
BIOPHYSICAL CHARACTERIZATION OF NON-CODING REGIONS OF VIRAL RNAS 

 

 

Tyler Mrozowich 

Bachelor of Science, University of Lethbridge, 2017 

 

 

 

 

 

 

 

 

 

A thesis submitted 

 in partial fulfilment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY  

In  

BIOMOLECULAR SCIENCE 

 

 

 

 

 

 

 

 

 

Department of Chemistry and Biochemistry 

University of Lethbridge 

LETHBRIDGE, ALBERTA, CANADA 

 

 

 

 

 

 

© Tyler Mrozowich, 2023 



 
  

BIOPHYSICAL CHARACTERIZATION OF NON-CODING REGIONS OF VIRAL RNAS 

TYLER MROZOWICH 

 

Date of Defence: 04, 20, 2022 

Dr. Trushar Patel 

Thesis Supervisor 

Associate Professor Ph.D. 

   

   

Dr. Steve Wiseman 

Thesis Examination Committee Member  
Associate Professor  Ph.D. 

   

   

Dr. Athanasios Zovoilis 

Thesis Examination Committee Member  

 

 

Associate Professor Ph.D. 

   

Dr. Theresa Burg 

Internal External Examiner 

Professor Ph.D. 

   

   

Dr. Olwyn Byron 

External Examiner 
Professor Ph.D. 

   

   

Dr. Michael Gerken 

Chair, Thesis Examination Committee 
Professor Ph.D. 

 

 

 

 

 

 

 



iii 
 

Dedication 

 

This dissertation is dedicated to everyone who has believed in me and supported me 

throughout the years, especially my brother Ryan. 

 

I think it might be time for that vacation to a lovely white sandy beach we have always 

talked about, Ry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Abstract 

Throughout the last few decades, it has emerged that the genomic organization of 

organisms is not simple, easily laid out, or straightforward. Long gone are the days of the 

central dogma, where DNA is transcribed to RNA, and RNA is translated to proteins. Non-

coding RNA has emerged as an essential biological regulator of numerous cellular processes. 

These non-coding RNA are not simply a chain of ribonucleotides conferring function through 

the primary sequence; rather, functions of non-coding RNA are also related to the tertiary 

structure or 3-dimensional arrangement. This thesis focuses on the core theme of biophysical 

characterization of non-coding RNA structure and interactions with chapters and on four 

specific biophysical techniques I have used; multi-angle light scattering, microscale 

thermophoresis, small-angle X-ray scattering, and analytical ultracentrifugation. Using these 

techniques and others, we investigated non-coding RNA regions of different RNA-based 

viruses. We compared Murray Valley Encephalitis and Powassan virus’, 5’ and 3’ TR atomic 

structures. We showed Japanese Encephalitis virus and Zika virus 5’ TRs direct interaction 

with DDX3X human helicase and DDX17’s direct interaction and unwinding of Rift Valley Fever 

virus’ S-segment non-coding RNAs. Lastly, we characterized the cyclization interaction of the 

5’ and 3’ TR of Japanese encephalitis using biophysical and computational methods. Taken 

together, this thesis demonstrates that many biophysical techniques can be used to 

investigate viral non-coding RNA structure and non-coding RNA interactions to uncover and 

validate meaningful biologically relevant interactions in vitro.  
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1.1 Non-coding RNA 

Non-coding RNA (ncRNA) generally refers to RNA which does not encode for a protein; 

however, this is misleading, suggesting ncRNA does not have a function. It was generally 

accepted as the “central dogma” that DNA is transcribed to RNA, then that RNA is translated 

to protein (Figure 1.1). This notion was prevalent for decades, even with the discovery of 

tRNA (transfer RNA) and rRNA (ribosomal RNA) in the 1950s, which were ncRNA with 

biological roles (1). More discoveries occurred throughout the 1970s and ’80s of functional 

ncRNAs, such as RNAse P (2), snRNAs (small nuclear RNA) (3), and 7SL (4). Even throughout 

the 1990s, significant ncRNA with biological functions like Xist was discovered, a ncRNA that 

regulates chromosome structure (5). It was not until the revelation that almost all the 

mammalian genome is, at some level, transcribed (6-8) and likely functional (9-12) which 

caused a shift in how scientists view ncRNA.  

We now know that only 1-2% of the human genome codes for proteins (12), a stunning 

statistic when evaluating the amount of research dedicated to mRNA (messenger RNA) and 

its product. However, an explosion of research has widened our knowledge of ncRNA to the 

point where over 40 different RNA classes exist (13). These classes include a wide variety of 

RNA including but not limited to gRNA, group I and II introns, ribozymes, mRNA, miRNA 

(micro RNA), tRNA, riboswitches, rRNA, siRNA (small interfering RNA), snoRNA (small 

nucleolar RNA), snRNA (small nuclear RNA), and lncRNA (long non-coding RNA), with these 

RNAs implicated in numerous cellular processes, often as important regulators (14). A 

DNA RNA  rotein

 ranscription  ranslation

Figure 1.1 Central dogma of biology. DNA is transcribed to RNA which is then translated to proteins. Protein 

structure is PDB ID: 1kf5 
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comprehensive overview of each class of RNA and its effect on mammalian genetics would be 

impossible in this format; however, there are many excellent reviews on the subject (13,15-

23). Therefore, for the remainder of this thesis, I will focus on lncRNA, specifically lncRNA in 

viral systems. 

1.2 Long non-coding RNA 

The accepted definition of lncRNA is an RNA transcript that is >200 nucleotides and 

not translated into a protein (24). If this definition seems broad, lacking, and ultimately 

unsatisfying, that is because it is. The need for such a blanket definition is because of the 

wide diversity of functions attributed to lncRNA. lncRNAs have been implicated in an enormous 

amount of biological processes such as neurodevelopment (21,25), transcription via 

repression of the human dihydrofolate gene (26), or through HOTAIR, which can repress 

transcription of the HOXD locus (27). LUST, another lncRNA can aid in elevating expression 

of the RBM5 splice variant (28), while MALAT1 regulates alternative splicing through 

modulating active serine/arginine splicing factors are examples of lncRNA in splicing (29). 

Translation has been shown to be affected by BC1 and BC200 effects on PABP1 (30). meiRNA 

is implicated in protein localization (31) along with Enod40 RNA (32). Cell structure integrity 

is implicated with the organization of cytokeratin filaments in the presence of VegT RNA in 

Xenopus laevis (33) and MEN epsilon/beta ncRNA is essential in the structural organization of 

paraspeckles (34). X-chromosome inactivation has been shown to be regulated by a lncRNA 

Xist (35-37). Cell survival and regulation of cell-cycle progression have been implicated with 

lncRNA PINC (38) and GAS5 (39). Apoptosis is affected by human cytomegalovirus through 

virally encoded beta2.7 lncRNA interactions (40) and lincRNA-p21 through p53-dependent 

transcriptional repression (41). AK028326 and AK141205 lncRNA are direct targets of Oct4 

and Nanog, implicating ncRNA in mESC (mouse embryonic stem cell) pluripotency (42) and 

lincRNA-RoR implicated in stem cell reprogramming (43). B2 RNA has been shown to be 
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involved in heat shock response through interactions with RNA polymerase II (44,45). Cancer 

progression and other diseases have also been shown to have lncRNA association (46,47).  

The long-standing biology trope that structure equals function is a widely held view in 

terms of organisms, tissues, cells, and proteins, but it is something that is likely also true of 

lncRNA. This structure-function relationship could help explain the relative lack of 

conservation of lncRNA sequences across organisms (48-50). Instead, it is argued that 

evolutionary selection acts upon structural domains in an “RNA modular code” hypothesis, 

with some evidence supporting this (51). While the biological functions of numerous lncRNA 

are extensive, and some are well characterized, there is a significant lack of knowledge 

regarding the structure of most lncRNAs. The cumulative number of RNA structures which 

have been “solved” compared with the number of protein structures is staggering (Figure 

1.2). Seven times more protein structures are deposited into the PDB (protein data bank) 

(52) each year than cumulative RNA structures at the end of 2022. The last ten years of 

protein structure determination have seen, on average, 26 protein structures deposited each 

day into the PDB, which is a stark contrast to the deposition of a single RNA structure every 

five days (Figure 1.2). This wealth of protein structural knowledge has enabled researchers 

to find numerous well-defined and commonly observed fold-families and structural motifs 

(53). These motifs are sometimes very similar but nuanced enough and seen experimentally 

that they can be classified as different motifs such as β-hairpins, β-sandwiches, mixed β-

sandwiches, β-barrels, and many more (53). These classified motifs have allowed researchers 

Figure 1.2. Statistical information on protein and RNA structures in the PDB. A) Cumulative number of 

structures deposited into the PDB B) Number of structures deposited each year into the PDB. 
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to assign commonly seen motifs to proteins with similar functions, allowing for easier 

structural determination and predictions. With the recent rise in machine learning, there is 

now the ability to train artificial intelligence to identify these structural motifs from primary 

sequences based on the thousands of known protein structures. This is evident in the rise of 

AlphaFold (54), which can accurately predict protein structure because of the depth of 

previous knowledge contained within the PDB. However, because of the number, or rather 

lack thereof RNA structures, and that most of these structures are <200 nucleotides in length, 

we do not have the same ability to predict RNA structure that we have for proteins. That is 

not to say that there is not considerable effort towards RNA structure determination and 

prediction. Numerous RNA secondary structure motifs have been identified and used to model 

predictions with the help of free energy minimization (55). This has allowed researchers to 

determine secondary structure from primary structure (56-64). However, predicting tertiary 

structure is considerably more complex and often only used on short RNA (65). This lack of 

RNA tertiary structure prediction comes from a lack of known RNA structures, and the lack of 

known RNA structures comes from decades of brushing off ncRNA as “junk RNA” not investing 

time or resources into characterizing RNA. Therefore, as we seek to explain RNA function as 

it pertains to structure, we need to investigate RNA structure from all angles, from the primary 

structure through quaternary, and from a foundational biophysical perspective.  

1.3 Flaviviruses 

Family Flaviviridae are small, positive-sense single-stranded RNA viruses that replicate 

within host cells of arthropods and/or vertebrates and include deadly viruses such as JEV 

(Japanese encephalitis virus), DENV (Dengue virus), ZikV (Zika virus), WNV (West Nile virus) 

and YFV (Yellow Fever virus). Due to the geographic diversity between flaviviruses (Figure 

1.3), over half of the world’s population is at risk for one or more flaviviral infections (66). 

For example, DENV now infects approximately 400 million individuals per year (67), YFV has 

encroached upon urban metropolises despite an effective vaccine (68), JEV presents an 



6 
 

ongoing public health risk and is emerging in different parts of the world, and modern 

medicine has not prevented the spread of WNV and Zika across the western hemisphere 

(69,70). The World Health Organization and the Centers for Disease Control both cite 

flaviviruses as a global health threat owing to the ease of transmission by mosquitoes as well 

as the lack of any efficient therapeutic or immunoprophylactic strategy (71). The flaviviral 

spread reflects their unique host vector, the mosquito, and the ability of these viruses to 

maintain stable populations of vertebrate animal reservoirs (72). Furthermore, global travel, 

changing environmental conditions, and poorly planned urbanization have resulted in a 

perfect storm of conditions to favor increasing flaviviral spread (73,74). This continued threat 

of flavivirus emergence and re-emergence emphasizes the need for continued research 

toward understanding flaviviral structure, biology, and biochemistry.  

Flaviviruses are enclosed spherical virus particles encasing the flaviviral genome, a 

single-stranded (+) sense RNA molecule approximately 10-11k nucleotides long, depending 

on the species. The RNA genome contains a single open reading frame (ORF) flanked by non-

coding terminal regions (TRs) (75) (Figure 1.4). The ORF codes for a single polypeptide which 

is cleaved by a combination of viral and host proteases (76); the resultant peptide chain 

produces three structural proteins and seven non-structural proteins (76). The three 

Figure 1.3 Global distribution of mosquito-born flaviviruses. Colour coded regions represent areas in which 

each virus is endemic. 
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structural proteins are C, prM, and E. The C protein forms the viral capsid but has numerous 

other functions, including interacting with host proteins and phosphorylation (77). The prM 

protein is a component of the flavivirus envelope and acts as a chaperone to help fold the E 

protein, the other envelope component (78). The E protein is responsible for viral entry and 

is an essential component of the viral envelope (78). The seven non-structural proteins are 

NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Non-structural protein 1 (NS1) is a secreted 

glycoprotein implicated in host immune-system evasion (79) and further facilitates viral 

replication through interacting with GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and 

the uncleaved NS4A-2K-NS4B polyprotein (80). NS2A is a membrane protein that contributes 

to viral replication and assembly (81) by regulating the proteolytic cleavage of prM and E by 

interacting with the 3ʹ UTR (untranslated region) (82). NS2B is a trans-membrane hydrophobic 

protein that can form an active serine protease with NS3 (83). Additionally, NS2B is implicated 

in inhibiting type 1 interferon production (84). Flaviviral NS3 is the second-largest viral protein 

at ~70 kDa playing multiple roles in replication (85). NS3 contains a DEAH-box helicase 

domain capable of NTPase (nucleotide triphosphatase), RTPase (ribonucleotide 

triphosphatase), (86) and dsRNA unwinding activities, which contributes to viral replication 

(87). NS4A plays an essential role in flaviviral infection through endoplasmic reticulum 

remodeling, which acts towards the replication complex formation along with NS2A, NS2B, 

and NS4B (88). The primary antiviral mediating flaviviral protein is NS4B, which inhibits 

nuclear localization of STAT1, consequently restricting IFN (interferon) α/β signaling (89) and 

                               
 ʹ    ʹ   

         

                                         

                  

Figure 1.4. Flaviviral genomic arrangement. Three structural proteins and seven non-structural proteins are 

produced from a single polypeptide. Protein cleavage sites are marked with arrows. 
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RIG I (retinoic acid-inducible gene I) mediated activity (90). Viral NS5 is the largest viral 

protein and acts as the viral RNA-dependent RNA polymerase (91). NS5 is the most conserved 

flaviviral protein (92), containing both MTase (methyltransferase) (93) and RdRp (RNA-

dependent RNA-polymerase) (94) domains. The NS5 MTase domain adds a type I cap 

(m7GpppAmp) to the 5’ end of the (+) sense RNA transcript to evade 5’-3’ exoribonuclease 

activity while simultaneously avoiding host immune surveillance (95). Furthermore, it is 

hypothesized that viral genome cyclization is also required for the correct positioning of NS5 

to replicate the viral genome (96).  

1.4 Flavivirus non-coding RNA 

The flanking structural TRs are highly conserved across all flaviviruses and appear as 

complex folding sequences essential for viral replication (97-99). Amongst flaviviruses, the 3ʹ 

end of the genome consists of a 400-800 nucleotide TR lacking a poly(A) tail and ending in a 

conserved CUOH dinucleotide (75). This conserved CUOH dinucleotide is implicated as a 

functional recognition site for the NS5 RNA-dependent RNA polymerase (100,101). The 5ʹ TR 

is considerably shorter, often ~100 nucleotides in length, and contains a type 1 cap structure 

N7 methylated guanosine (m7GpppAmp) (102). An often-studied function of flaviviral terminal 

regions is the ability to cyclize, which has been shown computationally and experimentally in 

DENV and WNV (103-108). This cyclization is facilitated by an ~11 nucleotide complementary 

sequence found in the 5ʹ and 3ʹ terminal regions. The primary function of genomic cyclization 

in flaviviruses is to facilitate the replication of the genome through transcription of both the 

(+) and (-) sense RNA (108-111). There is experimental evidence that the NS5 MTase region 

interacts with the 5ʹ SLA (stem-loop A), which in conjunction with cyclization, brings the RdRp 

into proximity with the 3ʹ end of the genome to facilitate (-) sense RNA transcription 

(105,112,113). However, a question still lingers from those studies; does the NS5 protein 

remain bound to the 5ʹ SLA as it transcribes the (-) sense genome, or does the protein 

translocate to the 3ʹ end to facilitate (-) sense transcription? Interestingly, there is evidence 
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that there might be 5ʹ - 3ʹ base pairing interaction(s) between separate viral genomic RNA 

(114). However, this does not explain the difference between total (-) vs. (+) genomic RNA 

because this model would favor (-) sense transcription, but it is known that (-) sense 

transcripts are ~10x lower than (+) sense (115).  

In addition to flaviviral terminal region importance in viral replication, flaviviruses have 

a distinct immune evasion mechanism shown to be important in stalling host XRN1 

exoribonuclease. This XRN1 stalling results in the production of sfRNA (subgenomic flaviviral 

RNA) because of incomplete degradation of the 3ʹ TR (116-120). XRN1 stalling is only one 

function of sfRNA formation; the sfRNA itself has multiple cellular functions, including 

cytopathology (in cell culture) and viral pathogenesis in mice (117,121). Furthermore, sfRNA 

has been shown to interfere with RNAi (RNA interference) by acting as a decoy for RNAi 

mechanisms such as Dicer and Ago2, reducing cleavage of the viral dsRNA (122). 

Furthermore, sfRNA produced in mammalian cells has been shown to act against the RIG-I-

dependent immune response in DENV infection and interferon innate immune responses in 

WNV infection (121,123). Another antiviral response of sfRNA is to act as binding sites for 

cellular translational proteins such as G3BP1, G3BP2, and CAPRIN (cell cycle associated 

protein), effectively sequestering them, reducing the amount of protein produced from 

interferon-induced mRNA (124). 

Interestingly, when studying Kunjin viral infection in Culex quinquefasciatus 

mosquitos, it was shown that sfRNA only mildly suppressed the RNAi, which decreased viral 

transmission with little to no effect on mosquito fitness (125). Complementary to that 

previous study, it was shown that the generation of WNV sfRNA in mosquitos was necessary 

for infection and transmission by helping the virus bypass the midgut barrier, ensuring 

sufficient viral titer in the mosquito saliva (126). Both studies show the importance of the 

balance of sfRNA production in mosquito fitness, highlighted by subsequent studies showing 

excessive RNAi inhibition in DENV2 infection was lethal in mosquitos (127,128). A 2015 study 
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has put forth the hypothesis that the 3ʹTR in DENV is easily mutated to regulate the amount 

of sfRNA produced: less sfRNA in mosquitos, increasing upon human infection through 3ʹTR 

mutation (129). Furthermore, Kieft et al. proposed that a change in the tertiary RNA structure 

of the 3ʹ TR is what modulates the levels of sfRNA produced depending on either mammalian 

or insect host. A change in the tertiary structure of xrRNA1 and xrRNA2 (the primary sites of 

sfRNA production) in mosquito infection reduces the ability of xrRNA1 to stall Xrn1, causing a 

decrease in sfRNA production. This is further supported by experiments showing that when 

viral infection moves between mammalian and insect hosts, the virus accumulates mutations 

in its 3ʹ TR xrRNA2 structure, forming functionally critical tertiary interactions (130). 

Interestingly, the mutational changes occur almost exclusively in xrRNA2, which suggests 

that the virus maintains two xrRNA regions but modulates the structure of xrRNA1 by 

mutations made to xrRNA2, thus disrupting the tertiary structure.  

Studies like Villordo et al., (130) and many others, show the importance of studying 

flaviviral terminal region structure; however, terminal regions and ncRNA are often considered 

less important than functional proteins. This bias suggests a systemic misunderstanding of 

the importance of ncRNA, where ncRNAs and ncRNA structure should be considered to be 

equally important as proteins and protein structure. 
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2.1 Foreword 

 Chapters 2-5 are written because of my extensive focus on learning and applying 

numerous biophysical techniques throughout my Ph.D. While this is not an exhaustive list, I 

primarily focused on four techniques, microscale thermophoresis (MST), MALS (multi-angle 

light scattering), small-angle X-ray scattering (SAXS), and analytical ultracentrifugation 

(AUC). This chapter focuses on multi-angle light scattering; specifically, size-exclusion 

coupled MALS, the theory behind the technique, the practical application, how to perform the 

technique, and technical considerations.   

2.2 Abstract 

 Biomolecular characterization is an essential part of in vitro interaction experiments 

and structural studies. Often, biomolecules used for in vitro experiments are recombinantly 

expressed in biological species like Escherichia coli (prokaryotic expression system), a 

eukaryotic system like Saccharomyces cerevisiae (budding yeast), insect expression system 

like Spodoptera frugiperda (fall armyworm), or a mammalian expression system like HeLA 

cells, or HEK 293 (human embryonic kidney). Alternatively, nucleic acid biomolecules are 

produced enzymatically outside of a cell via in vitro transcription reactions. Regardless of how 

a biomolecule is produced, it needs to be assessed for biophysical properties. These often 

include size and shape (which can be combined to determine structure), stability, 

oligomerization, and purity. Therefore, we need techniques to probe the biophysical 

characteristics of these recombinantly expressed and purified biomolecules. Here, I will 

describe multi-angle light scattering, a technique used to accurately determine the molar 

mass of molecules in solution. 

2.3 Theory 

During the 19th century, John William Strutt, also known as Lord Rayleigh, offered the 

first explanation of why the sky is blue on a clear day. He based his explanation upon previous 
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equations describing light and its interactions with matter by James Clerk Maxwell in 1865. 

This description of the blue sky evolved into Rayleigh's theory describing the scattering of 

light by large macromolecules in solution, which later became known as the Rayleigh-Gans-

Debye (RGD) theory of light scattering.  

In basic terms, a solution of macro or nanoparticles is illuminated by a polarized beam 

of light (laser). An electric field is produced perpendicular to the plane, where angular and 

intensity-dependent scattered light can be measured. As a convention, the polarized direction 

is coined "vertical," while the measurement or scattering direction is referred to as 

"horizontal." The angular dependence within the horizontal plane is where information about 

the size of the macromolecule is derived, whereas the intensity dependence is where the 

molar mass information can be derived.  

The theoretical considerations for the technique were condensed by Bruno Zimm (1), 

who used equations from Einstein (2), Rayleigh (3), Debye (4), and others (5-7), leading to 

the following equation: 

𝐾∗𝑐

𝑅 (𝛳, 𝑐)
=  

1

𝑀𝑤𝑃(𝛳)
+ 2𝐴2𝑐 

(2.1) 

In this expression, R (ϴ,c) is a function of the scattering angle ϴ and concentration c. It is 

directly proportionate to the intensity of scattered light, irrespective of light scattered by 

solvent alone. Solute concentration is represented by c, with Mw representing the average 

molecular weight of the solute in solution. A2 is representative of the second virial coefficient, 

a term dealing with osmotic pressure. P (ϴ) is a function of the angular dependence of 

scattered light, which can be related to the RMS (mass averaged root mean square) radius, 

also known as Rg (radius of gyration). K* is a constant, represented by equation 2:  
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𝐾∗ = 4𝜋2 (
𝑑𝑛

𝑑𝑐
)

2 𝑛0
2

𝑁𝐴𝜆0
4 

(1.2) 

In equation 2.2, the dn/dc term represents the specific refractive index increment, which is a 

change in the refractive index (dn) of a solution with respect to a change in its solute 

concentration (dc). Na is Avagadro's number, which needs to be included when concentration 

is measured in g/mL and molar mass in g/mol. The refraction index of the solvent is denoted 

as n0, with λ0 representing the wavelength of the laser (in a vacuum). Equation 2.2 requires 

two things to be calculated or known beforehand: the dn/dc of the solute in solution, and the 

n0, the refractive index of the solvent. Often, dn/dc is considered a constant based on the 

kind of biomolecule under investigation; for example, nucleic acids are assumed to have a 

dn/dc of 0.1720 mL/g (8), and proteins are assumed to have a dn/dc of 0.1850 mL/g (9). 

Second, the refractive index of the solvent n0 must also be calculated or measured 

experimentally.  

Modern MALS instruments often have an in-line refractometer that calculates the 

refractive index in the same volume as the scattering experiment. In addition to these two 

values, concentration of the solute in the solution needs to be calculated. Concentration 

calculation can be done in two ways: the first is to calculate the absorbance and then use 

              

          
        

         

          
               

    

Figure 2.1. Schematic representation of a standard multi-angle light scattering setup.  
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Beer/Lambert law along with the extinction coefficient (10). The second way is to calculate 

concentration based on the change in the refractive index (11), measuring the difference 

between the refractive index of the solvent versus the solute and solvent in the solution (12). 

While a single angle is enough to perform a molecular weight measurement, modern light 

scattering detectors use an array of detectors to collect intensity information at multiple 

angles (Figure 2.1). Using multiple angles reduces the noise and increases the certainty of 

the y-intercept, reducing the error in the molar mass (13). 

 Additionally, modern MALS apparatuses are often connected in line with size exclusion 

chromatography (SEC) or field flow fractionation (FFF). Adding one of these techniques means 

that solute molecules are fractionated before light scattering. The most significant benefit this 

incurs over batch MALS is the determination of the molecular weight of a heterogenous 

solution. Both SEC and FFF will separate molecules based on size and shape, resulting in the 

ability to calculate the molecular mass of a gaussian distribution across a given timeframe or 

elution volume (13). SEC is the most often used because it is simple and easily performed by 

numerous different chromatography machines. However, SEC suffers from an underlying 

problem: choosing the appropriate column resolution. Typically, SEC resin resolves across a 

given molecular weight range; for example, a Superdex 200 increase™ (Cytiva Life Sciences) 

has a globular molecular weight range of 10 kDa to 600 kDa, making it ideal for separating 

larger biomolecules; however, separating 10 kDa from 20 kDa would not be ideal. Similarly, 

a Superdex 75 increase™ (Cytiva Life Sciences) can resolve 3 kDa to 70 kDa, making it ideal 

for the above situation. However, if a solution contained three macromolecules, 10 kDa, 65 

kDa, and 250 kDa, it would be difficult to find a resin that could effectively separate the three 

macromolecules. Field-flow fractionation or asymmetric-flow field-flow fractionation (A4F) has 

recently emerged as a modern alternative to SEC. A4F combines multiple physical forces to 

separate molecules, whereas SEC relies exclusively on the hydrodynamic radius (Rh). A4F 

subjects a heterogenous solution of macromolecules to a combination of size and charge 
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exclusionary forces. 1) The first portion of the flow cell subjects the solution to cross flow, 

whereas a flow is perpendicular to the normal flow via a membrane which causes the 

molecules to concentrate on the membrane. 2) Diffusion then acts as a counterbalancing force 

that moves molecules away from the membrane proportionate to their translational diffusion 

coefficient (Dτ) and Rh. 3) An anode at the top and a cathode at the bottom creates a charge 

difference, resulting in a change in retention time based on the zeta potential of molecules in 

the solution. 4) The final separating force is the basal laminar flow, which is slightly different 

based on the height of the particles in the chamber, resulting from the other three forces 

(14). This combination of multiple separation forces results in the ability of A4F to perform 

high-resolution separation of molecules between 1 and 1000 nm and beyond (15).  

