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Abstract

The biological functions of RNA range from gene regulation through catalysis and depend 

critically on its structure and flexibility. Conformational variations of flexible, non-base paired 

components, including RNA hinges, bulges or single-stranded tails, are well documented. Recent 

work has also identified variations in the structure of ubiquitous, base-paired duplexes found in 

almost all functional RNAs. Duplexes anchor the structures of folded RNAs, and their surface 

features are recognized by partner molecules. To date, no consistent picture has been obtained that 

describes the range of conformations assumed by RNA duplexes. Here, we apply wide angle, 

solution x-ray scattering (WAXS) to quantify these variations, by sampling length scales 

characteristic of helical geometries under different solution conditions. To identify the radius, 

helical rise, twist and length of dsRNA helices we exploit molecular dynamics generated 

structures, explicit solvent models and ensemble optimization methods. Our results quantify the 

substantial and salt-dependent deviations of double-stranded (ds) RNA duplexes from the assumed 

canonical A-form conformation. Recent experiments underscore the need to properly describe the 

structures of RNA duplexes when interpreting the salt dependence of RNA conformations.
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INTRODUCTION

RNA’s functions, conformations and dynamics are encoded in molecular sequences and 

regulated by environments and binding partners such as other RNA domains, proteins and 

metabolites. These functions are intimately related to structure. The most recognizable 

aspect of RNA structure is the short duplex, stabilized by base pairing between two 

antiparallel strands. Because RNA duplexes resemble the A-form of dsDNA found in 

crystallographic studies near the end of last century1,2, they have been assigned an A-form 

structure, which is shorter and wider than the canonical B-form of most dsDNA. 

Interestingly, significant variation from the A-form has been observed in NMR3 or crystal 

structures.

The hierarchical nature of RNA structures suggests that dsRNA duplexes serve as important 

building blocks of more complex RNAs, specifically those with tertiary structures and folds. 

Efforts to ascertain the degrees of structural freedom have so far focused primarily on the 

conformations of non-base paired, flexible RNA junctions, bulges and single-stranded (ss) 

tails, often flanked by dsRNA duplexes, as they would be found in biology. The following 

studies have substantially extended our knowledge of flexible RNA components or the 

topology of connectors that join duplexes and contributed insights to our understanding of 

the RNA folding problem. Chu et. al. investigated the conformational biases of single and 

double stranded (polyethylene-glycol) junctions by incorporating tertiary contacts on RNA 

duplexes4. Daher et. al. focused on RNA stability and functionality by varying junction or 

bulge designs5. Shi et. al. determined conformations from a bulged RNA duplex from X-ray 

scattering interferometry6. High-throughput thermodynamic analyses of RNA junctions 

reveal conformational preferences within RNA stems of various lengths7. In addition to 

sequence and architecture, RNA conformational subtleties can also be induced by changing 

ionic conditions8. A main conclusion of this work focusing on flexible RNA regions 

suggests that they serve to preposition tertiary contacts for engagement.

Here, we identify another important consideration in the orientational positioning of RNA 

structures: conformational variation of fully base-paired dsRNA duplexes. Recent work 

reports the structural subtleties of dsRNA9 and their potential impact on tertiary contact 

formation. A length variation of dsRNA duplexes was found to be mediated by divalent and 

multivalent ions10. Partial folding of a well-studied RNA domain (P4-P6 from the 

Tetrahymena ribozyme) and a variant, was attributed to the misalignment of tertiary contacts 

resulting from non-native helical orientation11.

Wide-angle X-ray scattering (WAXS) experiments report structural variations on length 

scales of ~10 Å, shorter than their counterpart small angle x-ray scattering (SAXS), and are 

straightforward to set up. Because the helical features (e.g. width and periodicity) of dsRNA 

duplexes are on this length scale, WAXS is an ideal probe of their structures. For example, 

any disruption of structural periodicity results in measurable changes in WAXS profiles. 

