RNA 

metabolism [63]. DDX3X (X-linked DDX3, 73 kDa, Figure 2.1.1A) is one of the ATP-dependent RNA 

helicases that plays critical roles in transcription, translation, and mRNA (messenger-RNA) export 

[59,64,65]. DDX3X unwinds RNA in an ATP-dependent manner, where DDX3X binds to dsRNA (double-

stranded RNA) and hydrolyzes ATP to release single-stranded RNA [66]. Apart from playing vital roles in 

cellular activities, DDX3X was shown to suppress dengue viral infection via interferon activation [67] but 

promotes WNV infection [68]. Using affinity pull-down and Western blot analysis, it was suggested that 

DDX3X could interact with 5′ TR of JEV and regulate its replication [50]. Recent studies have suggested 

that DDX3X inhibitors can suppress WNV replication [68]. Given the magnitude and severity of flaviviral 

infections, there is a critical need for therapeutics; however, their development is hindered by the limited 

understanding of the interactions of viral RNAs with the host cellular proteins. 

In this study, we followed up Li et al.’s affinity pull-down assays and demonstrated that DDX3X 

directly interacts with the 5′ TR of JEV [50]. As the 5′ TRs of flaviviruses are hypothesized to be 
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structurally similar [69,70], we asked if the 5′ TR of ZIKV can also be recognized by DDX3X. Our binding 

studies demonstrated that DDX3X indeed interacts with the 5′ TR of ZIKV. As DDX3X is an RNA helicase, 

we performed helicase assays, which suggested that both JEV and ZIKV 5′ TR can be unwound by 

DDX3X. In summary, our study highlights that DDX3X could serve as an important therapeutic target to 

inhibit JEV and ZIKV replications.  

2.1 Results 

2.1.1 Purification of DDX3X132–607, JEV 5′ and Zika 5′ TR RNAs 

The DDX3X132–607 was expressed in Lemo21(DE3) Esherichia coli cells, followed by initial 

purification using affinity chromatography. Subsequently, affinity-purified DDX3X132–607 was subjected to 

size exclusion chromatography (SEC) purification (see section 4 for additional details). As presented in 

Figure 2.1.1B, we were able to remove minor aggregation at ~12 mL and ~13 mL elution volumes to 

obtain homogenous preparation of DDX3X132–607 (peak at ~14.5 to 15.5 mL). Subsequently, we analysed 

the peak fractions using SDS-PAGE, which suggested that DDX3X132–607 is devoid of any degradation 

(Figure 2.1.1C, right lane) and the amino-acid sequence-based molecular weight of 55.3 kDa for 

DDX3X132–607 coincides with the observed band in Figure 2.1.1C.  
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Figure 2.1.1. Purification of recombinant DDX3X132–607. (A) Schematic of human DDX3X’s domain 
architecture, indicating that DDX3X132–607 consists of all the major domains, except the nuclear export signal 
sequence. (B) Size exclusion chromatography purification (Superdex 200 Increase GL 10/300) of DDX3X132–

607 demonstrating that DDX3X132–607 can be purified to homogeneity, eluting at ~14.5 mL. Y-axis represents 
absorbance at 280 nm while the x-axis represents elution volume. (C) SDS-PAGE indicating that the size 
exclusion chromatography (SEC)-purified DDX3X132–607 is monodispersed with the correct molecular weight 
(55.3 kDa). 

 

The predicted secondary structure of 5′ TRs of JEV and ZIKA (Figure 2.1.2A,B) indicated that both 

RNAs are composed of a significant amount of double-stranded regions, along with stem-loops. The 5′ 

TRs for both viruses were in vitro transcribed and natively purified using SEC, similarly to DDX3X132–607. 

The SEC purification indicated that while the ZIKV 5′ TR RNA elutes at approximately 12.5 mL, the JEV 5′ 

TR elutes at ~13.8 mL (Figure 2.1.2C). In both cases, oligomeric or aggregated species appear to elute 

around ~10.0 to 11.5 mL. In both SEC profiles, the plasmid DNA that was used as a template elutes 

around 8 mL, consistent with the column’s void volume. Urea-PAGEs confirmed that both RNAs were 

purified to homogeneity. Monodispersed peak fractions(s) were used in downstream experiments. 
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Figure 2.1.2. (A and B) Predicted secondary structure (Sfold v2.2) for the 5′ terminal regions (TRs) of 
Japanese encephalitis virus (JEV) 5′ and Zika virus (ZIKV), respectively. The regions highlighted in red 
colour indicate the sequence complementary to the DNA oligo used in the helicase assays. (C) Size exclusion 
chromatography elution profiles of the 5′ TRs of JEV (red) and ZIKV (green). Arrows indicate peaks that 
represent monodispersed fractions of RNA, which were used for downstream experiments. Y-axis represents 
absorbance at 260 nm while the x-axis represents elution volume. 

 

2.1.2 DDX3X132–607 Binds to 5′ TRs of JEV and ZIKV 

To determine the binding affinity of a previously uncharacterized interaction system containing 

DDX3X132–607 and 5′ TR of JEV, we employed microscale thermophoresis (MST) as performed previously 

[71,72]. DDX3X132–607 was titrated against the constant concentration of the fluorescent ncRNAs (non-

coding RNAs) to determine their dissociation constant (Kd). Figure 2.1.3A displays the change in 

fluorescent migration when the infrared laser affects the samples, where each trace represents a different 

concentration of DDX3X132–607. Additionally, the blue bar indicates the “cold” region, and the red bar 
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indicates the “hot” region. Figure 2.1.3B and 2.1.3C present the binding curves for 5′ TRs of JEV and ZIKV 

in red and green, respectively. These experiments suggest that DDX3X132–607 has a Kd of 1.66 ± 0.21µM 

for the 5′ TR of JEV and 7.05 ± 0.75 µM for the 5′ TR of ZIKV.  

Figure 2.1.3. Interaction studies using microscale thermophoresis (MST). (A) Representative MST traces 
depicting the change in fluorescent migration of fluorescein-5-thiosemicarbazide (FITC)-JEV 5′ TR due to 
the excitation with an infra-red laser. Each green trace correlates to a different concentration of DDX3X132–

607. (B) Binding data for DDX3X132–607 with JEV 5′ TR (n = 3). The red curve represents JEV 5′ and has a 
dissociation constant of 1.66 ± 0.21µM (Std. error of regression = 1.25). The black trace represents that 
polyU (negative control) does not interact with DDX3X132–607. (C) Interaction between DDX3X132–607 and ZIKV 
5′ TR (n = 3) studied using MST. The green curve represents ZIKV 5′ and has a dissociation constant of 
7.05 ± 0.75µM (Std. error of regression = 1.22). PolyU binding data included for reference (black). 

 

2.1.3 DDX3X132–607 Unwinds 5′ TRs of JEV and ZIKV 

To further investigate if the binding of flaviviral 5′ TRs with DDX3X132–607 leads to their unwinding, 

we designed a helicase assay using MST. We hypothesized that if DDX3X132–607 unwinds the 5′ TRs of JEV 

and ZIKV, the newly formed single-stranded region of viral RNAs could hybridize with their 

complementary DNA oligos. Therefore, we designed fluorescently-labelled DNA oligos complementary to 

the region highlighted in red colour in Figures 2.1.2A and B for JEV and ZIKV, respectively. We incubated 

5′ TR of JEV (or ZIKV) with DDX3X132–607 (or bovine serum albumin (BSA) as a negative control), ATP and 

complementary oligos, followed by measurements of MST traces. Our MST experiments suggest that in 

the presence of DDX3X132–607, the oligos migrated differently than in the presence of BSA. This indicates 

that DDX3X132–607 is able to unwind the double-stranded region, allowing the oligo to bind. Figure 2.1.4A 

and B present the unwinding of 5′ TRs of JEV and ZIKV with a signal to noise ratio of 14.8 ± 4.82 and 

20.0 ± 5.06, respectively. Note that the signal to noise ratio of 12 or higher indicates the excellent quality 

of the assay [73]. To achieve the effect of a null mutant DDX3X, which can involve mutating the “DEAD” 
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region in the ATP-binding domain [74], we compared the ability of DDX3X132–607 to unwind ncRNA in the 

presence and absence of ATP. Figure 2.1.4C shows the change in fluorescent migration as a result of ATP. 

Adding ATP caused a significant change in the migration of the DNA oligos, indicating that the unwinding 

activity increased in the presence of ATP. 

Figure 2.1.4. Helicase assays conducted using microscale thermophoresis (MST). (A) Comparing the 
change of fluorescent migration of a complementary DNA oligo in the presence of 5′ TR of JEV with ATP 
and either bovine serum albumin (BSA) or DDX3X132–607. The average signal to noise ratio is 14.8 ± 4.82 (n 
= 3). (B) Comparing the fluorescent migration of a complementary DNA oligo in the presence of ZIKV 5′ 
TR with ATP and either BSA or DDX3X132–607. The average signal to noise is 20.0 ± 5.06 (n = 3). (C) 
Investigating the role of ATP in DDX3X132–607 helicase activity. The average signal to noise ratio is 5.5 ± 0.59 
(n = 3), suggesting that ATP is required to unwind RNA. 

 

2.2 Discussion 

The purification of DDX3X132–607 (55.3 kDa) through SEC resulted in the protein eluting at ~14.5 

mL (Figure 2.1.1B), which is consistent with our previous purification of a similar molecular weight human 

helicase, DDX17135–555 (48.5 kDa) [75]. As both helicases are highly similar and belong to the same family 

of proteins, we are confident that the peak we observe for DDX3X132–607 is consistent with a homogenous, 

monodispersed preparation. Further quality control was performed through SDS-PAGE, which confirms 

that the peak SEC fractions contain a singular monodispersed species at the correct molecular weight, and 

are devoid of any degradation (Figure 2.1.1C). The Sfold predicted secondary structures reveal that each 

RNA adopts a high degree of double-stranded regions (Figure 2.1.2A and B), which is consistent with 

previous reports of highly structured flaviviral terminal regions [70].  
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RNA purification was performed immediately after in vitro transcription reaction using SEC. The 5′ 

TRs of JEV (159 nts) and Zika (163 nts) have sequence molecular weights of 51.5 and 52.3 kDa, 

respectively. However, they elute at distinctly different positions during SEC purification (Figure 2.1.1C). 

We believe that the differences in their structures lead to their elution at different positions. For example, 

based on its predicted structure, it appears that the 5′ TR of JEV could adopt a more compact structure 

compared to the 5′ TR of ZIKV (Figure 2.1.2A,B). The relatively extended conformation of 5′ TR of ZIKV 

will have a larger hydrodynamic radius compared to that of JEV, which will cause it to elute earlier in SEC. 

These results lead us to believe that both RNAs are folded correctly, whereas if the RNA were denatured, 

we would expect the elution peak to be virtually identical for both RNAs. The MST studies demonstrate 

that the JEV 5′ TR interacts with high affinity with DDX3X, compared to the ZIKV 5′ TR. As both ncRNAs 

are of same size but have different conformations, as suggested by SEC elution profiles (Figure 2.1.2C), it 

could be speculated that DDX3X has high affinity for compact conformation, compared to an extended 

one. However, the precise mechanisms that determine the specificity and the biological relevance of 

DDX3X-ZIKV interactions require additional work.  

