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ABSTRACT The dengue virus (DENV) poses a significant threat to human health, accounting for approximately 400 million 

infections each year. Its genome features a circular structure that facilitates replication through long-range RNA-RNA interac

tions, utilizing cyclization sequences located in the untranslated regions (UTRs). To gain new insights into the organization of 

the DENV genome, we purified the 5′ and 3′ UTRs of DENV in vitro and examined their structural and binding properties using 

various biophysical techniques combined with computational methods. Through our biophysical characterization, we deter

mined the 5′ and 3′ UTR regions to bind with an affinity of 40 nM in a 1:1 stoichiometry. By using small-angle x-ray scattering, 

we provide the first structural characterization of the 3′ and 5′ UTR regions, revealing several plausible conformations that the 

viral UTRs may adopt during replication. This comprehensive investigation revealed key features that provide mechanistic in

sights into the different structural states during DENV replication, as tracked through the accessibility of various RNA conforma

tions. Overall, our research enhances the understanding of DENV cyclization, emphasizing the structural adaptability, dynamic 

folding, and flexibility of these RNA molecules in solution. By uncovering details at the atomic level, we aim to contribute to the 

development of targeted drugs that can disrupt crucial stages of viral replication.

INTRODUCTION

Flaviviridae viral family consists of more than 70 mem

bers and contains several highly infectious members 

such as dengue (DENV), Zika (ZIKV), and West Nile 

virus (WNV). This family of viruses is characterized by 

single-stranded, nonsegmented, positive-sense RNA ge

nomes consisting of approximately 11,000 nucleotides 

and containing a unique open-reading frame that encodes 

three structural (C, E, prM) and seven nonstructural pro

teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) 

(1). This genome is flanked by the highly structured 5′

and 3′ untranslated regions (UTRs) of RNA carrying a 

conserved short sequence at both ends. These conserved 

sequences of 11 nucleotides are known as the cyclization 

sequence (CS). The Flavivirus genome adopts a circular 

conformation (genome cyclization) through the basepair

ing of the 5′ and 3′ CSs, which is a crucial lifecycle phe

nomenon for viral replication to occur (2). DENV is one 

of the most infectious members of the Flaviviridae family, 

accounting for over 390 million infections a year (3). 

There are four main serotypes of DENV, which are pre

sent in their specific geographic locations (4). Of these se

rotypes, dengue serotype 2 (DENV2) has the greatest 

societal impact and is responsible for the largest number 

of cases and severe outcomes upon infection (5–7). The 

genomes of all four DENV serotypes essentially contain 

two major sequence components that regulate genome 

cyclization, composed of the 5′ and 3′ CSs along with 

the upstream AUG regions (UARs) (8,9). Both regulatory 

sequences are present in the 3′ UTR of the viral genome, 

whereas the 5′ CS is found downstream of the 5′ UTR in a 
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SIGNIFICANCE Our in vitro biophysical characterization demonstrated that the DENV UTRs interact in a 1:1 ratio with 

low binding affinity. By combining in-solution SAXS data with computational simulations, we emphasized the structural 

flexibility of DENV UTRs during replication. This study offers new insights into the organization of the DENV genome and 

highlights the adaptability of UTR structures, providing a fresh perspective on the virus’s replication process.
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part of the sequence that codes for the viral capsid 

protein (10).

Vaccine development efforts against DENV have persis

tently faced challenges due to cross-reactivity with other 

flaviviruses, such as the ZIKV (10). Although recent efforts 

have uncovered two promising candidates, some skepti

cism remains regarding the safety of the vaccines 

(11,12). The safety of dengue vaccines is paramount, espe

cially since some vaccines have been associated with an 

increased risk of severe dengue in certain populations, 

particularly among those who have not been previously in

fected with the virus (12). Additionally, there are logistical 

concerns regarding the feasibility of distributing newly 

developed vaccines, particularly due to geographical limi

tations in vaccine storage and distribution, as well as 

geopolitical instability in developing nations most affected 

by mosquito reservoirs (13). Although there are currently 

no potential therapeutic options on the market, an 

increased understanding of DENV viral replication would 

undoubtedly support the identification of novel therapeutic 

targets. For this reason, DENV replication has been well 

characterized, and multiple studies have investigated the 

functional and biological significance of DENV cycliza

tion during the viral life cycle (8,9). A previous study 

found highly structured and conserved regions with low 

mutation rates in different DENV and ZIKV strains (14). 

Despite sequence differences, the study also revealed pre

served interactions across serotypes, suggesting that 

longer-range interactions are essential for viral fitness. 

However, a comprehensive study of the high-resolution 

structural characterization of this long-range RNA-RNA 

interaction remains elusive.

In this study, we performed a comprehensive analysis of 

the structure of DENV UTRs using both computational and 

biophysical approaches. We synthesized and purified both 

UTRs in vitro and identified the RNA-RNA complexes via 

size-exclusion chromatography combined with multiangle 

light scattering (SEC-MALS). To better understand the 

structural envelope of the DENV UTRs, both individually 

and as a complex, we employed small-angle x-ray scat

tering (SAXS). We then developed coarse-grained compu

tational models of the RNAs using SimRNA, incorporating 

secondary structure constraints from previously estab

lished chemical probing techniques. These models were 

aligned with the SAXS envelopes, revealing the dynamic 

and flexible nature of the DENV 5′ and 3′ structures. Addi

tionally, we refined the coarse-grained models to fit within 

their respective SAXS envelopes using MDfit-GROMACS, 

generating optimized all-atom, structure-based models 

with improved congruence under SAXS electron density 

map constraints. Characterizing these structures could 

form a basis for potential antiviral treatments aimed at 

blocking viral replication by preventing cyclization and 

may also enhance understanding of DENV replication 

mechanisms.

MATERIALS AND METHODS

Plasmid constructs

The full genome sequence of serotype 2 DENV was obtained from the 

NCBI database (NCBI: NC_001474) (15). The noncoding terminal regions 

of the virus were identified using the annotated genome and inserted into 

separate pUC57 vectors (IDT, Canada) as previously described (16–18). 

The sequence properties of the UTRs are listed in Table S1. Briefly, vectors 

containing both the 5′ and 3′ UTRs were created, along with a construct that 

included part of the 5′ translated region to ensure the presence of the CS. 

Mutants were designed with the assistance of the IntaRNA 2.0 tool (19). 

The mutant construct was prepared by modifying specific sequence ele

ments integral for DENV genome cyclization, resulting in disruption to 

the noncoding terminal region complementarity.