2.4 Application 

MALS experiments are fundamental in determining sample quality and oligomeric 

properties. Often, electrophoresis gels are the gold standard regarding sample quality. SDS-

PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is widely used to assess 

the quality of recombinantly purified proteins but suffers from multiple problems. Firstly, the 

technique is denaturing, so it is impossible to evaluate the oligomeric interactions of the 

desired product. Secondly, all size determination is relative, based on a ladder of known 

protein sizes. Lastly, samples are often heated to 95°C, which could induce degradation in 

some proteins (16). These downsides make MALS, specifically SEC-MALS or A4F-MALS, a 

better alternative. MALS experiments are performed under solution conditions, so molecules 

can be examined in conditions as close to physiological as in vitro experiments allow. Allowing 

molar mass measurements in solution also allows for the distinctions between oligomeric 

species, something SDS-PAGE cannot do. Furthermore, MALS is the ideal tool to determine 

the molecular weight in solution; the measurement is absolute and based on the light 

scattering of the molecules, an intrinsic physical property. MALS has additionally found wide 

use in industry because of its ease of use, potential for high throughput, and reproducibility. 
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Modern chromatography systems often utilize 96 well plates or even 384 well plates, allowing 

for a larger number of samples to be run sequentially. Additionally, an individual can set up 

multiple SEC-MALS experiments back-to-back, often running a single SEC-MALS instrument 

for days, significantly reducing downtime. However, as mentioned previously, considerations 

of proper SEC columns need to be of fundamental concern meaning two molecules of similar 

sizes will likely be impossible to distinguish using SEC-MALS. A4F incorporates separation 

based on charge, which could theoretically separate two similarly sized molecules if their 

charge difference is substantial enough. In addition to A4F, lately, IEX-MALS (ion exchange 

coupled multi-angle light scattering) has been gaining popularity as an alternative to simply 

separating solutions based on size and shape (17). A wide variety of systems have utilized 

MALS in their characterization, with some recent examples being: The interaction of liposomes 

with bile salts to assess the stability of oral drug carriers (18), modeling long-term stability 

of monoclonal antibodies (19), characterizing adeno-associated virus vectors using IEX 

coupled MALS (20), the characterization of recombinantly purified inorganic pyrophosphatase 

for use in in vitro transcription (21), characterization of human DNA ligase IIIα complexes 

after expression in insect cells (22), characterization of SARS-COV-2 spike protein reference 

material (23), and to measure molecular weight, protein and polysaccharide concentrations 

in pneumococcal conjugate vaccine formulations (24). 

2.5 Performing the MALS Experiments & Technical Considerations. 

 All technical and technique considerations are from my experience throughout the 

years working with this technique. Figure 2.2 is a picture of the system on which I performed 

all my MALS experiments. Figure 2.2A is the Thermo Scientific Vanquish UHPLC (ultra high-

performance liquid chromatography), the chromatography pump used to inject samples and 

pump the liquid phase solvent throughout the system. The first consideration is that the light-

scattering instrument (Figure 2.2C) needs to have an uninterrupted and consistent flow rate 

throughout the experiment. Initially, experiments were performed on an AKTA Pure® FPLC 
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(fast protein liquid chromatography) from Cytiva Life Science, which proved somewhat 

problematic. The primary problem was that the injection valve needed to switch between load 

and injection, effectively causing a quick change in pressure and an interruption to the buffer 

equilibration. The Vanquish UHPLC solved this problem through an injection arm, which injects 

the sample directly into a continuous flow, causing no interruption in pressure. These pressure 

issues are evident in Figure 2.3, where panel A shows the raw scattering intensity of both a 

5 mg/mL and 12 mg/mL BSA (bovine serum albumin) sample injected into the AKTA Pure 

FPLC. Both injections show a significant scattering intensity spike at the beginning of the run. 

However, with the Vanquish, the ability to inject the sample into a continuous flow completely 

removes this spiking of intensity (Figure 2.3B).  

The second challenge with the AKTA FPLC is the size of the typical SEC column and 

injection volume. Typically, an SEC column is ~24 mL, with an injection volume of 500 µL. 

Figure 2.2 SEC-MALS setup in SA9156 of Dr. Trushar Patel’s research lab. A) Thermo Scientific Vanquish 

UHPLC chromatography pump. B) Shodex 403-4F KW size exclusion chromatography column specific for HPLC 

systems. C) Wyatt Technology™ DAWN® multi angle light scattering instrument. D) Wyatt Technology Optilab® 

dRI detector. E) Wyatt Technology™ Orbit Recycle System. 
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MALS requires a decently high sample concentration to reduce the background noise, and 

injecting 500 µL into a 24 mL column results in a significant dilution of the original sample. 

Changing to the Vanquish UHPLC resulted in the ability to load only 100 µL of sample into an 

~5.9 mL SEC column (Figure 2.2B). While the dilution is approximately the same, the total 

sample required is approximately 5x less. The second consideration is with the Optilab® 

(Figure 2.2D, which is the in-line refractometer). It is important to properly equilibrate the 

entire system to reduce the noise of the light-scattering signal and match the reference cell 

to the flow cell of the refractometer. The "purge" function on the refractometer modifies the 

flow path towards the reference cell and away from the flow cell. This purge, I would argue, 

is as crucial as equilibrating the flow path, and the time spent on this step should be equal to 

the time spent equilibrating the flow path. Figure 2.4 represents two separate experiments 

done on BSA, one with a short equilibration of the reference cell (panel A) and one with a 

long equilibration of the reference cell (panel B). Both graphs represent detector voltage 

ranges of 0.0002, but Figure 2.4B is a much cleaner representation of BSA than Figure 2.4A. 

Since molecular weight determination depends on concentration determination (a dRI 

(refractive index) measurement in this case), figure 2.4B results in a much more significant 

amplitude change from baseline than Figure 2.4A, resulting in a much more accurate 

  

Figure 2.3. Comparison of AKTA Pure FPLC and Vanquish UHPLC SEC-MALS raw scattering data. A) Data 

collected on the AKTA Pure FPLC and a Superdex 200 increase column at 0.4 mL/min. Arrows represent an 

interruption in scattering intensity because of a change in pressure upon sample injection. B) Data collected on 

Vanquish UHPLC and a Shodex 403-4F KW SEC column at 0.160 ml/min. 
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molecular mass determination. Another consideration is the Orbit recycle system (Figure 

2.2E); theoretically, this can save buffer by recycling the same buffer you use to equilibrate 

the system, essentially making a complete loop. I would only recommend using this if you 

have components that are very costly in your buffer. Running buffer consistently through 

meters of tubing is more likely to cause contamination. Unfortunately, in switching between 

buffers between experiments, it is difficult to know if the lines have been sufficiently purged 

not to introduce unwanted buffer components to your equilibration. Finally, my last technical 

consideration for SEC-MALS is always including a BSA standard before any experiment. Often, 

samples do not form perfectly homogenous peaks with easily interpreted known molar 

masses. Including a BSA standard provides valuable information to assess the quality of your 

equilibration, column, and overall experimental conditions. If the BSA standard data do not 

look as expected and do not return a monomeric molecular mass of 66 ± 5% kDa (25), then 

your experimental setup or instrument should be re-evaluated before forming experimental 

conclusions from any other samples run after that.  

Ultimately, SEC-MALS is a highly efficient and valuable biophysical tool to evaluate 

sample quality, oligomerization state, and accurate molar mass. The absolute molar mass 

provided by the technique is independent of the size and shape of the molecule, so 

  

Figure 2.4. Refractive index measurements comparing equilibration of the reference cell. A) Refractive index 

measurement of 2 mg/mL BSA in 1x PBS with ~15 min reference cell equilibration. B) Refractive index measurement 

of 2 mg/mL BSA in 1x PBS with ~2h reference cell equilibration. 
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theoretically, all molecules are feasible candidates for SEC-MALS analysis, including globular 

proteins, fibrils, polysaccharides, carbohydrate chains, nucleic acids, and other non-biological 

molecules.  
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Chapter 3. Microscale Thermophoresis 
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3.1 Foreword 

 Chapters 2-5 are written because of my extensive focus on learning and applying 

numerous biophysical techniques throughout my Ph.D. While this is not an extensive list, I 

primarily focused on four techniques, MST, SEC-MALS, SAXS, and AUC. This chapter focuses 

on MST and contains a manuscript titled “Microscale Thermophoresis: Warming up to a New 

Biomolecular Interaction Technique” I wrote in collaboration with Dr. Vanessa Meier-

Stephenson and Dr. Trushar R Patel, published in The Biochemist Volume 41, Issue 2, Pages 

8-12 on April 1, 2019. https://doi.org/10.1042/BIO04102008. This paper describes how MST 

works, the information obtained from MST experiments, its advantages and disadvantages, 

and the diagnosis of common problems. This publication is reproduced with permission from 

Portland Press Ltd and the Creative Commons CC by license and re-formatted to fit thesis 

formatting.  

3.2. Author List and Affiliations 

Tyler Mrozowich1, Vanessa Meier-Stephenson1, and Trushar R Patel1 

1. Alberta RNA Research and Training Institute, Department of Chemistry and 

Biochemistry, University of Lethbridge, 4401 University Drive, Lethbridge, 

Alberta T1K 3M4, Canada) 

 

3.3 Abstract 

Biomolecules, such as RNA, DNA, proteins and polysaccharides are at the heart of 

fundamental cellular processes. These molecules differ greatly with each other in terms of 

their structures and functions. However, in the midst of the diversity of biomolecules is the 

unifying feature that they interact with each other to execute a viable, biological system. 

Interactions of biomolecules are critical for cells to survive and replicate, for food metabolism 

to produce energy, for antibiotics and vaccines to function, for spreading of diseases, and for 

every other biological process. An improved understanding of these interactions is crucial for 

studying how cells and organs function, to appreciate how diseases are caused, how infections 
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occur, with infinite implications in medicine and therapy. Many biochemical and biophysical 

techniques are currently being employed to study biomolecular interaction. Microscale 

Thermophoresis is a relatively new biophysical technique that can provide powerful insight 

into the interactions of biomolecules and is quickly being adopted by an increasing number of 

researchers worldwide. This article provides a brief description of principles underpinning MST 

process, benefits and limitations. 

3.4 What is MST? And how does it work? 

Microscale thermophoresis is a biophysical technique that measures how strongly 

biomolecules interact based on their degree of dispersion upon heating (“thermo” = heat; 

“phoresis” = migration). Essentially, one of the biomolecules (a protein, for example) is 

labeled with a fluorophore designated the “target”, while the other molecule (RNA, for 

example) is unlabelled and is mixed with the target in varying concentrations acting as the 

“ligand” (Figure 3.1). Next, the baseline fluorescence is measured, followed by a short 

Figure 3.1. Microscale thermophoresis mechanism of action. Diagram of the general mechanism of MST. An IR 

laser is used to heat the sample which will either contain molecules in a bound or unbound state. Upon stimulation 

with the IR laser (shown in the “IR laser on” panels), the molecules will diffuse away. Once the IR laser is turned off, 

the molecules will diffuse back to the IR stimulated area (shown in the IR laser off panels). If the biomolecules bind, 

there will be a change in the diffusion pattern once the IR laser is turned on, compared with the unbound state. The 

biomolecular diffusion is measured as a change in fluorescence output of a fluorophore (represented by the green 

star) attached to the target molecule 
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exposure with an infrared laser (heat source) on each sample; the change in fluorescence 

between the “hot” and “cold” state of each sample is detected. If the ligand is interacting with 

the fluorescently-labeled target molecule, the complexes will diffuse at a different rate when 

heated up relative to the individual components alone. These micro-movements (Figure 3.1) 

are detected by the machine as a drop-in fluorescence and are plotted as such.   

3.5 What kind of information can we obtain from MST? 

MST has a variety of applications. Focusing on the features of greatest interest to the 

biochemist, MST can be used to determine dissociation constants (Kd), an equilibrium 

measurement of the likelihood of a complex to dissociate at a certain concentration, in 

reference to interacting biomolecules. This can be useful to study affinity between different 

Figure 3.2 Microscale thermophoresis outputs. Plots visualizing several MST outputs from different experiments. 

A) Pretest capillary scan comparison. B) Capillary scan during binding affinity test. C) MST trace output during 

binding affinity test. D) Binding curve output after binding affinity test. 
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systems such as protein-protein (e.g., antigen-antibody interactions), RNA-protein complexes 

(e.g. ribosomal studies), and small-molecule-protein (e.g., drug binding studies). For 

example, using MST, researchers probed an interaction between a small molecule drug 

(cetylpyridinium chloride) with hepatitis B viral dimeric nucleocapsid protein HBcAg to use 

this novel drug as a potential inhibitor for viral replication. MST can also probe nucleic acid-

protein interactions. For example, researchers investigated the binding of G-quadruplex RNA 

aptamer AIR-3 with the human interleukin-6 receptor that plays a role in cancer and 

inflammatory diseases. With the assistance of MST, the researchers aimed to understand the 

RNA structure, shape, and RNA interaction site and binding stoichiometry. Enzyme kinetics 

Figure 3.3. Visualizing common problems. Plots representing some common errors that can arise during a complete 

MST experiment. A) Adsorption during a pretest experiment. B) Fluorescence inhomogeneity during a binding 

affinity test. C) Aggregation of sample during a binding affinity test. D) Incomplete binding curve after a binding 

affinity test. 
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and competition studies can also be conducted. Importantly, MST experiments are carried out 

in solution and are able to mimic biologically relevant environments. Buffer choice is 

essentially unlimited (as long as the target and ligand molecules are ‘happy’ with the buffer 

conditions) and samples could even be run in serum or cell lysates to detect a biomolecular 

interaction, which can provide unique information, only otherwise available via in vivo assays. 

3.6 What are the advantages and disadvantages of MST? 

One of the important advantages of MST over other techniques is the range of 

biomolecules that can be studied: from sugars or small molecule drugs up to large proteins, 

enzymes and even more complex structures such as ribosomes. The versatility of samples 

that can be studied makes this a highly attractive technique in the field. MST also has 

advantages over other fluorescence-based techniques, including the simplicity of 

measurement, the low sample volume required, and the infinite variety of buffer formulations 

supported. The technique can also be used to provide insight into hydration shell dynamics, 

molecular charge interactions and changes in size of biomolecules during interaction. The 

subtleties of such specific applications will not be described here, but those interested can 

refer to the additional readings below. As well, should fluorescent-labeling not be optimal or 

desired for the system, there are adaptations that can be made for non-fluorescent 

approaches.  

As with any technique, there are negative aspects that users should consider. The 

initial cost of the machine and upfront expense of dyes can be a hurdle, however, given the 

smaller volume of sample required, some of these costs can be offset by the reduced amount 

of high-quality starting sample needed. Fluorescent labeling, in general, can be a negative 

aspect because of the potentially time-consuming process of efficiently labeling your target. 

This may be partially circumvented by using fluorophores previously shown to provide reliable 

results (See Fluorophores below). MST does not produce detailed information about the shape 

or location of the binding. To do this, one would need to consider incorporating complementary 
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studies such as X-ray crystallography, nuclear magnetic resonance or small-angle X-ray 

scattering. 

3.7 Pioneer Voyage 

3.7.1 Sample quality 

As with other biophysical techniques, one of the most critical things is to start with 

high quality, monodispersed samples (i.e. with particles of uniform size). Often, this requires 

multiple different methods such as; gel electrophoresis, static light scattering, and more 

recently, using the NanotemperTM Tycho NT.6 which employs differential scanning fluorimetry 

to measure protein foldedness.  

3.7.2 Fluorophore 

After sample quality is confirmed, the next step is to determine which fluorophore will 

best suit the experiment. MST utilizes differences in thermal shift by detecting fluorescence 

to evaluate biomolecular interaction, therefore only one of your interacting molecules needs 

to be fluorescently labeled. For nucleic acids, Cy5 fluorescent labeling is reliably detected by 

the MST sensor. Companies that synthesize nucleic acid sequences will provide Cy5 labeling 

as an option, and thus would be MST-ready.  For proteins, using the RED-tris-NTA red 

fluorescent dye sold by NanotemperTM is a simple way to label Histidine-tag reconstituted 

proteins. Dyes that can efficiently label primary amines like those found in lysines or dyes 

specific to labeling of cysteine residues are also options.  It is also extremely important to 

thoroughly evaluate the fluorescent labeling procedure used, to ensure that your target 

molecule is sufficiently labeled. Unlabeled target will still interact with the ligand but will not 

be measured by the MST instrument resulting in an inaccurate Kd value. Determining the 

labeling efficiency will also help verify whether the experimental concentrations will be 

sufficiently above the dissociation constant so the target will stay fluorescently labeled.  

3.7.3 Buffer 
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An important consideration when choosing a biophysical technique is the buffer 

conditions in which the experiment takes place in. MST is extremely versatile, supporting 

almost any buffer condition. There are, however, a few modifications to the experimental 

buffer that may improve the MST results. The first is adding Tween-20 (0.05% final 

concentration) to help mitigate protein adsorption and aggregation. The second is using 

bovine serum albumin (BSA; 0.4 mg/mL) in the buffer to prevent protein adsorption to 

microcentrifuge tubes, where the BSA will coat the tube, allowing free diffusion of the target 

and ligand molecules.  

3.7.4 Starting concentrations 

Following labeling and buffer selection, the next step is to determine the 

concentrations of the target and ligand to be used. The target concentration must be high 

enough with the attached fluorophore to be detectable by the MST machine. This is performed 

in the “pretest” option of the software, in which the machine will scan two capillary tubes 

containing only target solution, to determine if the fluorescence is sufficient to continue 

(Figure 3.2A). Performing the pretest is highly recommended, as identification of insufficient 

fluorescence can alert the user to make adjustments to the labeling or concentrations, 

minimizing wasted materials from a failed or indeterminant binding affinity experiment. After 

the pretest, if binding has been previously shown (i.e., via an alternate biophysical method), 

one can skip the binding check step. If binding is not known, it is advisable to perform the 

software’s binding check. This will provide a ‘yes-no’ answer as to whether there is detectable 

binding and requires less sample than a full binding affinity. Binding checks require four 

sample capillaries of target only, and four sample capillaries of target mixed with a high 

concentration of ligand. After all the above parameters have been investigated, the binding 

affinity test can be done.  

3.7.5 Binding affinity measurement   
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To get an accurate binding curve, it is advisable to begin with an initial ligand 

concentration that is 20x the Kd. However, often the Kd will be unknown, therefore it is 

generally a good idea to start with a ligand concentration that is several-fold higher than the 

target (20-30 times) so as to observe the full range of the interaction. A 16-tube serial dilution 

of ligand is performed, and then a fixed amount of target is added to each tube. Pipetting 

accuracy in the previous steps is generally not an issue, but to gain an accurate binding curve 

one must be fully confident in the volumes pipetted. This can be visualized by reviewing the 

capillary scans output provided by the machine and ensuring there are no fluctuation (Figure 

3.2B). Although only 10 μL of sample is required per capillary, as a pipetting error can be 

more prominent with the smaller volumes used, we recommend mixing samples to final 

volumes of 20uL using low-bind pipette tips. A raw MST trace plot should ideally show a 

change in relative fluorescence as ligand concentration increases (Figure 3.2C). An accurate 

binding curve should have a few points at high concentration representing complete binding; 

a few points at concentrations with no binding; and ideally, the remaining points defining the 

slope of the binding curve (Figure 3.2D). 

3.7.6 Diagnosis of Common Errors.  

It is important to be able to understand what potential problems will present visually 

in MST results. Target adsorption can present itself similar as a warped Gaussian peak in 

initial pretest scans (Figure 3A). As mentioned above, BSA addition to the buffer is often ideal 

in preventing this. Fluorescence inhomogeneity in capillary scans is harder to diagnose (Figure 

3.3B), but the most common issue is improper fluorescence binding to the target. This is 

especially common when EDTA (ethylenediaminetetraacetic acid) is present in the buffer, and 

a Histidine-tag binding dye or other metal-ion dependent marker is being used. Changing the 

buffer to one without EDTA can help mitigate this. Aggregation is easily diagnosed (Figure 

3.3C), but less easy to remedy. If possible, use a lower concentration of both ligand and 

target, and add detergent (e.g. Tween-20). Incomplete binding curves are identified easily, 
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and the solution is to use higher (or lower) concentrations of the ligand (Figure 3.3D). If the 

problem persists after increasing ligand concentration, the efficiency of the labeling of 

fluorescent dye to the target should be re-evaluated. 

3.8 Concluding Remarks 

While learning a new technique such an MST may come across as a challenging task, 

once the fundamentals are understood and the potential pitfalls are properly diagnosed, MST 

can be a powerful biophysical technique that an increasing number of researchers are turning 

towards. MST has proven to be an efficient, cost-effective and reliable technique which has 

the potential for continuous improvement as optics and fluorescence continue to progress. An 

exciting future for MST is the continuing research into label-free MST experiments which can 

utilize intrinsic fluorescence, such as that generated by aromatic amino acids. Given the 

astounding amount of biomolecular interactions that a single cell performs every second, 

researchers need every tool possible to dissect the infinite complexity that nature has evolved 

to generate and sustain life. MST will continue to be an invaluable asset in the continuing 

search for this knowledge. 
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4.1 Foreword 

 Chapters 2-5 are written because of my extensive focus on learning and applying 

numerous biophysical techniques throughout my Ph.D. While this is not an extensive list, I 

primarily focused on four techniques, MST, SEC-MALS, SAXS, and AUC. This chapter focuses 

on SAXS and contains a manuscript titled “Structural Studies of Macromolecules in Solution 

using Small Angle X-Ray Scattering” I wrote in collaboration with Steffane McLennan, Dr. 

Michael Overduin and Dr. Trushar R Patel, published in The Journal of Visualized Experiments, 

Volume 141, on November 5, 2018. https://dx.doi.org/10.3791/58538. This publication is 

unique because it is accompanied by a descriptive video (linked at the end of this chapter). 

The manuscript describes the basics of SAXS, and a detailed description of data analysis 

following data collection, as well as experimental results for nidogen-1 and laminin γ-1. This 

publication is reproduced with permission from MyJoVE and the Creative Commons CC by 

license and re-formatted to fit thesis formatting. 

4.2 Author list and Affiliations 

Tyler Mrozowich1, Steffane McLennan2, Michael Overduin2, 4, and Trushar Patel1, 3, 4 

1. Alberta RNA Research and Training Institute, Department of Chemistry and 

Biochemistry, University of Lethbridge, 4401 University Drive, Lethbridge, Alberta 

T1K 3M4, Canada 

2. Department of Biochemistry, University of Alberta, Edmonton, Alberta T6G 2H7, 

Canada  

3. Department of Microbiology, Immunology and Infectious Diseases, Cumming 

School of Medicine, University of Calgary, 2500 University Dr. NW Calgary, 

Alberta, T2N 1N4, Canada 

4. DiscoveryLab, Faculty of Medicine & Dentistry, University of Alberta, Edmonton, 

Alberta, T6G 2H7, Canada 

 

4.3 Abstract 

Protein-protein interactions involving proteins with multiple globular domains present 

technical challenges for determining how such complexes form and how the domains are 
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oriented/positioned. Here, a protocol with the potential for elucidating which specific domains 

mediate interactions in multicomponent system through ab initio modeling is described. A 

method for calculating solution structures of macromolecules and their assemblies is provided 

which involves integrating data from small angle X-ray scattering, chromatography, and 

atomic resolution structures together in a hybrid approach. A specific example is that of the 

complex of full-length nidogen-1 which assembles extracellular matrix proteins and forms an 

extended, curved nanostructure. One of its globular domains attaches to laminin 𝛾-1 which 

structures the basement membrane. This provides a basis for determining accurate structures 

of flexible multidomain protein complexes and is enabled by synchrotron sources coupled with 

automation robotics and size exclusion chromatography systems. This combination allows 

rapid analysis in which multiple oligomeric states are separated just prior to SAXS data 

collection. The analysis yields information on the radius of gyration, particle dimension, 

molecular shape and interdomain pairing. The protocol for generating 3D models of complexes 

by fitting high-resolution structures of the component proteins is also given. 

4.4. Introduction 

Cells contain intricate networks of proteins which act as molecular machines to carry 

out cellular functions such as signaling cascades and maintaining structural integrity. The 

ways in which these different components move and interact in three-dimensional space gives 

rise to the specific functions of the macromolecules. The importance of the protein structure, 

dynamics, and interactions in determining function has provided the need for continually 

evolving, complex techniques to measure these properties.  Of these, nuclear magnetic 

resonance (NMR), X-ray crystallography (XRC) and more recently, cryo-electron microscopy 

(CEM) provide high-resolution structural information.  However, XRC and CEM yield structures 

of one of many biomolecular states and lack information about the dynamics of the protein 

structure, while 3D structure determination by NMR is typically limited to smaller globular 

proteins. One way to overcome these limitations is to utilize small angle X-ray scattering  to 
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generate molecular envelopes of large, multidomain or complexed systems, and combine the 

high-resolution rigid macromolecular structures to elucidate the global architecture and 

dynamic features.  

SAXS produces low-resolution envelopes of macromolecular complexes with a 

resolution of approximately 10-20 Å (1), giving insight not only into the structure but also the 

dynamic characteristics that the complex displays. Although SAXS utilizes X-rays to uncover 

molecular structure, it is unlike XRC in that the random isotropic orientation of the particles 

in solution does not lead to diffraction, but rather to scattering, which cannot yield atomic 

resolution. Instead, an electron “envelope” of the macromolecule is generated that represents 

an average of the conformations that the macromolecule displays. This information can be 

used in direct fitting of previously solved atomic resolution structures to infer regions of 

flexibility in a single protein or subunit organization, or dynamics in a larger, multi-protein 

complex. SAXS data is collected at synchrotrons using high-energy monochromatic X-rays or 

from in-house sources which offer a weaker X-rays source requiring hours rather than seconds 

of sample exposure time (Figure 4.1). SAXS data is often collected from several samples with 

a single experimental setup and buffer, requiring an extended time to collect a round of useful 

data on a system.  Samples should, therefore, be stable and non-aggregating for at least a 

few hours based on verifiable quality control methods such as dynamic light scattering (DLS) 

and/or analytical ultracentrifuge analysis to obtain high-quality SAXS data (2,3). Here we 

provide a practical description of SAXS, the principles behind its usage, benefits, limitations 

and sample preparation and focus heavily on data collection and analysis, along with touching 

briefly on ab initio modeling using the extracellular matrix proteins nidogen-1 and laminin 𝛾-

1 as an experimental example. 