DEAD-box helicase DDX3X has been implicated in many viral systems as a key regulator of viral 

replication [50,67,68]. However, we lack insights into the affinity of DDX3X for any viral RNA. Moreover, 

whether DDX3X unwinds viral RNA is also unclear. Therefore, we utilized MST that has emerged as one of 

the ideal techniques to study biomolecular interactions [76,77]. By assessing the change in fluorescent 

migration under the influence of an infra-red laser, we are able to quantify the binding affinity between 

DDX17135–555 and 5′ TRs. To our knowledge, this work provides the first evidence of DDX3X directly 

interacting with in vitro transcribed, natively purified viral terminal regions, as well as the binding affinity 

of DDX3X with viral RNAs. Figure 2.1.3B and 2.1.3C also highlight how two different viral RNA TRs can 

have different affinities, despite being highly conserved sequences [70]. The 5′ TR of JEV has over four-

times stronger affinity for DDX3X132–607 compared to the 5′ TR of ZIKV. Furthermore, DDX3X was identified 

as an interacting partner for the 5′ TR of JEV in vivo previously [50]. In this study, we also discovered 

that similar to 5′ TR of JEV, DDX3X also interacts with 5′ TR of ZIKV, albeit with lower affinity. The 

essential role of DDX3X in the JEV life cycle has already been established [50], but further molecular 
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virology studies are required to investigate if DDX3X has an impact on ZIKV replication. Figure 2.1.4 

suggests that both RNAs can be unwound by DDX3X, potentially indicating that DDX3X may still have a 

significant role to play, despite the affinity difference, in ZIKV replication. We performed an experiment 

(presented in Figure 2.1.4C) to simulate a knockout mutant of DDX3X, which lacks the ATP hydrolysis 

activity [74]. We observed that the amount of fluorescent migration appears to be reduced in the absence 

of ATP (Figure 2.1.4C), which can be attributed to the fact that DDX3X132–607 can unwind RNA but requires 

ATP for efficient processing of dsRNAs [78]. 

Previous studies for DDX5, a DDX3X homolog, have suggested that DDX5 interacts with RNA with 

high affinity in the nanomolar ranges. For example, fluorescence anisotropy experiments have suggested 

that DDX5 binds to short blunt-ended RNA duplexes with an affinity of ~230 nM [79]. A different group 

tested DDX5′s ability to bind short G-quadruplexes using ELISA and obtained a Kd of 22 nM [80]. Our 

work was performed using truncated DDX3X (as all our attempts to purify the full-length DDX3X in high 

amounts were unsuccessful), which could impact the binding specificity and affinity for RNA compared to 

the full-length DDX3X. Note that a truncated construct, similar to DDX3X132–607, was previously described 

as the minimally active construct [66,81]. Overall, additional work aimed at investigating the role of 

DDX3X in ZIKV replication could provide critical information towards potential therapeutics for these 

deadly viruses. In conclusion, our work provides the biochemical basis of the recognition of 5′ TRs of JEV 

and ZIKV by DDX3X.  

2.3 Materials and Methods 

2.3.1 Overexpression and Purification of DDX3X132–607 

The DDX3X132–607 cDNA construct was cloned in pET28a, followed by its transformation in 

Lemo21(DE3) E. coli cells. The cells were allowed to grow in Luria-broth containing kanamycin (50 

mg/mL) and chloramphenicol (100 mg/mL) at 37 °C. The next day, the culture was transferred to Terrific 

broth containing 5% glycerol and grown at 37 °C for 5 h. The temperature was then lowered to 20 °C for 

16–18 h. Cells were harvested via centrifugation and resuspended in lysis buffer (50 mM Tris, 500mM 

NaCl, 10mM imidazole 3mM β-mercaptoethanol, 10 mg/mL lysozyme, 0.1% Tween-20, and 5% glycerol at 
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pH 8.0). Following 30 min of incubation on ice, the suspension was sonicated and centrifuged at 30,000× 

g for 45 min. The supernatant was filtered using a 0.45 µm filter for subsequent purification using 

chromatography methods. 

Using the ÄKTA start protein purification system (Global Life Science Solutions USA LLC, 

Marlborough, MA, USA) equipped with the HisTrap™ High-Performance column, we purified DDX3X132–607 

via its hexa-histidine tag. Next, we used the ÄKTA pure purification system (Global Life Science Solutions 

USA LLC, Marlborough, MA, USA) with a Superdex® 200 10/300 GL increase column to further purify 

affinity-purified protein (in 50 mM Tris, 150 mM NaCl and 3% glycerol at pH 8.0). Peak fractions 

representing homogenous DDX3X132–607 were collected and concentrated using Amicon® Ultra-15 

Centrifugal Filter Units (30,000 kDa molecular-wight cut-off) (Millipore Canada Ltd, Etobicoke, ON, 

Canada). Aliquots were stored at −80 °C. SDS-PAGE (10%) was performed by taking 10 µL of SEC-

purified sample and mixed it with 2 µL SDS-loading dye and heated to 95 °C for 5 min. Following heating, 

samples were loaded into a 1.0 cm well PAGE casting plate (Bio-Rad Laboratories, Mississauga, ON, 

Canada) and ran for 1 h at 200V in 1× SDS running buffer. A molecular weight ladder was run alongside 

the purified sample (unstained protein molecular weight marker 116 kDa to 14.4 kDa, Bio Basic Inc., 

Markham, ON, Canada). Subsequently, the gel was stained with Coomassie brilliant blue (Bio Basic Inc., 

Markham, ON, Canada) for visualization. 

2.3.2 Preparation of Non-Coding RNAs 

cDNA sequences were prepared under the control of T7 RNA polymerase, with two additional G 

nucleotides on the 5′ end with an XbaI restriction enzyme cut site (T^CTAGA) at the 3′ end. Then, 5′ TRs 

of JEV and Zika construct(s) were designed based on the Genebank sequence of KT957419.1 and 

KU509998.3, respectively. Underlined regions represent portions to which our fluorescent oligos were 

designed complementary to, described in a later section. Both RNA constructs used in the experiments are 

listed as follows: 
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1. JEV 5′ TR 1-156 (51.5 kDa, 159 nts) 

5′GGAGAAGUUUUAUCGUGUGAACUUCUUGGCUUAGUAUCGUUGAGAAGAAUCGAGAGAUUAGUGCAGUUUAAA

CAGUUUUUUAGAACGGAAGAACAACCAUGACUAAAAAACCAGGAGGGCCCGGAAAAAACCGGGCCAUCAAUAUGC

UGAAACGCGGAU3′ 

2. Zika 5′ TR 1-163 (52.3 kDa, 163 nts) 

5′AGUUGUUACUGUUGCUGACUCAGACUGCGACAGUUCGAGUUUGAAGCGAAAGCUAGCAACAGUAUCAACAGGU

UUUAUUUGGAUUUGGAAACGAGAGUUUCUGGUCAUGAAAAACCCAAAAAAGAAAUCCGGAGGAUUCCGGAUUGU

CAAUAUGCUAAAACG3′ 

Each RNA was prepared through an in vitro transcription reaction using T7 RNA polymerase 

(purified in-house) followed by size-exclusion chromatography purification in 1× RNA buffer (10 mM Tris 

pH 7.5, 100 mM NaCl, and 5 mM MgCl2) using a Superdex 200 Increase GL 10/300 (Cytiva) via an ÄKTA 

pure FPLC (Global Life Science Solutions USA LLC, Marlborough, MA). SEC peak fractions were analyzed 

via urea-polyacrylamide gel electrophoresis (Urea-PAGE). Then, we mixed 10 µL of each fraction with 2 µL 

of denaturing RNA loading dye and loaded into a 1.0 cm well PAGE casting plate (Bio-Rad Laboratories, 

Mississauga, ON, Canada). Urea-PAGE (7.2%) was run at room temperature, 300V, for 25 min in 0.5× 

TBE (Tris-Borate-EDTA) buffer, followed by staining with Sybr safe (Thermofisher Scientific, Saint-Laurant, 

QC, Canada) and visualization. Fractions containing a single band were deemed acceptable and used in 

subsequent experiments.  

2.3.3 Fluorescent Labeling of Flaviviral RNA TRs 

The 5′ TRs were incubated on ice for 30 min in 0.1 M sodium acetate (pH 5.3) along with 2 mM 

final concentration potassium periodate. The reaction was quenched through the addition of 10 mM final 

concentration ethylene glycol followed by incubation on ice for 10 min. Following incubation, we 

performed two ethanol precipitations and resuspended the RNA in 0.1 M NaOAc and 10 mM fluorescein-5-

thiosemicarbazide (FITC) and incubated the mixture in the dark and on ice for 16 h. Following fluorescent 
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dye incubation, the mixture was phenol extracted (1 vol phenol:1 vol mixture) 5 times until the phenol 

layer was consistently colourless, indicating all free dye had been removed from the mixture. Finally, the 

resulting labelled RNA was ethanol precipitated twice and resuspended in RNA buffer.  

2.3.4 RNA–Protein Interaction Studies Using Microscale Thermophoresis 

A 2-fold serial dilution was performed on DDX3X132–607 whereas the highest concentration was 19 

µM. Next, a constant amount of fluorescent JEV or Zika 5′ TR was mixed into each serial dilution of 

DDX3X132–607, resulting in a final concentration of 20 nM of RNA. Sample mixtures were incubated at room 

temperature for 10 min and then placed into Nanotemper Technologies Monolith® NT.115 instrument 

(Nanotemper Technologies, Munich, Germany) standard capillaries and loaded into the MST. 

Thermophoresis was measured at room temperature (25 °C) and performed using 20% excitation power 

(blue filter) for both RNAs and heated using medium MST IR laser power. Fluorescent migration used to 

determine Kd was measured from 4.0 to 5.0 s and normalized to initial fluorescence (−1.0 to 0 s). Three 

independent replicates were merged and analyzed using MO.Affinity Analysis software v2.1.3 and fit to 

the standard Kd fit model describing a molecular interaction with a 1:1 stoichiometry according to the law 

of mass action. The molarity of polyU RNA could not be determined since the fragment’s lengths were 

variable. We used a final concentration of FITC-labeled polyU of 50 µg/mL in our negative control to 

achieve a similar magnitude of fluorescence.  