SAXS or WAXS data can be qualitatively interpreted by focusing on changes of the 

scattering profiles or quantitatively interpreted by fitting high-resolution structural models to 

the data. The latter is more informative, but can suffer from many challenges, such as 

overfitting, lack of validation and failure to account for experimental errors12.
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Unconstrained MD simulations have been applied to provide quantitative structural 

information about systems containing RNA, providing insightful results in solvent-RNA 

interactions13, the varied flexibilities of dsRNA and dsDNA duplexes14,15 and the salt- and 

sequence-dependent rigidity of dsRNA16. To compensate for imperfect force fields, 

experimental data have been used as a restraint, to refine conformations from unbiased MD 

simulations. Many studies have exploited this approach, applying different refinement 

methods and optimization algorithms17–22, yet may still be subject to the challenges and 

problems mentioned12. Here, we revise and improve this approach to identify the 

conformations of dsRNA duplex in different salt conditions, with a focus on addressing 

these challenges. We begin with MD generated structures of unconstrained duplexes, then 

use the theory of three-dimensional reference interaction site model (3D-RISM) to model 

the explicit solvent and ions around the dsRNA duplex for accurate calculation of the small- 

and wide-angle X-ray scattering (SWAXS) profiles. Finally, we apply ensemble optimization 

to identify those dsRNA structures which best recapitulate the experimental measurement, 

using 5-fold cross validation (CV) and tests on different signal-to-noise ratios (S/N) to 

support the robustness of our results. We find that duplex structures deviate substantially 

from canonical A-form geometries in a salt dependent manner. The forms assumed by these 

RNA helices are more diverse in KCl than in MgCl2 solutions. Unlike DNA duplexes, whose 

conformations appear independent of salt over conditions probed here, the variability of 

dsRNA duplex in vitro must be accounted for when modeling the conformational dynamics 

of RNA, due to substantial deviations from the assumed rigid and fixed forms of a right-

handed A-form helix.

MATERIAL AND METHODS

RNA and DNA Samples and SWAXS Measurements

Two mixed-sequence RNA duplexes of lengths 12 and 25 base-pairs (bp) (RNA12 and 

RNA25 respectively) were used for this study. The sequence for RNA12 is adopted from one 

helix of the helix-junction-helix construct of Ref8 : CCU CCU AAU CGC and its 

complement. The sequences for RNA25 and DNA25 are adopted from previous 

studies9,10,24: GCA UCU GGG CUA UAA AAG GGC GUC G, and its complement; for 

DNA, T replaces U.

Sample acquisition and preparation procedures were described in Ref25. All samples 

employed to measure variations as a function of monovalent salt concentration are held in 

buffers containing 10 mM potassium 3-(N-morpholino) propanesulfonic acid (K-MOPS) and 

20 μM Ethylenediaminetetraacetic acid (EDTA). Samples for the divalent salt series 

contained an additional 100 mM KCl background. The RNA25 sample was buffer 

exchanged into solutions containing additional salts: 100 mM NaCl, 400 mM KCl and 10.0 

mM MgCl2. The RNA12 sample was buffer exchanged into solutions containing 30, 50, 

100, 200, 500 mM KCl and 0.25, 0.5, 1.0, 5.0 mM MgCl2. Flow throughs were monitored 

during dialysis, and the total loss of RNA in both samples was less than 3%. Final RNA 

concentrations were between 600 and 1100 μM and samples were diluted further, if 

necessary, at the beamline. Different sample concentrations (100, 150 and 250 μM for 
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RNA25 and 200, 400, 600 μM for RNA12) were tested to achieve the optimal S/N without 

radiation damage.

Small-and-wide angle x-ray scattering experiments were conducted at the Cornell High 

Energy Synchrotron Source (CHESS) beamline G1 using two different experimental setups. 

The scalar value of the X-ray momentum transfer q is defined as q = (4π/λ) × sin(2θ/2), 

where λ is the incident X-ray wavelength and 2θ is the scattering angle. Scattering profiles 

from RNA25 samples were recorded on an EigerX 1M detector (Dectris AG, Switzerland) 

with a sample-to-detector distance of about 0.43 meters, to achieve a q range of 0.0312 to 