4.5. Principles, Benefits, and Limitations of SAXS 

The guiding principles behind SAXS are relatively simple: a solution of the 

monodispersed preparation of macromolecule(s) of interest is placed within a capillary and is 
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exposed to a high energy monochromatic X-ray beam. The photons cause electrons of the 

atomic shell to begin oscillating resulting in a spherical wave being emitted of the same energy 

and wavelength. Since every electron will oscillate, a constant background will be achieved, 

and the resulting electron density of the macromolecule is contrasted to the background. The 

resulting scattering intensity is collected as a function of the scattering angle, 2Θ (Figure 1). 

While other techniques such as XRC, NMR, and CEM provide structural information at 

the atomic level, there are multiple benefits to SAXS which other techniques cannot provide. 

SAXS can be performed in almost any buffer and does not require any special sample 

preparation. This is particularly important in studying the behavior and structure of 

macromolecules under varying conditions such as the presence or absence of mono- or 

divalent cations, or changes in pH (4,5). SAXS has the ability to provide information about 

flexible regions of a macromolecule (6), something the other listed techniques can struggle 

with. Therefore, SAXS can be used as a strong complimentary technique with the stable 

portions of a macromolecule being studied with XRC, NRM or CEM, and the entire 

macromolecule or complex analyzed in low resolution with SAXS and combined using various 

analysis tools such as FoXSDock (7) or CRYSOL (8). Since SAXS is a solution technique, it is 

often used to confirm if static structures such as those obtained from XRC are consistent in 

solution (6). SAXS also has the advantage of being a technique that requires a relatively small 

amount of sample investment (typically 50-100 µL) and a relatively small amount of 

experiment time (30 min-1 h).   

The largest limitation of SAXS is the vulnerability to sample aggregation and/or 

degradation which can lead to incorrect structural predictions. An aggregation, even as low 

as 5%, can scatter light in very high amounts, leading to an overestimation of the maximal 

particle dimension (Dmax) and radius of gyration (Rg). On the other hand, sample degradation 

can lead to an underestimate of molecular properties. This vulnerability arises from SAXS 

being an averaging technique which means that sample homogeneity is critical to achieving 
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reliable and reproducible results. Any sample that is to be analyzed by SAXS should, therefore, 

undergo multiple methods of purification and homogeneity checks such as: denaturing and 

native gel electrophoresis, size exclusion chromatography, dynamic light scattering and 

analytical ultracentrifugation. Often SAXS beamlines will run samples through high-

performance liquid chromatography as a final quality control step before SAXS (SEC-SAXS) 

(3,9). SAXS data should be collected at multiple concentrations and the Rg of each data set 

should be compared, ensuring a close similarity to avoid interparticle interactions and 

aggregation, which results in an overestimation of particle dimensions, leading to inaccurate 

data analysis and modeling. Since scattering depends on both concentration and size, smaller 

macromolecules may require a more specific optimization of the concentration range. This is 

due to the Reciprocity Theorem where large sizes scatter towards small angles and small sizes 

towards large angles. This manifests in data collection where IO is proportional to R6 where R 

is the particle radius.  A final limitation of SAXS is the potential for radiation damage to the 

sample during exposure which can lead to distortion of the data. It is good practice to compare 

sample quality before and after SAXS sample exposure to ensure this is not occurring. 

4.6. SAXS Sample Preparation and Data Acquisition 

SAXS experiments require homogeneous, stable and non-aggregating protein 

samples. Stability and oligomeric state can be observed with either size exclusion 

chromatography (SEC), DLS and/or AUC prior to data collection. As previously described, the 

nidogen-1 and laminin 𝛾-1 samples were subjected to DLS analysis and tricine SDS-PAGE to 

visualize sample purity (10). Samples cover a range of concentrations (1-4 mg/mL) depending 

on their size, their solution behavior such as self-association and aggregation along with 

stability. Five concentrations of nidogen-1, (139 kDa), three of laminin 𝛾-1 (109 kDa) and 

four of the SEC-purified equimolar complex were prepared as previously described (10).   

SAXS data for was collected using an in-house Rigaku system that contains a 3-pinhole 

camera equipped with + 002 microfocus sealed tube (Cu Kα radiation at 1.54 Å) and Confocal 
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Max-Flux (CMF) optics operating at 40 W. The system is also equipped with a 200 nm multi-

wire 2D detector for data collection. However, with the availability of modern synchrotrons in 

France, Germany, UK, USA, and other countries which provide access to an SEC-SAXS set-up 

which facilitates separation of a monodispersed preparation from possible 

aggregation/degradation, we now routinely collect data at synchrotron facilities. A recently 

published article on a DNA G-quadruplex (11) is an example of an SEC-SAXS data collection 

strategy. In this case, the SAXS data were collected in the range of 0.08 ≤ q ≤ 0.26 Å for 3 

hours for nidogen-1 (2.0, 2.5, 3.0, 3.5 and 4.0 mg/mL); the laminin γ-1 (1.5, 2.0 and 2.5 

mg/mL) and their complex (0.8, 1.0, 1.25 and 1.5 mg/mL). Data for buffer and samples were 

reduced by means of processing software specific to the system prior to subtraction of the 

buffer contribution from protein data with the program PRIMUS/qt (12) (Figure 4.2A). 

4.7 Protocol 

4.7.1. Data Analysis  

Currently, there are a few software packages that are useful for SAXS data analysis: 

ScÅtter (13) (download available at www.bioisis.net), bioXtas RAW (14) and the ATSAS suite 

(12). This section provides an overview of general steps to be taken when analyzing raw SAXS 

data using the ATSAS program suite and specific steps are taken from Mac OS ATSAS 2.8.1 

download.  Other programs can be used and are briefly discussed later.  

4.7.2 Buffer Subtraction 

 Note: These steps are relevant for static SAXS samples only.   

Select the “TOOLS” menu option in PRIMUS/qt and select the data files of interest (up to 13 

at once) using the “SELECT” button. Be aware that data files must be in ASCII format in which 

the first column is the s-vector axis and the second column is the intensity. Repeat this step 

for data collected for the buffer itself by inserting this data into a second “TOOLS” menu.  
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Select “SUBTRACT” in the Data Processing window which will generate a subtracted scattering 

curve representing only scattering from the macromolecule of interest. Repeat this step for 

each concentration.  

4.7.3 Guinier Analysis  

To perform Guinier analysis, load a buffer subtracted scatter curve into PRIMUS/qt which is 

performed in the same way curves were loaded previously.  

Click “GUINIER” which will proceed in opening the Primus Guinier Wizard: a plot of ln(I) vs q2 

will be displayed.  

To obtain a preliminary Rg use the “AUTORG” function, which is an external module built into 

PRIMUS/qt. Find the command prompt window and enter “autorg [datafile]”.  

Input multiple files at once by entering the same command prompt, but putting a space 

between each datafile name or by inputting all files in the selected folder by typing “autorg 

*.dat” which inputs every file ending in .dat.  

Use the Guinier plot created earlier to assess the data quality; the green line under the Guinier 

plot shows the residuals plot representing a linearity of the fit. Be aware that non-linearity in 

the Guinier analysis could be a sign of sample aggregation and further analysis should not be 

performed in this case. (Note: A linear Guinier fit gives an Rg with a small error (<5%) and 

suggests a high-quality sample.)   

4.7.4 Kratky Analysis  

Load the data to be visualized in a similar manner as described above. 

Click on the “SELECT” next to the data file name followed by “PLOT”. This will plot the data in 

a separate window. 

Click the “SASPLOT” button below the “PLOT” button.  
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Click “VIEW” and subsequently select “Y*s^2::X” which will plot the data as “q2 x l(q) vs q”. 

Be aware that globular proteins display a Gaussian peak while unfolded proteins will display 

a plateau instead of a peak and resemble a hyperbolic plot (15). 

4.7.5 Data Merging 

Load buffer subtracted data for each concentration in PRIMUS/qt once again like what has 

been previously described.  

To merge the data, simply click on the “MERGE” button in the processing window.  

Inspect each curve and the I Scale number which correlates to the dilutions made from the 

original sample. (Note: Samples at higher concentration display less noise in the tail region 

of the curves.) 

4.7.6 P(r) Distribution   

To generate the P(r) plot, load the merged data curves into PRIMUS/qt as previously 

described.  

Load the “GNOM” module by typing “GNOM” into the command prompt area.  

Click on the “GNOMPLOT” button to open a new window presenting the merged data of 

intensity of scattered light vs. q and pair-distance distribution function plot on the right-hand. 

(Note: The information on the right-hand side presents the overall quality of the pair-distance 

distribution function calculations.) 

Adjust the data range of the merged data to avoid any significant noise at the tail end of the 

raw data. 

Omit data points close to the beam stop in the low-q region.  
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To determine the Dmax, start with a range of ~5 times the Rg obtained from the Guinier 

analysis. Gradually decrease this value until the P(r) plot is not abruptly dropping to zero on 

the Y-axis and does not have a long-tail before approaching zero.  

Check that the Experimental Rg/I0 (derived from Guinier approximation) and P(r) Rg/I0 

numbers are similar. (Note: In some cases, further manipulation on the range of data, data 

points, and ALPHA (a regularization parameter which tells the program the ratio of how much 

attention is paid to the smoothness of the distribution compared to fitting the experimental 

data) is also required (16) to obtain a good quality P(r) plot). 

4.8 Ab initio bead modeling and averaging 

Once the data collected at multiple concentrations are merged, or the data collected 

using SEC-SAXS is minimized, and the Kratky plot, P(r) plot and Guinier analysis have been 

verified, low-resolution structures of macromolecules and their complexes can be calculated. 

We have used this pipeline to study solution structures and interactions of nucleic acids, 

proteins, and nucleic acids-protein or protein-protein complexes (10,11,16-29). One of the 

most popular programs is DAMMIN, developed by Svergun (30), that is a part of the ATSAS 

package (31). DAMMIN employs simulated annealing protocols with preliminary input 

information on Rg and Dmax. The ab initio modeling approaches and principles are described 

in detail elsewhere (32,33). 

4.9 Representative results 

The data analysis approach described above was utilized to calculate the Rg and Dmax 

for nidogen-1, laminin γ-1 and their complex using the P(r) function. We obtained Rg values 

of 7.20 (±0.10) nm, 8.10 (±0.20) nm and 10.9 (±0.4) nm for nidogen-1, laminin γ-1 and 

their complex respectively (Figure 2 A and B). In addition, the Dmax values of 24 nm, 26 nm, 

and 35 nm for nidogen-1, laminin γ-1, and their complex respectively (Figure 4.2) (10) were 

obtained. The DAMMIF program was used to obtain low-resolution structures of nidogen-1 
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and laminin γ-1 which suggested that both proteins adopt an extended shape in solution. The 

X and NSD values for nidogen-1 (~1 and 0.8) and laminin γ-1 (~0.9 and 0.8 respectively) 

were also in the acceptable range. The alignment of high-resolution structures: two domains 

of nidogen-1 and two of laminin γ-1 on their low-resolution structures obtained using SAXS 

allowed identification of their N- and C-terminal regions (10).  

Nidogen-1 was identified as an interacting partner of laminin γ-139 (34), and the 

interaction site was mapped using X-ray crystallography to the C-terminal domains (35). 

However, high-resolution structures only involved interacting domains and not the full-length 

       
       
       

       
       

      
      

                 
                  
              

                 
                

                      
                          

              
                     
                   
                  

                  

 
 
  
  
  

  

Figure 4.1. Schematics of SAXS set-up. A monodispersed preparation of biomolecules or their complexes is 

prepared, followed by exposure with high energy X-rays. Depending on the source (e.g., in-house vs. synchrotron), 

the energy of X-rays and the sample to source distance can vary. The X-rays’ scattering pattern (that depends on the 

size and shape of biomolecules) is recorded and radially averaged to obtain a 1-dimensional plot (1D) that contains 

information on the intensity of scattered light with respect to the scattering angle. As buffer molecules also scatter 

light, the contributions from these molecules are subtracted to obtain a scattering pattern of the biomolecules of 

interest. At the synchrotron, prior to the SAXS data collection, an additional purification step using in-line size 

exclusion/high-performance chromatography is also typically performed (top view). This step is critical to remove 

any aggregated and/or degraded product as well as to remove any unbound biomolecules from the complex. The 1D 

scattering plot is converted to the electron pair-distance distribution plot (P(r) plot), which provides the radius of 

gyration and maximum particle dimension of biomolecules. This plot is used as the input file for the ab initio modeling 

packages (i.e., DAMMIN/DAMMIF) to obtain low-resolution structures of biomolecules, or other packages (i.e., 

SASREF/CORAL) if the high-resolution structure of parts of the biomolecules or individual biomolecules of the 

complex is known 
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nidogen-1 or the entire laminin γ-1 arm. Therefore, we purified a complex containing nidogen-

1 (full length) and the laminin γ-1 arm to identify the interacting regions as well as to study 

the relative orientation of the N-terminal domains of both proteins. The SAXS data for the 

complex yielded an Rg of 10.9 (±0.4) nm and a Dmax of 35 nm. We utilized MONSA to obtain 

the low-resolution structure of the entire complex which suggested that indeed, only the C-

terminal region of both proteins participate in mediating interactions, whereas, the rest of the 

domains are far apart from each other (Figure 4.3).  

4.10. Discussion 

Figure 4.2. SAXS data plots (A) A plot of an intensity of scattered light vs. scattering angle (q=4πsinθ/λ, nm-1) 

suggesting the quality of biomolecules (low region) and shape (high region) of biomolecules. (B) The electron pair-

distance distribution P(r) determined from the scattering data suggest an elongated shape of biomolecules under 

investigation (laminin γ-1, nidogen-1, and their complex). (C) Kratky plot suggesting that nidogen-1 and laminin γ-

1 proteins are not unfolded. (D) Guinier plot for nidogen-1, laminin γ-1 and their complex, indicating the linear region 

for determination of the radius of gyration using data at low-scattering angle. 
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The critical steps of SAXS data analysis outlined in the protocol section of this paper 

include buffer subtraction, Guinier analysis, Kratky analysis, data merging and P(r) 

distribution. The ab initio bead modeling is too extensive to be covered here in detail and is 

therefore only covered briefly.  

At synchrotrons (e.g. DESY in Germany, Diamond in the UK and ESRF in France), it is 

possible to collect SAXS data for a very tiny fraction (~few µL) of each sample as the fractions 

are being eluted from the SEC column that is connected in-line (see Figure 4.1). The elastically 

scattered SAXS data is radially averaged using the packages provided by the instrument 

manufacturer or by the synchrotron before buffer subtraction can take place. The resulting 

1D data represents the amount of scattered light (ln I(q)) on the Y-axis and scattering angle 

(q=4πsinθ/λ, where λ is the wavelength of incident X-rays) and is outlined in Figure 4.1. The 

program PRIMUS/qt (12) is used to directly subtract any background due to buffer and is 

described in section 4.1. Other programs such as; ScÅtter (13) (download available at 

www.bioisis.net) with a tutorial available at, and bioXtas RAW (14) available at 

https://bioxtas-raw.readthedocs.io/en/latest/index.html can be utilized as an alternative to 

the ATSAS package.  

    

    

Figure 4.3. Low-resolution structure of the complex of nidogen-1, and laminin γ-1. Obtained by analysis of 

merged data sets using the program MONSA. The color scheme is the same as Figure 4.2. 
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The Guinier analysis provides information on sample aggregation and homogeneity as 

well as providing the radius of gyration (Rg) for the macromolecule of interest based on the 

SAXS data from the low q region (36). A plot is constructed with PRIMUS/qt for SAXS data 

obtained from each concentration, followed by curve fitting with the maximum range of up to 

1.30 for q.Rg. A monodispersed sample preparation should provide a linear Guinier plot in this 

region (Figure 4.2D), whereas aggregation results in a nonlinear Guinier plot (37,38). If the 

Guinier analysis is linear, the degree of “unfoldedness” of a macromolecule of interest can be 

observed with the Kratky plot which is useful when deciding whether to perform rigid body 

modeling or construct ensembles of low-resolution models. A globular protein will appear in 

a Kratky plot to have a bell-shaped curve, whereas extended molecules or unfolded peptides 

will appear to plateau or even increase in the larger q range and lack the bell-shape (Figure 

4.2C).  

Figure 4.4 The low-resolution structure of the nidogen-1 and laminin γ-1 complex. This movie was prepared 

using PYMOL to visualize various structural features of the complex. The crystal structure of the laminin-nidogen 

complex (PDB ID: 1NPE) is shown as ribbon cartoons, highlighting the interacting sites for this complex. The color 

scheme is the same as Figure 2. To access this movie visit 

https://www.jove.com/files/ftp_upload/58538/complex_movie.mpg 
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Obtaining the Rg from Guinier analysis only considers data points from the low q region 

of the 1D scatter plot (Figure 4.2D), however, it is possible to use almost the entire dataset 

to perform an indirect Fourier transformation to convert the reciprocal-space information of 

ln(I(q)) vs. (q) into a real space distance distribution function (P(r)) which provides 

information on Dmax and Rg (Figure 4.2B) The shape of the P(r) plot represents the gross 

solution conformation of the macromolecule of interest (32,39). the conversion of reciprocal-

space data to real-space data is a critical step but a detailed description is not within the 

scope of this paper. Therefore, refer to an article by Svergun (39) to understand each 

parameter. 

Once the buffer subtracted data at individual concentrations are processed through 

Guinier analysis with a consistent value for Rg, followed by investigating their folding pattern 

using Kratky analysis, these data can be merged. The merged data for nidogen-1, laminin γ-

1, and their complex were processed as described above and the resulting P(r) plots are 

presented in Figure 4.2B. Ideally, one should also calculate the pair-distance distribution 

function P(r) for each concentration to determine if SAXS data collected for each concentration 

provides similar Rg and Dmax values. If the Rg and Dmax remain similar over a wide range of 

concentrations, then the user should proceed. It should be noted that depending on the signal, 

data can be truncated prior to data merging. This is often the case if the concentrations and/or 

molecular weight of the macromolecules under investigation is low.  

Low-resolution shape analysis using DAMMIN can be performed in various modes (e.g. 

Fast, Slow, Expert modes etc.). The Fast mode is an ideal first step to evaluate if the P(r) plot 

provides good quality models. Typically, at least 10 models should be obtained for each P(r) 

plot to check if reproducible results, in terms of the low-resolution structure, are obtained, 

with a low goodness of fit parameter called χ (a value of 0.5-1.0 is considered good based on 

our extensive work), a value that describes an agreement between experimentally collected 

SAXS data and model-derived data. For publication purpose, we typically use Slow or Expert 
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mode and calculate at least 15 models. In addition to DAMMIN, a faster version of it, DAMMIF 

(40) as well as GASBOR (41) are also alternatives. Furthermore, to study protein-protein or 

protein-nucleic acid complexes, it is possible to use the MONSA program (29) which facilitates 

simultaneous fitting of the individual SAXS data for both macromolecules as well as their 

complex. For more details on high-resolution model calculations as well for RNA-protein 

interaction studies, refer to a recent article by Patel et al (2). 

SAXS is theoretically simple but undoubtedly a highly complementary method to other 

structural biology tools and results in low-resolution structural data that can be used on its 

own or in conjunction with high-resolution techniques to elucidate information about 

macromolecular structure and dynamics. As long as a monodispersed preparation of 

macromolecules and their complexes can be obtained, SAXS can be utilized to study in-

solution structure and interactions of any type of biological macromolecule. In the case of the 

complex discussed here, it is remarkable that less than 10% of the overall accessible surface 

area of nitrogen-1 and laminin γ-1 is buried in this complex, whereas the rest of domains of 

both proteins are freely accessible to interact with other proteins at the extracellular matrix 

to maintain its structural rigidity (Figure 4.3). Obtaining such information for a complex with 

~240 kDa would be very challenging using other structural biology techniques such as XRC, 

NMR, and CEM.  

4.11 Conclusions 

Uncovering protein structure via X-ray crystallography or NMR is an inherently time-

consuming process. This bottleneck in structure determination is one area where SAXS shows 

its strength as a structural technique; data acquisition for a single SAXS experiment can take 

less than an hour and with the help of streamlined analysis software, analysis can be done 

quickly, and efficiently. SAXS has the potential to greatly increase throughput of structural 

studies as a stand-alone technique because it offers a low-resolution model of the 

macromolecular structure before high-resolution data is available. A barrier to other structural 
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techniques is the requirement for a highly pure, concentrated sample for data acquisition, 

which necessitates a high level of protein expression and stability over a long period of time. 

While SAXS samples also need to be pure and concentrated, the sample volumes are roughly 

100 µL making SAXS a relatively inexpensive method of analysis compared to other structural 

techniques. Moreover, SAXS coupled with size exclusion chromatography is becoming 

increasingly common which provides an additional quality control step. Recently there has 

been strong advances in the combination of NMR and SAXS data using the Ensemble 

Optimization Method (EOM) (42,43) to elucidate flexible systems. A recent paper by Mertens 

and Svergun (44) the authors describe multiple recent examples of EOM SAXS in combination 

with NMR, along with many other examples of SAXS data being used in conjunction with NMR. 

Advances are continually being made in the field of SAXS, and new techniques are being 

developed for SAXS to be used in conjunction, not just complimentary, to other structural 

techniques. Consequently, we believe that the demand for SAXS will only increase over time, 

especially in conjunction with NMR to characterize dynamic systems where functions are 

defined by flexibility. 

4.12 Data Availability 

The Movie associated with this publication is open access and can be found at 

https://www.jove.com/v/58538/structural-studies-of-macromolecules-in-solution-using-

small-angle-x--ray-scattering, in addition to the movie transcript.  
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5.1 Foreword 

 Chapters 2-5 are written because of my extensive focus on learning and applying 

numerous biophysical techniques throughout my Ph.D. While this is not an extensive list, I 

primarily focused on four techniques, MST, SEC-MALS, SAXS, and AUC. This chapter focuses 

on AUC, the theory and physics behind the technique, applications of the technique, 

experimental considerations, and personal applications for RNA samples in AUC. AUC 

experiments were performed using AUC instruments at the Canadian Center for 

Hydrodynamics at the University of Lethbridge and with help from Amy Henrickson and Dr. 

Borries Demeler. 

5.2 Abstract 

  Analytical ultracentrifugation is a powerful biophysical technique invent over 100 

years ago. By combining modern optical systems with extremely powerful centrifugal force, 

AUC can provide evidence of the size, shape, and density of molecules in solution and easily 

distinguish between different species in a heterogeneous mixture.  

Analysis of solutions of molecules is of utmost importance when purifying biological 

molecules from native (or synthetic) sources. While other techniques exist within the same 

space (SEC-MALS, dynamic light scattering), AUC can modulate its resolution by changing the 

centrifugal force (speed of the rotor). This modulation allows AUC to perform an incredibly 

diverse number of experiments, especially considering that AUC can be performed as either 

a sedimentation velocity (SV-AUC), or sedimentation equilibrium (SE-AUC). Here, AUC is 

described as it relates to the characterization of biomolecules in solution and specifically 

comment on my experiences with AUC on RNA samples. 

5.3 Theory 
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 In an AUC experiment, a sample in solution is exposed to a large centrifugal force, a 

term coined by Christiaan Huygens in 1659 and roughly translated from Latin meaning 

"fleeing the center." It was not until 200 years later that Antonin Prandtl used the idea of 

centrifugation to speed up the process by which cream separates from milk. Five years later, 

a Swiss biologist, Friedrich Miescher, used a centrifuge to isolate "nuclein" from cells, the 

biological material we know today as DNA (1). However, it was not until Theodor Svedberg, 

in 1923, invented the first ultracentrifuge, which was used as an analytical instrument (2). 

Subsequently, Svedberg was awarded the Nobel Prize in Chemistry in 1926. However, often, 

it is miscredited that the Nobel Prize was for his invention of the ultracentrifuge when in fact, 

it was for his work in colloid chemistry. Svedberg's work which earned him the Nobel Prize 

effectively proved that macromolecules comprise covalently bonded atoms. Svedberg and 

colleagues' pioneering ultracentrifuge could achieve ~42,000 rpm or 900,000 xg. Svedberg's 

contributions earned him the Nobel Prize and the term Svedberg unit, often represented as S 

(sometimes Sv). A Svedberg unit is a non-SI measurement for the speed with which a 

macromolecule will sediment in solution, with one Svedberg unit being equal to (10-13 s). The 

Svedberg is used to define the sedimentation coefficient, which is the ratio between the speed 

of a macromolecule in solution in a centrifuge to its acceleration. Therefore, in its base terms, 

a sedimentation coefficient is the time a particle takes to achieve its terminal velocity under 

a given acceleration (assuming no counterforces).  

Figure 5.1. Schematic of analytical ultracentrifugation going from centrifugal force to usable data. A) Overhead 

view of a rotor schematic showing rotation and resulting centrifugal force. B) Representation of a typical AUC cell 

showing a change in concentration as a function of cell position (gradient) because of centrifugal force. C) Example 

AUC scan data showing concentration (absorbance) as a function of cell position.  
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 AUC, in essence, applies a centrifugal force to a solution of macromolecules (Figure 

5.1A), which, if sufficient, creates a concentration boundary that moves away from the 

centrifugal force (Figure 5.1B). The resulting concentration of solute in the cell is measured 

by UV optics (absorbance) and plotted as a function of concentration vs. radius (position 

relative to meniscus), and each scan (blue line) is a new timepoint (Figure 5.1C). This 

measurement allows the application of the Svedberg equation (3) (equation 5.1) to determine 

the sedimentation coefficient.  