2.3.5 Helicase Assay 

We input our sequences into Sfold (v2.2) [82] using standard conditions with no maximum 

distance between paired bases and no additional constraint information. The theoretical secondary 

structure was used to identify a portion of each RNA molecule that was highly double-stranded. DNA 

oligos with complementary sequences to the double-stranded region(s) of our RNA(s) were synthesized 

with a 5′ conjugated FITC fluorophore (Alpha DNA). The region of each RNA molecule to which the oligos 

hybridize is underlined and described above. The sequences for ZIKV 5′ TR and JEV 5′ TR oligo(s) are: 

5′FITC/AACTGTCGCAGTCTGAGTCAGCAACAGTAACAAC and 

5′FITC/TTTCCGGGCCCTCCTGGTTTTTTAGTCATGGTTGT, respectively.  
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If the RNA molecule were unwound by DDX3X132–607, it would create an opportunity for the oligos 

to hybridize to the 5′ TR RNA. The reaction mixture contains 20 nM of FITC-DNA oligos, 1 µM of the RNA, 

and 4.25 mM of ATP. DDX3X132–607 is added to a final concentration of 10 µM. We used BSA at the same 

concentration as a control for DDX3X. The ATP dependence assay involved comparing 10 µM DDX3X132–607 

with 20 nM of FITC-DNA oligos and 1 µM of the RNA, but one set of capillaries contained 4.25 mM of ATP 

and another set did not. An experiment consists of 3 sets of 4 capillaries for each sample, which can then 

be compared to detect a change in fluorescent migration because of a binding event. Our data represent 

the normalized magnitude of fluorescent migration differences between two sets of assay conditions. Data 

were processed using MO.Affinity software, which assesses the signal to noise ratio between a run with 

and without the protein. Signal to noise is a measure of the response amplitude that is divided by the 

noise of the environment [83]. If the signal to noise ratio rises above 5, the assay indicates that a binding 

event has occurred, and the ratio >12 suggests that the assay is considered as desirable [83,84]. 
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Chapter 3: Human DDX17 Unwinds Rift Valley Fever Virus Non-

Coding RNAsa 

3.0 Introduction 

Rift Valley fever virus (RVFV) is part of the Bunyaviridae family and the genus Phlebovirus. The 

virus was first identified in the early 1930s during a large outbreak on a sheep farm in the Rift Valley of 

Kenya [1]. Since then, the virus transmission has been reported in several countries located within Sub-

Saharan Africa and the Arabian Peninsula due to infected livestock trade. Transmission of this virus is 

through competent mosquito vector hosts, Aedes and Culex, to animals and humans. Infection is 

currently untreatable and primarily affects domesticated animals such as camels, goats, sheep, and cattle, 

but can also affect humans [2]. Infections in animals mainly occur through mosquito bites, and terminal 

human hosts can be infected by infected mosquitos and direct contact with infected ruminant blood and 

bodily fluids. Symptoms of RVFV infection in humans can include acute febrile illness followed by 

hemorrhagic fever, encephalitis, or ocular disease [2]. These mosquito vectors can also transmit a variety 

of flaviviral diseases such as Zika, yellow fever, and chikungunya. Additionally, its presence on every 

continent except for Antarctica makes this virus a severe threat to global health and food security [3]. 

There is currently an inactivated vaccine (MP-12) that has been shown to confer long-term immunity in 

humans with a single dose. This vaccine is also effective in animals; however, it is not currently 

commercially available [4].  

According to the World Health Organization (WHO), RVFV infection is one of the top eight 

emerging diseases likely to cause significant epidemics that currently have no medical countermeasures 

[5]. RVFV is maintained in the environment via vertical transmission from the mosquito vector to offspring 

during high rainfall periods, which amplifies mosquito breeding [6]. Infectious outbreaks occur after long 

intervals of dormancy, between 5–15 years, but can cause detrimental economic losses due to livestock 
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infection, which causes mortality rates of 10–30% and >90% abortion rates. Moreover, these epizootic 

outbreaks have resulted in a total death toll of over 100,000 sheep, over half a million livestock abortions, 

and more than 2300 human deaths [1,7]. 

RVFV is an enveloped virus that contains a linear, tripartite, ssRNA ambisense genome [8]. The 

total tripartite genome size for RVFV is 10.4 kb and encompasses three different viral RNA components 

which are replicated in the host cell cytoplasm: L (large, 6.4 kb) and M (medium, 2.3 kb), which are both 

negative sense, and S (small, 1.7 kb) which is ambisense [9]. The L-segment encodes the RNA-dependent 

RNA polymerase, while the M-segment encodes two envelope glycoproteins, Gn and Gc, and two 

accessory proteins. The S-segment (S2) ambisense RNA encodes a positive-sense RNA template of the 

non-structural protein (NS) and a negative-sense RNA for the viral nucleoprotein (N) [10,11]. The S-

segment contains two notable noncoding regions; the 5′ noncoding region (NCR), responsible for 

transcription and translation initiation of the NS segment, and the intergenic region (IGR), responsible for 

transcription termination on both the NSs and N mRNA [12]. These two regions have been demonstrated 

to form hairpin-like structures, which are recognized by host cellular machinery. The human protein, 

DDX17, which is a DEAD-box helicase, has been shown to interact with the 5′ noncoding S-segment 

(RVFV NCR) and the noncoding sequence between N and NSs (RVFV IGR) [11]. The knockdown of 

DDX17, but not its paralog DDX5, led to unrestricted viral replication of RVFV in U2OS cells [11]. 

DEAD-box helicases have been described as ATP-dependent chaperones that reconfigure RNA by 

disrupting secondary and tertiary RNA–RNA or RNA–protein interactions [13,14]. The DDX17 helicase has 

roles in transcription, splicing, mRNA decay, rRNA biogenesis, and miRNA processing as well as antiviral 

defense [15,16]. The target motifs on the viral RNA S-segment are two hairpin structures, which are 

unique to the Bunyaviridae family [10]. CLIP-seq data indicate that DDX17 interacts with both the IGR 

and 5’ NCR of the RVFV S-segment. We wanted to examine these interactions in vitro to determine if 

DDX17 is capable of functioning independently or whether it requires additional binding partners, as 

described previously [17]. Additionally, we would like to investigate the structural differences between the 

noncoding RNAs (ncRNAs) and how this could affect their interactions with DDX17. 
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Therefore, by utilizing multiple biophysical techniques, we have characterized the interaction 

between RVFV noncoding RNA (ncRNA) and DDX17135–555 to determine that not only does DDX17135–555 

directly interact with RVFV ncRNA, it also unwinds the ncRNA in the presence of ATP. This work supports 

previous observations of direct anti-viral effects of DDX17 [11] while providing a new, easy approach to 

investigate the helicase activity of a protein. 

3.1 Results 

3.1.1 Purification of DDX17135–555, RVFV S-segment IGR, and 5′ NCR 

DDX17135–555 was overexpressed in Escherichia coli (Lemo21) and purified using affinity and size 

exclusion chromatography (SEC), as detailed in the Materials and Methods section. Figure 3.1.1A shows 

the schematics of full-length DDX17 and the truncated DDX17135–555 that was used in this study, as we 

were unable to express sufficient amounts of full-length DDX17. As presented in Figure 3.1.1B, the peak 

fractions (15 mL to 17 mL), devoid of any contamination or aggregation, were collected, followed by the 

purity check using SDS-PAGE. As presented in the inset to Figure 3.1.1B, the final preparation does not 

contain any degraded material, and it corresponds to the correct molecular weight of ~50 kDa. To further 

study the homogeneity of DDX17135–555 in solution, the SEC-purified preparation that presented a single 

band in SDS-PAGE was used to perform an analytical ultracentrifugation sedimentation velocity 

experiment (SV-AUC). The SV-AUC results suggest that DDX17135–555 is mainly homogenous with a 

sedimentation coefficient of 3.16 S (Figure 3.1.1C) and a diffusion coefficient of 5.22 × 10−7 cm2/s (Table 

1). 
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Figure 3.1.1. Purification of RNA Helicase DDX17 (A) Schematic representation of DDX17 highlighting 
individual domains. DDX17135–555, which contains the Q motif, ATP binding domain, DEAD-box, and the 
helicase domain, was used in downstream studies. (B) The chromatogram from the size exclusion 
purification (Superdex 200 Increase gl 10/300) of DDX17135–555, suggesting that DDX17(135–555) can be 
purified to ~68% homogeneity (~16 mL). The y-axis represents absorbance at 260 nm while the x-axis 
represents elution volume. We collected peak fractions from 15.5 to 16.5 mL for subsequent analysis. The 
inset to Figure 3.1.1B represents the SDS-PAGE analysis of DDX17135–555 (48.45 kDa) following size exclusion 
chromatography. C) Sedimentation coefficient distribution of DDX17135–555 obtained from analytical 
ultracentrifugation sedimentation velocity (SV-AUC) experiment. The peak at ~3.16S represents 
monodispersed DDX17135–555. Sedimentation coefficient values are corrected to standard solvent conditions 
(20 °C in water). 

 

The in vitro transcribed RVFV IGR and 5’ NCR RNAs were purified using SEC, similar to DDX17135–

555 (Figure 3.1.2A). The IGR eluted at approximately ~14 mL, while the 5’ NCR eluted at ~14.5 mL. Peak 

fractions were collected and analyzed by urea-PAGE, which displayed a single band (Figure 3.1.2A inset). 

Next, we utilized SV-AUC to determine the purity of SEC-purified RVFV ncRNA. Our SV-AUC analysis 

suggested that monomeric IGR and 5’ NCR have sedimentation coefficients of 4.07 S and 4.18 S, 

respectively. The SV-AUC analysis also yielded diffusion coefficients of 7.62 × 10−7 cm2/s and 6.58 × 10−7 

cm2/s, respectively. Overall, both ncRNAs appear to be relatively pure (Figure 3.1.2B). 
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Figure 3.1.2. Purification and hydrodynamic characterization of in vitro transcribed Rift Valley fever virus 
RNA. (A) Size exclusion chromatogram of the elution profile of both Rift Valley fever virus (RVFV) 5’ 
intergenic region (IGR) and RVFV 5’ noncoding region (NCR). The y-axis represents absorbance at 260 nm 
while the x-axis represents elution volume. An inset to Figure 3.1.2A represents the urea-PAGE (7.5%) 
analysis of RVFV IGR and 5’ NCR after size exclusion chromatography. Each well represents 10 µL of a 500 
µL elution fraction from size exclusion chromatography. The gel was run for 25 min, at 300 V in 0.5× TBE 
(Tris-Borate-EDTA) running buffer and was visualized using Sybr Safe dye. (B) Sedimentation coefficient 
distribution profiles for RVFV 5’ IGR (green) and RVFV 5’ NCR (blue) from SV-AUC. The primary SV peaks 
for each RNA are 4.07 S and 4.18 S for IGR and 5’ NCR, respectively, and represent the monomeric form. 
Sedimentation coefficient values were corrected to standard conditions (20 °C in water). 

 

3.1.2 Solution Conformation of DDX17135–555, RVFV S-Segment IGR, and 5′NCR 

SAXS analysis allows for low-resolution structural determination of biomolecules in solution. The 

instrumentation provided at the B21 Beamline (Diamond Light Source, UK) allows for the employment of 

HPLC connected in-line to SAXS detection to maintain confidence in the monodispersity of samples, 

keeping them free of aggregates and degradation [18–20]. SEC-SAXS data for the merged datasets are 

presented in Figure 3.1.3A. The merged data were further processed using Guinier analysis (plot of (l(q)) 

vs. (q2)) to detect the purity and for the determination of the Rg (average root mean squared radius from 

the center of mass for the biomolecule) from the low-q region [21]. Figure 3.1.3B represents the Guinier 

plots for IGR, 5’ NCR, and DDX17135–555, whereas the linearity of the low-q region indicates that all three 
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biomolecules were monodisperse. Rg values of 36.42 ± 0.10, 50.44 ± 0.88, and 24.78 ± 0.36 for IGR, 5’ 

NCR, and DDX17135–555, respectively, were obtained from Guinier analysis (see Table 1). After we 

confirmed monodispersity from Guinier analysis, we further processed the SAXS scattering data from 

Figure 3.1.3A to obtain dimensionless Kratky plots [19,22] which allowed for analysis of the foldedness of 

the biomolecules (Figure 3.1.3C). In general, globular biomolecules in solution show a well-defined 

maximum value of 1.1 at q*Rg = 1.73 [23]. The dimensionless Kratky plots for the two ncRNAs suggested 

that both are well folded and extended in solution, whereas DDX17135–555 is relatively more compact. 