Synthesis and purification of DENV 5′ and 3′ UTR 

RNA

The RNA was synthesized by runoff in vitro transcription using an in-house 

purified T7 polymerase as described (18). Briefly, a linearized plasmid con

taining the DNA sequence of the RNA was incubated in a reaction mixture 

for 4 h at 37◦C. Due to their size, the DENV 3′ constructs were digested 

with 40 U of DNase (New England Biosciences, MA) for 1 h at 37◦C before 

RNA purification. All RNA samples were purified using a Superdex 200 In

crease GL 10/300 (Global Life Science Solutions USA, Marlborough, MA, 

USA) coupled with an ӒKTA Prime Pure FPLC (Cytiva, USA). RNA was 

eluted using the RNA buffer (10 mM Bis-Tris pH 5.5, 100 mM NaCl, 

10 mM KCl, 5 mM MgCl2, and 5% glycerol) at a flow rate of 0.5 mL/ 

min. RNA samples were analyzed on a 2% agarose gel at 100 V for 

35 min to assess quality, and their concentration was determined by 

measuring absorbance at 260 nm using a Biodrop (MBI Lab Equipment).

DENV 5′ and 3′ UTR RNA labeling

RNA samples were labeled as described previously (18). Briefly, purified 

RNA samples were concentrated to approximately 100 μM through ethanol 

precipitation. One milligram of Alexa Fluor 488 dye (Thermo Fisher, CA) 

was resuspended in 175 μL of DMSO. A labeling reaction was prepared using 

30 μL of concentrated RNA, 1.25 mg of 1-ethyl-3-(3-dimethylamino) propyl 

carbodiimide hydrochloride, and 10 μL of the dye solution. The samples were 

pipetted until the contents were dissolved, and then 20 μL of 0.1 M imidazole 

(pH 6.0) was added. The samples were incubated at room temperature for 3 h 

before being passed over a Superdex 200 10/300 GL column. RNA was 

checked for degradation using native agarose gel electrophoresis and for la

beling efficiency using NanoTemper Technologies Monolith NT.115 micro

scale thermophoresis (MST) by quantifying fluorescence counts.

Microscale thermophoresis

All microscale thermophoresis interaction studies were performed after la

beling the 3′ UTR. In each case, a two-fold serial dilution was performed on 

the 5′ UTR from a starting concentration of ∼20 μM. Then, labeled 3′ UTR 

was added to a final concentration of 81 nM. Mixtures were incubated at 

37◦C for 3 h and then analyzed as previously described (18). Briefly, sam

ples were loaded into a NanoTemper Technologies Monolith NT.115 (Mu

nich, Germany) using standard capillaries. Thermophoresis was measured 

at room temperature (22◦C) and performed with 90% excitation power 

and medium IR laser power. Initial fluorescence migration was measured 

from − 1.0 to 0.0 s and used to normalize the measured fluorescent migra

tion time (9.0–10.0 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 (20).
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Multiangle light scattering

Multiangle light scattering was performed using Dawn and Optilab instru

ments, as previously described (18). Samples were concentrated and loaded 

onto a Vanquish autosampler in 100-μL increments. Samples were then run 

through a Shodex KW403-4F SEC column (Showa Denko America, New 

York, NY, USA) at a flow rate of 0.16 mL/min using a Thermo Scientific 

Vanquish Core HPLC System (Thermo Fisher, CA). Data collection was 

performed at 20◦C. All samples were measured in RNA buffer. The 5′

UTR, 3′ UTR, and complex samples were measured using a dn/dc of 

0.172. Data were analyzed using Astra v8.0.0.25, and absolute molecular 

weight (Mw) was calculated using Eq. 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

(1) 

Small-angle x-ray scattering

As previously reported (21), SAXS data collection was performed on the 

B21 HPLC-SAXS beamline at Diamond Light Source (Didcot, Oxford

shire, UK). An Agilent 1200 (Agilent Technologies, Stockport, UK) 

HPLC was utilized through connection to a specialized flow cell. A Sho

dex 403KW-4F column was equilibrated with RNA buffer, and 50 μL of 

purified sample was injected with a flow rate of 0.160 mL/min. Sample 

concentration was determined using a Biodrop, and the data were 

collected using 1.0 mg/mL of 5′, 0.7 mg/mL of 3′, and a 1:1 mixture con

taining 0.7 mg/mL of 5′ and 3′. Frames were exposed to synchrotron ra

diation (x-rays) for 3.0 s for a total of ∼600 frames. The resulting data 

were buffer-subtracted using automated Chromixs selection for each sam

ple peak, and then data analysis was performed using the ATSAS suite of 

programs (22,23). The radius of gyration (Rg) and sample quality were 

evaluated through Guinier analysis (24). The relative folding quality of 

each RNA molecule was determined through dimensionless Kratky anal

ysis (25). GNOM was used to perform paired distance distribution P(r) 

analysis to obtain real-space Rg and maximum particle dimension 

(Dmax) measurements (26,27). Using the P(r) derived information, 20 

models were generated for the 5′ UTR and 100 models for the 3′ UTR us

ing DAMMIN (28) on slow mode with a maximum of 200 annealing steps. 

A larger number of models was generated for the 3′ UTR due to its larger 

size, as previously shown to be necessary (18), whereas 20 models proved 

to converge to a single output for the 5′ UTR. After DAMMIN, 5′ UTR 

models were averaged and filtered to produce a single representative 

model using DAMAVER and DAMFILT (28,29). Due to the large size 

of the 3′ UTR, we decided to cluster representative models instead of 

generating a singular averaged model via DAMCLUST (29), and merging 

clusters with discrepancies inferior to 0.05 normalized spatial discrepancy 

(NSD) units.

Determination of RNA’s tertiary structures

To determine the RNA’s tertiary structure, we retrieved experimental sec

ondary structure information from previously published chemical probing 

techniques on the DENV 5′ and 3′ UTRs (14). These secondary structure 

constraints, in the form of a dot-bracket profile, were then used in 

SimRNA v3.20 (30) for generating three-dimensional, coarse-grained 

models. SimRNA is a software tool that utilizes a coarse-grained model 

for RNA structure and operates as a Monte Carlo sampler. To simulate 

the 5′-3′ UTR cyclization complexes, the secondary structure information 

of the 5′ and 3′ UTRs was maintained, including all their central structural 

units. At the same time, modifications were applied to each end to enable 

basepairing of the CS and UAR. For the analysis of the DENV UTRs, we 

performed 20 million SimRNA iterations in replica exchange mode. Subse

quently, we carried out SimRNA clustering within the lowest 1% of all tra

jectories based on energy. The SAXS DAMFILT or DAMCLUST structures 

were used to fit the representative tertiary structures that were computation

ally generated, which consisted of 2000 high-resolution models. The fitting 

process was performed using DAMSUP for all studied conditions (5′ UTR, 

3′ UTR, and 5′-3′ complex) (31). Further selection was conducted to repre

sent the atomistic RNA model. The chosen models exhibited an NSD value 

of 0.90–1.4, indicating a close fit between the low-resolution electron den

sity envelopes and their associated coarse-grained models (32). Using 

UCSF ChimeraX 1.8, we superimposed the SAXS models with their 

respective high-fitting tertiary structure, coarse-grained models to better 

evaluate visual fitting through ‘‘Fit-in-Map’’ and correlative fit by correla

tion coefficient (33).