𝑠 =
𝑉𝑟

𝜔2𝑟
=

𝑀𝑤(1 − 𝑣̅𝜌)

𝑁𝐴𝑓𝑜

  

(5.1) 

In equation 5.1, the sedimentation coefficient is represented by s, while Vr represents 

the radial velocity. Angular velocity is represented by ω, with r being the radial position (of 

the solvent boundary). Mw represents molecular weight, and partial specific volume is 

represented by vbar (𝑣̅), with the density of the solvent represented by rho (ρ). NA is 

Avagadro's number, and fo is the frictional coefficient. The Svedberg equation requires some 

additional input from other equations, such as the Stokes equation (4), to calculate the 

frictional coefficient fo (equation 5.2) 

𝑓𝑜 = 6𝜋𝜂𝑅𝑜 

(5.2) 

In the above equation, eta (η) is representative of the viscosity of the solution, while 

Ro is the radius of a sphere. One can then combine the Svedberg and Stokes equation (5,6) 

with the radius of a molecular sphere and calculate the sedimentation coefficient for spherical 

molecules in water (at 20°C). This correction to water and 20°C is necessary to standardize 

measurements done under different buffer conditions and performed on different machines in 

different laboratories. W represents the notation for water, while B represents the notation 

for a buffer for the below equation (5.3) (7). 
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𝑠20,𝑤 = 𝑠𝑇,𝐵 (
𝜂𝑇,𝐵

𝜂20,𝑊

)
(1 − 𝑣̅𝜌 )20,𝑊

(1 − 𝑣̅𝜌)𝑇,𝐵

 

(5.3) 

Additionally, sedimentation equilibrium experiments (8-12) are also possible thanks to the 

Lamm equation (13), which can be applied to a single sedimenting species in a sector-shaped 

cell (equation 5.4). 

𝑑𝑐

𝑑𝑡
=  (

1

𝑟
) (

𝑑

𝑑𝑟
) [𝑟𝐷(𝑀)

𝑑𝑐

𝑑𝑟
− 𝑠(𝑀)𝜔2𝑟2𝑐] 

(5.4) 

Solute concentration, time, and radius (of the concentration boundary) are 

represented by c, t, and r. D(M) represents the diffusion of the molecule, while s(M) 

represents the sedimentation coefficient of the molecule. Sedimentation and diffusion are 

opposing forces, with sedimentation trying to concentrate the solute towards the outer radius 

of the AUC cell and diffusion attempting to equalize the solute throughout the cell. Therefore, 

by varying the centrifugal force in a sedimentation equilibrium experiment, sedimentation and 

diffusion are equalized. This equalization permits a considerable simplification and allows for 

the rearrangement of equation 5.4, resulting in equation 5.5: 

𝑀𝑤(𝑟) =
𝜕 ln 𝐽(𝑟)

𝜕(𝑟2)
 

2𝑅𝑇

(1 − 𝑣̅𝜌)𝜔2
 

(5.5) 

In this simplification,  𝐽(𝑟) = 𝐽(𝑎) + 𝑗(𝑟), where 𝐽(𝑟) represents the absolute 

concentration at a radius of r, which is proportional to the concentration at the meniscus j(r), 

and the absolute meniscus concentration J(a). This equation allows us to plot ln 𝑐 𝑣𝑠. 𝑟2 for the 

case of a UV optics system, where the slope of the equation will be 𝑀𝑤(1 − 𝑣̅𝜌)𝜔2/𝑅𝑇 allowing 

for the calculation of molecular weight (14,15). Notably, the molecular weight obtained from 
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SE experiments is an average of all molecules in solution, so it should ideally only be 

performed on monodispersed samples. Additionally, the molecular weight from SE-AUC is the 

apparent molecular weight (Mw, app), this distinction is made because of the measurement 

occurring at a specific concentration. If the same experiment is performed at multiple 

concentrations and extrapolated to zero concentration, then the derived molecular weight is 

the ideal molecular weight.  

 If the molecular mass of the molecule of interest is known, in addition to the partial 

specific volume (𝑣̅), then calculating the diffusion coefficient is also possible using SE. If one 

applies the Stokes-Einstein equation (5.2) to the Svedberg equation (5.1), the simplified 

result is equation 5.6: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂0𝜂𝑟 (
𝑓
𝑓𝑜

) 𝑅(𝑀𝑤 , 𝑣̅)
 

(5.6) 

The diffusion coefficient of the molecule in question is denoted by D, while kB 

represents Boltzmann's constant (1.380 x 10-23 J·K-1). The viscosity of the standard solution 

and relative viscosity of the experimental solution is denoted by η0 and ηr, respectively. 

Finally, R represents the volume of a theoretical sphere of the same volume as the molecule 

of interest (16). Taking all these theoretical considerations and equations together means 

that AUC is a robust and powerful method for the characterization of biomolecular compounds 

in solution.  

5.4 Applications 

AUC is widely applied to biomolecular science to readily study homogeneity, molecular 

weight, oligomerization (aggregation), stability, and interactions (17-19). Modern AUC 

experiments are be extremely versatile and can be executed in various conditions, including 

wide ranges of pH, ionic concentration, temperature (Beckman Coulter Optima AUC 
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temperature range is from 0 to 40° C) (20), and solute concentrations. Another phenomenal 

property of AUC is that all the hydrodynamic property determinations (s, Mw, D, 𝑣̅) do not 

require calibration with a known standard like other hydrodynamic techniques (21,22). As 

previously mentioned, AUC is primarily performed in two distinct ways: sedimentation velocity 

and sedimentation equilibrium. Each method has benefits and limitations, and it is vital to 

choose the correct technique for the system of study.  

Sedimentation velocity experiments can provide information on the size, shape, 

interactions, and in some cases, conformational changes of macromolecules in solution. One 

of the primary uses for SV-AUC experiments is to evaluate the purity and state of purified 

biological molecules (23-26). Typical SV-AUC experiments are represented by sedimentation 

coefficient vs. change in concentration as a function of time; for example, figure 5.2 shows 

the sedimentation profile of BSA, where each oligomeric species is distinctly present 

(monomer, dimer, and tetramer). Often, SEC is used as a technique to validate the purity of 

macromolecules in solution, but resolution can be an issue. AUC has the benefit of much 

higher resolution, even being capable of discerning between different RNAs of the same 

molecular weight based on tertiary folding (25,27). SV-AUC has been used for decades to 

Figure 5.2. Sedimentation velocity analysis of BSA. Red, blue, and green arrows represent BSA monomer, dimer, 

and tetramer respectively. 0.45 OD (280 nm) of sample was run at 45k rpm for 11 hours 40 min. Data contributed by 

Amy Henrickson. 
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characterize systems, most famously the ribosomal subunits (28). Some recent studies using 

AUC include: investigating the binding cooperativity and affinity of NanR to its DNA substrate 

and its subsequent DNA-protein oligomeric complex (29), characterizing the molecular weight 

distribution of the BRPF1 bromodomain in complex with mono- and di-acetylated histone 

ligands (30), measuring the nucleic acid loading profile of lipid nanoparticles for use in gene 

therapeutics (31), and analyzing the stoichiometry between DM64 and myotoxin II through 

sedimentation and molecular weight comparisons (32). A downside to SV-AUC is the time 

commitment; a single AUC experiment can be very time-consuming, often running for 12 

hours, like the example provided in Figure 5.2, to determine sample quality. Whereas, 

molecular weight determination compared to other techniques such as SEC-MALS, only 

requires 30 min, and the new technique mass-photometry (33), can be performed in a few 

minutes according to Refeyn Ltd., the creators of the instrument, makes other techniques for 

Mw determination, more enticing than AUC.  

Sedimentation equilibrium experiments, in comparison to SV-AUC, are performed 

under considerably less centrifugal force. This reduction in centrifugal force causes an 

equilibration between the sedimentation and the diffusion, resulting in a specific-shaped 

concentration gradient within the cell (22,34,35). This equilibration changes the method from 

a hydrodynamic to a thermodynamic molecular weight measurement in solution (8,10,11). 

SE-AUC has been used successfully to gain information on stoichiometry, assemblies of 

macromolecules, as well as complexes between proteins, and proteins and nucleic acids 

(9,36), and to gain thermodynamic measurements of weak protein self-interactions (37). 

Some recent uses of SE-AUC include: studying a self-associating glycopeptide antibiotic in 

aqueous conditions (38), comparing hydrodynamic properties of butvar B-98 and PDMS-OH, 

two non-aqueous soluble archaeological wood consolidants (39), investigating how human 

mitochondrial AAA+ ATPase SKD3 assembles into oligomers at high protein concentration in 

the presence of adenine (40), to investigate phase separation of binary mixtures induced by 
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soft centrifugal fields (41), and the analysis of the weak oligomerization of CBMCipA from 

Clostridium thermocellum (42). SE-AUC, while a useful technique, has been outshined in 

recent years with the invention and application of other biophysical techniques. Often, SE-

AUC experiments require over 24 hours to perform, with other techniques offering 

hydrodynamic or thermodynamic calculations in far less time. SEC-MALS offers absolute 

molecular weight determination in ~30 min, mass photometry (mentioned above) provides 

molecular weight in less than 5 min, while dynamic light scattering also provides diffusion 

coefficient measurements in ~30 min. Isothermal titration calorimetry (ITC) can alternatively 

provide information about binding affinities of biomolecular interactions (43). Nonetheless, 

SE-AUC remains a strong method for the characterization of biomolecules.  

5.5 Considerations and Personal Applications 

All considerations are regarding my experience performing SV-AUC on RNA samples 

throughout my graduate studies. Many biophysical techniques are aimed toward the 

characterization of proteins, but there have been some studies of RNA, specifically RNA 

tertiary structure (44-47), using SV-AUC. I believe that AUC can be a powerful technique for 

studying RNA tertiary structure and could be employed more.  

 As with virtually any biophysical technique, the quality of any input product directly 

reflects the quality of the output data. RNA is particularly fickle, influenced by virtually any 

solution condition, including but not limited to; salt concentration, freeze-thaw cycles, pH, 

and temperature. Virtually every molecular biology company sells an in vitro transcription and 

purification kit, which claims to give you "pure" RNA. From my experience, however, there is 

a significant difference between "pure" RNA and high-quality RNA suitable for biophysical 

experiments. A problem is the standard quality control step for RNA, which is denaturing gel 

electrophoresis. Denaturing electrophoresis will allow you to assess the length of transcribed 

RNA qualitatively. Therefore, simply using denaturing electrophoresis will not provide any 

information about the "foldedness" of your RNA of interest. AUC, however, is not run under 
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denaturing conditions (though it can be) (24), but it importantly gives some information on 

the hydrodynamics of the RNA molecule, which is dependent on tertiary structure. Performing 

hydrodynamic experiments means that considerations must be addressed to ensure any 

experiment contains "correctly" folded RNA. The most widely used technique to "fold" RNA is 

the "snap-cool" or "heat-cool" method, which involves heating the RNA to 95°C, then either 

cooling it on ice or cooling gradually at room temperature. Alternatively, there is the belief 

that RNA transcribed from a polymerase (like T7 RNA polymerase) produces RNA that co-

transcriptionally folds into a tertiary structure. This difference was investigated via AUC in 

Figure 5.3, which shows the difference between T7-produced 570 nucleotide RNA, after 

purification via SEC (figure 5.3A), that was either co-transcriptionally folded or heat-cooled. 

Co-transcriptionally folded RNA shows a primary peak at ~10.5 S with a minor right shoulder 

and an additional peak at ~15.5 S (figure 5.3B red), while heat-cooled RNA displays a drastic 

change, showing a bi-modal distributed peak at ~10.5 S and 12 S, and an additional bi-modal 

peak at ~14 – 15.5 S (figure 5.3B black). The significant change in the RNA after heat cooling 

is hard to ignore, yet this " refolding " is used consistently throughout RNA science. Likely, 

"refolding" could be suitable for shorter RNA (<100 nt), but I would argue it should be 

Figure 5.3. Sedimentation velocity experiments highlighting differences between purification conditions of a 

570 nucleotide RNA. A) Urea PAGE analysis of a 570 nt long RNA product produced via in vitro transcription and 

purified using SEC (Superdex 400). B) Sedimentation velocity AUC of the 570 nt long RNA from panel A in the 

presence of 10 mM MgCl2, either heat-cooled (HC) or not heat-cooled, meaning co-transcriptionally folded (no HC). 

C) Sedimentation velocity AUC of the 570 nt long RNA from panel A in the presence of 20 mM MgCl2, either heat-

cooled, or not. AUC experiments were performed at 28,000 rpm for 16 hours. 
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investigated on a case-by-case basis for lncRNA very carefully, and only used once proper 

quality control, like AUC has been performed. 

 Magnesium concentration can also be a potential modifier of RNA tertiary structure. 

Figure 5.3C shows an experiment performed on the same 570 nt RNA as in Figure 5.3B; the 

only difference is that the magnesium concentration is changed from 10 mM to 20 mM. The 

co-transcriptionally folded RNA shows a prominent, broad peak at ~11 S and another bi-

modal peak at ~15 and 16.5 S. However, upon heat cooling the same RNA, in 20 mM 

magnesium chloride, the prominent peak at ~11 S is removed, and multiple peaks from 5.5 

– 19 S are seen (Figure 5.3C). Magnesium ions are a known co-factor for RNA folding (48), 

and heat-cooling RNA in the presence of different concentrations of Mg2+ can drastically alter 

the structure of an RNA, especially long RNA. Each lncRNA will typically behave differently 

under different concentrations of Mg2+ (46), and this effect should also be investigated on a 

case-by-case basis. Therefore, each lncRNA should be treated as a unique entity, like a 

recombinantly purified protein, with a carefully optimized protocol, and investigated as such. 

Overall, AUC is an effective technique with unparalleled resolution when investigating 

the biophysical properties of molecules in solution. Sedimentation coefficient analysis can 

provide invaluable information about the folding properties of RNA in solution; however, SV-

AUC is often overlooked as a tool to study RNA, likely because of the barriers of entry to the 

technique (expertise and cost). Ultimately, if access to an AUC is possible, I believe it should 

be incorporated into any RNA researchers' repertoire.  
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6.1 Foreword 

 This chapter consists of a manuscript wrote in collaboration with Amy Henrickson, Dr. 

Borries Demeler and Dr. Trushar R Patel, published in Viruses, Volume 12, issue 2 on February 

8, 2020. https://doi.org/10.3390/v12020190. This publication focuses on the characterization 

of the 5’ and 3’ non-coding terminal regions of two flaviviruses, Murray Valley Encephalitis 

and Powassan Virus through computational structure prediction and small angle x-ray 

scattering. Amy Henrickson helped with the AUC experiments and data analysis. This 

publication is reproduced with permission from MDPI and the Creative Commons CC by license 

and re-formatted to fit thesis formatting.  
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6.3 Abstract 

Viral infections are responsible for numerous deaths worldwide. Flaviviruses, which 

contain RNA as their genetic material, are one of the most pathogenic families of viruses. 

There is an increasing amount of evidence suggesting that their 5’ and 3’ non-coding terminal 

regions are critical for their survival. Information on their structural features is essential to 

gain detailed insights into their functions and interactions with host proteins. In this study, 

the 5’ and 3’ terminal regions of Murray Valley Encephalitis and Powassan virus were 

examined using biophysical and computational modeling methods. First, we used size 
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exclusion chromatography and analytical ultracentrifuge methods to investigate the purity of 

in-vitro transcribed RNAs. Next, we employed small-angle X-ray scattering techniques to 

study solution conformation and low-resolution structures of these RNAs, which suggest that 

the 3’ terminal regions are highly extended as compared to the 5’ terminal regions for both 

viruses. Using computational modeling tools, we reconstructed 3-dimensional structures of 

each RNA fragment and compared them with derived small-angle X-ray scattering low-

resolution structures. This approach allowed us to reinforce that the 5’ terminal regions adopt 

more dynamic structures compared to the mainly double-stranded structures of the 3’ 

terminal regions. 

6.4 Introduction 

Family Flaviviridae consists of small, positive-sense single-stranded RNA viruses that 

replicate within host cells of arthropods and/or vertebrates. Flaviviruses include deadly viruses 

such as Murray Valley Encephalitis virus (MVEV), Powassan virus (PowV), Japanese 

encephalitis virus, Dengue virus, Zika virus, West Nile virus and Yellow Fever virus. The World 

Health Organization and the Centers for Disease Control both cite flaviviruses as a global 

health threat owing to the ease of transmission by mosquitoes, and the lack of efficient 

therapeutic or immunoprophylactic strategies (1). There is a critical need for therapeutics 

given the magnitude and severity of disease from this class of viruses; however, the limited 

understanding of viral replication and their complex interactions with the host cellular proteins 

through terminal region  interactions hinders therapeutic development (2-4). 

MVEV is a member of the Japanese encephalitis serological complex of flaviviruses and 

was first isolated in 1951 during the initial outbreak in Australia (5). It is believed to be 

contained at the top end of the Northern Territory and the North of Western Australia by a 

cycle involving mosquitoes (Culex annulirostris) and birds (6,7).  The last major outbreak was 

in 1974 with 58 cases reported, 20% of which resulted in death (8). There have been 

increasing instances of MVEV, including nine cases in 2011, three of which resulted in death 
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(9,10). PowV is the only member of the tick-borne encephalitis serogroup that is currently 

present in North America (11). There has been a drastic increase in PowV over the last 18 

years as compared to the previous 40 years with an increase of 671% infections in humans 

(12). It was first identified in Powassan, Ontario in 1958 (13) and has become endemic in the 

upper Midwest and the Northeastern United States, but there have also been cases reported 

in eastern Russia (14). The increase in PowV incidences over the last decade highlights the 

importance of conducting further research to understand the structure-function relationships 

of the viral genome to ultimately develop therapeutic approaches to combat such viral 

infections. 

Flaviviral genomes consist of a single-stranded RNA molecule approximately 10-11k 

nucleotides long, depending on species. The RNA genome contains one single open reading 

frame, which is flanked by terminal regions (1). The ORF codes for a single polypeptide that 

is cleaved by a combination of viral and host proteases to produce three structural proteins 

and seven non-structural proteins (15). The flanking structural TRs are highly conserved 

across all flaviviruses and appear as complex folding sequences essential for viral replication 

(1,16-18) (see Supplementary Figure S6.1). It has been shown that these TRs, which are 

structurally conserved and intolerable to mutations/deletions, interact with the specific host 

proteins required for replication (19-21). The important role of these TRs is also highlighted 

by their ability to cyclize, where the 3’ TR interacts with the 5’ TR (22,23). This cyclization of 

the viral genome is essential for the correct positioning of the NS5 RNA dependent RNA 

polymerase produced by the viral genome (24). NS5 is required in order to produce the (-) 

sense RNA that is used as the replication template for further production of the viral (+) sense 

RNA genome (25). Flaviviral TRs also interact and are recognized by a variety of host proteins 

(22,26,27), including the host innate immune sensor; 2’ 5’ oligoadenylate synthetase (OAS)-

family proteins and RNA helicases (DDX3X, DDX5, and DDX6) (4,20,26-29). To further 

understand viral replication, it is essential to study not only the complex secondary and 
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tertiary structures of viral TRs, but also how their structure influences their interactions with 

host proteins and cyclization events. For example, previous studies on the interactions of 

West Nile virus and adenoviral RNA with host innate immune system proteins provided 

insights into the RNA-protein interaction as well as mutation dependent structural changes on 

adenoviral RNA (22,26,30-32).  

Although several attempts have been made to study RNA structures in general (33,34), 

detailed insight into the structural features of multiple flaviviral strains is lacking. Such 

insights could provide a platform to develop novel antiviral therapies as well as further our 

knowledge about viral replication events. Using a combination of biophysical techniques and 

computational calculations, we constructed 3-dimensional structures for the 5’ and 3’ TRs of 

both MVEV and PowV. This study provides insight into the structural organization of flaviviral 

TRs and provides a framework for the characterization of other flaviviral TRs, or TR segments 

or other non-coding RNAs. 

6.5 Results 

6.5.1 Purification of in vitro transcribed RNA 

We purified the in-vitro transcribed RNAs using a Superdex 200 increase column 

connected to the ÄKTA FPLC unit. Figure 6.2A presents an elution profile with all four RNA 

constructs overlayed, where peaks at ~8 mL represent elution of template plasmids used to 

in-vitro transcribe these RNAs. The RNAs of interest eluted at ~13 to 14.5 mL and the peaks 

at ~11 mL suggest the presence of an oligomeric assembly of RNAs. After SEC, we pooled 

the monodispersed fractions (between ~13 to 14.5 mL) for each RNA and analyzed them 

using Urea-PAGE (Figure 6.2B). As demonstrated in Figure 6.2B, RNAs migrate similarly and 

are highly pure, devoid of any aggregation or degradation, except minor degradation of MVEV 

5’ TR. These fractions were stored at 4˚ C until further experiments were carried out. 

6.5.2 Homogeneity studies of RNA 
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Analytical ultracentrifugation is a versatile technique to study the purity of 

biomolecules in solution (35). In an AUC experiment, biomolecules are subjected to a high 

centrifugal force (up to 250,000 × g) to separate them on the basis of their size, anisotropy 

and density. The separation of biomolecules is monitored by means of an optical system. To 

investigate the purity of all four RNAs, we performed SV experiments at concentrations 

ranging between 0.5-0.7 µM and processed the data using UltraScan (36) as described in the 

Materials and Methods section. Figure 6.2 (C) presents the sedimentation coefficient 

distribution for MVEV 5’ and 3’ as well as PowV 5’ and 3’ RNA fragments. The SV analysis 

suggests that all four RNAs are mainly monodisperse with sedimentation coefficient values of 

4.27 S for MVEV 5’ TR, 4.30 S for MVEV 3’TR, 4.49 S for PowV 5’ TR and 4.53 S for PowV 3’ 

TR (S=10-13 seconds, S values corrected to 20 ºC for water), as summarized in Table 6.1. 

Note that the peaks at ~ 5.5 S suggest that all four RNAs form dimeric or higher-order 

conformations in solution. The AUC data also suggest that PowV TRs with a Mw of ~38 kDa 

have a slightly higher sedimentation coefficient compared to the MVEV TRs with Mw of ~32 

Figure 6.1. Lowest energy predicted secondary structures of MVEV, and PowV non-coding RNA regions 

visualized using VARNA. The next three lowest energy structures are presented in Supplementary Figure S6.2. The 

arrows represent stem-loop I (SLI) location in 5’ and 3’ TRs. 
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kDa (Table 6.1). Overall, these experiments indicate that all four RNAs are of suitable purity 

to perform HPLC-SAXS to determine the solution structure. 

6.5.3 Low-resolution structural studies of RNAs 

Small-angle X-ray scattering allows for structural determination of biomolecules and 

their complexes under physiological conditions, albeit at low-resolution. Recent improvements 

Figure 6.2. Purification and characterisation of in-vitro transcribed 5’ and 3’ TRs of MVEV and PowV RNA. 

(A) SEC elution profile of purified RNAs where the x-axis represents elution volume and the y-axis represents 

absorbance at 260 nm; (B) Urea-PAGE demonstrating the purity of the individual pooled RNA fractions from SEC 

peaks (~13 to 14.5 mL). For comparison purposes, we have included 74 nts tRNA and 23S rRNA from E. coli. (C) 

Sedimentation coefficient distribution profiles of MVEV and PowV non-coding TRs obtained from SV-AUC. The 

SV peaks at ~4.5 S for each RNA represent monomeric fractions. The sedimentation coefficient values are corrected 

to standard solvent conditions (20˚ C in water). 
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in instrumentation employ an HPLC unit connected in line with SAXS detection to improve the 

monodispersity of samples and to resolve species of interest from aggregated and degraded 

products (37,38). This advancement allows us to be confident in the monodispersity of our 

samples, even when minor heterogeneity is present. As outlined in the Materials and Methods 

section, we collected HPLC-SAXS data for all four RNAs, followed by the selection of data from 

a monodisperse peak, buffer-subtraction, and merging of selected datasets. The merged SEC-

SAXS data are presented in Figure 6.3A. Subsequently, we processed the merged data using 

the Guinier method (plot of (I(q)) vs. (q2)), which aids detection of purity and allows 

determination of the Rg (average root mean squared radius from the center of the mass for a 

Figure 6.3. Characterization of MVEV and PowV terminal regions using SAXS. (A) A plot of scattering intensity 

(Log I(q)) versus scattering angle (q = 4πsinθ/λ) representing merged SAXS data for MVEV and PowV. (B) Guinier 

plots (plot of ln(I(q)) versus q2) representing the homogeneity of samples and allowing determination of Rg based on 

the low-angle region data. (C) Dimensionless Kratky plots (I(q)/I(0)*(q*Rg)2 vs q*Rg) for all four RNA samples 

demonstrating their extended structures. (D) Pair-distance distribution (P(r)) plots for all four RNA samples 

representing their maximal particle dimensions and allowing the determination of Rg from the entire SAXS dataset. 
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biomolecule) from the data belonging to the low-q region [45]. Figure 6.3B presents the 

Guinier plots for 5’ and 3’ TRs of MVEV and PowV, where the linearity for low-q data 

demonstrates that all four RNAs are monodispersed and devoid of any aggregation. Based on 

the Guinier analysis, we obtained Rg values of 29.01 ± 0.22 Å, 45.72 ± 0.48 Å, 34.65 ± 0.19 

Å and 35.84 ± 0.13 Å for MVEV 5’ TR, MVEV 3’ TR, PowV 5’ TR and PowV 3’ TR respectively 

(see Table 6.1 for more details). Once we confirmed the monodispersity, we processed the 

SAXS scattering data from Figure 6.3A to obtain dimensionless Kratky plots (I(q)/I(0)*(q*Rg)2 

vs q*Rg) that allow detection of the folding state of biomolecules (38,39). For example, 

globular-shaped biomolecules in solution are observed with a well-defined maximum value of 

1.1 at q*Rg = 1.73 (40). The dimensionless Kratky plots for 5’ and 3’ TR of MVEV and PowV 

under investigation demonstrate that all the samples are well folded, and extended in solution 

(Figure 6.3C). 

 Table 6.1. Biophysical parameters of MVEV and PowV non-coding RNA. 

The Mw values were calculated using nucleotide sequences. ∇- determined using SV-AUC analysis and UltraScan-

III package. Sedimentation coefficients obtained following genetic algorithm-Monte Carlo analysis. The measured 

value represents the mean. Bracketed values represent a 95% confidence interval from Monte Carlo analysis.  # - 

obtained from Guinier analysis. ∆ - determined using P(r) analysis using the GNOM program. * - values derived from 

DAMMIN and DAMAVER analysis. 