 

Figure 3.1.3. Small-angle X-ray scattering (SAXS) characterization of RVFV RNA (IGR and NCR) and 
DDX17135–555. (A) Merged scattering data of RVFV RNA and DDX17135–555 showing scattering intensity (log 
I(q)) vs. scattering angle (q = 4πsinθ/λ). (B) Guinier plots allowing for the determination of Rg from low-
angle region data and representing the homogeneity of samples. (C) Dimensionless Kratky plots 
(I(q)/I(0)*(q*Rg)2 vs. q*Rg) of RVFV RNA and DDX17135–555, demonstrating extended structures for RVFV 
RNA and a more compact structure for DDX17135–555. (D) Pair distance distribution (P(r)) plots for RVFV RNA 
and DDX17135–555 which allow for the determination of Rg from the entire SAXS dataset, and maximal particle 
dimension (Dmax).  
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Next, indirect Fourier transformations on each dataset were performed to convert the reciprocal-

space information of data presented in Figure 3.1.3A to real-space electron pair distance distribution 

functions (P(r)) plots, which are presented in Figure 3.1.3D using the GNOM [24] program. Using the P(r) 

plots, the Rg was obtained along with the Dmax (maximal particle dimension) for all three biomolecules. 

Importantly, compared to Guinier analysis, which provides Rg from the low-q region, the P(r) analysis 

utilizes a larger range of the dataset which adds to the reliable determination of the Rg and Dmax. Table 1 

contains all values calculated from the P(r) analysis; we obtained a Dmax of ~120 Å, 145 Å, and 80 Å for 

IGR, 5’ NCR, and DDX17135–555, respectively. Additionally, we obtained P(r) Rg values of 38.00 ± 0.08, 

46.66 ± 0.34, and 25.46 ± 0.27 Å for IGR, 5’ NCR, and DDX17135–555, respectively. These values correlate 

very well to those obtained from prior Guinier analysis, indicating these data are suitable to proceed with 

low-resolution structure determination. The P(r) plot is also indicative of a biomolecules’ relative solution 

conformation; a more globular-shaped biomolecule will adopt a bell-shaped P(r) distribution with a 

maximum at Dmax/2 [25], and a more extended molecule will adopt a bell-shaped curve with an extended 

tail, suggesting an elongated structure [20]. The P(r) plot for DDX17135–555 adopts a typical bell-shaped 

curve, which suggests that this protein is more globular relative to the ncRNAs (Figure 3.1.3D). 

Next, we employed DAMMIN [26] to obtain low-resolution structures for each biomolecule, which 

involves a simulated annealing protocol allowing for the incorporation of P(r) data (Dmax and Rg as 

constraints). Twelve models were calculated for all three biomolecules and all models have excellent 

agreement (X2) between the experimentally obtained scattering data and the calculated scattering data 

(Table 1). Following DAMMIN, we employed DAMAVER [27] for the alignment and rotation of all 12 

models to gain an averaged filtered structure for each biomolecule, which represents averaged structural 

features from individual models (Figures 2.1.4 and 2.1.5A) [27]. For each case, the overlap function, the 

normalized spatial discrepancy (NSD), was estimated to provide a measure of the goodness of fit of the 

superimposition of each model. Table 3.1.1 presents the NSD values for the 12 models calculated for each 

biomolecule, and the low values suggest that the models in each case are highly similar to each other. 

The models presented in Figures 3.1.4 and 3.1.5A are the averaged filtered structures for NCR, 5’ IGR, 
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and DDX17135–555, which indicate that both ncRNAs adopt extended structures in solution, while DDX17135–

555 has a nearly globular conformation. 

 

Figure 3.1.4. Low-resolution structure determination via SAXS for RVFV 5’ NCR and RVFV 5’ IGR, indicating 
that these RNA molecules adopt an extended solution structure. (A,B) Three structures representing 
sequential 90° rotational angles from the top panel structure. Dimensions represent the Dmax obtained from 
P(r) analysis. 
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Table 3.1.1. Solution properties of DDX17135–555, IGR, and 5’ NCR. 

The Mw values were calculated using nucleotide sequences. ∇—determined using SV-AUC analysis and 
UltraScan-III package [28]. Sedimentation coefficients obtained following genetic algorithm–Monte Carlo 
analysis. #—obtained from Guinier analysis [21]. ∆—determined using P(r) analysis using the GNOM 
program [24]. *—values derived from DAMMIN [26] and DAMAVER [27] analysis. 

 

Recently, a high-resolution structure of DDX17 containing the ATP-binding and helicase domains 

(6UV0) was determined using X-ray crystallography [29]. We noticed a flexible linker between the ATP-

binding and helicase domains, which could not be resolved in the high-resolution crystal structure. 

Therefore, we sought to use the scattering data of DDX17135–555 to perform high-resolution modeling using 

the program CORAL, as described elsewhere [30]. Using the crystal structure’s high-resolution information 

of the ATP-binding domain (155aa-382) and the helicase domain (389aa-555), we calculated 12 separate 

models and assessed their quality by comparing model-derived SAXS data with experimentally collected 

SAXS data. Each of the 12 models we calculated has X2 values of ~1.2, suggesting they are a good fit for 

the original data. This led us to believe that the helicase domain can adopt multiple different orientations 

in solutions, consistent with our initial low-resolution SAXS structure presented in Figure 3.1.5A. Figure 

Sample DDX17135_555 IGR 5’ NCR 

Mw (kDa, sequence) 48.45 23.82 24.70 

Sedimentation coefficient, S 
(10−13 s) ∇ 3.16 4.07 4.18 

Diffusion coefficient D (10−7 
cm2/s) ∇ 5.22 7.62 6.58  

Rh (Å) ∇ 41.06 28.11 32.64 

I(0) # 0.003 ± 2.5 × 10−5 0.026 ± 4.4 × 10−5 0.022 ± 2.6 × 10−4 

q.Rg range # 0.39–1.30 0.26–1.29 0.40–1.29 

Rg (Å) # 24.78 ± 0.36 36.42 ± 0.10 50.44 ± 0.88 

I(0) ∆ 0.003 ± 2.3 × 10−5 0.026 ± 4.3 × 10−5 0.019 ± 1.7 × 10−4 

Rg (Å) ∆ 25.46 ± 0.27 38.00 ± 0.08 46.66 ± 0.34 

Dmax (Å)∆ 79.21 122 148 

Χ2 * ~1.00 ~1.10 ~1.30 

NSD * 0.52 ± 0.02 0.73 ± 0.02 0.58 ± 0.01 
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3.1.5B presents the CORAL-derived representative models, which highlight the relative orientations of the 

helicase domain due to the presence of a linker. Figure 3.1.5C demonstrates the overlay of the CORAL-

derived model with the DDX17135–555 low-resolution structure, indicating an overall agreement between 

both approaches. 

Figure 3.1.5. Structural modeling of DDX17135–555. (A) Low-resolution SAXS structure indicating that 
DDX17135–555 adopts an extended globular conformation in solution. The bottom panel represents a 90° 
rotation of the x-axis from the top panel. Dimensions represent the Dmax from P(r) analysis. (B) CORAL-
derived models of DDX17135–555 (6UV0), suggesting a linker (purple/gray chain) between the ATP-binding 
domain (blue ribbon), and the helicase domain (yellow/brown ribbon), allowing them to adopt different 
orientations. (C) SAXS envelope overlayed with the CORAL-derived representative model highlighting an 
agreement between high- and low-resolution models. 

 

3.1.3 DDX17 Binds to the IGR and 5’NCR Non-Coding RNAs 

After analyzing the homogeneity of DDX17135–555, RVFV S-segment IGR, and 5′ NCR, we 

determined the affinity of DDX17 for both ncRNAs using microscale thermophoresis (MST). MST is a 

powerful technique that allows for rapid interaction analysis by measuring the change in fluorescent 

migration as the molecules are excited via infrared laser [31,32]. DDX17135–555 was titrated against the 

fluorescently labeled RVFV RNAs. The addition of DDX17135–555 (the ligand) to the fluorescent RNA 

molecules (the target) causes them to migrate at a rate different than when DDX17135–555 is absent. A 

dissociation constant is determined by relating the change in fluorescent migration of the target to the 
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concentration of the added ligand [33]. Figure 3.1.6A represents MST traces, where the blue highlight 

represents the “cold” region which is used to normalize the change of fluorescence measured in red, 

representing the “hot” region. Our MST studies demonstrate that DDX17135–555 interacts with IGR and 5’ 

NCR with dissociation constants of 5.77 ± 0.15 µM and 9.85 ± 0.11 µM, respectively (Figure 3.1.6B). 

Figure 3.1.6. Interaction studies of DDX17135–555 with IGR and 5’ NCR. (A) Microscale thermophoresis 
(MST) traces indicating the change in fluorescence when exposed to the infrared laser. Each trace 
represents a different concentration of DDX17135–555 and is used to assess how the change in concentration 
affects the fluorescently labeled RNA migration. The blue highlight is the “cold” region and the red highlight 
is the “hot” region. The difference between these regions is used to calculate the ΔFnorm. (B) The MST 
binding curves for the IGR and 5’ NCR RVFV RNAs (n = 3). RNA was used at a concentration of 40 nM while 
DDX17135–555 was titrated up to a maximum concentration of 55µM. The y-axis ΔFnorm is the change in 
fluorescent migration normalized to 0. The dissociation constant for DDX17135–555 and the IGR was 
determined to be 5.78 ± 0.15 µM (reduced Χ2 = 0.967, Std. error of regression = 0.702) while for DDX17135–

555 and the 5’ NCR was determined to be 9.85 ± 0.11 µM (reduced Χ2 = 0.996, Std. error of regression = 
0.351). We used polyU RNA as a negative control (black diamonds) that did not bind to DDX17135–555. 

 

3.1.4 DDX17 Unwinds RVFV RNA in an ATP-Dependent Fashion 

Since we confirmed that DDX17135–555 binds to both ncRNAs, we wanted to evaluate DDX17’s 

ability to unwind the RNAs. Figure 3.1.7A is a schematic representation of the experimental design which 

describes the overall approach of utilizing MST to perform a helicase assay. The signal to noise ratio, 

which is a measure of significance that uses the response amplitude of the MST traces, is indicated in 

Figure 3.1.7B. To assess statistical significance, we used unpaired t-tests. We determined that the 

fluorescent migration did not experience a significant change (p = 0.9350, signal to noise = 0.750) in the 

presence of bovine serum albumin (BSA) with the reaction mixture (RNA + fluorescent oligo + ATP), 
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suggesting that BSA cannot unwind RNA, which makes it a suitable control for the subsequent 

experiments. Next, we compared the BSA reaction mixture to the reaction mixture with DDX17135–555. The 

results suggest that the addition of DDX17 with either IGR or 5’ NCR causes a significant change in the 

migration of fluorescence (p < 0.0001 for both, signal to noise = 12.5 and 9.17, respectively), indicating a 

binding event occurred upon the addition of DDX17. Collectively, our analysis demonstrates that 

DDX17135–555 can unwind the RNA, allowing the hybridization of the DNA oligo to the RNA(s). To 

determine the effect of ATP on the helicase activity of DDX17, we compared the reaction mix with and 

without ATP (gray bar). We observed that the presence of ATP resulted in a significant difference in 

fluorescence migration compared to without ATP (p = 0.0059, signal to noise = 8.70). 