All-atom, structure-based molecular dynamics 

simulations of RNA’s tertiary structures

We performed all-atom structure-based molecular dynamics (MD) simula

tions using MDfit-GROMACS to enhance the alignment of the previously 

determined secondary structures of the viral noncoding terminal region 

RNAs with the newly identified DENV UTR SAXS envelopes (34,35). 

We generated PDB structures of representative coarse-grained SimRNA 

models that showed high fitting values and overlap with the SAXS enve

lopes of the RNAs. Utilizing the web service SMOG (Structure-based 

Models for Biomolecules), we created topology files that included force 

field parameters for modeling the representative PDBs (36,37). All 

nonbonded contacts in the initial structures were defined using a cutoff dis

tance of 4.5 Å. Simulations for each RNA were performed using the 

following potential:

V = VSB + Vmap = VSB − W
∑

ijk

ρsim
ijk ρexp

ijk (2) 

Here, VSB is the potential of the structure-based simulation, W is the en

ergetic weight of the map (the weights, or atomic numbers, considered for 

the three molecules were 3752 for 5′ UTR, 9332 for 3′ UTR, and 13,084 for 

the 5′-3′ complex), and ρsim
ijk and ρexp

ijk are the normalized simulated and 

experimental densities at voxel (i,j,k) corresponding to the model and the 

SAXS envelope (38). VSB is further described with the following equations:

VSB =
∑

bonds

εr

2
(ri − ri;o)

2
+

∑

angles

εθ

2
(θi − θi;o)

2

+
∑

impropers

εχi

2

(
χi − χi;o

)2
+

∑

planar

εχp

2

(
χi − χi;o

)2

+
∑

backbone

εBBFD

(
ϕi − ϕi;o

)

+
∑

sidechains

εSCFD

(
ϕi − ϕi;o

)

+
∑

contacts

ϵC

[(
σij

rij

)12

− 2

(
σij

rij

)6
]

+
∑

non − contacts

εNC

(
σNC

rij

)12

(3) 

It is further incorporated by the dihedral potential, εFD(ϕ):

εFD(ϕ) = ε(1 − cosϕ) +
ε
2
(1 − cos 3ϕ); (4) 
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with variables defined as εr = 50 ε0, εθ = 40 ε0, εχi = 10 ε0, εχp = 40 ε0, 

εNC = 0.1 ε0, σNC = 2.5 Å, and ε0 = 1.

To calculate a simulated map, each atom in the model was represented by 

a Gaussian function with a width of 5.0 Å and a truncated tail at 1% of the 

peak value. The SAXS-filtered PDB files, representing the definitive 

models of the large RNA clusters, were converted into mrc-formatted 

maps using ChimeraX version 1.8 and subsequently transformed into sit 

files with Situs (33,39). The SAXS envelopes provided a spatial constraint 

for the all-atom models to undergo folding while adjusting atom-to-atom 

distances, bond lengths, and bond angles. MDfit, compiled with FFTW, 

was used to enable the RNAs to fit within the SAXS envelope. We utilized 

the MDfit-modified version of GROMACS (version 4.5.5) to perform MD 

simulations (40–42). The simulations were conducted for 200,000 iterations 

with a timestep of 0.002 in reduced units (40–42).

RESULTS AND DISCUSSION

DENV2 UTRs are homogeneous and bind at the 

low nanomolar range

To obtain DENV2 5′ and 3′ UTR RNAs, we performed 

in vitro transcription and purified the synthesized RNA us

ing SEC. DENV2 UTRs were successfully purified, eluting 

in a typical Gaussian profile with 3′ UTR capping absor

bance detectors from 8.5 to 11.5 mL. In comparison, the 

5′ UTR eluted from 12.0 to 14.0 mL (Fig. S1). An RNA 

of similar size to the 178 nucleotides of the 5′ UTR was 

observed eluting at approximately 11 mL by Kim et al., sug

gesting that the observed elution volumes fall within the 

reasonable range for RNAs of that size (43). Sample quality 

was assessed using agarose gel electrophoresis (Fig. S1, 

inset), which showed homogeneous and monomeric RNA. 

An additional set of mutant RNAs was transcribed and pu

rified in a similar manner (Fig. S1 C). Minimal changes in 

behavior were observed in SEC or nondenaturing gels for 

this RNA (Fig. S1, inset).

Next, we employed SEC-MALS to further confirm the 

quality of the transcribed RNAs, determine their molecular 

weights (Mw), and assess their homogeneity in solution. 

This technique holds significant value for the biophysical 

characterization of RNA molecules in solution (44–46). 

Values of 57.93 5 3.1 kDa and 161.20 5 2.7 kDa were 

calculated from the scattering data for the 5′ and 3′

UTRs, respectively (Fig. 1 A and B). These values align 

well with the expected molecular weights (Mw) for the 

RNAs, as calculated from their theoretical sequences 

(57.4 kDa and 159.6 kDa, respectively). This indicates 

that the UTR RNAs were monomeric and exhibited mini

mal to nondetectable degradation or oligomerization, con

firming that monodisperse monomeric molecules were 

used for all subsequent studies. Upon confirming the ho

mogeneity of the sample, we investigated the RNA-RNA 

interaction between the 5′ and 3′ UTRs. We demonstrated 

that the absolute molecular weight of the complex is 

209.0 5 19.0 kDa (Fig. 1 C). This value falls within an er

ror range of the expected value (217.0 kDa) for a 1:1 stoi

chiometric ratio of the 5′ and 3′ UTR in the complex. A 1:1 

ratio is expected due to the 5′-3′ UTR interaction and its 

role in cyclizing the genome for replication (8,9,47). To 

the best of our knowledge, this is the first experiment 

demonstrating that the interaction between the DENV 5′

and 3′ UTRs follows a 1:1 stoichiometry. This result also 

aligns with recent work on the cyclization of the Japanese 

encephalitis virus (JEV) genome, showing that this RNA- 

RNA interaction upholds a 1:1 interaction stoichiometry 

in vitro (18).