1.7223 Å−1. SAXS and WAXS profiles of RNA12 samples were acquired simultaneously 

using two PILATUS 100K detectors (Dectris AG, Switzerland) with sample-to-detector 

distances of 1.7 (SAXS) and 0.45 (WAXS) meters. The SAXS and WAXS profiles were 

matched in regions of overlapping q: from 0.210 to 0.271 Å−1. These coupled measurements 

recorded data over a q range from 0.008 to 0.786 Å−1, with a minimum correlation length of 

dmin = 2π
qmax

= 8.00   Å. The SWAXS profiles were integrated and averaged from two sets of 

20, 10-second exposures. Real-time SWAXS analysis was performed with the RAW26 

software package. Measurements for each sample-salt combination were repeated twice 

within each beamtime and repeated during other beamtimes to ensure reproducibility (see 

Figs. S8–S9). For the WAXS data, a solid angle correction was used to account for the flat 

detector panel. We scaled and averaged all the scattering profiles acquired, using CorMap27 

to assess radiation damage and to assure appropriate scaling. We observed systematic shifts 

at low-q due to inter-particle interactions mediated by ionic strength24; data below q = 0.1 Å
−1 were discarded to ensure the absence of these effects. In-house MATLAB scripts were 

employed for off-line, detailed SWAXS data processing.

Extended Ensemble Optimization Method with 5-fold Cross Validation

The Ensemble Optimization Method17,18 (EOM) has been applied to selectively refine 

conformations from structural pools modeling SAXS data. EOM has achieved success for 

flexible systems20,28–32, bimodal systems25 and others. However, the following major 

caveats must be resolved before applying traditional EOM to SWAXS profiles. First, EOM 

depends explicitly on the program CRYSOL33 to account for the hydration shells of 

biomolecules. Although effective for computing the scattering profiles of proteins in the 

small angle regime, CRYSOL uses simplified description of solvents and does not accurately 

compute solvent contributions at higher angles. In addition it ignores the ion atmosphere of 

nucleic acids12,34–39. Second, as written, EOM can be applied up to a maximum allowed 

value, q = 0.5 Å−1. Third, the intensity of scattering to wide-angles is typically reduced by 

two orders of magnitude relative to the small-angle signal, therefore; the traditional χ2 

criterion in the following equation (used to evaluate the quality of an EOM fit) will heavily 

bias the low-q data.

χ2 = 1
K − 1 ∑

j = 1

K μI qj − Iexp qj
σ qj

2
(1)
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In Eq. (1), I and Iexp represent the ensemble and experimental SAXS profiles with K data 

points acquired at qj; σ and μ represent the experimental error and scaling constant. Finally, 

as discussed in multiple articles where EOM is implemented to interpret the x-ray scattering 

profile of different macromolecules, it suffers greatly from the issues of non-uniqueness and 

overfitting40, given the low information content (few Shannon channels present) in the 

SAXS profile12,41–43. Improvements are required to extend EOM for analysis of wide-angle 

data. See Supporting Material for a discussion of parameters that guide our use of EOM.

We resolved the first and second caveats using the 3D-RISM formulation discussed in the 

Supporting Material to account for explicit solvent and ion models, and to remove EOM’s 

pre-set limit on the q range. The parameters for 3D-RISM calculation for nucleic acids are 

well explored and documented in Ref36. We followed an explicit solvent formulation34,37,38 

to calculate SWAXS profiles of each conformation under a specific ion condition. For 

interested readers, details about the formulation and algorithm can also be found in 

Supporting Material. We tackled the third caveat by introducing a new χ2, defined as 

follows:

χ2 = 1
K − 1 ∑

j = 1

K log10 fI qj + c − log10 Iexp qj
σ′ qj

2
, (2)

where f and c are scaling factor and constant fitting parameter38,44. The term σ′ represents 

the propagated experimental error:

σ′ qj = σ qj
Iexp qj  log 10 = 1

S/N j log 10 (3)

in this equation, (S/N)j is the signal-to-noise ratio at qj. Note that Eq. (2) resembles Eq. (13) 

in Ref44 except that we choose to apply two constants f and c to the calculated intensity from 

the ensemble. The uniqueness and overfitting issues remain challenging and are data- and 

sample-dependent. However, because we incorporate wider-angle data while decreasing our 

ensemble size with only one free fitting parameter c, the chance of overfitting is significantly 

reduced. To provide further confidence we introduced a 5-fold cross validation method 

(discussed in more detail below) to support the uniqueness of the ensembles found.