Sample MVEV 5’TR MVEV 3’TR PowV 5’TR PowV 3’TR 

Mw (kDa, sequence) 31.38 31.57 36.92 37.80 

Sedimentation 
coefficient (S)∇ 

4.27 (4.08, 4.46) 4.30 (4.20, 4.41) 4.50 (4.42, 4.55) 4.53 (4.52, 4.53) 

I(0)# 0.0098 ± 4.7 x 105 0.019 ± 1.4 x 105 0.019 ± 6.7 x 105 0.034 ± 8.2 x 105 

q.Rg range 0.38 – 1.26 0.59 – 1.26 0.34 – 1.26 0.47 – 1.29 

Rg (Å)# 29.01 ± 0.22 45.72 ± 0.48 34.65 ± 0.19 35.84 ± 0.13 

I(0)#∆ 0.098 ± 3.8 x 105 0.018 ± 8.1 x 105 0.019 ± 4.2 x 105 0.034 ± 8.9 x 105 

Rg (Å)∆ 30.16 ± 0.11 46.16 ± 0.18 34.48 ± 0.06 38.39 ± 0.08 

Dmax (Å) ∆ 100 150 105 130 

𝛘2* ~0.78 ~0.83 ~0.78 ~0.80 

NSD* 0.71 ± 0.01 0.80 ± 0.02 0.85 ± 0.02 0.72 ± 0.01 
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Next, using program GNOM (41), we performed an indirect Fourier transformation to 

convert the reciprocal-space information (ln(I(q)) vs. (q), Figure 6.3A) into the real space 

electron pair-distance distribution function (P(r), Figure 6.3D) to obtain Rg and Dmax 

(maximum particle dimension) for all four RNAs. It is important to note that unlike Guinier 

analysis, which is restricted to the data in the low-q region, the P(r) analysis utilizes a wider-

range of the dataset and aids in a reliable determination of Rg and Dmax. As outlined in Table 

6.1, based on P(r) analysis, we obtained the Dmax of 100 Å, 150 Å, 105 Å, and 130 Å for MVEV 

5’ TR, MVEV 3’ TR, PowV 5’ TR, and PowV 3’ TR respectively. Furthermore, we obtained the 

Rg values of 30.16 ± 0.11 Å, 46.16 ± 0.18 Å, 34.48 ± 0.06 Å and 38.39 ± 0.08 Å for MVEV 

5’ TR, MVEV 3’ TR, PowV 5’ TR and PowV 3’ TR respectively. These values are very similar to 

those obtained from Guinier analysis, which indicates that the data are suitable for low-

resolution shape reconstruction. The shape of the P(r) plot is indicative of the solution 

conformation of biomolecules. For example, we would have expected a bell-shaped P(r) 

distribution curve with a maximum at ~Dmax/2 (42) for a globular-shaped protein; however, 

Figure 6.4. Determination of low-resolution structures using SAXS. Models indicate that all RNA molecules 

adopt an extended structure in solution. For each terminal region RNA, the left and right panels represent 180º rotated 

view on the x-axis and y-axis, respective of the view presented in the middle panel. Dimensions represent the Dmax. 
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all four RNAs display skewed bell-shaped curves with extended tails that suggest their 

extended structures in solution as is shown in Figure 6.3D. 

To obtain low-resolution structures for each RNA, we employed DAMMIN (43) that 

utilizes a simulated-annealing protocol and allows the incorporation of P(r) data (i.e., Dmax 

and Rg as constraints). We calculated a total of 12 models for 5’ and 3’ TRs of MVEV and PowV 

and noted that individual models had an excellent agreement between the experimentally 

obtained scattering data and the calculated scattering data. The χ2 values in each case are 

~0.8, which represents an agreement between the experimentally collected scattering data 

and the low-resolution model derived scattering data (see Table 6.1). Next, we employed 

Figure 6.5. Screening of high-resolution structures calculated using MC-Sym for MVEV 5’ TR, MVEV 3’TR, 

PowV 5’TR and PowV 3’TR. For each RNA, the x-axis represents model numbers (total 100 models), whereas the 

y1-axis (solid black circles) and y2-axis (grey double circles) represent Rg (Å) and χ2 values, respectively, calculated 

using CRYSOL package. For each plot, the solid dark line corresponds to y1-axis and represents the value for 

experimentally determined Rg (Å) as presented in Table 6.1. The dotted line corresponds to y2-axis and represents a 

χ2 value of 1.5. These plots indicate that MC-Sym derived structures represent a wide-range of conformations these 

RNAs can theoretically adapt. 
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program DAMAVER (44) to rotate and align all 12 models and to obtain an averaged filtered 

structure for each RNA, that represents structural features from individual models (Figure 

6.4) (44). In each case, the goodness of the superimposition of individual models was 

estimated by the overlap function—the normalized spatial discrepancy (NSD). As presented 

in Table 6.1, the low NSD values suggest that 12 models in each case are highly similar to 

each other. Figure 6.4 presents the averaged filtered structures for the 5’ and 3’ TRs of MVEV 

and PowV, which indicates that, overall, these RNAs have extended structures in solution. 

6.5.4 Computational modeling of RNA structures 

SAXS is an outstanding method that allows the determination of solution structures of 

biomolecules, albeit at low-resolution. Techniques such as X-ray crystallography and nuclear 

magnetic resonance spectroscopy provide high-resolution structural information but have 

limited applications for RNA structural studies due to challenges obtaining high-quality crystals 

and RNA-labeling, respectively. An alternative to this approach is to employ computational 

Figure 6.6. High-resolution structures calculated using MC-SYM overlaid with low-resolution SAXS models. 

A) MVEV 5TR B) and PowV 5TR. Bottom panels in both cases represent a 180o rotation along the x-axis 

represented in the top panels. Black spheres represent 5’ terminal region on each construct. The arrows represent 

stem-loop I (SLI) location in 5’ TRs. 
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modeling of RNA structures and screen those structures using experimental data. We 

employed the MC-Fold/MC-Sym pipeline developed by Parisien and Major (45). For each RNA, 

we calculated 100 structures using the MC-Sym pipeline based on the secondary structure 

predicted using MC-Fold (Figure 6.1) and visualized with VARNA (46). ΔG values for the lowest 

energy structures for MVEV 5’TR, MVEV 3’TR, PowV 5’TR, and PowV 3’TR are -86.41, -104.44, 

-103.07, and -103.07 kcal mol-1, respectively. Next, we used program CRYSOL (47) to 

calculate X-ray scattering profiles of 100 structures of each RNA (5’ and 3’ TRs of MVEV and 

PowV) and compared these data with experimentally collected X-ray scattering data to 

calculate χ2 value. We also determined Rg from MC-Sym derived structures. Figure 6.5 

presents the Rg (y-axis left-hand side, solid black circles) and χ2 values (y-axis right-hand 

side, grey double circles) for each RNA system, which suggests that the RNA molecules under 

investigation can adopt a variety of conformations. For example, in the case of 5’ TR of MVEV, 

the distribution of Rg values range from 30 ± 5 Å, whereas the experimentally determined Rg 

for this construct is 30.16 Å. Similarly, for PowV 3’ TR, experimentally determined Rg is 38.39 

Å, which largely aligns with the distribution of Rg values of MC-Sym derived structures. On 

Figure 6.7. High-resolution structures calculated using MC-SYM overlaid with low-resolution SAXS models. 

A) MVEV 3TR B) and PowV 3TR. Bottom panels in both cases represent an 180o rotation along the x-axis 

represented in the top panels. Black spheres represent 5’ terminal region on each construct. The arrows represent 

stem-loop I (SLI) location in 3’ TRs. 
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the other hand, the MC-Sym derived models for MVEV 3’ TR mainly under-represent the Rg 

values when compared to experimental Rg of 46.16 Å. In contrast, for PowV 5’TR, Mc-Sym 

derived structures have a higher Rg distribution (~45Å) compared to the experimentally 

determined Rg (34.48 Å). Moreover, as presented in Figure 6.5, the χ2 values for MC-Sym 

derived 3’ TR of MVEV and PowV structures have better distribution around 1.5 χ2, compared 

to MVEV and PowV 5’ TRs. 

6.5.5 Combination of Computational Modeling and Experimental Low-Resolution SAXS 

Structures 

We selected ~10 MC-Sym derived structures with the lowest χ2 values to further 

investigate if they align with the low-resolution averaged filtered models for each RNA system. 

Figures 6 and 7 present four of the best χ2 fit MC-Sym derived structures for MVEV and PowV, 

indicating that these structures agree well with the low-resolution models based on SAXS 

data. Overall, MC-Sym derived structures for the 3’ TRs of MVEV and PowV (Figure 6.7) 

indicate that they adopt highly extended structures mainly in the double-stranded regions. In 

contrast, the 5’ TRs of MVEV and PowV are more dynamic with less double-stranded regions 

(Figure 6.6). Furthermore, these results indicate that the 5’ TR structures have a higher 

content of un-paired/loop regions compared to the 3’ TRs which contains mainly double-

stranded regions. 

6.6 Discussion 

MVEV is endemic to northern Australia and has seen an increase in prevalence during 

the last decade. The likelihood of an outbreak is increasing given the extensive human 

development in affected areas. PowV is an under-studied flavivirus despite its increasing 

incidence and severe neurological effects. Patients infected with almost any flavivirus, 

including PowV and MVEV, are treated only with symptomatic support. Treatment of the viral 

infection is nonexistent. Further investigation into these potentially deadly viruses is 
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necessary to gain detailed insights into the viral life cycle in order to prepare ourselves better 

for potential future outbreaks. 

The lowest energy secondary structure predictions (Figure 6.1) reveal that each RNA 

molecule varies slightly due to increasing energy, except for PowV 5’ TR and to a lesser degree 

MVEV 3’ TR. The structure with the lowest predicted energy of PowV 5’ TR displays a large 

change in secondary structure with only a small change in energy (-103.07 vs -102.43). The 

secondary structure information for MVEV 3’ TR indicates that a small increase in energy could 

result in the formation of a second stem-loop with a small energy change (-104.44 to -103.29, 

Supplementary Figure S6.2). This suggests that the RNA molecules can adopt different 

conformations in solution. 

We prepared all four RNAs using in-vitro transcription with T7 polymerase and purified 

using SEC (Figure 6.2B), which indicates that these RNAs can form dimer/oligomers in 

solution. The fractions indicating a homogenous preparation were pooled together and 

analyzed using Urea-PAGE (Figure 6.2B), where the three RNAs displayed a single band, and 

MVEV 5’TR showed a slight degradation. We used an RNA that was smaller than our constructs 

(74nt tRNA), and another, which was larger, (23S rRNA) to represent a relative difference in 

RNA size (Figure 6.2B), (Table 6.1). We further employed SV experiments using analytical 

ultracentrifugation to determine the composition and anisotropy of biomolecules in solution 

(35,48,49). Figure 6.2 presents the sedimentation coefficient distribution of SEC-purified RNA 

preparation. As evident by the peaks between 5S and 6S, the RNAs can form higher-order 

oligomers to a small degree despite removing many of them by means of SEC purification. 

This is consistent with the HPLC data from SAXS, which also shows a minor amount of 

oligomerization for each RNA. An explanation for these minor oligomerization peaks could be 

the RNA adopting different conformations, as seen in the predicted secondary structure(s) of 

PowV 5’ TR (Supplementary Figure S6.2) where a small energy change caused the RNA to 

adopt a different conformation. This prediction could explain the increased peak that is evident 
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at 5.5 S (Figure 6.2C) for both PowV 5’ TR and MVEV 3’ TR. Additionally, the peak at ~ 4 S 

for MVEV 5’ TR indicates minor degradation, which was also seen in the Urea-PAGE (Figure 

6.2C and 6.2B). More importantly, the differences in the RNA size and shape are indicated by 

their sedimentation coefficient values (Table 6.1). Both the TRs of MVEV have a Mw of ~ 32 

kDa and produce very similar S values (4.27 S and 4.3 S, for 5’ and 3’ TR, respectively). 

Furthermore, the S values for 5’ and 3’ TRs of PowV are 4.50 S and 4.53 S. This similarity 

correlates with the similarities of their Mw of ~ 37 kDa (Table 6.1). 

SAXS is an excellent complementary structural-biophysical method, which enables 

solution structural studies of RNA, proteins, and their complexes, albeit at low-resolution 

(33,37,39,50-53). Solution X-ray scattering is employed for biological systems where 

obtaining high-quality crystals or labeling of biomolecules presents challenges 

(22,30,31,50,52,53). In this study, we employed an HPLC-SAXS set-up to collect scattering 

data from a preparation free of aggregation or degradation. The monodispersed preparation 

was confirmed by Guinier analysis and shows excellent linearity of fit in the low-q region 

(Figure 6.3B). Furthermore, Guinier analysis also provided Rg of all four RNAs (based on the 

low-q region), which are highly similar to those calculated by means of P(r) analysis (Figure 

6.3D, Table 6.1). We also performed dimensionless Kratky analysis (Figure 6.3C) that 

demonstrates each RNA adopts an elongated structure, with a low amount of flexibility. The 

P(r) distribution reveals a quick increase to the highest point and then a gradual decrease 

where the electron-pair-distance approaches zero. A globular molecule would result in a 

gaussian-like distribution, which is not evident in any of the RNA and suggests their elongated 

nature. The most extended molecule is MVEV 3’ TR resulting in a Dmax of 150 Å, even though 

its molecular weight is 31.57 kDa (Table 6.1), which is lower than both 5’ and 3’ TR of PowV 

(Table 6.1). Low-resolution structure modeling (Figure 6.4) confirms that MVEV 3’ TR adopts 

a much thinner and elongated structure, which suggests that this RNA is almost entirely 

helical. This is also evident for PowV 3’ TR, which also displays an extended conformation. 
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This elongation is consistent with the predicted secondary structure of flaviviral 3’ terminal 

regions where it is suggested the last ~100 nucleotides almost entirely base pair into a large 

system (22,54-56). Low-resolution structures of 5’ TRs of MVEV and PowV are less elongated 

when compared to the 3’ TRs; however, their low-resolution structures appear to be 

consistent with the predicted secondary structures of flaviviral 5’ TRs. This indicates that the 

5’ TRs adopt more dynamic structures (26,54-56). Overall, MVEV and PowV TR structures are 

consistent with previously published low-resolution structures of flaviviral RNA such as the 

Zika and West Nile viruses (22,26,57). Although the flaviviruses possess a methylated type 1 

cap (me7-GpppA-me2) on the 5’ terminus, our in vitro transcribed RNAs are not methylated, 

and we anticipate that an addition of an extra guanine residue through a non-standard 5’ to 

5’ triphosphate linkage would not affect the low-resolution structure determination. 

Furthermore, due to T7 requiring a guanine residue to start transcription, our constructs 

actually contain a G nucleotide on the 5’ end similar to a type 1 cap. 

A strength of SAXS is its ability to be combined with high-resolution 

structures/homology models of individual domains, as well as with computational studies to 

complement predicted structures (22,30,39,50,53). RNA structures of high resolution are 

hard to determine through crystallization and labeling studies mentioned above; therefore, 

an attractive alternative to calculating high-resolution structures is computational modeling. 

To this end, we employed the MC-Fold/MC-SYM pipeline to reconstruct all-atom structures 

and screen those using experimentally collected X-ray scattering data to identify structures 

that are likely adopted by these RNAs. For each TR structure, we used CRYSOL (47) to 

calculate Rg as well as back-calculated X-ray scattering data. We aligned this data with 

experimentally collected scattering data (Figure 6.5). This analysis demonstrates that MVEV 

3’ TR and PowV 3’ TR exhibit a strong correlation between the experimentally determined Rg 

and the calculated Rg from MC-Sym-derived structures. For both of these RNAs the χ2 values 

indicate agreement between scattering data that were experimentally collected and calculated 
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from MC-Sym-derived structures, where the χ2 values were close to ~1.5 for most structures 

(Figure 6.5). On the other hand, the χ2 values for MC-Sym-derived structures for 5’ TRs of 

MVEV and PowV have a much larger distribution (from ~1.5 to ~6). A similar trend was also 

observed for Rg for both 5’ TRs where the MC-Sym derived structures displayed a wider 

distribution of Rg, suggesting that these RNAs could adopt multiple conformations. The 

correlation between Rg and χ2 was far more pronounced in the more elongated TR RNAs - 

PowV 3’ TR and MVEV 3’ TR (Figures 6.4 and 6.5). Finally, we selected the ~10 MC-Sym-

derived structures, which had the lowest χ2 values when compared to experimental data and 

aligned them into the low-resolution SAXS envelopes. Selected groups of structures are 

presented in Figures 6.6 and 6.7, which indicate that the computationally calculated structures 

agree well with the experimental data, especially for the 3’ TRs. For the 5’ TRs, we observed 

dynamic structures; however, they maintain a similar conformation in solution overall. 

Furthermore, the bulge regions in both the 5’ TRs also agree well with their secondary 

structures, which suggests that these secondary structures could be conserved and do not 

undergo conformational changes. An added benefit of these computationally derived 

structures is the addition of directionality of the RNAs (the black spheres represent the 5’ end 

of each molecule in Figures 6.6 and 6.7), which is otherwise very challenging to decipher 

unless the molecule of interest is altered (58). 

6.7 Conclusions 

In this study, we have in-vitro transcribed MVEV and PowV terminal RNA regions and 

performed their native purification, studied their homogeneity using analytical 

ultracentrifugation, determined their low-resolution structures, and combined computational 

modeling to obtain high-resolution structural models. Detailed information on the molecular 

biology of flavivirus and their life cycle is already available (e.g. (59)). However, there are 

limited biochemical and biophysical studies of flaviviral nucleic acids, their interactions with 

host proteins, and the functional role of flaviviral nucleic acids – host protein interactions. 
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Without detailed information on flaviviral nucleic acid tertiary structures, it will be challenging 

to obtain a complete picture of how flaviviral TRs play a part in viral replication. Recently, it 

was shown for the West Nile virus that the 3’ stem-loop region undergoes a temperature-

dependent genome cyclization, meaning that the higher temperatures in humans facilitate 

genome cyclization and viral replication, which does not occur in mosquitos due to their 

decreased body temperature (60). Potential temperature-based change in viral RNA tertiary 

structure is an important aspect to investigate further. We demonstrated that to gain high-

resolution viral RNA structural details, a combination of SAXS and computational methods is 

feasible. This approach will help us understand the role of flaviviral tertiary structure in viral 

replication, through the establishment of a pipeline that allows for 3-dimensional visualization 

of RNA and RNA-protein complexes. 

6.8 Materials and Methods 

6.8.1 RNA Preparation and Purification 

We prepared cDNA sequences under the control of a T7 RNA polymerase promoter 

with two additional G nucleotides on the 5’ end followed by an XbaI restriction enzyme cut 

site (T^CTAGA). We designed our constructs for MVEV and PowV based on the Genebank 

sequences of KX229766.1and EU670438.1, respectively. All RNA constructs used in the 

experiments are listed as follows: 

1, MVEV 5TR 1-96nt 

5’GGAGACGUUCAUCUGCGUGAGCUUCCGAUCUCAGUAUUGUUUGGAAGGAUCAUUGAUUAACGC

GGUUUGAACAGUUUUUUGGAGCUUUUGAUUUCAAU3’ 

2, MVEV 3TR 10914-11014 

5’GGCCUGGGAAAAGACUAGGAGAUCUUCUGCUCUAUUCCAACAUCAGUCACAAGGCACCGAGCG

CCGAACACUGUGACUGAUGGGGGAGAAGACCACAGGAUCUU3’ 
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3, POWV 5TR 1-111 

5’GGAGAUUUUCUUGCACGUGUGUGCGGGUGCUUUAGUCAGUGUCCGCAGCGUUCUGUUGAACG

UGAGUGUGUUGAGAAAAAGACAGCUUAGGAGAACAAGAGCUGGGAGUGGUUU3’ 

4, POWV 3TR 10735-10839 

5’GGCCCCCAGGAAACUGGGGGGGCGGUUCUUGUUCUCCCUGAGCCACCACCAUCCAGGCACAGA

UAGCCUGACAAGGAGAUGGUGUGUGACUCGGAAAAACACCCGCUU3’ 

We performed in vitro transcription reactions using T7 RNA polymerase to prepare 

each RNA, followed by their purification using a Superdex 200 increase (GE Healthcare Canada 

inc, Mississauga, ON) on an ÄKTA pure FPLC (fast protein liquid chromatography) system (GE 

Healthcare) at 0.5mL/min. We collected and pooled fractions containing purified RNAs from 

the size exclusion chromatography (SEC) fraction collector. Pooled fractions were ethanol 

precipitated and resuspended in RNA buffer (50 mM Tris pH 7.5, 100 mM NaCl and 5 mM 

MgCl2). Next, we analyzed the pooled fractions using Urea-Poly Acrylamide Gel 

Electrophoresis (Urea-PAGE). We mixed 10 µL of ~500 nM RNA with 2 µL of RNA loading dye 

and placed them into a 1.0 cm well PAGE casting plate (Bio-Rad Laboratories (Canada), 

Mississauga, ON). Finally, we ran the Urea-PAGE (7.5%) at 300V at room temperature for 25 

minutes in 0.5 X TBE, followed by staining with Sybr Safe (Thermofisher Scientific, Saint-

Laurant, QC) and UV visualization. Prior to performing AUC and SAXS experiments, we heated 

RNA to 95 ºC for 5 min and cooled passively to room temperature to facilitate refolding. 

6.8.2 Analytical Ultracentrifugation (AUC) 

The sedimentation velocity AUC data for FPLC-purified RNA samples were collected 

using a Beckman Optima AUC centrifuge and an AN50-Ti rotor at 20 °C. We loaded MVEV 5’ 

(0.6 µM), MVEV 3’ (0.5 µM), PowV 5’ (0.6 µM) and PowV 3’ (0.58 µM) samples into Epon-2 

channel centerpieces in 50 mM Tris pH 7.5, 100 mM NaCl, and 5 mM MgCl2 buffer. As a first 

step, we centrifuged samples at 35,000 revolutions per minute and collected scans at 20-
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second intervals. We used the UltraScan-III package (36) to analyse all data using Comet 

(San Diego Supercomputing Center, San Diego, CA) and Lonestar5 (Texas Advanced 

Computing Center, Austin, TX). We initially analyzed the SV-AUC data using two-dimensional 

spectrum analysis (2DSA) with simultaneous removal of time-invariant noise, meniscus and 

bottom positions fitted (61) followed by enhanced van Holde-Weischet analysis (62) and 

genetic algorithm refinement (63). We derived fitting statistics from the Monte Carlo analysis 

(64) and estimated the buffer density and viscosity corrections with UltraScan (1.0030g/cm3 

and 1.0100 cP, respectively). All hydrodynamic parameters were corrected to standard 

conditions at 20 ºC and water. 

6.8.3 Small-angle X-ray scattering (SAXS) 

We utilized the B21 beamline at Diamond Light Source (Didcot, Oxfordshire, UK) to 

collect small-angle X-ray scattering (HPLC-SAXS) data as previously described (65). Making 

use of an in-line Agilent 1200 (Agilent Technologies, Stockport, UK) HPLC connected to a flow 

cell, each purified RNA, 50 µL of ~2.0 mg mL-1 was injected into a buffer equilibrated Shodex 

KW403-4F (Showa Denko America Inc., New York, NY) size exclusion column at a flow rate 

of 0.160 mL per minute. Each frame was exposed to the X-rays for 3 seconds. Each sample 

peak region was buffer subtracted and merged using Primus (66) or ScÅtter (67) as described 

previously (68). We analyzed the merged data using Guinier approximation to obtain the 

radius of gyration (Rg) and study homogeneity of samples (69). We also performed 

dimensionless Kratky analysis (40) to investigate if the RNA molecules of interest are folded, 

as reviewed earlier (39). Next, we performed the pair-distance distribution (P(r)) analysis 

using the program GNOM (41), which provided the Rg and the maximum particle dimension 

(Dmax, the radius at which the P(r) dependence approaches zero). We used information from 

the P(r) plot to generate the models using DAMMIN (43), with no enforced symmetry, as 

described previously (53). Lastly, we averaged and filtered the resulting models to obtain a 



98 
 

singular representative model using the DAMAVER package (44), as described previously 

(31,70). 

6.8.4 Atomic Structures Calculations 

To generate secondary structure predictions used downstream, we used MC-Fold (45) 

to predict numerous low energy secondary structures for 5’ and 3’ TRs of MVEV and PowV 

(Figure 6.1). We selected the lowest energy structures in each case as input files for MC-Sym 

that enables the fragment-based reconstruction of 3-dimensional structures using known 

structures, as described earlier (45). Through MC-Sym, we calculated 100 all-atom structures 

for each RNA and minimized using protocols implemented in MC-Sym. Next, we simulated 

scattering profiles for each MC-Sym calculated structure with CRYSOL based on minimized 

structures and compared against experimental SAXS data. We subjected the minimized 

structures to CRYSOL to determine Rg and the goodness-of-fit parameter (χ2) (47). Finally, 

we ranked the MC-Sym derived structures based on their χ2 values and aligned them with 

low-resolution structures using the program SUPCOMB (71). 

6.9 Supplemental Materials 

5’ TR comparison (first 101 nt) 

>PowV 5'TR 

AGAUUUUCUUGCACGUGUGUGCGGGUGCUUUAGUCAGUGUCCGCAGCGUUCUGUUGAACGUGA

GUGUGUUGAGAAAAAGACAGCUUAGGAGAACAAGAGCU 

>MVEV 5'TR 

CCUGGGAAAAGACUAGGAGAUCUUCUGCUCUAUUCCAACAUCAGUCACAAGGCACCGAGCGCCGA

ACACUGUGACUGAUGGGGGAGAAGACCACAGGAUCU 

>DENV 5'TR 

GCUUAACGUAGUGCUGACAGUUUUUUAUUAGAGAGCAGAUCUCUGAUGAACAACCAACGGAAGAA

GACGGGAAAACCGUCUAUCAAUAUGCUGAAACGCGU 

>WENV 5'TR 

UGACAAACUUAGUAGUGUUUGUGAGGAUUAACAACAAUUAACACAGUGCGAGCUGUUUCUUAGC

ACGAAGAUCUCGAUGUCUAAGAAACCAGGAGGGCCCG 
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3’TR comparison (First 101 nt) 

>PowV 3'TR 

CCCCCAGGAAACUGGGGGGGCGGUUCUUGUUCUCCCUGAGCCACCACCAUCCAGGCACAGAUAG

CCUGACAAGGAGAUGGUGUGUGACUCGGAAAAACACC 

>MVEV 3'TR 

CCUGGGAAAAGACUAGGAGAUCUUCUGCUCUAUUCCAACAUCAGUCACAAGGCACCGAGCGCCGA

ACACUGUGACUGAUGGGGGAGAAGACCACAGGAUCU 

>DENV 3'TR 

UCUUGGACUAUAUGCCUUCAAUGAAGAGGUUCAGGAAGGAAGAGGAGUCGGAGGGGGCCAUUUG

GUAAACGUAGGAAGUGAAAAAGAGGCUAACUGUCAGG 

>WENV 3'TR 

AUGAAGACACAACUUUAGUUGAGGACACAGUACUGUAAAUACUUUAUCAAUUGUAAAUAGACAAU

AUAAGCAUGUAUAUAGGUAUGGGUUUAUAGUGGCAU 

 

 

 

Figure S6.1. Sequence alignment of 5’ (top panel, first 101 nucleotides) and 3’ (bottom panel, last 101 

nucleotides) TRs of Powassan, Murray valley encephalitis, dengue, and West Nile viruses. The sequences used 

for alignment are presented below. The alignment was performed using WEBLOGO 

(https://weblogo.berkeley.edu/logo.cgi). 
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Figure S6.2: The lowest energy structures of MVEV and PowV 5’ and 3’ terminal regions presented in Figure 

6.1. This figure illustrates the next three lowest energy structures for each RNA structure. 
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Rift Valley fever virus (RVFV) is a mosquito-transmitted virus from the Bunyaviridae 

family that causes high rates of mortality and morbidity in humans and ruminant animals. 