Figure 3.1.7. DDX17135–555 helicase assays performed using MST. (A) Representation of helicase assay 
using MST. The helicase assay was performed by combining the RNAs, fluorescently labeled DNA oligo, 
DDX17135–555, and ATP. DDX17135–555 hydrolyzes the ATP and unwinds the RNA, giving the oligo access to 
the newly opened complimentary site. The fluorescently labeled DNA oligo hybridized to the RNA can be 
measured in the MST by detecting the change in migration. This is compared to a control that uses bovine 
serum albumin (BSA) instead of DDX17135–555, and a change in the migration indicates that the RNA has 
been unwound by DDX17. (B) Signal to noise ratios of different comparative assays (n = 3). Control 
compared a reaction mix without protein to BSA, signal to noise did not meet the threshold of 5 and was 
not significant, unpaired t-test (p = 0.9350, N.S.). DDX17135–555 caused a significant change in the IGR (p 
< 0.0001, ****), with the signal to noise ratio reaching 12.5. The 5’ NCR also experienced a significant shift 
in the presence of DDX17135–555 (p < 0.0001, ****), having a signal to noise ratio of 9.17. Gray bar 
represents including ATP vs. not including ATP in the reaction mixture, showing ATP causes a significant 
change in fluorescent migration, having a signal to noise of 8.70 (p = 0.0059, **). 
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3.2 Discussion 

The study performed by Moy et al. in 2014 [11] concluded, in vivo, that U2OS human cells 

infected with RVFV cause activation of DDX17 to restrict RVFV replication through an interferon-

independent pathway. CLIP-seq analysis determined that DDX17 binds to two essential stem-loop regions 

on the RVFV S-segment RNA: IGR and 5′ NCR [11]. We, therefore, sought to characterize this interaction 

in vitro to substantiate that DDX17 is an interacting partner of RVFV ncRNAs. 

We expressed and purified a construct that contains both the ATP-binding domain and the 

helicase domain, DDX17135–555 (Figure 3.1.1). Next, we transcribed, purified, and characterized the RVFV 

IGR and 5’ NCR ncRNAs in vitro. As AUC is a reliable and widely accepted technique to assess the solution 

state of biomolecules [34–36], we performed the SV-AUC experiments. The SV-AUC data suggested that 

both ncRNAs are relatively pure, with the presence of dimer and tetrameric assemblies (Figure 3.1.2B), 

which is similar to our prior study on Murrey Valley and Powassan virus ncRNAs where we also observed 

the presence of oligomeric species [20]. Similarly, SV-AUC studies also indicated that DDX17135–555 is 

mainly monomeric at the examined concentration. We also obtained the diffusion coefficients and the 

Stokes radii for DDX17135–555, IGR, and 5’ NCR (Table 1). 

SAXS excels at being a complementary structural biophysical method by enabling solution 

structure studies of virtually all biomolecules, and their biomolecular complexes [18,22,30,37–40]. While 

SAXS structures are low resolution in comparison to high-resolution structures determined using X-ray 

crystallography or NMR, oftentimes obtaining high-quality crystals for crystallography or biomolecular 

labeling for NMR is challenging [18,38,40–43]. By employing HPLC-SAXS for data collection instead of 

traditional SAXS, we ensure that our collected scattering data will be monodispersed. These 

monodispersed preparations were confirmed by the linearity of fit in the low-q region using the Guinier 

analysis (Figure 3.1.3B). Using Guinier analysis, we also calculated Rg values for all three biomolecules 

(based on low-q region) (Figure 3.1.3B) and compared them to those calculated through P(r) analysis 

(Figure 3.1.3D). The Rg values for both analyses were highly similar (Table 1), which confirms that our 

data are reliable and it is worth proceeding with more analysis. Dimensionless Kratky analysis suggested 
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that the IGR and 5’ NCR adopt an elongated structure (Figure 3.1.3C). Finally, the P(r) distribution (Figure 

3.1.3D) reveals that both ncRNAs quickly increase to the maxima, and then steadily decrease, which 

suggests an elongated structure, as observed earlier [20,38]. Comparatively, the P(r) distribution of 

DDX17135–555 displays a skewed Gaussian distribution, suggesting that it adopts a more compact 

conformation compared to the ncRNAs (Figure 3.1.3D). We observe that both ncRNAs have different Dmax 

(110 vs. 145 Å), despite having a similar length. The 5’ NCR, based on its Dmax, likely contains extended 

amounts of single-stranded regions (Figure 3.1.4A), whereas IGR could have a higher content of double-

stranded structures (Figure 3.1.4B). IGR and 5’ NCR (Figure 3.1.4A,B) confirm that both RNAs adopt an 

elongated structure, as indicated by initial dimensionless Kratky analysis. The ratio of Rg to Rh is a good 

indicator of the solution conformation of biomolecules. Compact spherical biomolecules typically have an 

Rg/Rh ratio of ~0.70. This ratio increases as the shape of the molecule changes from globular to extended 

conformation [44,45]. For IGR and 5’ NCR, the Rg/Rh values are 1.35 and 1.43, suggesting that both 

ncRNAs have extended conformations. For DDX17135–555, we obtained an Rg/Rh of 0.62, indicating that it is 

more globular than the ncRNAs. 

The low-resolution structural modeling of DDX17 confirmed its extended globular nature (Figure 

3.1.4A). A secondary strength of SAXS is the ability to combine high-resolution structures or homology 

models of individual domains, or computational studies with low-resolution SAXS models 

[18,30,38,41,42]. The crystal structure of DDX17 containing the ATP-binding and helicase domain (6UV0) 

was determined [29], allowing us to compare their high-resolution data to our low-resolution models to 

evaluate the validity of our models. Since the flexible linker between the ATP-binding and helicase 

domains was not resolved, we performed structural modeling using CORAL, which suggested that relative 

to the ATPase domain, the helicase domain exhibits conformational flexibility in solution (Figure 3.1.5C). 

To establish the direct interaction between DDX17135–555 and both IGR and 5’ NCR ncRNAs, we 

performed MST assays as described previously [30,46,47]. Our analysis indicated that both RNAs interact 

with DDX17135–555. However, despite having relatively similar nucleotide length, IGR binds with a 

comparatively higher affinity to 5’ NCR (5.77 µM for the IGR vs. 9.85 µM for the 5’ NCR) (Figure 3.1.6B). 
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Compared to the observations made for DDX5 (a DDX17 homolog), our results suggest that the DDX17 

interacts with RVFV RNAs weakly (in µM range) [48,49]. However, an important distinction between 

previous studies and our work is that we have used considerably longer ncRNAs, and the minimalistic 

DDX17 construct. This could result in differences in specificity, nonetheless, we have demonstrated that 

our construct is specific to the RVFV RNAs and binds with them with different affinities. Considering how 

compact the IGR is, based on scattering analysis, it may indicate that DDX17 has tighter binding to 

double-stranded RNA regions. Although DDX17 is primarily located in the nucleus, its presence in the 

cytoplasm and ability to interact with RNAs, including the RVFV ncRNAs, suggests that DDX17 may act as 

a sensor for these viral RNAs within the cytoplasm [50,51], similar to other helicases and host proteins, 

like DDX3X and Protein Kinase R (PKR) [52,53]. Since DDX17 is a known helicase, we wanted to perform 

helicase assays to determine if DDX17135–555 can unwind RVFV ncRNA. Helicase assays are often 

conducted by using radioactivity or fluorescent resonance energy transfer (FRET)based analysis [54,55]. 

However, our endeavor to develop a time and cost-effective alternative led us to design a unique 

experiment using MST. MST is ideal for our experiment because of its sensitivity for binding events, the 

low concentrations of samples required, and the availability of the reaction components, other than 

fluorescently labeled DNA oligos [56,57]. Using this simple assay, we demonstrated that DDX17135–555 was 

able to unwind both RNAs and in a manner that is ATP dependent (Figure 3.1.7B). Currently, it is 

speculated that the ATP-binding domain hydrolyzes ATP to drive the helicase activity [58] which is 

consistent with our results. In conclusion, we have demonstrated that DDX17135–555 is capable of directly 

binding and unwinding the noncoding regions of the S-segment genome of Rift Valley fever virus. This 

suggests that it could be critical for recognizing noncoding regions from other viral RNA. 

3.3 Materials and Methods 

3.3.1 Protein Expression and Purification of DDX17135–555 

The DDX17135–555 cDNA construct in the pOPINF vector was designed with the help from the 

Oxford Protein Production Facility (OPPF, Harwell Oxford, Didcot, UK). DDX17135–555 was expressed using 

Lemo21(DE3) E. coli cells. The culture was grown in Luria broth containing kanamycin (50 mg/mL) and 
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chloramphenicol (100 mg/mL) antibiotics. The culture was then transferred to Terrific broth containing 

5% glycerol, and the cells were grown at 37 °C in an orbital shaker for 5 h, followed by a reduction in 

temperature to 20 °C for 16–18 h, harvested by centrifugation, and resuspended in lysis buffer (50 mM 

Tris, 500 mM NaCl, 10 mM imidazole 3 mM 2-Mercaptoethanol, 10mg/mL Lysozyme, 0.1% Tween-20, and 

5% glycerol). The resulting cell suspension was sonicated and centrifuged at 30,000× g. The supernatant 

was filtered through a 0.45 µm syringe filter to prepare for chromatography. 

Nickel affinity purification was performed using the ÄKTA start protein purification system (Global 

Life Science Solutions USA LLC, Marlborough, MA) with the HisTrap™ High-Performance column (Global 

Life Science Solutions USA LLC, Marlborough, MA) via the hexahistidine tag on DDX17135–555. Protein was 

eluted in 2mL fractions using an imidazole gradient up to 500 mM. Further purification and buffer 

exchange were performed using an ÄKTA pure purification system (Global Life Science Solutions USA LLC, 

Marlborough, MA) using Superdex® 200 10/300 GL (Global Life Science Solutions USA LLC, Marlborough, 

MA). DDX17135–555 was eluted in 50 mM Tris, 150 mM NaCl, and 3% glycerol. Elutions containing 

DDX17135–555 were pooled and concentrated using Amicon® Ultra-15 Centrifugal Filter Units (30,000 

MWCO, Millipore Canada Ltd, Etobicoke, ON). The 110µM DDX17135–555 stocks were aliquoted and frozen 

in liquid nitrogen before being stored at −80 °C.  

3.3.2 Preparation of Rift Valley Fever Virus Non-Coding RNAs 

The cDNA sequences were prepared under T7 RNA polymerase control, with two additional G 

nucleotides on the 5′ end followed by an XbaI restriction enzyme cut site (T^CTAGA) on the 3’ end. Both 

RVRV constructs were designed based on the Genebank sequence of EU312119.1. The underlined regions 

are the complimentary regions to our fluorescent oligos described in a later section. Both RNA constructs 

used in the experiments are listed as follows: 
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1. RVFV NCR S Segment 812–886 

5′GGAUUUGUUGAGGUUGAUUAGAGGUUAAGGCUGCCCCACCCCCCACCCCCUAAUCCCGACCGUAACCCCAACU
CCU3’ 

2. RVFV IGR S Segment 25–100 

5′GGCAAGUAUAUCAUGGAUUACUUUCCUGUGAUAUCUGUUGAUUUGCAGAGUGGUCGUCGUGUUGUGUCAGUG
GAGUACAU3′ 

 

Each RNA was prepared using an in vitro transcription reaction using T7 RNA polymerase (made 

in-house) followed by purification using a Superdex® 200 10/300 GL via an ÄKTA pure system (Global Life 

Science Solutions USA LLC, Marlborough, MA). Fractions were analyzed using urea-polyacrylamide gel 

electrophoresis (urea-PAGE): 10 µL of each fraction were mixed with 2 µL of RNA loading dye and loaded 

into a 1.0 cm well PAGE (Bio-Rad Laboratories (Mississauga, ON). The urea-PAGE (7.5%) was then 

developed at 300 V, room temperature for 25 min in 0.5× TBE, followed by staining and visualization with 

Sybr Safe (Thermofisher Scientific, Saint-Laurant, QC, Canada). Fractions containing a single band were 

used for further experimentation. Fractions containing the purified RNA of interest were concentrated by 

ethanol precipitation, and each pellet was resuspended in RNA buffer (10 mM Tris pH 7.5, 100 mM NaCl, 

and 5 mM MgCl2). 