Subsequently, the binding affinity between DENV UTRs 

was determined using MST. Although the affinity of the 

cyclization interaction has previously been determined to 

be 8 nM by electrophoretic mobility shift assay, this bind

ing affinity has not yet been described with an orthogonal 

and more robust method (9). MST has been identified as 

an ideal method for quantifying and measuring RNA- 

RNA interactions and was previously used to characterize 

the binding affinity of the JEV cyclization interaction 

(18,20). We demonstrated that the KD value for the interac

tion between the terminal regions of DENV is approxi

mately 40 nM (Fig. 1 D). This aligns with previously 

reported values for the viral family as the cyclization of 

the JEV terminal regions were shown to have a KD of 

60 nM, whereas the cyclization of WNV was determined 

to have a KD value of 32 nM (18,48). Our experiments 

align well with these values, as well as with previous 

work on the dengue viral terminal regions, where a KD 

value of 8 nM was identified (9,49). Additionally, we con

ducted a study to determine if the binding identified was 

exclusively linked to the CS or if other sequences and 

structural elements were involved. We designed a mutant 

of the DENV2 5′ CS by rearranging the bases and altering 

its complementarity to the DENV 3′ UTR cyclization 

sequence. As a result, the binding was undetectable 

through MST (Fig. 1 D), confirming that the CS ultimately 

governs the association within DENV2 UTRs.

The cyclization of the DENV2 genome is a complex 

process that involves distal complementary sequences 

and cis-acting structural elements to support viral replica

tion. In addition to both CSs, work on six different 

DENV2 isolates identified a high degree of conservation 

in the initial 300 nucleotides (50), which includes the 

full length of the 5′ region and almost the entire capsid 

protein-coding region. Furthermore, this research demon

strated that long-range RNA-RNA interactions between 

capsid-coding RNA and the duplicated dumbbell are crit

ical for initiating genome cyclization. Meanwhile, utiliz

ing a complete DENV2 sequence in a cellular system, a 

previous study demonstrated that the CSs are essential 

but not sufficient to maintain a circularized genome 

without the support of other elements, particularly the 5′

and 3′ UTRs (UARs) (9). Our in vitro binding studies 

meticulously examined the impact of exclusively disrupt

ing the 5′ CS and the resultant biophysical effects on 

RNA-RNA interactions, thus reinforcing the notion that 

Robinson et al. 

Please cite this article in press as: Robinson et al., Structural dynamics of dengue virus UTRs and their cyclization, Biophysical Journal (2025), https://doi.org/ 

10.1016/j.bpj.2025.09.004

4 Biophysical Journal 124, 1–16, November 4, 2025



the CS is vital and that these RNAs cannot interact if the 

CS sequence is disrupted.

Structural characterization of DENV UTRs in 

solution

Due to the flexible nature of RNA-RNA complexes, struc

tural characterization through traditional methods, such as 

cryo-electron microscopy and x-ray crystallography, is 

extremely challenging. For this reason, we chose to use 

size-exclusion chromatography coupled with small-angle 

x-ray scattering (SEC-SAXS) to obtain structural insights 

into DENV2 UTRs. SAXS is a low-resolution biophysical 

technique that provides valuable structural insights into 

RNA shape and conformation in solution (16,18,51–54). 

The elution profile for all studied RNAs demonstrated a sin

gle peak that was further analyzed (Fig. S2). The raw data 

for the 5′ UTR, 3′ UTR, and 5′-3′ complex (Fig. 2 A) 

were used to generate Guinier, Kratky, and P(r) plots. The 

Guinier analysis was used to assess the quality of the 

collected data. Due to this and the Gaussian nature of the 

largest peak on the SEC trace, we were confident that only 

or almost only 5′-3′ complex was present in the frames 

selected for analysis and proceeded accordingly. First, this 

analysis was used to determine the initial intensity (I(0)) 

and radius of gyration (Rg) values for each molecule 

(Table S2) (55,56). Subsequently, each plot was subjected 

to a linear regression. These linear regressions (Fig. 2 B), 

showed an absence of any upward or downward swing at 

the low-q range, indicating that the samples were free of ag

gregation and repulsive interparticle interactions that could 

affect the solution scattering profiles (57,58). Additionally, 

the overall linear nature of the points (Fig. 2 B) reinforced 

the monodispersity of the samples as previously shown us

ing SEC-MALS. The quality of the fit between the linear 

regression and the plotted data served as an initial check 

to confirm the quality of the data (58–60). Next, using a 

dimensionless Kratky analysis, we assessed the folding of 

each molecule (60). After reaching a near-maximum, each 

of the three data sets exhibited a plateau-like distribution 

on the dimensionless Kratky plot (Fig. 2 C). This is indica

tive of an extended but folded conformation for all three 

RNAs, which agrees with the nature of noncoding RNAs 

as being extended and anisotropic molecules. Finally, we 

generated a pair distance distribution function (P(r)) that al

lowed for the calculation of reciprocal-space information (I 

(0) and Rg) and their maximum dimensions (Dmax). The P(r) 

curves form symmetrical Gaussian distributions, which 

A B

C D

FIGURE 1 Purification and biophysical analysis of DENV 5′ and 3′ UTRs and their complex. Size-exclusion chromatography combined with multiangle 

light scattering (SEC-MALS) showed the absolute molar weight distribution for the 5′ UTR (A), 3′ UTR (B), and the 5′-3′ complex (C), displaying their 

respective elution profiles along with light scattering (blue), molar mass (black), and refractive index (yellow) signals. (D) Binding curves for DENV 

UTRs were obtained through microscale thermophoresis (MST), measuring the concentration versus fraction bound of the wild-type 5′-3′ complex (purple) 

compared with the 5′ cyclization mutant with the wild-type 3′ UTR (blue). MST experiments were performed in triplicate.
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corroborates the Kratky analysis and indicates that the mol

ecules are elongated and anisotropic (Fig. 2 D). The molec

ular shape of our datasets was observed before as described 

(61). Additionally, the DENV2 3′ UTR (187.77 Å) has a 

larger Dmax than the 5′ UTR (107.38 Å), as expected due 

to its larger length. Similarly, the complex (220.05 Å) pre

sented a more extended molecule than the components 

alone.

Three-dimensional structures of DENV UTR 

revealed a dynamic arrangement of RNAs

The ab initio models for each molecule were generated from 

the P(r) curves using DAMMIN, followed by the derivation 

of an averaged filtered ab initio model utilizing DAMAVER. 

Overall, DAMMIN models align well with the P(r) informa

tion, as indicated by the low average χ2 values of 1.125 and 

1.040 for 5′ and 3′ UTR, respectively (Table S2). 