Previous studies indicated that DEAD-box helicase 17 (DDX17) restricts RVFV replication by 

recognizing two primary non-coding RNAs in the S-segment of the genome: the intergenic 

region (IGR) and 5′ non-coding region (NCR). However, we lack molecular insights into the 

direct binding of DDX17 with RVFV non-coding RNAs and information on the unwinding of 

both non-coding RNAs by DDX17. Therefore, we performed an extensive biophysical analysis 

of the DDX17 helicase domain (DDX17135–555) and RVFV non-coding RNAs, IGR and 5’ NCR. 

The homogeneity studies using analytical ultracentrifugation indicated that DDX17135–555, IGR, 

and 5’ NCR are pure. Next, we performed small-angle X-ray scattering experiments, which 

suggested that DDX17 and both RNAs are homogenous as well. SAXS analysis also 

demonstrated that DDX17 is globular to an extent, whereas the RNAs adopt an extended 

conformation in solution. Subsequently, microscale thermophoresis experiments were 

performed to investigate the direct binding of DDX17 to the non-coding RNAs. The MST 

experiments demonstrated that DDX17 binds with the IGR and 5’ NCR with a dissociation 

constant of 5.77 ± 0.15 µM and 9.85 ± 0.11 µM, respectively. As DDX17135–555 is an RNA 

helicase, we next determined if it could unwind IGR and NCR. We developed a helicase assay 

using MST and fluorescently-labeled oligos, which suggested DDX17135–555 can unwind both 

RNAs. Overall, our study provides direct evidence of DDX17135–555 interacting with and 

unwinding RVFV non-coding regions. 

7.4 Introduction 

Rift Valley fever virus 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 
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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 periods of high rainfall, 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 live-stock 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 
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(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 non-coding regions; the 5′ non-coding region, responsible for 

transcription and translation initiation of the NS segment, and the intergenic region, 

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′ non-coding S-segment (RVFV NCR) and the non-coding 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 non-coding RNAs (ncRNAs) and how this could affect their interactions with 

DDX17. 

Therefore, by utilizing multiple biophysical techniques, we have characterized the 

interaction between RVFV non-coding 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 antiviral effects of DDX17 

(11) while providing a new, easy approach to investigate the helicase activity of a protein. 
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7.5 Results 

7.5.1 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 7.1A 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 7.1B, 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 7.1B, 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 

Figure 7.1. Purification of DDX17135–555 (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 7.1B 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). 
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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 7.1C) and a diffusion coefficient of 5.22 × 10−7 

cm2/s (Table 7.1). 

Table 7.1. Solution properties of DDX17135–555, IGR, and 5’ NCR. 

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 

The Mw values were calculated using nucleotide sequences. ∇—determined using SV-AUC analysis and 
UltraScan-III package (18). 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. 

 

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

to DDX17135–555 (Figure 7.2A). 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 7.2A 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 7.2B). 

7.5.2 Solution Conformation of DDX17135–555, RVFV S-Segment IGR, and 5′NCR 
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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 (19-21). 

SEC-SAXS data for the merged datasets are presented in Figure 7.3A. 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 (22). Figure 7.3B represents the Guinier plots for IGR, 

5’ NCR, and DDX17135–555, whereas the linearity of the low-q region indicates that all three 

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 

Figure 7.2. 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’ non-coding region (NCR). The y-axis represents absorbance at 260 nm while the x-axis 

represents elution volume. An inset to Figure 7.2A 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) Sedi-mentation 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). 
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Table 7.1). After we confirmed monodispersity from Guinier analysis, we further processed 

the SAXS scattering data from Figure 7.3A to obtain dimensionless Kratky plots (20-23) which 

allowed for analysis of the foldedness of the biomolecules (Figure 7.3C). In general, globular 

biomolecules in solution show a well-defined maximum value of 1.1 at q*Rg = 1.73 (24). 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.  

Next, indirect Fourier transformations on each dataset were performed to convert the 

reciprocal-space information of data presented in Figure 7.3A to real-space electron pair 

distance distribution functions (P(r)) plots, which are presented in Figure 7.3D using the 

Figure 7.3. 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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GNOM (25) 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 7.1 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 (26), and a 

more extended molecule will adopt a bell-shaped curve with an extended tail, suggesting an 

Figure 7.4. 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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elongated structure (21). 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 7.3D). 

Next, we employed DAMMIN (27) 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 (Χ2) between the experimentally 

obtained scattering data and the calculated scattering data (Table 7.1). Following DAMMIN, 

we employed DAMAVER (28) for the alignment and rotation of all 12 models to gain an 

averaged filtered structure for each biomolecule, which represents aver-aged structural 

features from individual models (Figures 4 and 5A) (28). For each case, the overlap function, 

the normalized spatial discrepancy, was estimated to provide a measure of the goodness of 

fit of the superimposition of each model. Table 7.1 presents the NSD values for the 12 models 

calculated for each biomolecule, and the low values suggest that the models in each case are 

Figure 7.5. 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, 

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. 
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highly similar to each other. The models presented in Figures 4 and 5A are the averaged 

filtered structures for NCR, 5’ IGR, and DDX17135–555, which indicate that both ncRNAs adopt 

extended structures in solution, while DDX17135–555 has a nearly globular conformation. 

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 re-solved 

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 in-formation 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 χ2 values of ~1.2, suggesting 

they are a good fit for the original data. This led us to believe that the helicase domain can 

Figure 7.6. 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. 
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adopt multiple different orientations in solutions, consistent with our initial low-resolution 

SAXS structure presented in Figure 7.5A. Figure 7.5B presents the CORAL-derived 

representative models, which high-light the relative orientations of the helicase domain due 

to the presence of a linker. Figure 7.5C demonstrates the overlay of the CORAL-derived model 

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

approaches. 

7.5.3 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 DDX17135–555 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 

Figure 7.7. 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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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 concentration 

of the added ligand (33). Figure 7.6A 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 7.6B). 

7.5.4 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 7.7A 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 7.7B. 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 BSA 

with the reaction mixture (RNA + fluorescent oligo + ATP), 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 
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in a significant difference in fluorescence migration compared to without ATP (p = 0.0059, 

signal to noise = 8.70). 

7.6 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 7.1). 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 7.2B), which is similar to our prior 

study on Murrey Valley and Powassan virus ncRNAs where we also observed the presence of 

oligomeric species (21). 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 7.1). 

SAXS excels at being a complementary structural biophysical method by enabling 

solution structure studies of virtually all biomolecules, and their biomolecular complexes 

(19,23,30,37-40). 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 (19,38,40-43). By 

employing HPLC-SAXS for data collection instead of traditional SAXS, we ensure that our 
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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 7.3B). 

Using Guinier analysis, we also calculated Rg values for all three biomolecules (based on low-

q region) (Figure 7.3B) and compared them to those calculated through P(r) analysis (Figure 

7.3D). The Rg values for both analyses were highly similar (Table 7.1), which confirms that 

our data are reliable and it is worth proceeding with more analysis. Dimensionless Kratky 

analysis suggested that the IGR and 5’ NCR adopt an elongated structure (Figure 7.3C). 

Finally, the P(r) distribution (Figure 7.3D) reveals that both ncRNAs quickly increase to the 

maxima, and then steadily decrease, which suggests an elongated structure, as observed 

earlier (21,38). 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 7.3D). 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 7.4A), whereas IGR could have a higher content 

of double-stranded structures (Figure 7.4B). IGR and 5’ NCR (Figure 7.4A,B) con-firm 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 7.4A). 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 (19,30,38). The crystal structure of DDX17 containing the ATP-
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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 7.5C). 

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 7.6B). 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), similar to other helicases and host proteins, like DDX3X and Protein Kinase 

R (PKR) (51,52). 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 (53,54). 

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 
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components, other than fluorescently labeled DNA oligos (55,56). Using this simple assay, we 

demonstrated that DDX17135–555 was able to unwind both RNAs and in a manner that is ATP 

dependent (Figure 7.7B). Currently, it is speculated that the ATP-binding domain hydrolyzes 

ATP to drive the helicase activity (57) which is consistent with our results. In conclusion, we 

have demonstrated that DDX17135–555 is capable of directly binding and unwinding the non-

coding regions of the S-segment genome of Rift Valley fever virus. This suggests that it could 

be critical for recognizing non-coding regions from other viral RNA. 

7.7 Materials and Methods 

7.7.1 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 chloramphenicol (100 mg/mL) anti-biotics. 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 2 mL 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 
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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. 

7.7.2 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: 

1. RVFV NCR S Segment 812–886 

5′GGAUUUGUUGAGGUUGAUUAGAGGUUAAGGCUGCCCCACCCCCCACCCCCUAAUCCCGACCGU

AACCCCAACUCCU3’ 

2. RVFV IGR S Segment 25–100 

5′GGCAAGUAUAUCAUGGAUUACUUUCCUGUGAUAUCUGUUGAUUUGCAGAGUGGUCGUCGUGU

UGUGUCAGUGGAGUACAU3′ 

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, 
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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). 

7.7.3 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) five 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 re-suspension in RNA buffer. 

7.7.4 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 (18,58) according to the 

workflow described elsewhere (59). Finite element fits were processed on the Lonestar5 

(Texas Advanced Computing Center, Austin, TX, USA) and Comet (San Diego Supercomputing 
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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 (60), followed by genetic algorithm 

analysis combined with Monte Carlo analysis (61). 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 (62) 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). 

7.7.5 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 7.6B). 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 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; 
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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. 

𝐹(𝑐) = 𝑈𝑛𝑏𝑜𝑢𝑛𝑑 + (𝐵𝑜𝑢𝑛𝑑 − 𝑈𝑛𝑏𝑜𝑢𝑛𝑑)  ×
𝑐 + 𝑐𝑡𝑎𝑟𝑔𝑒𝑡 + 𝐾𝑑 − √(𝑐 +  𝑐𝑡𝑎𝑟𝑔𝑒𝑡 +  𝐾𝑑)

2
− 4𝑐𝑐𝑡𝑎𝑟𝑔𝑒𝑡

2𝑐𝑡𝑎𝑟𝑔𝑒𝑡

 

(7.1) 

7.7.6 Helicase Assay 

Firstly, we input our sequences into sfold (63) 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 ob-served 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 im-portance 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 

software to analyze the data. The analysis software assesses the signal to noise ratio between 

a run with and without the protein. Signal to noise is a measure of the response amplitude 
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that is divided by the noise of the environment, and Equation (2) represents how this can be 

calculated (64). 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. 

𝑆

𝑁
=  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

√∑ (𝑟𝑖 − 𝑟́)2
𝑖

𝑛 − 1

 

(7.2) 

7.7.7 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 (65) or ScAtter (66), as previously described. The merged data were 

analyzed initially by Guinier approximation (22) to obtain the radius of gyration (Rg) and 

evaluate homogeneity. Dimensionless Kratky analysis (24) was performed on all samples to 

evaluate the folding extend of the biomolecules of interest, which is reviewed in detail 

elsewhere (23). Following Kratky analysis, we performed a pair distance distribution (P(r)) 

analysis using GNOM (25) to additionally provide the Rg and the maximum particle dimension 

(Dmax). Using the information from the P(r) plot, we generated models using DAMMIN (27), 

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 (28,43,67).  
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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. Using this approach, we initially 

calculated 12 models and the quality of the models was assessed using χ2 values. 
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Chapter 8. Human DDX3X Unwinds Japanese Encephalitis and Zika Viral 5′ 
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8.1 Foreword 

 This chapter consists of a manuscript I wrote in collaboration with Corey R Nelson (MSc 

2021), whom I share co-authorship with, Sean Park, Darren Gemmill, and Dr. Trushar R Patel, 

published in The International Journal of Molecular Sciences, Volume 22, issue 1 on January 

2, 2021. https://doi.org/10.3390/ijms22010413. This publication focuses on the interaction 

of JEV and Zika 5’ non-coding RNA terminal regions with DDX3X human RNA helicase. Corey 

and I were both involved in all the experiments manuscript with him focusing more on the 

protein aspect, and I the RNA aspect. Darren Gemmill provided the Zika 5’ RNA. We both 

equally contributed to the writing of the final draft. This publication is reproduced with 

permission from Corey Nelson, MDPI, and the Creative Commons CC by license and re-

formatted to fit thesis formatting. 
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8.3 Abstract 

Flavivirus genus includes many deadly viruses such as the Japanese encephalitis virus 

and Zika virus. The 5′ terminal regions of flaviviruses interact with human proteins and such 

interactions are critical for viral replication. One of the human proteins identified to interact 

with the 5′ TR of JEV is the DEAD-box helicase, DDX3X. In this study, we in vitro transcribed 

the 5′ TR of JEV and demonstrated its direct interaction with recombinant DDX3X (Kd of 1.66 
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± 0.21 µM) using microscale thermophoresis (MST). Due to the proposed structural 

similarities of 5′ and 3′ TRs of flaviviruses, we investigated if the ZIKV 5′ TR could also interact 

with human DDX3X. Our MST studies suggested that DDX3X recognizes ZIKV 5′ TR with a Kd 

of 7.05 ± 0.75 µM. Next, we performed helicase assays that suggested that the binding of 

DDX3X leads to the unwinding of JEV and ZIKV 5′ TRs. Overall, our data indicate, for the first 

time, that DDX3X can directly bind and unwind in vitro transcribed flaviviral TRs. In summary, 

our work indicates that DDX3X could be further explored as a therapeutic target to inhibit 

Flaviviral replication 

8.4 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), Murrey Valley, Powassan, West Nile, yellow 

fever, and Zika viruses. Flaviviral out-breaks are becoming increasingly common, due to the 

ease of transmission by mosquitoes and the lack of efficient therapeutics or 

immunoprophylactic strategies (4-7). 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 (6). The majority of flaviviruses utilize Aedes and Culex genus’ 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 
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is available (13,14). The Zika virus outbreak infected >4.5 million people in Brazil and the 

Americas in 2015–2016 (15,16). ZIKV is also linked to birth defects (2,17-23) and 

neurological disorders (24-30). The ZIKV has also been observed to be trans-mitted 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 

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 (36-42). The interactions between flaviviral 5′ and 3′ TRs are also 

critical for viral replication (4,42-47). 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 (48). Previous work has established that interactions of host proteins with the 

flaviviral TRs are crucial for viral replication (49-60).  

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 (61,62). 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 (62). 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 (63), they influence all major aspects of RNA metabolism (64). DDX3X (X-

linked DDX3, 73 kDa, Figure 8.1A) is one of the ATP-dependent RNA helicases that plays 

critical roles in transcription, translation, and mRNA export (60,65,66). DDX3X unwinds RNA 

in an ATP-dependent manner, where DDX3X binds to dsRNA (double-stranded RNA) and 

hydrolyzes ATP to release single-stranded RNA (67). Apart from playing vital roles in cellular 

activities, DDX3X was shown to suppress dengue viral infection via interferon activation (68) 
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but promotes WNV infection (69). Using affinity pull-down and Western blot analysis, it was 

suggested that DDX3X could interact with 5′ TR of JEV and regulate its replication (51). Recent 

studies have suggested that DDX3X inhibitors can suppress WNV replication (69). 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 structurally similar (70,71), 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. 

8.5 Results 

8.5.1 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 8.1B, 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 8.1C, right lane) and 

the amino-acid sequence-based molecular weight of 55.3 kDa for DDX3X132–607 coincides with 

the observed band in Figure 8.1C.  
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  The predicted secondary structure of 5′ TRs of JEV and ZIKA (Figure 8.2A,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 8.2C). 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. 

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

Figure 8.1. 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). 
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To determine the binding affinity of a previously uncharacterized interaction system 

containing DDX3X132–607 and 5′ TR of JEV, we employed microscale thermophoresis as 

performed previously (72,73). DDX3X132–607 was titrated against the constant concentration 

of the fluorescent ncRNAs (non-coding RNAs) to determine their dissociation constant (Kd). 

Figure 8.3A 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 indicates the “hot” region. Figure 

Figure 8.2. Purification of viral terminal regions. (A and B) Predicted secondary structure (sfold) 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. 
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8.3B and 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 ± 0.2 1µM for the 

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

8.5.3. 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 2A and 

B for JEV and ZIKV, respectively. We incubated 5′ TR of JEV (or ZIKV) with DDX3X132–607 (or 

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 8.4A 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 

Figure 8.3. Interaction studies using microscale thermophoresis. (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). 
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quality of the assay (74). To achieve the effect of a null mutant DDX3X, which can involve 

mutating the “DEAD” region in the ATP-binding domain (75), we compared the ability of 

DDX3X132–607 to unwind ncRNA in the presence and absence of ATP. Figure 8.4C 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. 

8.6 Discussion 

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

at ~14.5 mL (Figure 8.1B), which is consistent with our previous purification of a similar 

molecular weight human helicase, DDX3X132–607 (48.5 kDa) (76). 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 con-firms that the peak SEC fractions 

contain a singular monodispersed species at the correct molecular weight, and are devoid of 

any degradation (Figure 8.1C). The sfold predicted secondary structures reveal that each RNA 

adopts a high degree of double-stranded regions (Figure 8.2A and 2B), which is consistent 

with previous reports of highly structured flaviviral terminal regions (71).  

Figure 8.4. Helicase assays conducted using microscale thermophoresis. (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. 
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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 8.1C). 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 com-pared to the 5′ TR of ZIKV (Figure 

8.2A,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 8.2C), it could be speculated that DDX3X has high 

affinity for compact conformation, compared to an extended one. However, the precise 

mechanisms that deter-mine 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 (51,68,69). However, we lack insights into the affinity of DDX3X 

for any viral RNA. Moreover, whether DDX3X unwinds viral RNA is also un-clear. Therefore, 

we utilized MST that has emerged as one of the ideal techniques to study biomolecular 

interactions (77,78). By assessing the change in fluorescent migration under the influence of 

an infra-red laser, we are able to quantify the binding affinity between DDX3X132–607 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 8.3B and 3C also highlight how two different viral RNA TRs 

can have different affinities, despite being highly conserved sequences (71). The 5′ TR of JEV 
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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 (51). 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 (51), but further molecular virology studies are 

required to investigate if DDX3X has an impact on ZIKV replication. Figure 8.4 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 8.4C) to simulate a knockout mutant of DDX3X, which lacks 

the ATP hydrolysis activity (75). We observed that the amount of fluorescent migration 

appears to be reduced in the absence of ATP (Figure 8.4C), which can be attributed to the 

fact that DDX3X132–607 can unwind RNA but requires ATP for efficient processing of dsRNAs 

(79). 

8.7 Conclusions 

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 (80). A different group tested DDX5′s ability to bind short G-quadruplexes 

using ELISA and obtained a Kd of 22 nM (81). 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 (67,81). 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. 
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8.8 Materials and Methods 

8.8.1 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 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 
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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. 

8.8.2 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: 

1. JEV 5′ TR 1-156 (51.5 kDa, 159 nts) 

5′GGAGAAGUUUUAUCGUGUGAACUUCUUGGCUUAGUAUCGUUGAGAAGAAUCGAGAGAUUAGU

GCAGUUUAAACAGUUUUUUAGAACGGAAGAACAACCAUGACUAAAAAACCAGGAGGGCCCGGAAA

AAACCGGGCCAUCAAUAUGCUGAAACGCGGAU3′ 

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

5′AGUUGUUACUGUUGCUGACUCAGACUGCGACAGUUCGAGUUUGAAGCGAAAGCUAGCAACAGU

AUCAACAGGUUUUAUUUGGAUUUGGAAACGAGAGUUUCUGGUCAUGAAAAACCCAAAAAAGAAAU

CCGGAGGAUUCCGGAUUGUCAAUAUGCUAAAACG3′ 

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, 
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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. 

8.8.3 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 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 re-moved from the mixture. Finally, the resulting 

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

8.8.4. RNA–Protein Interaction Studies Using Microscale Thermophoresis 

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

centration 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 
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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. Kd is 

estimated by fitting Equation (8.1), where F(c) is the fraction bound at a given ligand 

concentration c. The unbound fraction is represented by the Fnorm signal of the target alone, 

and the bound fraction represents the Fnorm signal of the complex. The Kd is the dissociation 

constant and ctarget is the final concentration of the target in the assay. 

𝐹(𝑐) = 𝑈𝑛𝑏𝑜𝑢𝑛𝑑 + (𝐵𝑜𝑢𝑛𝑑 − 𝑈𝑛𝑏𝑜𝑢𝑛𝑑)  ×
𝑐 + 𝑐𝑡𝑎𝑟𝑔𝑒𝑡 + 𝐾𝑑 − √(𝑐 +  𝑐𝑡𝑎𝑟𝑔𝑒𝑡 +  𝐾𝑑)

2
− 4𝑐𝑐𝑡𝑎𝑟𝑔𝑒𝑡

2𝑐𝑡𝑎𝑟𝑔𝑒𝑡

 

(8.1) 

8.8.5 Helicase Assay 

We input our sequences into sfold (82) using standard conditions with no maxi-mum 

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/TTTCCGGGCCCTCCTGG 

TTTTTTAGTCATGGTTGT, respectively.  

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 



148 
 

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 be-cause 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, as presented in Equation 

(8.2) (83). If the signal to noise ratio rises above 5, the assay indicates that a binding event 

has occurred, and the ration >12 suggests that the assay is considered as desirable (83,84). 

𝑆

𝑁
=  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

√∑ (𝑟𝑖 − 𝑟́)2
𝑖

𝑛 − 1

 

(8.2) 
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9.3 Abstract 

Numerous viruses utilize essential long-range RNA-RNA genome interactions, 

specifically flaviviruses. Using Japanese encephalitis virus as a model system, we 

computationally predicted and then biophysically validated and characterized its long-range 

RNA-RNA genomic interaction. Using multiple RNA computation assessment programs, we 

determine the primary RNA-RNA interacting site among JEV isolates and numerous related 

viruses. Following in vitro transcription of RNA, we provide, for the first time, characterization 

of an RNA-RNA interaction using multi-angle light scattering and analytical ultra-

centrifugation. Next, we demonstrate that the 5’ and 3’ TRs of JEV interact with nM affinity 

using microscale thermophoresis (MST), and this affinity is significantly reduced when the 

conserved cyclization sequence is not present. Furthermore, we perform computational kinetic 

analyses validating the cyclization sequence as the primary driver of this RNA-RNA interaction. 

Finally, we examined the 3-dimensional structure of the interaction using small-angle X-ray 

Graphical Abstract 



157 
 

scattering, revealing a flexible yet stable interaction. This pathway can be adapted and utilized 

to study various viral and human long-non-coding RNA-RNA interactions and determine their 

binding affinities, a critical pharmacological property of designing potential therapeutics.  

9.4 Introduction 

Computational and biophysical methods to obtain structure, properties, and dynamics 

of protein-ligand interactions are well developed as a foundational component of many 

pharmaceutical discovery pipelines. As a result, nearly all currently approved drugs target 

one of ~700 disease-related proteins, despite an increasing number of diseases attributed to 

the >98% of the human genome, which is non-coding (1). Amongst the limitations in 

targeting these elements is a lack of foundational techniques for characterizing RNA-RNA 

interactions in the same depth as protein-ligand interactions. The importance of RNA 

characterization has only gained traction as of late, highlighting an ever-increasing need for 

techniques capable of doing so (2-5). In this study, we describe the novel application of well-

established biophysical modalities with computational studies for extensive characterization 

of RNA-RNA interactions using a flaviviral system theorized to contain crucial intragenomic 

RNA-RNA interactions, Japanese encephalitis virus. 

JEV is a mosquito-borne flavivirus in the genus Flavivirus (family Flaviviridae), which 

contains several pathogenic viruses such as Dengue virus, West Nile virus, Zika virus, yellow 

fever virus. JEV is the leading cause of viral encephalitis in Southeast Asia and the Western 

Pacific, with approximately 68,000 cases globally each year (6). Currently, no approved 

treatments are available following infection by JEV or other flaviviral infections (7), which 

lends to the importance of further investigation. JEV is transmitted through competent 

mosquito vectors of the genera Aedes and Culex (8), suggesting that flaviviral infections will 

likely become more prevalent as global temperatures rise and vector populations expand (9). 

Like other flaviviruses, JEV is an enveloped virus with a single-stranded (+)-sense RNA 

genome of approximately 11,000nt in length (10). A single open reading frame encodes for a 
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polyprotein and is flanked by highly structured 5’ and 3’ untranslated regions (11). The 

genome has a type I cap at the 5’ end (m7GpppAMP) and lacks polyadenylation at the 3’-

terminus. The single open reading frame is cleaved post-translationally into three structural 

and seven non-structural proteins (12,13). During replication, the 5’ and 3’ terminal regions  

in flaviviruses undergo long-range intragenomic RNA-RNA interactions, thereby forming a so-

called panhandle structure that mediates recruitment of the viral RNA-dependent RNA 

polymerase (NS5) (14). Removal of the TRs has shown inhibition of viral replication (14-17). 

A cyclization sequence of 11nt is complementary in the 5’ and 3’ TRs, which facilitates this 

interaction (18). Furthermore, these terminal regions show binding with a variety of human 

host proteins (19), including but not limited to numerous DEAD-box helicases (20). In WNV 

and DENV, the 5’-3’ long-range interaction has been previously demonstrated (16-18,21,22). 