3.3.3 Fluorescent Labeling of RNA 

RNAs were incubated on ice for 30 min in 0.1M sodium acetate (pH 5.3) and 2 mM potassium 

periodate. Following incubation, the reaction was stopped by adding ethylene glycol to a concentration of 

10 mM and incubated again on ice for 10 min. We then performed two ethanol precipitations, 

resuspended the RNA in water, along with 0.1 M NaOAc and 10 mM fluorescein-5-thiosemicarbazide 

(FITC), and incubated the mixture on ice and in the dark for 16 h. Following incubation with the 

fluorescent dye, the mixture was phenol extracted (1 vol phenol:1 vol mixture) 5 times until the phenol 

layer no longer changed color, indicating all free dye had been removed from the RNA mixture. We then 

ethanol precipitated the resulting labeled RNA twice, followed by resuspension in RNA buffer. 
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3.3.4 Analytical Ultracentrifugation (AUC) 

We collected SV-AUC data for FPLC-purified RNA and protein using a Beckman Optima AUC 

centrifuge with an AN60-Ti rotor at 20 °C. Each sample was loaded into Epon-2 channel centerpieces and 

was measured at 0.5 OD260 for RNA (680 nM) and 0.5 OD280 for protein (10.2 µM). For SV-AUC 

experiments, we used 10 mM Tris and 500 mM NaCl with 5 mM mgCl2 buffer at pH 7.5 for RNA and 50 

mM Tris, 150 mM NaCl, and 5% glycerol buffer at pH 8 for protein. Intensity scans were collected at 20 s 

intervals at 40,000 revolutions per minute, measuring at 20 °C. All data were analyzed using UltraScan-III 

[59] according to the workflow described elsewhere [60]. Finite element fits were processed on the 

Lonestar5 (Texas Advanced Computing Center, Austin, TX, USA) and Comet (San Diego Supercomputing 

Center, San Diego, CA, USA) supercomputers. The collected SV-AUC data were analyzed using two-

dimensional spectrum analysis (2DSA) to subtract time and radially invariant noise components and to fit 

the meniscus and bottom positions [61], followed by genetic algorithm analysis combined with Monte 

Carlo analysis [62]. The buffer density and viscosity corrections were calculated with UltraScan (1.0030 

g/cm3 and 1.0100 cP, respectively, for the RNA buffer and 1.017 g/cm3 and 1.152 cP for the protein 

buffer). Partial specific volumes of 0.55 mL/g [20] and 0.732 mL/g [63] were assumed for RNAs and 

protein, respectively. All reported hydrodynamic parameters are corrected to standard conditions (20 °C 

and water), as implemented in UltraScan [59]. 

3.3.5 Microscale Thermophoresis RNA and Protein Binding Studies 

A two-fold serial dilution was performed on DDX17135–555 where the highest concentration was 55 

µM (as presented in Figure 3.1.6B). A constant amount of FITC-labeled RVFV NCR, or 5’ IGR, was added 

to each serial dilution of DDX17135–555, resulting in a final concentration of 40 nM. The final concentration 

of polyU (negative control, Sigma-Aldrich Canada) in each assay was 50 µg/mL, and the initial 

fluorescence was similar to the ncRNA experiments. Samples were incubated together at room 

temperature for 10 min and then added to Nanotemper Technologies Monolith® NT.115 instrument 

(Munich, Germany) hydrophobic capillaries and loaded onto the MST block. Thermophoresis was 

measured at an ambient room temperature of 25 °C and performed using 20% excitation power for RVFV 
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NCR and 40% for 5′ IGR (blue filter) and medium MST IR-laser power. Fluorescent migration used to 

determine Kd was measured from 4.0 to 5.0s and then normalized to initial fluorescence (−1.0 to 0s). The 

data from three independent replicates were analyzed using MO Affinity Analysis software v2.1.3 and fit 

to the standard Kd fit model, which describes a molecular interaction with a 1:1 stoichiometry according to 

the law of mass action. Kd is estimated by fitting Equation (1), where F(c) is the fraction bound at a given 

ligand concentration c; Unbound is the Fnorm signal of the target alone; Bound is the Fnorm signal of the 

complex; Kd is the dissociation constant; and ctarget is the final concentration of the target in the assay. 

𝐹𝐹(𝑐𝑐) = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 + (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) ×
𝑐𝑐 + 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑 − ��𝑐𝑐 + 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑�

2 − 4𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

3.3.6 Helicase Assay 

Firstly, we input our sequences into sfold (v2.2) [64] to determine the theoretical secondary 

structure and identified a portion of each RNA molecule that was double stranded. Oligos with 

complementary sequences to the double-stranded region(s) of the RNA(s) analyzed here were 

synthesized with a 5’ conjugated Cy5 fluorophore. The region of each RNA molecule which the oligos 

hybridize to is underlined, as described above (4.3). The sequences for RVFV 5’ IGR and RVFV 5’ NCR 

oligo(s) are: 5′Cy5/CAACTCCAACTAATCTCCA3’ and 5′Cy5/AGACAACTAAACGTCTCAC3’, respectively.  

Using Monolith® NT.115 that assesses the change in fluorescence migration, we were able to 

determine if the RNA molecules were unwound, thus allowing the oligo to bind to the now exposed 

complementary RNA. The reaction mixture contains 40nM of Cy5-DNA oligos, 1 µM of the RNA, and 4.25 

mM of ATP. To test the helicase activity of DDX17135–555, we added the enzyme to a final concentration of 

20 µM. As a control, we compared the unwinding activity of bovine serum albumin (BSA) with the activity 

observed in the absence of any protein (black bar). For the BSA control, the same concentration was used 

as for DDX17 (green and blue bars). Additionally, to assess the importance of ATP in unwinding activity, 

we compared DDX17135–555 without ATP to DDX17 with ATP (gray bar). Each run uses 4 capillaries, and 

we performed 3 runs for each condition before using the MO.Affinity Analysis (v2.1.3) software to analyze 

the data. The analysis software assesses the signal to noise ratio between a run with and without the 
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protein. Signal to noise is a measure of the response amplitude that is divided by the noise of the 

environment, and Equation (2) represents how this can be calculated [65]. If the signal to noise ratio rises 

above 5, the assay indicates that a binding event has occurred. To further analyze the helicase assay, 

unpaired t-tests were performed 

3.3.7 Small-Angle X-ray Scattering 

Small-angle X-ray scattering was performed by utilizing the B21 BioSAXS beamline at Diamond 

Light Source (Didcot, Oxfordshire, UK) to collect high-performance liquid chromatography SAXS (HPLC-

SAXS) data which can be found described previously [66]. Using a specialized flow cell connected to an 

in-line Agilent 1200 (Agilent Technologies, Stockport, UK) HPLC, 50µL of each purified sample (protein or 

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

exclusion column pre-equilibrated with buffer, at a flow rate of 0.160 mL per minute. X-rays were exposed 

to each frame for 3 s. The peak region for each sample was buffer subtracted using baseline 

measurements and merged using Primus [67] or ScAtter [68], as previously described. The merged data 

were analyzed initially by Guinier approximation [21] to obtain the radius of gyration (Rg) and evaluate 

homogeneity. Dimensionless Kratky analysis [23] was performed on all samples to evaluate the folding 

extend of the biomolecules of interest, which is reviewed in detail elsewhere [22]. Following Kratky 

analysis, we performed a pair distance distribution (P(r)) analysis using GNOM [24] to additionally provide 

the Rg and the maximum particle dimension (Dmax). Using the information from the P(r) plot, we 

generated models using DAMMIN [26], without enforced symmetry, which can be found previously 

described [30]. Finally, the resulting models were averaged and filtered to generate a single 

representative averaged model using DAMAVER [27,43,69].  

Recently, a crystal structure of DDX17 containing the ATP and helicase domain (6UV0) was 

published [29]. We used the scattering data of DDX17135–555 and performed high-resolution modeling, 

using the crystal structure and CORAL program, as described earlier [30]. Briefly, the high-resolution 

structure information of the ATP domain (155aa–382) and helicase domain (389aa–555) was provided as 

input data along with the raw scattering data, and the residues 383–388 were used as a flexible linker. 
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Using this approach, we initially calculated 12 models and the quality of the models was assessed using Χ2 

values. 
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Chapter 4: Development Towards a Baculovirus Proteins 

Expression System 

4.0 Introduction  

 Insect cells have been available for laboratory use since the middle of the twentieth century, but 

it was not until the 1980s that their popularity rose to prominence [1]. The most widely available insect 

cells come from some Lepidopteran species, SF9 cells being the most common, sourced from the Fall 

Army Worm (Spodoptera frugiperda). The largest factor behind the increased popularity came from 

modifications made to a natural virus. Genetically engineered baculovirus made it possible to express 

recombinant proteins with insect cells as a powerful tool that provides alternatives to protein expression 

within mammalian cells. Deletions made to the polyhedrin coding portion of the Autographa californica 

nuclear polyhedrosis virus, a Baculovirus, allowed researchers to screen for viral genomes that had 

exchanged genetic information, allowing for the virus's exploitation [2].  

 Baculoviruses have seen implementation to control insect populations [3] but are more often used 

to express foreign proteins in a eukaryotic system. The main benefit of baculovirus protein expression is 

the eukaryotic post-translation modifications that would not be present in a prokaryotic expression system 

[1]. The safety risks of mammalian cell culture are also significantly reduced when using insect viruses, all 

while being more cost-effective.  

 Expression of recombinant protein is achieved when the virus enters the latter stages of 

replication, the polyhedrin protein that would typically begin expression has been replaced by a protein of 

interest [4]. Designing the viral construct containing the recombinant protein can be achieved in several 

ways, for example, cloning directly into the viral genome [5], yeast recombination [6] or using 

transposons in bacteria [7]. However, the simplest method involves linearizing the genome, forcing the 

cut viruses' recombination with the desired protein's genetic information to restore the viral function [8]. 

There are also lethal knockout genes included in the viral construct that prevent viral replication unless 

recombination occurs to ensure that no wild-type virus survives [9].  
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 Eukaryotic proteins that are difficult to express in bacterial hosts can be a significant constraint 

for labs, especially biophysics labs that require high quantities of full-length proteins for research work. 

Insect cells are known to express large quantities of eukaryotic proteins with post-translational 

modifications [9]. Therefore, I opted to express the full-length dead-box helicases (DDX3X) in insect cells 

following successive failed attempts using bacterial systems.  

4.1 Methods 

4.1.1 Insect Cell Culturing 

 SF9 cells (Thermofisher Scientific, Saint-Laurant, QC, Canada) were seeded to a density of 

~5x105 cells/mL in SF900III Serum-Free Media (SFM) media (Thermofisher Scientific) in shake flasks at 

27°C with shaking set to 120rpm. Cells were grown to a density of 6x106 cells/mL before being passaged 

back to the initial density of 5x105 cells/mL. SF9 cells can tolerate 30 passages or three months before a 

fresh aliquot should be thawed. 