To carry out the ensemble selection, we implemented a genetic algorithm similar to the 

traditional EOM method described in Ref17. Following the same genetic algorithm 

nomenclature, there were N = 5 genes (SWAXS profiles) in a(n) chromosome (ensemble) 

and we chose the number of chromosomes (population) to be K = 50. The same processes of 

random mutation and crossing were performed within each generation. We then averaged the 

curves in every chromosome using I q   =   1
N ∑n = 1

N In q  and evaluated the fitness scores, 

χ2, for all 3K chromosomes using Eq. (2). Note that low fitness scores were preferred. At 

the end of each generation, we sampled K survivors into the next generation from 3K 
chromosomes according to the following softmax function:

Chen and Pollack Page 5

J Phys Chem B. Author manuscript; available in PMC 2020 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pr k = e−3χk
2 ∑

i = 1

3K
e−3χi2, (4)

where Pr(k), k = 1,2,3 … 3K, is the probability that the kth chromosome survives this 

generation and χk
2 is the corresponding fitness score. This extended EOM algorithm ran with 

106 generations and 103 repetitions (cycles) and output the best chromosome(s) with the 

lowest fitness score(s) throughout all generations and cycles.

WAXS signals are weaker than SAXS signals and experimental noise can potentially 

undermine data modeling and interpretation. We applied a cross-validation strategy to test 

the eEOM methodology against q-regions with different experimental noise. This cross 

validation also demonstrates the robustness of our results for RNA12 conformations. Cross-

validation methods have been applied to refine real-space electron densities from X-ray 

diffraction45 and cryo-EM data46. Here, we applied 5-fold cross validation (CV) as follows. 

We uniformly cut our experimental SWAXS profiles into 5 segments and excluded one 

segment from full data set each time as the truncated SWAXS profile. Five truncated 

SWAXS profiles, Il, where l = 1,2,3,4,5, were fed into the extended EOM algorithm, 

generating 5 sets of ensembles. The errors, El, were evaluated using Eq. (2) on the excluded 

data set and averaged: E = ∑l = 1
5 El. This 5-fold CV was repeated 100 times. We then 

compared these 5 sets of ensembles with the ensemble(s) obtained from the full data set 

(denoted as Il, where l = 0). For RNA12 in all the salt concentrations, these 6 ensembles are 

identical from every repetition, except for 0.5 mM MgCl2 whose CV results were not 

consistent with significantly larger χ2 due to poor data quality and are thus dropped from 

our results and discussions. The flowcharts are shown in Fig. 2. The algorithm was written 

as modules and functions in Julia47.

RESULTS

Solution X-ray Scattering Experiments and Interpretation

Solution X-ray scattering is a powerful tool for investigating macromolecular conformations 

in vitro. Small-angle X-ray scattering (SAXS), with a resolution of 20–100 Å, typically 

provides low-resolution structural details48–50 including radius of gyration (Rg) and 

compactness. Measurements at wider scattering angles are required to reveal features on 

shorter length scales. These wide-angle X-ray scattering (WAXS) experiments are 

performed less extensively, despite the straightforward experimental setup and sharper (3–5 

times higher) spatial resolution. At these wide angles, shorter range structural periodicities 

can be detected, adding to the useful information readily available from low angle data. 

WAXS data also add additional Shannon channels (information content)41,42 which 

significantly reduce the chance of overfitting when models are applied to fit the data. WAXS 

has successfully been applied to study solution crowding effects51, conformational 

changes10,52, and protein ensembles from MD simulations37,38,44.

For this work, we carried out SAXS and WAXS (or SWAXS) experiments to measure the 

structure of RNA12 in buffered solutions containing different concentrations of KCl and 
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mixed KCl/MgCl2, shown in Fig. 3(a,c) respectively. Three key challenges must be 

overcome to interpret these data. First, the S/N ratio is low in the wide-angle regime; the 

WAXS signal is about 10–100 times weaker than SAXS signals. Thus, a higher 

concentration of sample is needed for measurements that achieve sharper real-space 

resolution. Second, forward modeling of WAXS data is challenging and computationally 

expensive. WAXS profiles contain information from ion atmospheres and solvent in addition 

to the macromolecules. Explicit ions and solvent models with excluded volumes are required 

to compute theoretical WAXS profiles with good accuracy34,37. Finally, in contrast to SAXS 

data analysis, there are few tools available to extract useful information from the 

experimental WAXS profiles and the analysis, we believe, is case-dependent at this point.