DAMAVER describes how well each model fits with the 

rest through the NSD parameter. NSD measures the quanti

tative similarity of overlapping molecules through three- 

dimensional points. It is determined by aligning two models 

and comparing the minimum distances between points in 

each model to assess dissimilarity. For the 5′ UTR, given 

its small length, all models were averaged and filtered, re

sulting in an NSD of 0.835 for all models (Table S2). This 

suggests a good agreement between the averaged structural 

representation and all individual 5′ UTR models. Fig. 3 A 

displays the filtered and averaged representative for the 5′

UTR. We have arbitrarily applied a Left and Right Arm la

bel to the SAXS envelope for ease of reference. DENV 5′

UTR has an elongated RNA structure that is similar to other 

viral RNAs of comparable length (17,18,62). However, it 

shows a slight difference in the Left Arm, indicating a 

branched structure. Unsurprisingly, this branched structure 

was also characterized in DENV1 through high-resolution 

NMR spectroscopy and was described as an L-shaped struc

ture (63). This structure encompasses the top and side of the 

5′ stem-loop A (SLA), which is crucial for interacting with 

the viral polymerase NS5 to initiate viral RNA synthesis 

(64). Subsequently, we applied secondary structure con

straints derived from probing techniques (14) to input data 

for calculating representative three-dimensional models. 

The secondary structure of the 5′ UTR is illustrated 

in Fig. 3 B, highlighting the SLA structure in black and 

the 5′ conserved sequence in green. A total of 2000 

A B

C D

FIGURE 2 In-solution biophysical analysis of DENV RNAs using small-angle x-ray scattering. (A) Merged scattering data for the 5′ UTR (yellow), 3′

UTR (pink), and the 5′-3′ complex (blue) show the scattering intensity (log I(q)) plotted against the scattering angle (q = 4πsinθ/λ). (B) Guinier plots 

are used to determine the radius of gyration (Rg) from the low-angle region and assess the homogeneity of the samples. (C) Dimensionless Kratky plots 

(I(q)/I(0) × (q × Rg)2 versus q × Rg) illustrate the elongated, non-Gaussian shape of the curve, which levels off into a plateau. (D) Normalized pair distance 

distribution plots facilitate the determination of the real-space Rg derived from the SAXS data set, including the Dmax for each molecule.
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coarse-grained three-dimensional models were generated 

using SimRNA. The best-fitting models were evaluated by 

calculating the NSD of the coarse-grained structures that 

overlapped with the SAXS envelopes (Fig. 3 A). The NSD 

values for all studied models are highlighted in Table S3. 

These values indicated minimal or nonsignificant discrep

ancies in both coarse-grained and SAXS models before 

MD simulations. Selected models (based on lower NDS 

and visual inspection) were then subjected to all-atom, 

structure-based modeling using MD to optimize their fitting 

within SAXS envelope constraints better.

To enhance the fitting, we employed MDfit-GROMACS, 

which facilitated folding of the simplified coarse-grained 

models within their respective electron density profiles. 

Two selected coarse-grained models (A and B) of the 5′

UTR, which demonstrated low NSD values compared with 

their SAXS envelope, underwent all-atom, structure-based 

modeling. A simulated map was created, and its correlation 

with the SAXS envelope was integrated into the potential 

energy function. These simulations were conducted over 

200,000 steps to produce optimized models. Those all- 

atom models that depicted lower NSD values when superim

posed with their SAXS envelope were further selected. The 

selected models exhibited lowered NSD values of 0.981 and 

0.886 before MD for Model A and Model B, respectively 

(Table S3). After MD simulations, the two selected models 

exhibited NSD values of 0.813 and 0.846 for models A and 

B, respectively. These values indicated minimal or nonsig

nificant discrepancies in both coarse-grained and SAXS 

models, both before and after MD simulations. We apply 

FIGURE 3 Structural characterization of DENV 5′ UTR. (A) The averaged low-resolution structure of the DENV 5′ UTR, determined using DAMAVER 

SAXS, displays an elongated, asymmetrical, and extended shape with a maximum length of 107.0 Å. (B) A secondary structure model for the DENV 5′ UTR 

is shown, highlighting the stem-loop A (SLA, depicted in black) and the cyclization sequence (CS, depicted in green). (C) All-atom, structure-based models 

of the DENV 5′ UTR were built. The fit of the computational models to the SAXS envelope was evaluated by calculating the normalized spatial discrepancies 

(NSD); the NSD values were 0.813 for model 1077 and 0.846 for model 1959.
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an additional series of definitional fitting parameters using 

ChimeraX 1.8 to assess the coarse-grained, all-atom struc

tures fitting within the SAXS envelope and its correlation 

with the electron density map. Models A and B exhibited 

correlative fit values of 0.8628 and 0.8638, respectively, 

and ‘‘Fit-in-Map’’ values of 0.8787 and 0.8828, respectively, 

which demonstrated a strong correlation and a high degree 

of fit between the SAXS envelope and the all-atom, struc

ture-based models (Fig. S3) (65).

Although each MD simulation does not represent a 

unique solution, nor is guaranteed to be a conformation 

consistently adopted by the 5′ UTR, we believe that insight 

can still be gained through examining the different confor

mations that the 5′ UTR can adopt within the density of 

our SAXS model. Model A illustrates the secondary struc

ture of the SLA in black (Fig. 3 C), situated at the left- 

branched domain of the SAXS structure, as previously 

discussed.

In contrast, the 5′ CS, in green, is located at the opposite 

end of the envelope. This L-shaped configuration may 

facilitate the binding of the NS5 protein before synthesiz

ing the negative strand of the viral genome. On the other 

hand, model B represents a structure where the SLA is in 

a linear, extended region without any branched domain 

(Fig. 3 C). In this model, 5′ CS is positioned at the center 

of the left-branched envelope, making it less accessible 

for binding with the 3′ CS. Overall, these two models illus

trate different structural arrangements for the 5′ UTR, 

which consequently influence the cyclization mechanism. 

Model A aligns well with the common understanding 

that the SLA forms an L-shaped structure, allowing the 

cyclization sequence to be more readily available for bind

ing with the 3′ CS. Notably, another study has shown that 

Flavivirus evolution has developed a Y-shaped topology 

in its 5′ UTR, and this region directly influences viral path

ogenesis (66). In contrast, model B presents a less conven

tional arrangement where the 5′ CS is ‘‘protected,’’ and the 

SLA is linear. This suggests that the 5′ UTR could surround 

the 5′ CS in a manner that prevents nonspecific binding, 

subsequently inhibiting the replication of DENV. This 

would be an interesting model to investigate using sin

gle-molecule techniques such as fluorescence resonance 

energy transfer.

Considering the size and structural complexity of the 3′

UTR and 5′-3′ UTR complex, we decided to cluster 

DAMMIN models to obtain a more accurate representa

tion of the structural conformations using DAMCLUST. 