Genome cyclization in JEV has been computationally predicted previously (23); however, 

detailed experimental verification is still missing.  

In this study, we explore the novel application of complementary computational and 

biophysical techniques that have not been used to characterize RNA-RNA interactions. 

Through a computational approach, we first identified an isolate of JEV that we hypothesized 

to interact with high affinity, then evaluated a consensus duplex structure of the 5’ and 3’ TRs 

of 20 different flaviviruses and measured their conservation. With this knowledge and utilizing 

various biophysical characterization techniques, we directly demonstrate for the first time that 

JEV 5’-3’ TRs interact in vitro with nanomolar affinity and with 1:1 stoichiometry. 

Furthermore, we isolated and identified the RNA-RNA complex using size exclusion 

chromatography coupled multi-angle light scattering. We additionally use analytical ultra-

centrifugation as an orthogonal biophysical validation as evidence of JEV 5’-3’TR interaction. 

We provide computational evidence which complements our experimental data showing that 

the cyclization sequence interaction is kinetically favorable and will out-compete potential 

homo-dimer RNA interactions. Finally, we present a low-resolution ab inito model showing the 
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potential architectural arrangement of this RNA-RNA interaction in solution. This 

characterization can be used as a foundation in potential pharmaceutical therapies to inhibit 

viral replication through cyclization interruption and to help understand the replication 

pathway/mechanism by which NS5 replicates the viral genome. 

9.5 Results and Discussion 

9.5.1 Computational analysis of the cyclization RNA-RNA interacting element in JEV and 

related flaviviruses 

We performed computational analysis of the potential long-range interaction between 

the 5' and 3’ TRs in more than 100 JEV isolates. This work revealed that all isolates interact 

via the canonical 11nt cyclization sequences in their 5’ and 3’ TRs. Based on this work, we 

selected JEV isolate KR265316.1 as a model to assess long-range RNA-RNA interactions in 

silico and in vitro. The Flaviviral TRs are known to harbor functional RNA elements such as 

Figure 9.1. JEV structural organization and theoretical secondary structure prediction. Visual representation of 

JEV genome organization and different construct regions which were designed and studied.  Predicted secondary 

structure of the cyclization between JEV 5’TR and JEV 3’TR from constraining co-folding, highlighted red portions 

represents the 11 conserved nucleotides which form a stable base pairing interaction to facilitate the long-range 

genome interaction. 
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stem-loops A and B in the 5’UTR, a short conserved hairpin (cHP) at the beginning of the 

coding region, and multiple cis-regulatory elements in the 3’UTR, such as dumbbell and 

terminal 3’ stem-loop (3’SL) structures (24,25). These conserved elements exert crucial roles 

in the flaviviral life cycle; therefore, we required them to be formed by constraint co-folding 

of the 5’ and 3 ’TRs. As presented in Figure 9.1, the resulting duplex structure suggests that 

the canonical 11nt cyclization sequence in the 5’ and 3’ TRs is responsible for mediating the 

interaction. Furthermore, the other canonical secondary structures, such as SLA, SLB, and 

cHP in the 5’ TR with sHP, the 3’SL, and the 3’DB in the 3’ TR, are also present (Figure 9.1). 

We performed a comparative genomics assay in phylogenetically related viruses to 

further assess flaviviral long-range RNA-RNA interactions. To this end, we analyzed the 

propensity of duplex formation between 5’ and 3’TRs in 20 mosquito-borne flaviviruses (Figure 

Figure 9.2. Consensus secondary structure of the 5’TR/3’TR long-range interaction. Computed from a structural 

multiple sequence alignment of 20 mosquito-borne flaviviruses. (Figure S9.1). Coloring of base pairs follows the 

RNAalifold schema and indicates different covariation levels, ranging from red (no covariation, full primary sequence 

conservation) to violet (full covariation, all six possible combinations of base pairs) at corresponding columns of the 

underlying alignment. The duplex formed by the almost fully sequence-conserved 11 nt cyclization sequences 

(highlighted in gray) represents the only long-range interaction in the consensus structure. Canonical 5’TR elements 

(SLA, SLB, and cHP), as well as 3’TR elements (DB, sHP and 3’SL) are predicted to fold in the consensus structure, 

indicating that they are energetically more favourable than an extended long-range interaction duplex structure. 
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S9.2) utilizing consensus structure evaluation of the terminal genomic regions (Figure 9.2). 

Interestingly, the tendency to form a long-range interaction via the canonical cyclization motif 

is more pronounced in the consensus duplex than in the single sequence (JEV only) analysis. 

Specifically, the 11bp duplex is formed in the consensus structure without any constraints on 

the known 5’ and 3’ UTR elements (Figure 9.2). All 20 sampled mosquito-borne flaviviruses 

have the capacity to form the exact same long-range interaction. The almost perfect 

conservation of the cyclization sequences suggests that this region is not only functionally 

essential but also suggests that there may be evolutionary importance to the sequence 

conservation. 

Additionally, a kinetic analysis of the canonical cyclization structure suggests that it is 

also kinetically favoured in all investigated JEV isolates. Exemplarily, the energy landscape of 

the cyclization structure from isolate KR265316.1 is shown in Figure 9.6 (discussed later). 

Independent of the selected start base pair, every interaction extension step leads to a more 

stable structure. Thus, there are no barriers along the folding paths, and the interaction can 

form fast. We then sought to validate the in silico-derived cyclization interaction in JEV 

through extensive biophysical characterization in vitro. 

Figure 9.3. Purification of JEV TR RNA A) Size Exclusion Chromatogram representing the purification of both 

RNA. Shaded boxes represent the region which was collected for downstream experiments to avoid any potential 

oligomeric species. B) Urea PAGE of associated size exclusion chromatography fractions showing a single size of 

RNA (~220nt) which is the correct size of the expected RNA. 
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9.5.2 In vitro transcription and purification of JEV non-coding RNA for interaction studies 

JEV viral non-coding RNAs were purified immediately after in vitro transcription using 

SEC, like in previous works (20,26,27). The elution profile for 5’TR (Figure 9.3A) indicates 

that the RNA elutes at approximately 11.5 mL as a single monodispersed species, evident by 

the typical Gaussian distribution. 3’TR elutes as a multimodal distribution with an observable 

peak at ~12 mL, consistent with its size compared to 5’TR (Figure 9.1A). The 5’TR and 3’TR 

transcripts have very similar molecular weights, 73.5 kDa and 71.3 kDa, respectively, which 

is reflected in the chromatogram as both monomeric peaks appear to have a similar elution 

volume ~11.5-12.0 mL (Figure 9.3A). Higher-order oligomeric species for 3’TR can be 

observed at ~8 -11 mL, and these elution fractions we avoided for downstream experiments. 

To determine if the SEC elution fractions contained the correct-sized RNA species, we utilized 

urea-PAGE. Figure 9.3B (left side) shows 3’TR fractions from the right side of the ~12 mL 

Figure 9.4. Light scattering analysis of JEV TR RNA cyclization A) Multiple size exclusion chromatography runs 

associated with SEC-MALS. B) MALS traces of each peak from the 5’TR +3’TR run, and the absolute molecular 

weight across them. C) Sedimentation distribution profiles of JEV 5’ TR and 3’TR obtained from sedimentation 

velocity-analytical ultracentrifugation. Sedimentation coefficient values are corrected to standard solvent conditions 

(20°C, water)  
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peak containing the appropriate length RNA species (227 nt). Only selected fractions (12.5 – 

13.5 mL) were pooled to avoid contamination from any oligomeric species (Figure 9.3A, red). 

5’TR elution fractions (Figure 9.3B, right side) demonstrate, as expected, a single species of 

the correct RNA size (221 nt) across the peak. These fractions were pooled similarly to 3’TR 

and highlighted for clarification (Figure 9.3A, green). 3’TR Mut, 3’UTR, and 5’UTR (additional 

RNA used later) were transcribed and purified identically to the above RNA, and only fractions 

containing a single band were pooled and used in downstream experiments.  

9.5.3 Biophysical analysis of the RNA-RNA interacting Complex. 

Due to the highly conserved nature of Flavivirus TRs, it is theorized that JEV will utilize 

similar 3’ – 5’ long-range TR interactions as a necessary step in viral RNA amplification, like 

other members (49). This interaction has been shown in various Flaviviridae family members 

(16-18,21,22). SEC can separate biomolecules based on their sizes, and MALS allows for the 

absolute molecular weight determination of biomacromolecules in solution (28); we utilized 

SEC-MALS to investigate if the 5’ and 3’TRs form a complex. Figure 9.4A represents the elution 

profiles of JEV 3’TR, which indicates that it is almost entirely monodispersed eluting at ~12 

Figure 9.5. Affinity analysis of JEV TR RNA cyclization A) MST raw data traces for JEV 3’TR + 5’TR. Blue line 

represents the “cold” time and the red line represent the “hot” region, and the difference between the two is used to 

calculate the ΔFnorm B) Microscale thermophoresis measurements of different combinations of JEV TRs representing 

concentration vs fraction bound. Measurement ran on “high” MST power. 
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mL with a minor peak of potential oligomeric assembly at ~11.5 mL. The elution profile of 3’ 

TR is consistent with our initial purification using SEC, where JEV 3’TR oligomerizes into 

higher-order species. JEV 5’TR also elutes at ~12 mL, consistent with previous purifications; 

however, it also contains a shoulder at ~11.5 mL (Figure 9.4A).  

 

Figure 9.6. Energy landscape of the predicted 3’TR and 5’TR CS interaction. The energy landscape represents 

all possible substructures that can occur along a direct path from a single base pair interaction to the full CS interaction. 
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Figure 9.7. Small-angle X-ray scattering ab inito model reconstructions of JEV RNA. A) JEV 5’ TR RNA, 

rotations are 180° about both the X and Y axis and showing Dmax. B) JEV 3’ UTR RNA illustrating relative 

conformational fluidity through clustering analysis of 100 ab inito models. Shown models represent three of the 

largest clusters of models. C) JEV 5’TR+3’UTR RNA-RNA complex. JEV 5’TR is represented in blue, while 3’UTR 

is represented in shades of red/purple. 
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We then mixed both 3’TR and 5’TR and performed SEC-MALS experiments. The RNA-RNA 

mix resulted in a bimodal SEC chromatogram distribution, with an additional peak eluting at 

~10.5 mL (Figure 9.4A, purple). Furthermore, we see a peak at ~12 mL where excess 5’TR 

RNA elutes as a monomer, consistent with the concentrations we mixed (3.5 µM of JEV 5’TR 

vs. 1.3 µM of JEV 3’TR). These results indicate that the TR complex has a different elution 

profile upon binding than any oligomeric assembly or monomeric species. Successful 

separation of the TR RNA complex allowed us to calculate the absolute molecular weight of 

each species. As presented in Figure 9.4B, the SEC-MALS-derived molecular weights are 

consistent across both peaks, indicating that both are homogenous species. Excess unbound 

monomer(s) elute as a single peak and are characterized at ~75 kDa, which is expected 

considering the similarity in their theoretical weights (73.9 kDa & 71.4 kDa). The molecular 

weight of the complex (~150kDa) is double that of each TR in isolation (~75kDa) and very 

similar to the predicted molecular weight of the complex (145.3 kDa). This change in 

molecular weight is indicative of a 1:1 stoichiometric interaction. This stoichiometric 

determination is vital for biological relevance, considering these terminal regions exist on 

the same genome and come together to cyclize.  

AUC is a powerful biophysical technique often used to study the purity of biomolecules 

in solution (29). AUC subjects biomolecules to extremely high centrifugal force (up to 250,000 

x g), separating them based on size, anisotropy, and density while monitoring sedimentation 

via an optical system. While SEC-MALS can provide us with absolute molecular weight 

determination, since both 5’TR and 3’TR are of similar molecular weight, we needed further 

validation to rule out potential RNA self-oligomerization as an explanation of the 5’TR-3’TR 

peak in Figure 9.3A. AUC has been proven to be a useful technique to characterize RNA 

(26,27,30), but never an RNA-RNA interaction. Therefore, we utilized the specialized 

capabilities of AUC to provide us with an orthogonal technique that could validate our SEC-

MALS results. While both 5’TR and 3’TR are similar in length, the sequences differ significantly, 
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which will cause a change in secondary structure and, ultimately, tertiary structure. If these 

potential tertiary structural differences are significant enough, there should be a difference 

between the 5’TR and 3’TR sedimentation. Both 5’TR and 3’TR show highly monodispersed 

sedimentation profiles, evident by a single Gaussian distribution. 5’TR is represented by a 

primary sedimentation profile at ~5.9 S, while 3’TR is represented at ~5.3 S (Figure 9.4C). 

These distributions confirm that not only are the TRs homogenous, but they also sediment 

differently based on tertiary structure differences. This difference in sedimentation profiles 

allowed us to validate our previous SEC-MALS results by mixing 5’TR and 3’TR in a 1:1 ratio 

and performing another sedimentation velocity experiment. As with previous SEC-MALS 

experiments, the AUC results show an additional sedimentation peak at ~7.6 S, which is not 

present in the individual TR experiments allowing us to confirm JEV 5’-3’ TR interaction (Figure 

9.4C). Additionally, since the concentrations of both RNA were ~200 nM, we can also conclude 

that the binding affinity (KD) is likely in the low nanomolar range. We believe this experiment 

provides the first evidence of an RNA-RNA interaction via AUC, showing that AUC can be an 

essential tool for showing RNA-RNA interaction while simultaneously determining sample 

quality and oligomeric state. Taking the AUC and SEC-MALS results together, we can 

confidently conclude that the additional peak(s) formed in both experiments is the complex 

of 5’TR and 3’TR, which provides experimental validation of computational predictions. 

9.5.4 Determining the RNA-RNA interaction affinity  

With the above-mentioned relative binding affinity and direct evidence of interaction, 

we sought to quantify the affinity of the 5’ and 3’ TRs using MST. MST allows for studying the 

interaction between a serially diluted ligand and a fluorescently labeled target by measuring 

the change in fluorescent migration following excitation by an infrared laser (31). Using the 

difference between the “cold” and “hot” areas of the MST traces (Figure 9.5A), MST can 

determine the KD of the biomolecular interaction. Additionally, Figure 9.5A demonstrates that 

aggregation of the target was not observed (32) and that monomeric fractions were utilized 
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in the assay. Our analysis indicates that the TRs interact with a KD of 60 ± 9 nM (Figure 9.5B), 

which agrees with the previously reported KD of 32 ± 1 nM found in WNV using isothermal 

titration calorimetry (22), which is reasonably similar, validating our findings. 

Consequently, the binding affinity further validates our AUC experiment, which was 

performed with a ~200 nM concentration of JEV TR RNA. To our knowledge, few studies 

(33,34) have shown evidence of RNA-RNA interactions characterized using MST, highlighting 

the growing applicability of the technique. Next, we needed to validate whether the CS is the 

primary driver of this RNA-RNA interaction. We computationally predicted the RNA duplex 

secondary structure (Figure S9.3), showing numerous potential base-pairing sites across the 

interaction, but the longest uninterrupted stretch of nucleotides was the CS. We investigated 

the degree to which the inclusion of the CS impacts binding affinity by exploring various 

fragments of the JEV TRs. JEV 3’UTR, the full-length 3’ non-coding RNA at 573 nt, and JEV 

5’TR, which both still include the CS, were assayed and found to interact with a KD of 169 ± 

18 nM (Figure 9.5B). As expected, the theoretically determined highest binding isolates of 

JEV (5’TR and 3’TR) bound with a slightly higher affinity than the 3’UTR and 5’TR but are 

within the same magnitude. When excluding the CS through a truncation (JEV 5’UTR-97 nt), 

the construct lacking 97-224 compared to JEV 5ʹ TR showed that the interaction was almost 

non-existent with a KD of 23 ± 6 µM. Finally, we performed the same assay with a mutant 

version of 3’TR, 3’TR Mut. This construct is identical to JEV 3ʹ TR but has the 11-nucleotides 

of the CS mutated to no longer base pair to the 5ʹ CS. Therefore, we believed that including 

the additional long-range binding element would result in a binding tighter than the 5’ UTR-

3’TR interaction but still considerably weaker than the canonical CS included. The interaction 

was as expected and was significantly lower than the 5’TR-3’TR interaction, with a KD of 7 ± 

1.4 µM (Figure 9.5B). This change in affinity demonstrates that while the theoretical duplex 

interaction may have considerable base pairing, the primary driver of the interaction is the 

cyclization sequence. 
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9.5.5 RNA-RNA Kinetic and thermodynamic Studies 

As observed in Figure 9.3A and Figure 9.4A, both TRs are likely to self-associate even 

though careful consideration was taken to avoid this. Therefore, we utilized computational 

analysis to explain the self-association of TRs potentially. This kinetic model builds upon the 

Turner nearest neighbor energy model for RNA secondary structures (35).  While our 

predictions find potential homodimer interactions with similar thermodynamic stability as the 

hetero duplex (canonical CS), these homodimer interactions are quite extended and would 

require extensive refolding. Based on a kinetic analysis (Figure S9.2), we assume that 

homodimers would form only short, less stable interactions, which would readily dissociate in 

favour of the more stable heterodimer (3’ – 5’ complex) when mixed.  

To help explain our MST observations, we compared the measured dissociation 

constants to the predicted interactions for the different TR and UTR constructs. We calculated 

binding free energies at 37 °C either from the measured dissociation constants or from 

predictions using RNAup (predictions are in parentheses).  For the three constructs, the 5’TR 

and 3’TR, 5’TR and 3’UTR, and 5’UTR and 3’TR complex, we obtained ΔGs of -10.2 (-10.1) 

kcal/mol, -9.6 (-7.6) kcal/mol and -6.6 (-7.2) kcal/mol, respectively. The more considerable 

discrepancy for the second construct (5’TR and 3’UTR) can be explained because the 

thermodynamic model predicts a refolding (compared to the known consensus structure) 

when the longer 3’UTR is used, occluding the CS. We also investigated potential additional 

interaction sites to the known CS. The most promising is a kinetically favourable interaction 

corresponding to the known upstream AUG Region (UAR) (36) with a predicted stability of -

3.6 kcal/mol. This interaction could stabilize the CS interaction but is not strong enough to 

explain the duplex formation alone. Moreover, in a cellular environment, other factors could 

likely influence binding kinetics and thermodynamics; however, this evidence shows that this 

interaction is spontaneous and favorable even in the absence of other cellular factors. One 

would assume that the contact between the 5’ and 3’ TRs would be rare in solution due to the 
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distance between them, but that once a single contact has formed, the rest would 

spontaneously “zip up.” This phenomenon is likely consistent within the cell regarding the 

amount of (-) sense RNA vs. (+) sense RNA (37). Most (+) sense viral RNA is translated into 

proteins and not used to replicate the virus. 

9.5.6 three-dimensional RNA-RNA interaction analysis through small-angle X-ray scattering 

Having characterized the cyclization RNA-RNA binding affinity, we turned to small-

angle X-ray scattering to understand the 3-dimensional interaction in solution. Using SEC-

SAXS, it is possible to differentiate species based on size and shape prior to actual SAXS 

measurements, providing increased confidence in monodispersity and allowing for the 

characterization of a potential complex from two mixed samples (38-41). MST experiments 

revealed that the binding affinity of the 5’TR and 3’ UTR were comparable to the 5’TR-3’TR 

interaction, so we decided to perform structural experiments on the larger RNA construct (3’ 

UTR) to gain a better characterization of how this RNA interaction is arranged in solution and 

its relative flexibility.  

Three SAXS data sets were collected: 5’ TR, 3’ UTR, and 5’TR + 3’UTR. Each was 

merged and represented in figure S9.4A as relative intensity vs. scattering angle. Guinier 

analysis was performed on each data set to determine the radius of gyration (Rg) for each 

RNA resulting in 71.61 ± 0.106 Å and 111.5 ± 0.33 Å for 5’TR and 3’UTR respectively (fig 

S9.4B). Complex (5’TR + 3’UTR) Guinier analysis reveals an Rg of 127.6 ± 0.34 Å, an increase 

compared to each RNA. The linear regression of each sample demonstrates that each sample 

is monodispersed and free of any electrostatic interactions between similar molecules (42-

44). Intensity data were transformed into dimensionless Kratky analysis data (Fig S9.4C) to 

evaluate approximate foldedness and conformation (45). Kratky analysis (fig S9.4C) for all 

three RNA suggests extended conformations of folded RNA based on the relative plateauing 

of each data set (42). Finally, each data set was evaluated using paired-distance distribution 

(p(r)) analysis in which reciprocal space data is converted into real-space electron density 
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data via indirect Fourier transformations (46). P(r) analysis presents real space Rg values of 

71.8 ± 0.104 Å, 112.0 ± 0.329 Å, and 128.1 ± 0.355 Å for the 5’TR, 3’UTR, and the complex, 

respectively (fig S9.4D). Real-space Rg values have a very high level of agreement with the 

reciprocal-space values, indicating the validity of the entire data set. Furthermore, the shape 

of each P(r) plot indicates an elongated conformation, whereas a gaussian distribution with a 

peak at Dmax/2 would be indicative of a spherical, globular molecule. The maximum distance 

for each RNA data set was 224 Å, 345 Å, and 400 Å for the 5’TR, 3’ UTR, and complex, 

respectively. Notably, the Dmax values illustrate that while the complex is larger than either 

individual RNA, likely that the interaction is not end-to-end. The maximal distance for an end-

to-end interaction would be considerably larger than 400 Å, suggesting there may be 

considerable overlap between the 5’TR and 3’UTR.  

Ab inito modeling through DAMMIN was then performed on 5’TR and 3’UTR data sets 

to generate low-resolution three-dimensional structures. 100 models were generated for each 

RNA showing favorable agreement via χ2 values of 1.15 and 1.12 for the 5’TR and 3’UTR, 

respectively. The 5’ TR was filtered and merged into a singular representative structure with 

a normalized spatial discrepancy (NSD) of 0.937 ± 0.020, indicating a good fit of each 

structure to the representative filtered model (Figure 9.7A)(47). Represented in blue, the 5’ 

TR is an elongated RNA structure like other RNA of similar size (27,30,48). The 3’UTR, 

however, could not be filtered and averaged together to get a singular representative model, 

even though the average χ2 value was 1.12, suggesting that each model strongly agreed with 

the original scattering data. We, therefore, chose to cluster the 100 respective models from 

the 3’UTR, resulting in 22 distinctly different clusters represented by the pie chart in Figure 

9.7B. This suggests that the 3’UTR has flexible regions, similar to other long non-coding RNA 

(49,50). The three largest clusters of models are color coded to the pie chart, and while each 

is classified as a distinct structure, they contain a similar overall architecture: each having a 

large center pocket and large portions of electron density towards each terminus.  
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Importantly, since the affinity of the 5’TR – 3’UTR interaction was sufficiently low, we 

believed that the complex would remain intact throughout SEC-SAXS, allowing for peak 

separation and, ultimately, data collection. Creation of the three-dimensional models required 

multiple distinct inputs, differing from the terminal regions individually. Using MONSA, multi-

phase bead modeling can simultaneously fit multiple scattering curves to a single data set 

(51,52). Therefore, discerning which portion of the total scattering data was contributed by 

each RNA element required inputting data collected from the 5’TR, the 3’TR, and the complex. 

Importantly, when evaluating χ2 values for the complex, each input is scored based on its 

agreement with the raw scattering data with approximate values of 1.20, 1.40, and 1.32 for 

the 5’TR, 3’UTR, and complex, respectively. These values show that each distinct scattering 

curve fits into the data set and has a good agreement. Like the 3’UTR on its own, a singular 

averaged model cannot accurately represent the RNA, which led us to cluster the model 

representations (Figure 9.7C) similarly. This clustering resulted in 11 distinct representations 

of the solution structure, half as many clusters as the 3’UTR alone, with 66% of the total 

structures falling into 3 clusters. Clustering provides evidence that the interaction causes a 

change in the conformational space and a subsequent reduction in the flexibility of the 3’UTR. 

Figure 9.7C represents the top 3 conformational clusters, with the 5’TR in a consistent blue 

color and the 3’UTR in pink/red. The 5’TR remains relatively unchanged upon interaction with 

the 3’UTR, still adopting an elongated shape similar to its previous conformation (Figure 9.7A). 

Most of the conformational change to the complex is changes to the 3’UTR. Overall, the central 

pocket, which was visible in the top 3’UTR conformations, is no longer visible, and the electron 

density has been re-distributed from being concentrated around the ends of the molecule (see 

Figure 9.7B). Furthermore, the 3-dimensional complex shows that there is likely not 

considerable 5’-3’ duplex formation, with generally 1-2 contact points, one of which is likely 

the CS. Structural information about this complex can also inform on the potential mechanism 

by which the flaviviral RNA-dependent RNA polymerase NS5 interacts with the 5’ TR SLA yet 

transcribes the negative sense genome 3’ to 5’ (14,53-55). However, the nature of SAXS 
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being low-resolution means we cannot accurately pinpoint specific RNA motifs such as the CS 

or the 3’ or 5’ ends. Future directions will need to be focused on gaining a higher-resolution 

model of the interaction through either computational modeling with SAXS envelopes or cryo-

EM imaging.   

9.6 Conclusion 

Our study demonstrates that combining computational and biophysical approaches can 

provide detailed insights into RNA-RNA interactions that govern many fundamental biological 

processes. Our SEC-MALS and AUC data also suggest, for the first time, that these techniques 

can be used to study RNA-RNA interactions in solution while confirming that MST is a powerful 

technique for affinity determination of RNA-RNA interactions. We demonstrate that 

computational analysis, such as kinetic landscapes, can provide vital evidence for predicting 

RNA-RNA interactions and even sites of interactions. Additionally, our binding affinity data 

presents that the CS is the primary driver of terminal region interaction with a nanomolar 

affinity. This binding affinity is critical to developing potential inhibitory therapeutics targeting 

the cyclization sequence. Additionally, we present the 3-dimensional low-resolution structure 

complex structure in solution, providing evidence that it is likely flexible and dynamic, with a 

small amount of duplex formation between the 5’ TR and 3’UTR. Our work directly contributes 

to understanding the Flaviviral cyclization conservation that could help develop therapeutics 

with a potential for multi-virus inhibition. Moreover, we believe our comprehensive 

computational and biophysical pipeline can be applied to virtually any RNA-RNA interacting 

system in solution so long as proper sample purification and quality control are forefronts. We 

hope this study may influence researchers to further investigate the importance of the 

cyclization sequence of JEV and other flaviviruses such as ZIKV and DENV in vivo. Additionally, 

in vivo experiments investigating sequence conservation of the CS could be instrumental to 

understanding the evolutionary relationship(s) of this family of viruses. 
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9.7 Materials and Methods 

9.7.1 Computational assessment of RNA-RNA interaction genome cyclization 

Putative interaction sites between 3’ and 5’TRs of 109 JEV isolates were predicted with 

IntaRNA v3.2.0, RNAup v2.4.18, and RNAcofold (56-60). A consensus secondary structure of 

the 5’/ 3’ terminal regions in 20 phylogenetically related flaviviruses was computed with 

RNAalifold v2.4.18 (61) from the ViennaRNA Package v2.4.18 (62), based on a structural 

nucleotide multiple sequence alignment computed with LocARNA v2.0.0RC8 (63). 