 High Five cells (Thermofisher Scientific) were grown via adherent culture but can adapt to 

suspension cultures to allow for higher cell densities. Cells were seeded at a density of 2x104-5x104 

cells/cm2. Once confluency reaches 90%, the cells are passaged and returned to 2x104–5x104 cells/cm2. 

Adapting cells to suspension means that heparin is added to the media to prevent cell aggregation. Ten 

units of heparin per mL of media are added until the cells reach 95% viability in suspension. Heparin can 

then be weaned from the cells as they are now considered adapted to suspension. Once cell density 

reaches 2x106, the cells need to be passaged back to 3x105.  

4.1.2 Baculovirus DNA Purification 

 E. coli (HS996) containing the Baculovirus genome are grown in Luria’s Broth (LB) at 37°C 

overnight, or until the cell density reaches OD600. The DNA is extracted using the FosmidMax DNA 

Purification Kit (Lucigen, Middleton, WI, USA). To start, cells are spun at 15,000xg for 2 minutes. The 

pellet is resuspended in 200µL of chilled Solution 1. Next, 400µL of Solution 2 is added; this begins the 

lysis reaction for no greater than 5 minutes. At this point, the DNA should be treated cautiously; too great 
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of mechanical force could lead to sheared DNA. 300µL of Solution 3 is added to stop the reaction, and at 

this point, a white precipitate will form. Following incubation on ice for 15 minutes, the sample is 

centrifuged for 15 minutes at 4°C and 15,000xg. The supernatant is collected and mixed with 540µL of 

isopropanol before being centrifuged once again for 15 minutes at 4°C and 15,000xg. The isopropanol 

layer is removed, and the pellet is dried for 3-5 minutes. Caution should be used, as an over-dry pellet will 

not resuspend easily. The pellet is resuspended in 250µL of TE buffer, then mixed with 250µL of chilled 

solution 4 and incubated on ice for 15 minutes. The sample is centrifuged for 15 minutes at 4°C and 

15,000xg. The supernatant is collected and transferred to a clean microcentrifuge tube. Next, we add 1 

mL of ethanol and centrifuge for 15 minutes at 4°C and 15,000xg. The pellet is dried and resuspended in 

25µL of TE buffer. 

4.1.3 Restriction Digest of Baculovirus 

 Baculovirus DNA is set to 100ng/mL. Next, we add the 10x cut smart buffer to a final 

concentration of 1x. For each µg of DNA, 1µL of the restriction enzyme Bsu36I (New England BioLabs, 

Whitby, ON, Canada) is added. The reaction runs for 2 hours, at 37°C, then the same amount of Bsu36I 

was added once again, followed by another 2-hour incubation at 37°C. To stop the reaction, the sample is 

heated to 72°C. To ensure the DNA was digested, a 0.5% agarose gel was run for 35 minutes at 100V. 

4.1.4 Transfection of Insect Cells with Recombinant Virus 

 SF9 cells are prepared by adding 2mL of cells at 5x105 cells/mL to a 6 well plate. The cells need 

to attach to the plate, which requires 1 hour at room temperature. A transfection mix is made using 

200µL of media (SF900III), 750ng of the linearized bacmid, 1.5µg of the vector DNA and 4µL of Insect 

Gene Juice® transfection reagent (Sigma-Aldrich, Oakville, ON, Canada) The mixture needs to incubate 

for 30 minutes, then is added to the plated SF9 cells. The plate is incubated at 27°C for 6-7 days. Parafilm 

is used to wrap and seal the interface between the plate and its lid, preventing the wells from drying up. 
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4.1.5 Viral Amplification 

 Generating higher viral titres for protein expression requires multiple infection steps. 2 mL of cells 

at 1x106 cells/mL are added to a 6 well plate, then 20µL of the P0 viral stock is added. Incubate at 27°C 

for 6-7 days, then harvest the supernatant, also known as the P1 viral stock.  

 50mL of Sf9 at 1x106 cells/mL is transfected using 400µL of the P1 viral stock. The cells are 

incubated for 6-7 days at 27°C and 120rpm. Next, they are pelleted by centrifugation at 1000xg for 10 

minutes. The supernatant is collected and stored in a tin-foil wrapped falcon tube to protect from light at 

4°C. This is the P2 viral stock.  

4.1.6 Recombinant Protein Expression 

 The initial cell density should be around 1x106 cells/mL, using 500mL of culture in a 2L flask. 

Next, we add 15mL of the P2 stock. The cells are incubated at 27°C and rotate at 120rpm for 3 days. The 

cells are harvested by centrifugation at 6000xg for 15 minutes.  

4.1.7 Recombinant Protein Purification  

 Next, the cells are resuspended in lysis buffer (50mM Tris, 300mM NaCl, 1% Triton X-100, 10mM 

Imidazole, 3mM BME, 5% Glycerol, 1mM PMSF and DNase). The sample is incubated on ice for 30 

minutes prior to sonication for 10 minutes. Cellular debris is pelleted by centrifugation at 30,000xg for 45 

minutes. The remaining supernatant is syringe filtered through a 0.45µm filter to remove any remaining 

debris. The sample is loaded into the ÄKTA start protein purification system (Global Life Science Solutions 

USA LLC, Marlborough, MA, USA) with a HisTrap™ High-Performance column. The sample is washed with 

a mixture of  93% binding buffer (50mM Tris, 300mM NaCl, 0.1% Triton X-100, 5% Glycerol,  10mM 

Imidazole and 3mM BME) and 7% Elution buffer (50mM Tris, 300mM NaCl, 0.1% Triton X-100, 5% 

Glycerol, 500mM Imidazole and 3mM BME). Following the wash, the elution buffer percentage increases 

until it reaches 100% throughout a 20mL elution volume.  

 Elution fractions with a peak at 280nm are collected for further purification using size exclusion 

chromatography (SEC). We used the ÄKTA pure purification system (Global Life Science Solutions USA 
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LLC) with a Superdex® 200 10/300 GL increase column to buffer exchange and purify our recombinant 

protein samples. The size exclusion buffer consists of 300mM NaCl, 50mM Tris, 5% glycerol and 5mM 

EDTA. The final check is done using SDS-PAGE to verify the sample and its purity. 10µL of sample is 

mixed with 2µL of dye, then loaded on a 10% SDS-PAGE, which runs for 60 minutes at 200V. The gel is 

subsequently stained with Coomassie brilliant blue (Bio Basic Inc., Markham, ON, Canada). 

4.1.8 Analytical Ultracentrifugation 

 AUC data was collected using the Beckman Optima AUC centrifuge with an AN60-Ti rotor at 20°C. 

500µL of protein sample in the size exclusion buffer was run at 0.5 OD280. Intensity scans were taken 

every 40 seconds at 35,000 rpm. The data was processed using Ultrascan-III, two-dimensional spectrum 

analysis (2DSA) is used to remove time and radially invariant noise while also accounting for the meniscus 

and bottom of the cell.  

4.2 Results  

4.2.1 Transfection of SF9 Cells with Baculovirus  

 Initial transfection attempts were performed with baculovirus given to us by Dr. Ian Jones from 

the University of Reading (UK). A 0.5% agarose gel was run to ensure that the baculovirus DNA was 

purified and digested correctly. The agarose gel in figure 4.2.1 shows that the baculovirus genome is a 

relatively large DNA construct.  
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Figure 4.2.1. 0.5% agarose gel run at 100V for 35 minutes. From left to right, DNA Ladder ranging from 
1 to 1000 base pairs, undigested baculovirus DNA and, Baculovirus DNA double digested with Bsu36I. Each 
well was loaded with 10µL of sample and 2µL of DNA loading dye. 

 

We can be confident the genome was isolated as it is typical for the intact genome to be stuck in 

the well of the agarose, as observed in the middle lane of figure 4.2.1. Upon digestion with Bsu36I, the 

band caught in the well is no longer present, indicating that the digestion was successful, leaving the 

cleaved fragment prepared to be recombined. The band in the middle lane below the baculovirus genome 

may be baculovirus genome that was damaged during preparation, large DNA constructs must be 

prepared cautiously because of this.  

 For the first transfection, DDX3X in pOPINF was used with our linearized baculovirus. After two 

days in the incubator, the media evaporated. To improve retention of the media, parafilm was used to 

seal the six-well plates. Comparing the size of virally infected cells could be used to determine transfection 

efficiency [10]. However, this can be challenging. To overcome this challenge, we obtained a baculovirus 

that expresses mCherry, a red spectrum fluorescent protein that can be detected visually and can provide 

a relative measure of transfection, from Dr. Arnaud Poterszman of the Institut de Génétique et de Biologie 

Moléculaire et Cellulaire (France). The mCherry provides a visible pink tint to the SF9 culture, confirming 
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that transfection has occured [11]. To test for protein expression, we used a full-length DDX3X with a GFP 

tag.  

Figure 4.2.2. SF9 cells transfected with DDX3X-GFP examined using fluorescence microscopy. A) SF9 cells 
examined using the green filter at 100X, confirming the expression of mCherry and positive transfection. B) 
Same SF9 cells were examined using the blue filter at 100X, indicating expression of GFP-tagged DDX3X. 

 

 Initial transfections using the mCherry-expressing virus appeared pink following the 1-week 

incubation. Figure 4.2.2A confirms transfection using fluorescent microscopy, while figure 4.2.2B confirms 

the expression of DDX3X-GFP. The next step is to increase the viral titer to optimize the expression of the 

recombinant protein. Adding the virally infected media from the initial transfection to new SF9 cells in 

shaking flasks allows for higher titre viral stocks.  

4.2.2 Expression of Full-Length DDX3X   

 Expression of DDX3X full-length began by using 500mL of 1x106 Sf9 cells/mL with 15mL of P2 

viral stocks. Figure 4.2.3A shows the SF9 culture following 3-days of incubation, and the culture is now a 

deep pink colour, indicating successful upregulation of the virus. Allowing the virus to incubate past three 

days leads to cell lysis, reducing the protein yield [12, 13]. After lysing the cells and sonicating, mCherry 

is released from the cells and can be used as a crude measurement of cell lysis, as shown in figure 

4.2.3C.  
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Figure 4.2.3. Stages of SF9 protein purifications. A) 500mL of SF9 cells following three days of incubation 
with baculovirus in a 2L shake flask, indicating expression of mCherry and viral replication. B) Pelleted SF9 
culture immediately following centrifugation, showing that the SF9 cells are intact and the mCherry is 
contained within the cells. C) Pelleted cell debris following cell lysis by sonication and centrifugation, 
indicating successful lysis of the cells. 

 

The chromatogram in figure 4.2.4A shows a peak at 280nm, the absorbance indicating a relatively 

large amount of protein being present in the samples collected from 11.5mL to 16mL. These samples 

were collected, pooled and run on the SEC. Figure 4.2.4B is the SEC chromatogram, showing peaks 

around 8.29mL and 12.7mL. Finally, assessing the quality of the protein should be done by SDS-PAGE. 