This program is primarily used to cluster multiple bead 

model reconstructions generated from SAXS data, which 

demonstrate a similar overall structure but exhibit some 

heterogeneity (67). The analysis of DENV 3′ UTR struc

tures was grouped in four prominent clusters accounting 

for Cluster 1 (C1, 34%), C2 (24%), C3 (12%), and C4 

(8%) of the total models (Fig. 4 A). In each case the 

DAMCLUST software selected the model that was most 

representative of the cluster of similar models based on 

NSD values. A visual inspection was also performed on 

each model, using ChimeraX, to ensure that they make 

sense and overlap with the SAXS envelope. Clusters 

that represented less than 5% of the total models were 

not shown. Identifying distinct clusters for the 3′ UTR 

demonstrates its flexibility, highlighting the multiple con

formations it can adopt. However, several similarities can 

be observed between them, such as their relatively 

compact structure with a central protrusion. Although 

DENV and JEV belong to the mosquito-borne flaviviruses 

and share equivalent structures in their 3′ UTR (68), our 

study highlights structural differences in DENV confor

mation when compared with those previously reported 

for the JEV 3′ UTR (18). Although all DENV conforma

tions have middle protrusions and less-extended structures 

(187.0 Å), JEV structures have protrusions closer to the 

RNA horizontal extremities and a very elongated structure 

(345.0 Å). In previous studies, researchers failed to obtain 

a unique SAXS envelope representing the topological 

structures for DENV, ZIKV, and WNV 3′ UTRs (69). 

Our study also does not provide a single representation 

for DENV 3′ UTR. Instead, we acknowledge the innate 

plasticity of this RNA and provide a clustered consider

ation encompassing several of the likely ab initio repre

sentations and conformations it can adopt.

Next, we utilized constraints from secondary structures, 

as represented in Fig. 4 B (14), to calculate three-dimen

sional structures for DENV 3′ UTR using SimRNA, as 

was done for the 5′ UTR. After this, MD simulations 

were conducted for 200,000 steps to generate optimized, 

all-atom structure-based models. The overlap of these 

models with their respective SAXS envelopes was as

sessed using the DAMSUP tool, and an NSD value was 

calculated before and after MD simulation (Table S3). 

As illustrated in Fig. 4 B, the 3′ UTR does not have a 

polyA tail and features repeated structures, which include 

two stem-loops (SLI and SLII, in blue), two dumbbells 

(DBI and DBII, in gray), a short hairpin (sHP), and a third 

stem-loop (SLIII, in purple), as previously reported (68). 

The calculated NSDs for Cluster 1 Model A (C1-A), 

C2-B, C3-C, and C4-D are 0.838, 0.804, 0.770, and 

0.785, respectively, which indicates a strong fit. Further, 

all-atom, structure-based modeling of the coarse-grained 

models improved the correlative fit and ‘‘Fit-in-Map’’ 

values of the 3′ UTR models, demonstrating a strong de

gree of fit with values above 0.85 (Fig. S3). The Cluster 1 

Model A featured an elongated linear structure in the left 

arm that accommodates the duplicated SLI and SLII. In 

contrast, the dumbbells are centrally located in a compact 

curved shape, followed by the sHP SLIII in the right arm 

(Fig. 5 A). Additionally, the 3′ CS is exposed at the sur

face, surrounded by sHP SLIII, which consists of an 

almost complete double-stranded RNA. This further indi

cates the absence of nearby regulatory single-stranded 
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sites adjacent to the CS in Cluster 1 Model A. A prior 

study revealed that the duplicated dumbbells contain se

quences that overlap with the 3′ UTR CS, thereby impair

ing viral replication (70). Although these structures are 

nonunique in nature and the fit between the MD simula

tions and SAXS models can only be evaluated at the 

low resolution of the SAXS models, these results are the 

first of their kind to suggest the unique evolution of these 

RNA structures in modulating viral replication across 

different hosts.

The following models (Cluster 2 Model B and Cluster 3 

Model C) illustrate a new rearrangement of the DENV 3′

UTR, where the duplicated stem-loops are positioned on 

the right side of the envelope, and the sHP SLIII is situated 

on the left side. Although the 3′ CS is more exposed in Clus

ter 2 Model B (Fig. 5 B), the spatial distance between the 

two models suggests that there may be no direct regulation 

of the CS. In Cluster 2 Model B (Fig. 5 C), the 3′ CS is sur

rounded by the sHP SLIII, making it inaccessible for regu

lating DBI and DBII. Interestingly, Cluster 4 Model D 

34

24
12
8

A

B

FIGURE 4 Structural investigation of DENV 3′ UTR. (A) A clustering analysis of the DENV 3′ UTR was performed using DAMCLUST. One hundred 

DAMMIN models were grouped into clusters based on structural similarities, represented as percentages. Four predominant clusters were identified. This 

analysis highlights the structural flexibility of the various conformations adopted by this RNA. (B) A secondary structure model of the DENV 3′ UTR is 

shown. The model emphasizes the duplicated stem-loops (SLI and SLII, shown in blue), the duplicated dumbbells (DBI and DBII, shown in gray), and 

the short hairpin and stem-loop three (sHP/SLIII, shown in purple).
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highlights the proximity of the apical loop of DBII to the 

exposed 3′ UTR CS (as indicated by the dashed lines in 

Fig. 5 D). This helps affirm a model for the tight regulation 

of viral replication wherein UTR structures influence viral 

lifecycle as formerly explained by CS mechanistic studies 

(70). Additionally, this model features a curved stem-loop 

in the left arm of the SAXS envelope, along with a 

condensed dumbbell structure located in the center. The 

sHP SLIII fits into a protrusion on the right side of the enve

lope. In summary, these models offer a potential explanation 

for how different structural states can influence viral replica

tion through its CS. However, multiple host factors, 

specifically RBPs, could contribute to this structural config

uration. Identification of these putative regulatory sites sets 

the stage for pulldown experiments to identify binders to 

these very specific regions of the UTRs, to discover novel 

proteins that may play a key role in regulating viral 

replication.

Structural plasticity of DENV UTRs in complex 

provides insight into the viral replication 

mechanism

We sought to better understand the SAXS structural confor

mations for the complex by collecting data from a 1:1 

mixture of the 5′ and 3′ UTR solutions. Due to its size 

and subsequent flexibility, we generated 100 DAMMIN 

models of the 3′ UTR and then clustered them using 

DAMCLUST (Fig. 6). We identified four main clusters 

that accounted for 62% of the models. This included Com

plex I (25%), Complex II (23%), Complex III (12%), and 

Complex IV (12%). Clusters representing less than 10% 

of the total data were discarded. We observed a significant 

conformational change when the DENV UTRs formed a 

complex. This complex displayed reduced flexibility and a 

noticeably linear extended domain branched at the center 

of the envelope.