Here, we address each of the above challenges and demonstrate that we can extract valid and 

quantitative models whose scattering profiles recapitulate the measured SWAXS curves. We 

apply the three-dimensional reference interaction site model (3D-RISM)53 to calculate 

locations of explicit solvent molecules and ions (both near the solute and in bulk solution) 

around various RNA12 conformations (see Supporting Materials: 3D-RISM Calculations). 

With the fully solvated and charge compensated RNA12 duplexes, theoretical SWAXS 

profiles are computed34 (see Supporting Materials: Calculations of Theoretical SWAXS 

Profiles Using Explicit Solvent and Ions). The refined RNA12 ensemble in a particular 

solution (salt concentrations) is determined using the extended ensemble optimization 

method (eEOM) described in the Material and Methods to select models that recapitulate 

measurement.

Fitting Results and Refined Structures

The fitting results for SWAXS curves from the RNA12 sample, using the structural 

refinement by eEOM, are shown in Fig. 3(a,c). Each curve (color) reflects a different 

concentration of KCl and MgCl2 in the buffer, and the χ2 value for each fit is reported in the 

caption. The curves are plotted on a logarithmic scale and offset for visualization to 

emphasize the changing features in the wider-angle regime. Good agreement between fit and 

measurement is observed at q values up to ~0.8 Å−1.

The dominant molecular structures derived from the refined ensembles are shown in Fig. 

3(b,d), using the color scheme of Fig. 3(a,c). Only the backbones are drawn. The green 

structure represents the canonical A-form dsRNA duplex of the same sequence built from 

online nucleic acid builder (NAB)54, which serves as the alignment reference for all 

structures. The ensembles are homogeneous, containing one or at most two very similar 

conformations (Figs. S2, S3). Importantly, we find that the RNA12 duplex does not assume 

the A-form under any of conditions tested (with 2–5 Å all-atom RMSD). A closer 

examination of the structures suggests that the backbone helical geometry of RNA12 varies 

substantially in KCl containing solutions. In MgCl2 containing solutions, the duplex is better 

defined with structures that display tighter major and minor grooves regardless of the ionic 

strengths. Overall, Mg2+ ions make RNA12 shorter and more compact compared to K+ ions, 

and the deviations from canonical A-form are more pronounced at the ends.
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Different RNA Duplex Conformations Revealed

To quantify our observations of the RNA12 duplex, we used the x3dna-dssr program55 to 

extract the helical parameters of the selected ensemble. These SWAXS experiments report 

crucial parameters that define helical structures, such as total helical extension and total 

helical twist, in addition to details related to structural periodicity such as the average helical 

radius and rise. Finer subtleties, for example, base pair geometries and phosphodiester bonds 

are below the theoretical resolution of our experimental setup, yet they can as well be 

extracted or inferred56 from measurements at higher q. Fig. 4 maps this multi-dimensional 

conformational space onto two 2D parameter spaces: average helical radius vs. rise (Fig. 4(a, 

b)), and helical extension vs. twist (Fig. 4(c, d)) using the color schemes of Fig. 3 to 

represent different KCl and MgCl2 concentrations. We chose these parameters because they 

represent a helical geometry and can be extracted by x3dna-dssr program. The canonical A-

form is shown as green diamond in these figures. The full structural pool, e.g. all the 

structures used for eEOM refinement, are shown as small transparent points in the 

background. Consistent with the dominant helical conformations displayed in Fig. 3, this 

figure quantitates the deviations of the RNA12 duplexes from the canonical A-form 

geometry. A wider range of conformations is found in KCl containing solutions, with helical 

radii as large as 10.04 Å and helical lengths of 27 Å, compared to 9.2 and 31 Å respectively 

for canonical A-form helix. The helical conformations in KCl do not follow a specific trend, 

but rather indicate the unconstrained structural dynamics of the short RNA duplex. On the 

other hand, in MgCl2, RNA12 duplexes are more compact than in KCl. The larger helical 

radii show that the two strands are not as tightly coupled as in the A-form. Moreover, 

RNA12 is shorter than an equivalent A-form duplex in MgCl2 containing solutions. To form 

such short and tight conformations, the duplex has to unwind and assume smaller total twists 

to avoid steric clashes. Different effects of monovalent and multivalent ions (on a 

background of monovalent ions) were observed10 and here, we provide a quantitative 

interpretation and different picture. Monovalent ions alone cause structural deviations from 

assumed A-form conformation, whereas added divalent ions further distort the RNA duplex. 