The full-length DDX3X is approximately 73.0 kDa. Figure 4.2.5 shows that DDX3X full-length appears to 

be present in our sample, eluting at ~10 mL, but there is a band at the top of the gel in multiple lanes, 

indicating contamination or an aggregate unable to be denatured by SDS. 
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Figure 4.2.4. Full-Length DDX3X Purification Chromatograms A) Nickel affinity purification chromatogram. 
The blue line represents 280nm absorbance, and the black line represents the percentage of elution buffer 
mixed with binding buffer. Elutions from 11.5mL to 16mL were collected and processed on the size 
exclusion. B) Size-exclusion purification chromatogram. The blue line represents the absorbance at 280nm. 
Fractions were collected in 1 mL volumes. 

 

Figure 4.2.5. Full-Length DDX3X SDS-PAGE. 10% SDS-PAGE ran for 60 minutes at 200V. Samples run 
from left to right include the protein ladder, 1 mL fractions from 8 mL to 10mL, and the 13 mL and 14 mL 
fractions. 
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4.2.3 Analytical Ultracentrifugation of DDX3X 

The final quality check performed is analytical ultracentrifugation (AUC). AUC is an ideal technique 

for assessing the quality of protein in solution and elucidates its hydrodynamic properties. The DDX3X was 

concentrated from the 10 mL fraction, the lane from figure 4.2.5 that showed the highest concentration of 

DDX3X. Using 500 µL of DDX3X at an A280 of 0.5, the sample is spun at 40,000 rpm, with wavelength 

scans occurring every 20 seconds. Figure 4.2.6 shows the results of AUC following 2DSA analysis, which 

reflects the SDS-PAGE observations. The AUC results show two predominant species, one peak in the 

range of ~7S (figure 4.2.6B) and a much larger component around ~400S. Ultrascan 4 can infer each 

species' molecular weights using the hydrodynamic properties and predicted partial specific volume. The 

predicted molecular weight of the 7S peak is 104.5kDa, larger than the 73.0kDa molecular weight of 

DDX3X.  

Figure 4.2.6. Analytical ultracentrifugation of DDX3X purified from insect cells. A) Overall sedimentation 
coefficient distribution of DDX3X. Multiple species present, with two predominant species at ~7S and ~400S. 
Sedimentation coefficient values are corrected to standard solvent conditions (20°C in water). B) Sediment 
coefficient distribution from A, reformatted to highlight S values between 4 and 10. 

 

4.3 Discussion 

 Our previous attempts to express full-length DDX3X in E. coli systems had never been successful, 

but the same constructs in insect cells have shown expression. Although the length of time until protein 
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expression is significantly increased relative to bacterial expression, it does appear that baculovirus 

expression is more consistent, potentially reducing the number of troubleshooting steps required [9]. 

Baculovirus is also a common choice in expressing multi-unit complexes and hard to express viral 

nonstructural proteins [14-16].  

 The baculovirus containing mCherry and the 1629 KO we were provided from France simplifies 

the transfection protocol compared to other commonly used systems such as “Bac-to-bac” or “Flashbac” 

[17, 18]. Using the 1629 KO also has the added benefit of allowing us to use the pOPIN DNA constructs, 

of which we have an extensive library of proteins contained therein. The cells transfected with a DDX3X-

GFP in figure 4.2.2 show the benefit of the mCherry expressing baculovirus in conjunction with a 

fluorescent protein. The ability to ascertain both transfection and expression separately using fluorescence 

is robust, providing immediate confidence in our transfected culture's ability to express the desired 

proteins.  

The experiments proceeded using a non-GFP variant because the full-length DDX3X without GFP 

appeared to be achieving higher viral titers. The DDX3X construct affinity purification gives a reasonable 

yield (figure 4.2.4A), albeit slightly less than what is typical of purification in E. coli. This exact construct, 

however, typically yields no protein in E. coli. The size exclusion chromatogram (figure 4.2.4B) indicates 

that the protein begins eluting at ~8.3 mL, which is the void volume of the column, suggesting that 

whatever is being eluted here is likely too large to be pure DDX3X.  

A 73 kDa protein would be expected to elute at ~13 mL, but our SDS-PAGE (figure 4.2.5) 

revealed no protein at the 13 mL position. Interestingly, the gel shows a probable 73 kDa protein that 

was eluted at the 10 mL volume. The single band may be a part of an aggregate that the SDS denatured, 

but that would not explain how the protein’s monomer was detected in the AUC. The next steps will 

involve finding ways to prevent aggregation. 2-Mercaptoethanol (BME) is present in the affinity buffer but 

is removed during SEC. Maintaining a reducing agent's presence may be essential to prevent the 

formation of disulfide bonds, potentially reducing the aggregation. The terminal ends of DDX3X are 

notoriously unstable [19, 20]; changing the buffer compositions could yield improved stability for DDX3X. 
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Many Baculovirus-expressed proteins are purified under denaturing conditions [21]. Although refolding 

proteins is not ideal, it may significantly improve the yield of DDX3X when expressed via insect cells. 

AUC data predicted the molecular weight of DDX3X to be 104.5kDa, larger than the estimated 

73.0kDa based on the amino acid sequence. The difference could be explained as a result of post-

translation modifications. Insect cells, like mammalian cells, have several modifications that are made to 

proteins that do not otherwise happen in bacterial cells [22]. Glycosylation is a common modification in 

proteins that can significantly impact the function and stability of a protein. Insect cells carry out O- and 

N- glycosylation but potentially lack some metabolic pathways as mammals concerning the modifications 

[23]. This is to say that the insect cells may not be precisely equivalent to the mammalian system but 

provide some attractive benefits despite it. Some proteins receive protection from proteolysis due to 

glycosylation and benefit from modifications when carrying out their enzymatic functions [24, 25].  

The baculovirus system still requires fine-tuning to optimize protein production but has 

demonstrated the ability to produce proteins that are notoriously difficult to express in E. coli. On top of 

that, human proteins will be more biologically relevant when produced in baculovirus systems than their 

E. coli expressed counterparts. Insect cell culturing for protein production is a middle ground for a system 

that offers host-like expression while being more affordable.  
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Chapter 5: Conclusions 

5.1 Overview 

 Characterizing the interactions between the viral non-coding RNAs and host factors allows us to 

obtain mechanistic insights into host-viral interactions, which ultimately could aid the elucidation of novel 

antiviral therapies. The work presented in this thesis focused on two human RNA helicases that have been 

implicated in many viral replication pathways [1-3]. Previous studies have highlighted that DDX3X is 

dispensable concerning cell viability [4, 5], and DDX3X inhibitors could effectively treat some flavivirus 

infections, such as West Nile Virus, where DDX3X inhibitors are currently being explored [6]. Expanding 

the potential use of pre-existing therapeutics is the best case scenario, saving time and expenses by 

reducing the number of trials it would need to clear.  

 DDX3X is required to promote JEV replication [1], meaning antivirals should seek to ablate the 

helicase's function. In Chapter 2, we demonstrated that DDX3X binds to the JEV 5' TR independently, 

making it an excellent druggable target. Additionally, DDX3X is primarily located in the cytoplasm [7, 8], 

unlike DDX17, which depends on nuclear export [9]. Having the target in the cytoplasm simplifies drug 

design since the nucleus restricts imports [10]. DDX3X downregulates DENV via cell signalling function, 

independent of its helicase activity [3]. The helicase assay performed with the JEV 5' revealed that it was 

capable of unwinding the RNA in the presence of ATP.  

Although the interaction was previously undocumented, ZIKV was selected to juxtapose JEV 

because of the similarities proposed in 5' TRs of flaviviruses [11, 12]. We wanted to test how specifically 

DDX3X interacts with the different terminal regions between the flaviviruses. The 5' of ZIKV was also 

bound by DDX3X, albeit with a weaker affinity. It is unclear if the interaction between the Zika 5' TR and 

DDX3X has any implications in the viral life cycle, but DDX3X can recognize and unwind ZIKV 5' TR, as 

confirmed via helicase assay. 

 The terminal regions of all flaviviruses are highly conserved [11], making it likely that DDX3X 

interacts with a number of them. In the future, investigations to identify other biologically relevant 
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flavivirus terminal region interactions with DDX3X could have a significant impact. Finding commonalities 

among viruses may enable broad-spectrum treatment options to be developed. In vitro techniques allow 

us to examine the system quantitatively, but the living world is rarely as simple as it may seem in vitro. As 

other studies have shown, DDX3X will not provide the universal flavivirus treatment [3], but there may be 

several members that DDX3X inhibitors are effective against [6].  

The ability of DDX17 to bind to both the 5' NCR and IGR was demonstrated in vitro, following up 

previous observations made in vivo [2]. Since binding occurred in isolation, it suggests that DDX17 can 

act on the S segment independent of cofactors. DDX17 has been observed as a Drosha component, 

assisting in the generation of siRNAs. DDX17's role with the RNA silencing pathway is critical to suppress 

RVFV infection [2, 13]. Our work also found that DDX17 was able to unwind both non-coding RNAs in an 

ATP-dependent manner. DDX17 is an integral part of the innate antiviral response against RVFV [2], 

meaning antiviral therapies should seek to promote DDX17 activity. 

Demonstrating that both DDX3X and DDX17 bind and unwind their respective viral RNA targets 

provides a foundation to understand the mechanism of the interactions between hosts and pathogen. 

Using full-length protein will further our understanding by comparing the protein against its truncates, 

indicating the more and less significant regions. Therapeutic peptides could be designed to out-compete 

the natural binding partners to ablate the viral replication function in the case of DDX3X or artificially 

enhance Drosha activity through a DDX17 mimic. Peptide therapeutics are emerging as attractive 

candidates because they are less immunogenic, having fewer off-target side effects and promising 

efficacies [14, 15]. There are currently peptide therapeutics in development for DENV that obstructs the 

virus' non-structural protein interactions [16].  

 To conclude, my work presents the interactions between the helicase cores of both DDX3X and 

DDX17 with multiple viral binding partners. A novel helicase assay determined that both helicases are 

capable of unwinding their targets. Characterizing the interactions is one step towards finding ways to 

treat deadly viral infections that infect thousands of people every year, leading to numerous sequelae and 

deaths [17-20]. 
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5.2 Future Perspectives 

 As discussed previously, it is critical to determine the specific locus of interaction between the 

viral RNA and RNA helicases. The most straightforward approach would be to mix and match both the 

protein and RNA's truncates and utilize MST to analyze the interactions. Alternatively, a biophysical 

method, like cryo-EM or SAXS, would provide a more precise answer. Both methods will depend on the 

production of currently troublesome proteins, so continued work on the baculovirus expression system is 

critical.  

 It is pertinent to determine whether DDX3X is significant in ZIKV infections and other flaviviruses. 

One approach would be to use a replicon system to simulate viral infection. Replicons are effectively non-

infectious versions of viruses that can be exploited for drug screening [21]. Often they are selected due to 

the improved safety over infectious viruses. Systems for JEV and ZiKV are already being explored [22, 

23]. Using a ZIKV replicon in a human cell line could reveal the potential role DDX3X plays in viral 

replication. Additionally, replicon systems are a powerful tool for finding antivirals, potentially allowing us 

to develop antivirals based on the RNA helicases examined in this thesis. 

 Emerging flaviviruses, like Powassan, which has origins in North America [24], should be studied 

as quickly as possible to allow for the development of therapies that could prove instrumental should an 

outbreak occur. The methods we used to characterize DDX3X and DDX17’s viral RNA interactions are a 

powerful set of tools that we can utilize to quickly and accurately quantify host-pathogen interactions. Our 

work will look to characterize even more viral interactions using techniques like MST and SAXS in the 

hopes of finding new interactions that can be exploited towards the development of antivirals.  
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