FIGURE 5 Optimized coarse-grained models for DENV 3′ UTR. Representative models showing better overlap within clustered SAXS models for the 

DENV 3′ UTR were analyzed. A total of 2000 SimRNA models were generated by applying secondary structure constraints. These models were then 

screened for the best fit using the NSD, followed by all-atom, structure-based modeling with MDfit-GROMACS molecular dynamics simulations. The calcu

lated NSD values after the simulations were 0.838 for Cluster 5 with Model 1446 (A), 0.804 for Cluster 41 with Model 957 (B), 0.770 for Cluster 62 with 

Model 1030 (C), and 0.785 for Cluster 85 with Model 978 (D).
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Additionally, a right arm was consistently seen in com

plexes II, III, and IV, whereas in Complex I, this arm was 

located at the left end of the envelope. A previous study con

ducted an RNA-RNA biophysical characterization of JEV 

UTRs, revealing a significantly extended structure (410 Å) 

with notable differences in the central pockets and terminal 

protrusions (18). The UTRs of DENV and JEV share some 

similarities as members of the Flavivirus genus but exhibit 

notable differences in their structures and functions. JEV 

has a 300-nucleotide variable region at the beginning of 

the 3′ UTR, forming four stem-loop structures (SLI— 

SLIV), which are characteristic of encephalitic flaviviruses 

(71). In contrast, DENV’s 3′ UTR lacks these specific 

encephalitic flavivirus-associated structures and only forms 

SLI and SLII. Collectively, these differences in sequence 

and structure account for the unique features observed in 

the SAXS envelopes of DENV and JEV. To our knowledge, 

this is the first structural and biophysical investigation of 

DENV UTRs in cyclization to have been published to date.

Due to the low resolution of SAXS models, it is unreason

able to determine the orientation of the molecules and the 

domains involved in binding solely based on the three- 

dimensional envelope. To gain more structural insights 

into DENV cyclization, we performed MD simulations. 

MDfit was used in a comparable manner to that employed 

for both the 5′ and 3′ UTRs. However, there were no avail

able secondary structure constraints for this RNA-RNA 

complex to define orientation and directionality. Based on 

our MST data, we anticipated that the interaction between 

both CSs is essential for forming the RNA-RNA complex.

Additionally, a preliminary study elucidated that UAR 

basepairing is necessary for the trans-initiation activity of 

the viral polymerase NS5, which initiates genome replica

tion (8). To address this, we designed a unique secondary 

structure profile for a co-fold between the 5′ and 3′ UTRs 

as a single molecule. This, in turn, mimics a full-length viral 

genome during replication. We maintained their known sec

ondary structure properties and all cis-acting elements that 

were previously demonstrated to be critical for genome 

circularization while incorporating mandatory constraints 

for viral cyclization, such as the CS and UAR basepairing. 

Four thousand coarse-grained SimRNA models were gener

ated, and the models that demonstrated best fits (based on 

NSD before MD and visual inspection) were further opti

mized through MD simulations, with NSD calculated using 

DAMSUP.

The best model for each complex is illustrated in Fig. 7

with NSDs for Complex I Model A being 0.833, Complex 

II Model B being 0.824, Complex III Model C being 

0.808, and Complex IV Model D being 0.937, as demon

strated in Table S3. All-atom, structure-based modeling 

additionally improved the correlative fit and ‘‘Fit-in-Map’’ 

values of the complexes’ models, creating a high degree 

of fit with values above 0.8 (Fig. S3). The 5′ UTR is repre

sented in orange. At the same time, the DENV 3′ UTR is 

shown in purple, and the CS sequences are in green. The 

FIGURE 6 Low-resolution structural analysis of the DENV 5′-3′ UTR complex. A clustering analysis of the DENV 5′-3′ UTR complex was conducted 

using DAMCLUST. A total of one hundred DAMMIN models were grouped into clusters based on their structural similarities, represented as percentages. 

Four main clusters were identified.
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branched L-shaped domain of the 5′ UTR compacts when 

basepairing occurs within the CSs and UARs. Complex I 

Model A (Fig. 7 A) exhibited a more distinctive structure, 

characterized by a long overlapping region observed within 

the 5′ and 3′ UTR, which extends from the center to the bot

tom right side of the model. As seen in the previous models, 

the central protrusion primarily accommodates a branched 

3′ UTR. Complex I Model A showed a good dimensional 

fit within the SAXS envelope, with only a minimal dou

ble-stranded region left uncovered.

Due to the indeterminate resolution of the SAXS models, 

the volume map could be expanded to encompass this loop- 

like structure. However, we use the same volume map for all 

SAXS models to maintain consistency and provide room for 

the RNAs’ dynamic conformational flexibility to perform in 

solution (72,73). In Complex II Model B (Fig. 7 B), the 5′

and 3′ UTRs have minimal overlapping points, with a small 

loop in the 3′ UTR located at the right end. Instead of the 

boomerang shape, the 3′ UTR exhibited a curved structure 

that is bidirectionally branched at the middle protrusion. A 

boomerang-like shape was observed for the 3′ UTR in Com

plex III Model C (Fig. 7 C), which extended from the left 

end of the SAXS envelope to the middle protrusion. There 

were minimal overlapping points between the 5′ and 3′

UTRs, whereas the CS hybridization is at the structure’s 

core. SAXS dimensions for both RNAs generally aligned 

FIGURE 7 Optimized coarse-grained models generated for the DENV 5′-3′ UTR complex. We examined representative models that showed better overlap 

within clustered SAXS models for the DENV 5′-3′ UTR complex. A total of 4000 SimRNA models were created, preserving key secondary structures and 

incorporating a cyclization sequence along with a UAR basepair, which served as an additional constraint for the co-fold model. The best coarse-grained 

models were then assessed for the optimal fit using the NSD, followed by all-atom, structure-based modeling with MDfit-GROMACS molecular dynamics 

simulations. The calculated NSD values after the simulations were as follows: 0.808 for Cluster 8 with Model 2731 (A), 0.824 for Cluster 9 with Model 3674 

(B), 0.833 for Cluster 16 with Model 3739 (C), and 0.937 for Cluster 23 with Model 3737 (D).
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well with the coarse-grained models, with only a few excep

tions for the top loop on the left side and UAR hybridization 

(indicated by purple and orange basepairing). Consequently, 

this shows a good fit between the models. The SAXS 

model’s dimensions for this structure also agreed with the 

coarse-grained models. Much like the Complex I Model 

A, Complex IV Model D (Fig. 7 D) also exhibits a distinc

tive structure, characterized by long overlapping regions 

within the 5′ and 3′ UTRs. In contrast, Complex IV Model 

D, as further reflected by its NSD measurement, has a 

long loop not included within the SAXS envelope, conse

quently diminishing its agreement and structural fidelity.