The schematic cylindrical models of Fig. 4(e) reflect these suggested helical deformations 

and variations.

Robustness of the Refined Conformations

Challenging, but vitally important questions must be addressed when using optimization 

algorithms to match experimental data with theoretical models. How confident are we that 

the results do not suffer from overfitting and remain invariant despite different levels of 

experimental error? For these data, the number of Shannon channels is between 12–16. With 

as few as 5 curves in the ensemble and only one free fitting parameter, overfitting is not a 

concern. It is also important to report the effect of different ensemble sizes used57. 

Increasing the ensemble size from 1 to 4 improves the fit; no further improvement is 

detected when the size increases above 5. Extended-EOM with larger ensemble sizes (for 

example, 8, 10, 15, 20 or 50) simply selects the same conformation repeatedly without an 

improvement in ensemble statistics. Therefore, the ensemble size was set to the smallest 

integer value to reduce χ2 defined in Eq. (2) and to avoid overfitting.
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Furthermore, we implemented the 5-fold cross validation described in Methods and 

Materials. Figs. 5(a,b) show comparisons of 5-fold results to the results from full data set 

while Fig. 5(c) shows the averaged error traces E in the validation set from 100 repetitions. 

Robustness of the eEOM method can be inferred from the stable and favorable value of χ2 

with small standard deviations across all fits. In addition, the quality of the fits implies that 

the hyperparameters used in eEOM (the number of generations, cycles and curves in an 

ensemble) are sufficient to converge to a globally optimal ensemble. As an additional 

confidence check, we synthesized experimental curves with 4 different levels of 

experimental error. Selected structures are plotted as histograms in Fig. 5(d) with the inset 

showing the fitted curves on top of synthesized data (offset for clarity). The eEOM 

refinement remains robust, with consistent conformations across the 4 tests. However, 

although the dominant conformations are recapitulated, the effect of larger experimental 

error is to include more mixed conformations in the ensemble which, in turn, results in 

larger error bars (larger confidence intervals) in the conformational space and geometric 

parameters. Note that the S/N from our SWAXS experiments is between 3–5, near the lower 

end of the test range. These simulations demonstrate the statistical robustness of the results.

Comparison With A-RNA25 and B-DNA25

To rule out the possible dominance of end effects in conformational variation for the 12 base 

pair duplexes, we also measured scattering profiles from 25 base pair RNA and DNA 

duplexes and compared scattering profiles computed from a canonical A-form RNA25 and a 

B-form DNA25 with our measured SWAXS curves. These comparisons are shown in Fig. 6. 

The theoretical SWAXS profiles were computed as described above and are plotted on top of 

the experimentally acquired profiles with no adjustment (no free fitting parameters). For 

DNA, the single B-form model effectively captures the features in the experimental curve 

(subject to our ion and solvent population protocols). In contrast, the profile computed from 

the pure A-form model of RNA25 disagrees with the experimental data, consistent with the 

above results on RNA12. Even for these longer helices, the deviations in scattering profiles 

suggest that RNA duplex structures are distinct from one another, as salt conditions are 

changed, and from the assumed A-form structure.

DISCUSSION

Agreement with Canonical B-form DNA

Comparisons between experimental and simulated SWAXS curves of canonical B-form 

DNA were previously reported using a similar 3D-RISM formalism36. The major 

differences with this work are as follows. First, we applied placevent58 to populate the 

calculated 3D-RISM densities with explicit solvent and ion molecules. Second, we used 

orientational averaging across 1,500 uniformly distributed vectors in 3D instead of the 

CUBE method59. This method is very precise compared to the classical Debye formula with 

more than 1,000 orientations at qmax = 1.4 Å−1. Third, we used an explicit solvent 

background to simulate buffer subtraction. Finally, we do not expect good agreement of full 

SWAXS profile over the entire q range since intermolecular interactions were observed in all 

samples as a result of the high nucleic acid concentration needed to obtain a measurable 

signal in the WAXS regime. This effect alters the scattering at low q values, e.g. below q = 
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0.1 Å−1 24. We therefore omitted this range in our fits (RNA12) and visualization (RNA25 

and DNA25). More detailed information can be found in the Supporting Material.