 We evaluated whether the predicted TR interactions are kinetically feasible by applying 

a novel direct path model. In this model, the full target interaction is formed starting from an 

initial seed interaction, which folds into the target interaction by adding or removing target 

base pairs. All substructures on a folding path consist of consecutive base pairs of the target 

interaction. Consequently, paths are ‘direct’ since they cannot contain detours via non-target 

interaction base pairs. We compute the free energy of each substructure analogous to the 

RNAup energy model. The two main contributions are the cost of making the interaction site 

unpaired in the two intramolecular structures and the stabilizing contribution of the interaction 

base pairs. Both contributions were obtained from the ViennaRNA library. We can model 

interaction formation as a Markov process based on this direct paths model and the energy 

model/function. The overall rate at which an interaction is formed is determined by the energy 

barrier along the direct folding path (activation energy). Since the model's possible 

substructures (aka states) can be completely described by their first base pair i and last base 

pair j, they form a 2D energy landscape, and any direct path from a first base pair to the full 

interaction can be drawn, as shown in figure S9.2. Plots of these energy landscapes allow for 

the visual identification of barriers along the folding path. 
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9.7.2 Preparation and Purification of non-coding RNA  

JEV 3’TR, 3’ TR Mut, and 5’TR constructs of JEV were designed based on the GenBank 

sequence of KR265316.1, while JEV 5’ and 3’ UTR were based on KT957419.1. cDNA 

sequences were prepared in pUC57 plasmids under the control of T7 RNA polymerase. The 

cDNA was flanked by two additional G nucleotides on the 5ʹ end and an XbaI restriction 

enzyme cut site (TˆCTAGA) on the 3ʹ end. The 3’TR and 5’TR constructs are graphically 

represented in Figure 9.1A to enhance clarity on which portion of the terminal region is 

involved in each experiment. All RNA construct sequences are listed below with an underlined 

region representing the theoretical cyclization sequence (CS) which forms the 11-nucleotide 

base pairing complement between the 5’ and 3’TR. Briefly, JEV 5ʹ UTR serves as a cyclization 

sequence truncation mutant, having nucleotides 97-224 removed compared to JEV 5ʹ TR. JEV 

3ʹ TR Mut is an exact copy of JEV 3ʹ TR, with only the 11-nucleotide cyclization sequence 

mutated to no longer base pair to JEV 5ʹ TR. 

 Table 9.1. Construct information for RNA constructs used. 

Name Genomic 

Location 

Length 

(NTs) 

Sequence (5’ – 3’) Mw (kDa) 

JEV 5’ TR 1-224 228 GGAGAAGUUUAUCUGUGUGAACUUCUUGGCUUAG
UAUCGUUGAGAAGAAUCGAGAGAUUAGUGCAGUU
UAAACAGUUUUUUAGAACGGAAGAUAACCAUGACU
AAAAAACCAGGAGGGCCCGGUAAAAACCGGGCUAU
CAAUAUGCUGAAACGCGGCUUACCCCGCGUAUUCC
CACUAGUGGGAGUGAAGAGGGUAGUAAUGAGCUU
GUUGGACGGCAGAGGGCCAGU 

73.9 

JEV 5’ UTR 1-96 100 GGAGAAGUUUUAUCGUGUGAACUUCUUGGCUUAG
UAUCGUUGAGAAGAAUCGAGAGAUUAGUGCAGUU
UAAACAGUUUUUUAGAACGGAAGAACAACCU 

32.2 

JEV 3’ TR 10758-10976 221 GGUUAGAGGAGACCCCGUGGAAACAACAACAUGC
GGCCCAAGCCCCCUCGAAGCUGUAUAGGAGGUGG
AAGGACUAGAGGUUAGAGGAGACCCCGCAUUUGC
AUCAAACAGCAUAUUGACACCUGGGAAUAGACUAG
GAGAUCUUCUGCUCUAUCUCAACAUCACUUACUAG
GCACAUAUCGCCGAAGUAUGUAGCUGGUGGUAGG
AAGAACACACGAUCU 

71.4 

JEV 3’ TR 
Mut 

10758-10976 221 GGUUAGAGGAGACCCCGUGGAAACAACAACAUGC
GGCCCAAGCCCCCUCGAAGCUGUAUAGGAGGUGG
AAGGACUAGAGGUUAGAGGAGACCCCGCAUUUGC
AUCAAAAUCUUCGAACUCACCUGGGAAUAGACUAG
GAGAUCUUCUGCUCUAUCUCAACAUCACUUACUAG
GCACAUAUCGCCGAAGUAUGUAGCUGGUGGUAGG
AAGAACACACGAUCU 

71.4 
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JEV 3’ UTR 10395-10965 573 GGACAGGAUAAAGUCAUAUGUGUAAUGUGAGAUA
AGAAAAUGUGCAUGUGGAGUCAGGCCAGCAAAAG
CUGCCACCGGAUACUGAGUAGACGGUGCUGCCUG
CGUCUCAGUCCCAGGAGGACUGGGUUAACAAAUC
UGACAACGGAAGGUGGGAAAGCCCUCAGAACCGU
CUCGGAAGCAGGUCCCUGCUCACCGGAAGUUGAA
AGACCAACGUCAGGCCACAAUUCUGUGCCACUCCG
CUGGGGAGUGCGGCCUGCGCAGCCCCAGGAGGAC
UGGGUUAACAAAGCCGUUGAGGCCCCCACGGCCC
AAGCCUCGUCUAAGAUGCAAUAGACUAGGUGUAAG
GACUAGAGGUUAGAGGAGACCCCGUGGAAACAAC
AUUGUGCGGCCCAAACCCCCUCGAAGCUGUAGAG
GAGGUGGAAGGACUAGAGGUUAGAGGAGACCCCG
CAUUUGCAUCAAAACAGCAUAUUGACACCUGGGAA
UAGACUGGGAGAUCUUCUGCUCUAUCUCAACAUCA
GCUACUAGGCACAGAGCGCCGAAGUAUGUAGCUG

GUGGUGAGGAAGAAACCAGGAUCUU 

185.6 

 

RNA was prepared via in vitro transcription reaction using T7 RNA polymerase (purified 

in-house) followed by size-exclusion chromatography (SEC) purification using a Superdex 200 

Increase GL 10/300 (Global Life Science Solutions USA LLC, Marlborough, MA, USA) in JEV 

RNA Buffer (10 mM Bis-tris pH 5.0, 100 mM NaCl, 15 mM KCl 15 mM MgCl2, 10% glycerol) 

via an ÄKTA pure FPLC (Global Life Science Solutions USA LLC, Marlborough, MA, USA) with 

a flow rate of 0.5 mL/min. Urea-polyacrylamide gel electrophoresis (Urea-PAGE) was utilized 

to analyze SEC peak fractions. We mixed 10 µL of each fraction with 2 µL of denaturing RNA 

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

Mississauga, ON, Canada). Urea-PAGE (7.5%) was run at room temperature, 300V, for 25 

min (20 min for JEV 5ʹ TR) in 0.5x TBE (Tris-Borate-EDTA) buffer (heated), 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. 

9.7.3 Light Scattering 

Multi-angle light scattering (MALS) experiments were performed on a Dawn® (Wyatt 

Technology Corporation, Santa Barbara, CA, USA) multi-angle light scattering instrument with 

18 detector angles utilizing a 658 nm laser. Furthermore, an Optilab® (Wyatt Technology 

Corporation, Santa Barbara, CA, USA) refractometer was also positioned downstream to 
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measure the solvent refractive index and absolute concentration of solutes. These instruments 

were positioned in line with an SEC column (Superdex 200 increase 10/300 GL, Global Life 

Science Solutions, USA LLC, Marlborough, MA, USA) attached to an ÄKTA pure FPLC (SEC-

MALS). All experiments were performed at ambient room temperature (20oC) with the same 

flow rate and buffer as previous SEC experiments described above. The refractive index of 

the solvent was defined as 1.3308 (measured by in-line Optilab® refractometer), while the 

dn/dc (refractive index increment) value of 0.1720 mL/g was used for all RNAs (64). The final 

concentration of 3’ TR and 5’ TR RNA used was 1.3 µM and 3.5 µM, respectively, in a combined 

volume of 500 µL. Samples were incubated for 3 hours prior to loading. Data were analyzed 

using Astra v8.0.0.25, and absolute molecular weight (Mw) was calculated using Equation 1 

for each elution point, where: 𝑅(𝜃) is Rayleigh’s ratio, 𝐾 is the polymer constant, and 𝑐 is the 

concentration of the solution.  

 

𝑀𝑤 =  
𝑅(𝜃)

𝐾∗𝑐
 

(9.1) 

9.7.4 Analytical Ultra-Centrifugation 

AUC data for 5’ TR and 3’ TR were collected using a Beckman Optima AUC centrifuge 

and an AN50-Ti rotor at 20°C at the Canadian Centre for Hydrodynamics at the University of 

Lethbridge. We measured the 5’TR (214 nM, 0.5 OD @260 nm), 3’TR (224 nM, 0.5 OD @260 

nm), and a 1:1 mixture of 5’TR and 3’TR samples into standard Beckman Coulter cell housings 

equipped with Epon-2 channel centerpieces, and fitted with sapphire windows, in JEV RNA 

Buffer. As a first step, we centrifuged samples at 25,000 rpm and collected scans at 20-

second intervals. We used the UltraScan-III package (65) to analyze all data via 

supercomputer calculations in-house. We analyzed the SV-AUC data using two-dimensional 

spectrum analysis (2DSA) with simultaneous removal of time-invariant noise, meniscus, and 
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bottom positions fitted, followed by enhanced van Holde-Weischet analysis (66). We 

estimated the buffer density and viscosity corrections with UltraScan (1.0269g/cm3 and 1.293 

cP, respectively). All hydrodynamic parameters were corrected to standard conditions at 20°C 

and water 

 

9.7.5 Fluorescent labeling of RNA 

Purified RNA was subjected to labeling at the 5’ end by the fluorophore Alexa 488 

(A488) (Thermofisher Scientific, Saint-Laurant, QC, Canada). One milligram of A488 was 

resuspended in 175µL of 0.2M KCl. 7.5µL concentrated RNA (>100µM) was added to 1.25mg 

1-ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochloride (EDC) prior to the addition of 

10µL resuspended A488. Samples were vortexed until contents were dissolved entirely before 

adding 20µL 0.1M imidazole, pH 6. Reactions were incubated in a 37°C water bath overnight 

in the absence of light, followed by the removal of free dye through 10 kDa Vivaspin® 500 

centrifugal concentrators (Sartorius Stedim Biotech, Göttingen, Lower Saxony, Germany). 

After removing all free dye, labeled RNA was diluted in JEV RNA Buffer, and fluorescence 

checks were conducted using microscale thermophoresis. 

9.7.6 Microscale thermophoresis 

A 2-fold serial dilution was performed on the RNA ligand, either 3’TR, 3’TR Mut, or 

3’UTR, where the highest concentration in the assay was 21 µM, 9.8 µM, and 5.5 µM, 

respectively. A constant amount of fluorescently labeled RNA Target, 5’TR, or 5’UTR, was 

added to each serial dilution of RNA ligand resulting in a final concentration of 25 nM and 52 

nM, respectively. Mixtures were incubated at room temperature for 3 hours and then loaded 

into a Nanotemper Technologies Monolith® NT.115 instrument (Munich, Germany) using 

standard capillaries. Thermophoresis was measured at room temperature (22°C) and 

performed using 100% excitation power along with medium IR-Laser power. Initial 

fluorescence migration was measured from (-1.0 to 0 s) and used to normalize the measured 
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fluorescent migration time (9.0 to 10.0 s). Three independent replicates were analyzed using 

MO.Affinity Analysis software v2.1.3 and fit to the standard KD fit model, which describes a 

1:1 stoichiometric molecular interaction according to the law of mass action. The dissociation 

constant (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 isolated target; Bound is the Fnorm 

signal of the complex, while ctarget is the final concentration of the target in the specific assay.  

 𝑭(𝒄) = 𝑼𝒏𝒃𝒐𝒖𝒏𝒅 + (𝑩𝒐𝒖𝒏𝒅 − 𝑼𝒏𝒃𝒐𝒖𝒏𝒅) ×  
𝒄+𝒄𝒕𝒂𝒓𝒈𝒆𝒕+𝑲𝒅− √(𝒄+𝒄𝒕𝒂𝒓𝒈𝒆𝒕+𝑲𝒅)

𝟐
−𝟒 𝒄 𝒄𝒕𝒂𝒓𝒈𝒆𝒕

𝟐 𝒄𝒕𝒂𝒓𝒈𝒆𝒕
 

(9.2) 

9.7.7 Small-angle X-ray scattering 

RNA sample data collection was performed on the B21 HPLC-SAXS beamline at 

Diamond Light Source (Didcot, Oxfordshire, UK), as reported elsewhere (67). An Agilent 1200 

(Agilent Technologies, Stockport, UK) HPLC was utilized through connection to a specialized 

flow-cell, whereas 50 µL of each purified RNA (5’ TR, 3’ UTR, and 5’ TR+3’UTR respectively) 

were injected into a JEV RNA buffer equilibrated Shodex 403KW-4F HPLC column ( Showa 

Denko America Inc., New York, NY, USA) with a flow rate of 0.160 mL/min. Concentrations 

were 1.2 mg/mL and 1.1 mg/mL for 5’ TR and 3’ UTR, respectively, and the complex was a 

1:1 volume mixture of both. Frames were exposed to synchrotron radiation (x-rays) for 3 

seconds for a total of ~600 frames. The resulting data was buffer subtracted using Chromixs 

(68) for each sample peak, and then data analysis was performed using the ATSAS suite of 

programs (69). The radius of gyration (Rg) was evaluated through Guinier analysis, while 

additionally determining sample quality (70) and relative foldedness of RNA molecules was 

determined via dimensionless Kratky analysis (71). GNOM was used to perform paired 

distance distribution P(r) analysis to obtain real space Rg and maximum particle dimension 

(Dmax) measurements (72,73). Using P(r) derived information, 20 models were generated for 

5’ TR and 100 models for 3’ UTR using DAMMIN (51). Following simulated annealing via 
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DAMMIN, 5’ TR models were averaged and filtered to produce a single representative model 

using DAMAVER and DAMFILT (51,74). Given the size of 3’ UTR, we decided to cluster 

representative models instead of generating a singular averaged model via DAMCLUST (74). 

Model reconstruction for the 5’ TR and 3’ UTR complex was generated through MONSA (51) 

using data input from 5’TR, 3’UTR, and data from 5’TR+3’UTR. 100 models were generated 

and then partitioned into representative clusters via DAMCLUST. 
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9.8 Supplementary Information 

 

Figure S9.1. Multiple sequence alignment for 5’TR and 3’TR of 20 mosquito-borne Flaviviruses that was used 

to form the consensus structure in Fig. 9.2. The alignment was obtained from the structural alignment toll 

LocARNA, the two fragments were joined by a linker of 5 Ns. Coloring indicates covariation in consensus base pairs 

following the RNAalifold schema, ranging from red (no covariation, full primary sequence conservation) to violet 

(full covariation, all six possible combinations of base pairs). Red boxes highlight the conserved 5’ and 3’ cyclization 

sequence, respectively. 
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Figure S9.2. Energy landscapes of predicted homodimer interactions. A) 5’TR homodimer B) 3’TR homodimer. 

The thermodynamical model predicts stable minimum free energy structures with -11 kcal/mol and -10.5 kcal/mol, 

for the two respective homodimers. Based on the energy landscapes, there is no kinetically favourable path from a 

first base pair (drawn on the diagonal) to the full interaction (drawn in the upper right corner) through which the full 

interaction could be reached without crossing any energy barriers. In both examples, the most stable substructure that 

is energetically favourable has a stability of -5 kcal/mol and therefore is less stable than the known CS. 

Figure S9.3. Predicted duplex structure of the JEV 3’TR and JEV 5’TR obtained from RNAcofold, showing 

the maximum possible extent of interaction. A) Known long range interaction elements, such as cyclization 

sequence (CS), downstream AUG region (DAR) and upstream AUG region (UAR) are highlighted. B) structure with 

reliability annotation (based on pair probabilities) ranging from blue (poor reliability) to red (high confidence). 
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9.9 Data availability 

We selected complete JEV isolates (including 3’ and 5’ UTR) from NCBI GenBank and 

used the first 225 nts (5’TR) and the last 221 nts (3’TR) to perform interaction predictions. 

The corresponding accession numbers are included in the supplementary information. SAXS 

data has been deposited to SASDB under accession numbers SASDQL9, SASDQM9, and 

SASDQN9 for JEV 5’ TR, JEV 3’UTR, and JEV 5’TR+3’UTR complex, respectively. 

 

 

 

Figure S9.4. Small Angle X-Ray Scattering (SAXS) plots of JEV RNA-RNA interaction. A) Subtracted & merged 

scattering data for JEV RNA depicting the scattering intensity vs. scattering angle (q = 4πsinϴ/λ). B) Guinier plots 

representing the determination of Rg and homogeneity derived from the low-angle region. C) Dimensionless Kratky 

plots of JEV RNA depicting an elongated structure as a result of the non-Gaussian shape(s) of the curve(s). D) Pair-

distance distribution plots for JEV RNA for real-space Rg and maximal particle dimension (Dmax) determination from 

the entire SAXS dataset. 
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10.1 Conclusions 

 Throughout this thesis, I have described numerous biophysical techniques in detail: 1) 

Multi angle light scattering is a versatile technique that utilizes the light scattered from 

biomolecules in solution to determine the molar mass accurately and is often coupled to size 

exclusion chromatography. 2) Microscale thermophoresis, a unique technique that utilizes the 

measurement of a fluorescent signal corresponding to biomolecular diffusion in response to a 

heat source. 3) Small angle X-ray scattering, a powerful structural biophysical technique 

utilizing light scattering at low angles to generate a low-resolution electron density envelope 

corresponding to the solution structure of a biomolecule. 4) Analytical ultracentrifugation, a 

technique that utilizes the fundamental relationship between centrifugal force, size, shape, 

and density to separate and characterize biomolecules. These techniques have been 

fundamental to investigating non-coding viral RNA interactions and characterization 

throughout this thesis. 

 I utilized analytical ultracentrifugation, small angle x-ray scattering, and computational 

modeling to help elucidate the atomic structure of both MVEV and PowV terminal region non-

coding RNA (Chapter 6, Nanoscale Structure Determination of Murray Valley Encephalitis and 

Powassan Virus Non-coding RNAs). Few studies investigate the tertiary structural organization 

of flavivirus genomes, despite being critical to the viral lifecycle and highly conserved within 

the viral family. By gaining high-resolution structures of flaviviral terminal regions, we can 

establish a picture of the conservation of both sequence and tertiary structure, a fundamental 

step towards understanding these viruses and their replication. These structures could be 

compared to high-resolution experimental structures in the future, to ascertain the accuracy 

and reliability of prediction tools. 

 Next, we investigated the interaction between DDX17 (Chapter 7, Human DDX17 

Unwinds Rift Valley Fever Virus Non-Coding RNAs), a human RNA DEAD-box helicase, and Rift 

Valley Fever virus. We demonstrate that our recombinantly purified DDX17135-555 directly binds 
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to both the IGR and the NCR regions of the S-segment of RVFV and unwinds both RNA in the 

presence of ATP. DDX17 has been implicated with numerous ncRNA interactions, and these 

results suggest that DDX17 could play a role in viral replication and should be further 

investigated in additional viral systems. 

 We investigated another human RNA DEAD-Box helicase, DDX3X. Previously, DDX3X 

was shown to interact directly with the 5’ terminal region of Japanese Encephalitis virus 

(Chapter 8, Human DDX3X Unwinds Japanese Encephalitis and Zika Viral 5′ Terminal 

Regions). Since flavivirus terminal regions are theorized to be structurally similar (not 

necessarily sequence similar), we investigated whether Zika virus 5’ TR could also interact 

directly with DDX3X. We found that JEV interacted with low µM affinity (1.66 µM), with Zika 

interacting with a higher affinity (7.05 µM), and that DDX3X could unwind each ncRNA in the 

presence of ATP. In the future DDX3X could be investigated as to its role in Zika virus 

infection, ideally in a cellular context. 

 Finally, we present a multidisciplinary approach to characterizing RNA-RNA interacting 

systems using the interaction between JEV 5’ TR and 3’ TR (Chapter 9, Investigating RNA-

RNA interactions through computational and biophysical analysis), a phenomenon where the 

viral genome cyclizes to facilitate replication as a model system. We predicted the consensus 

secondary structure of the 5’/3’ interaction for 20 different flaviviruses, showing that the 

cyclization sequence is the primary interaction site. Next, we showed, for the first time, that 

MALS and AUC can be used to characterize an RNA-RNA interaction and quantified the binding 

affinity of the interaction with MST (60 nM) and further validated by thermodynamic 

computational analysis. This affinity was significantly weakened upon both removal and 

mutation of the conserved cyclization sequence.  Additionally, we present the low-resolution 

3D structure of both terminal regions and their complex using SAXS. This work can be used 

in the future to help gain insights into the binding interactions of the NS5 RdRp in three-
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dimensional space to elucidate the specific mechanism by which cyclization facilitates viral 

replication. 

 In conclusion, this work uses complementary biophysical techniques to present 

multiple studies that characterize ncRNA in numerous viral systems, MVEV, PowV, JEV, Zika, 

and RVFV. Additionally, I present a pipeline for the thorough and multidisciplinary 

characterization of RNA-RNA interacting systems. This work helps to understand the 

complicated and critical interplay between viral ncRNA regions and viral replication. 

10.2 Future directions and final thoughts 

 The most apparent future direction, but also the most difficult, is the transference of 

the characterization of these viral interactions from an in vitro system to an in vivo system. 

This transfer can be especially difficult for viral systems like JEV, which require a biosafety 

level 3 containment laboratory. An acceptable workaround to this hurdle is to work with a 

replicon system (1,2), a viral genome deficient in infectivity but replication-competent. Since 

we showed that Zika 5’TR interacted with DDX3X, an siRNA knockdown of DDX3X could be a 

feasible initial experiment to see if that interaction has any biological significance.  

 As for JEV (and other flaviviruses), the 5’/3’ cyclization is still a relatively ambiguous 

process critical to genomic replication. There is evidence that this interaction can be 

chaperoned by the core (capsid) protein in DENV in vitro studies (3) and that the core DENV 

protein increases the rate by which the 5’/3’ cyclization occurs (4). This chaperone activity 

would be worthwhile to investigate in JEV because we have already determined the affinity of 

the interaction to be relatively tight (60 nM), but all of our assays were incubated for ~2h to 

ensure the reaction was complete. Perhaps the core protein changes not only the kinetics of 

the cyclization reaction, but also the thermodynamics. Furthermore, our work provides 

evidence that while other sequences on the viral genome, namely the DAR (downstream AUG 

region) and UAR (upstream AUG region) can contribute to cyclization, the conserved 
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cyclization sequence is the primary driver in vitro. These minor sequences should be further 

investigated to elucidate their contribution to cyclization, because their proximity to the 

cyclization sequence could be additional sites for inhibition to combat viral replication. 

 Flaviviral cyclization is critical to the replication of the virus, but as mentioned earlier 

still not entirely understood. The primary function is theorized to be the proper positioning of 

the NS5 polymerase, which produces the (-) sense genome. Additionally, multiple papers 

assert that the NS5 polymerase is “transferred” from the 5’ SLA to the 3’ TR to begin 

transcription (5-7); however, the evidence provided is underwhelming. There needs to be 

more investigation into whether the NS5 polymerase is “transferred” to the 3’ TR or stays 

bound to the 5’ SLA while simultaneously interacting and transcribing the viral genome, as 

suggested by others (8,9). Binding to the 5’ SLA could be a quality control “checkpoint” 

ensuring that each replicated viral genome produced by NS5 contains both the SLA at the 5’ 

TR and the 3’TR (9). This version of the replication mechanism supports the evidence that 

flaviviruses have high fidelity copy of their genome, not in a sequence sense (mutations are 

common) but of the length of their genome (10).  

 While these examples are specific to viral ncRNA regions, significant questions remain 

unanswered regarding ncRNA structure, especially lncRNA structure. The pursuit of RNA 

atomic structures has made enormous leaps in the past decade with improvements to cryo-

electron microscopy (11). However, as of February 23rd, 2023, there are a total of 25 RNA-

only cryo-EM structures which have been deposited to databases at a resolution < 10 Å (11), 

and of those, only four structures exist in a resolution < 4 Å (12-15), and of those four 

structures at sub 4 Å resolution, only a single one is > 400 nt (15). The lack of RNA structures 

is evidence of a need for improved biophysical techniques for the characterization of RNA, but 

I do not believe that alone will propel the field forward. There must be a shift in how we 

discuss and search for RNA structure. Of those 25 RNA structures with a resolution < 10 Å, 

there is a direct correlation between the number of particles in the reconstruction, and the 
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resolution, more particles, lower resolution (11). This highlights an important caveat that 

must be considered when discussing ncRNA structure; ncRNA are flexible and can adopt 

different conformations in solution. If only, for example, 50,000 particles were sufficiently 

similar enough to merge, yet proper biophysical quality controls were performed, then the 

rest of the particles (discounting aggregation, of course) should still be considered relevant. 

Therefore, while seeking out singular atomic structures for ncRNA is worthwhile, we should 

not discount that ncRNA, especially lncRNA, might not exist in a biological context in a 

particular conformation. RNAs should be considered a conformational ensemble with 

potentially a few primary conformations but likely also existing in transitional states. This 

relates to the fundamental importance of studying RNA with multiple biophysical techniques 

because the more available techniques, the more evidence we can generate to help us 

understand the unique and complicated biological molecule ribonucleic acid.  
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