To gain further insights into how these models represent 

structural domains when both UTRs are cyclized, we pre

sent a zoomed-in view of the adjacent structures surround

ing the CS basepair (Fig. 8). Fig. 8 A and B depict the 

right branch of the SAXS structure, which represents an 

open structure that maintains the same 5′ SLA, 3′ sHP/SLIII, 

and UAR basepairing. Notably, the Complex I Model A fea

tures a wide-open branched structure that encompasses the 

dumbbells (gray) and SLII (light blue), suggesting a poten

tial site accommodating host or viral proteins. In contrast, 

Fig. 8 C shows that the same right branch of the SAXS struc

ture predominantly accommodates the 5′ SLA and 3′ sHP/ 

SLIII, along with their interaction through the UAR (or

ange-purple basepair), assuming a closed conformation. 

For this reason, we believe that this region is of interest as 

a potential binding site for a regulatory element. Interest

ingly, this structural transition from a closed to an open 

conformation was previously hypothesized through a de 

novo synthesis of viral negative strands (74). Although the 

precise conformational changes in RNA structures during 

cyclization and NS5 binding remain unclear, and it is un

likely that our models describe all possible conformations 

FIGURE 8 Extended depiction of the DENV 5′-3′ UTR complex, showing the detailed structural arrangement around the cyclization sequence. (A) The 

c8_model2731 presents the RNA-RNA complex in a closed form, whereas (B) c9_model3674 and (C) c16_model3739 display an open and transitional 

conformation, respectively. The 5′ UTR is shown in orange, with the SLA and 5′ CS highlighted in black and green. Additionally, the main structural domains 

of the 3′ UTR are depicted in blue, gray, and purple to illustrate the duplicated stem-loops, duplicated dumbbells, and sHP/SLIII, respectively.
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of the complex, it is plausible that these models represent 

multiple conformations that DENV UTRs might assume 

when cyclized. The mechanism by which DENV NS5 initi

ates the synthesis of the negative strand of the viral genome 

involves a combination of RNA structural elements and spe

cific interactions with NS5’s RNA-dependent RNA poly

merase and methyltransferase domains (75), along with 

unwinding secondary structure known to promote viral 

cyclization (76). NS5 binds specifically to the SLA via its 

RNA-dependent RNA polymerase domain to initiate de 

novo RNA synthesis and genome cyclization, which is 

believed to facilitate the transfer of NS5 from the 5′ SLA 

to the 3′ end initiation site (77). Although the significance 

of the SLA promoter is well established, the potential roles 

of other RNA secondary structures in fine-tuning initiation 

have not been thoroughly examined. We hypothesize that 

these three models can enhance our understanding of NS5 

binding when the DENV genome is cyclized, providing 

temporal and structural insights into other elements that sup

port viral replication. The duplicated dumbbells are relo

cated to a distal branch, forming an open clamp-like 

structure that may accommodate NS5 and potentially facil

itate the unzipping of the genome to synthesize the negative 

strand (Fig. 8 A). Subsequently, the 5′ SLA and 3′ sHP/SLIII 

are rearranged to the right arm of the SAXS envelope upon 

‘‘opening’’ the circular structure (Fig. 8 B). Finally, the 

closed model depicted in Fig. 8 C may indicate a viral 

genome that comes into proximity immediately after cycli

zation and UAR basepairing.

CONCLUSIONS

Our research combines biophysical and computational tech

niques to offer significant insights into the key interactions 

involved in DENV replication. The results from our 

comprehensive biophysical analysis show that our methods 

effectively characterize the interactions of DENV UTRs and 

measure their binding affinity in solution. We also provide a 

three-dimensional depiction of individual UTRs and the 

associated complexes, proposing a flexible and dynamic 

model to explain the organization of DENV UTRs. Addi

tionally, we have developed computational models that 

incorporate known secondary structure constraints to high

light important elements involved in viral cyclization. These 

models suggest various organizational patterns that demon

strate the plasticity of DENV UTRs and outline a temporal 

mechanism for NS5 binding before the synthesis of the 

negative strand of the DENV genome. Furthermore, in vivo 

studies on the structures of the DENV UTR and their role in 

CS basepairing and NS5 processivity are crucial for under

standing various events in the viral lifecycle, particularly 

viral replication. Ultimately, our research provides valuable 

insights into the structural organization of DENV cycliza

tion, which could contribute to the development of anti- 

DENV therapeutics.

DATA AVAILABILITY

SAXS samples are available at the Small Angle Scattering 

Biological Data Bank (SASBDB) using the following links 

(78):

5′ UTR: https://www.sasbdb.org/data/SASDXT3/gj1f8 

ku13w

3′ UTR: https://www.sasbdb.org/data/SASDXD3/vz08 

y85rhk/

5′-3′ complex: https://www.sasbdb.org/data/SASDXE3/ 

peswlglctz/
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Supplemental Figure 1 – Purification of DENV UTRs. Size-exclusion chromatography of DENV 5´ (A) and 3´ UTR (B) purification. 
Coloured boxes indicate the area where samples were gathered for further experiments to prevent any possible oligomeric species. Inlets 
depict the non-denaturing agarose gels, which demonstrate that the RNAs were pure, free of degradation and at the appropriate size 
compared to an RNA ladder.  
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Supplementary Figure 2 – SAXS elution profile for DENV 5’, 3’ and complex RNAs before processing data. 

Sup. Fig. 2
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Supplementary Figure 3 – MDfit-GROMACS Molecular Dynamics Simulation Corelative Fit Values of DENV 5′ and 3′ UTR SAXS 
Envelopes and Coase-Grained Models. (A) Represents the fitting of the DENV UTRs in their respective SAXS envelopes under MDfit 
low-energy constraints. (B) Depicts the Correlative Fit and “Fit-in-Map” values for the SAXS and superimposed coarse-grained 
models. Fitting underwent 200,000 iterations with molecular weight of the 5′ UTR measured at 3752 atoms, 3′ UTR measured at 9332 
atoms, and the 5′-3′ Complex measured at 13084 atoms. 
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Supplemental Table 1 – The sequences for all RNA used in the described experiments.  
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Supplemental Table 2 – The parameters determined for each RNA using small-angle X-ray scattering. 
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Supplemental Table 3 – NSD values are compared before and after MD simulations, using SimRNA-generated models. 

 

Model Before MD After MD
5’-model A 0.981 0.813
5’-model B 0.886 0.846

Cluster 1 – model A 1.127 0.838
Cluster 2 – model B 0.963 0.804
Cluster 3 – model C 1.084 0.770
Cluster 4 – model D 0.951 0.785
Complex I – model A 1.192 0.833
Complex II – model B 1.033 0.824
Complex III – model C 0.998 0.808
Complex IV – model D 1.157 0.937

Sup. Table 3 - NSD values

Supplementary Table 3. NSD values are compared before and after MD simulations, using SimRNA-generated models. 
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