It is known that the addition of a constant, c, to either the simulated or experimental WAXS 

profiles improves their agreement. This additive constant compensates for imperfections in 

buffer subtraction, detector dark currents and possible subtle effects beyond physical 

formulation. The value indicates the degree of deviation between computed and 

experimental profiles (given the same conformation, e.g. B-form DNA25). We only applied 

this additive constant in the case of eEOM refinement of RNA12 conformations, and its 

value does not exceed 10% of the SWAXS intensity at qmax ≅ 0.79 Å−1. Moreover, even 

without this constant, the computed WAXS profiles of DNA25 agree with experimental 

measurement, underscoring the robustness of our computation.

The A-Form Ratio of RNA12

Each distinct helical geometry can be effectively described by the conformations of 

dinucleotides steps within the duplex. These geometries are determined and classified into 

C2’ or C3’-endo sugar puckers in x3dna-dssr. For the canonical A-form, each dinucleotide 

step assumes the C3’-endo conformation. We analyzed the 11 dinucleotide steps present in 

the RNA12 conformations in the SWAXS-derived ensemble (the selected structures) and 

computed the A-form ratios, rA, defined to be the fraction of nucleotides in A-form. This 

ratio equals the number of observed A-form dinucleotide steps, NA, divided by 11.

rA = NA
11 (5)

The salt dependence of ratios is shown in Fig. 7 using the color scheme of Figure 3. An 

interesting bimodal distribution appears for the RNA12 system in KCl containing solutions. 

The highest deviation from A form, or the most heterogenous structures, is found near 100 – 

200 mM KCl, close to physiological ionic strength. In contrast more A-like structures are 

found at lower or higher [KCl]. A tighter distribution is found with added MgCl2, though 

only around 60% of the dinucleotide steps assume the A-form geometry.

A Survey of DsRNA Duplexes

We now place this work in the context of other literature reports of deviations from A-form. 

With the addition of multivalent ions, compression of the duplex was previously observed in 

simulation, but was accompanied by an overtwisting of the duplex induced by trivalent 

Cobalt hexamine ions (Table 1)10. Those simulations suggest that a more compact helical 

conformation arises from decreasing helical rise and helical over-winding. A similar result 

was reported by independent MD simulations investigating RNA twist-stretch coupling15. 

However, our results suggest that divalent ions give rise to the compaction of RNA12 duplex 

by slightly unwinding the helix and compressing it along the helical axis. This claim is 

supported by the larger measured helical radius of the RNA12: if the duplex over-winds with 

respect to the axis to a thinner conformation, the radius should decrease to accommodate a 

larger inclination of the base pairs (which is the case for canonical A-form RNA). 

Conveniently, unwinding also prevents some steric clashes given the larger volume within 

the backbones. This ion-induced compression implies that divalent or multi-valent ions enter 
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the RNA major grooves, pulling together the “ceiling” and “floor” of the major-groove 

chamber, while serving as counter-ions to charge neutralize the RNA duplex. Monovalent 

ions such as K+ might also access the major groove but may have a smaller impact on 

compression due to their lower charge density.

There are a few simulations of dsRNA duplexes that report helical geometries. They were 

mostly conducted using MD simulations and corroborated by comparison to experimental 

data. Table 1 provides a, to the best of our knowledge, complete list of these works. The first 

entry in the table arises from this study, reporting diverse helical parameters of our SWAXS 

refined conformations in solutions containing different monovalent and divalent salt 

concentrations. This parameter, discussed in more depth in the next section, is readily 

extractable from the SWAXS profiles.

In addition to the simulation results of Table 1, long or short dsRNA duplex structures were 

determined using experimental methods such as X-ray crystal diffraction and solution NMR. 

Some of the solved structures are available through the protein data bank (PDB). We 

analyzed the PDB structures of 23 isolated dsRNA duplexes of different lengths using 

x3dna-dssr and compare the average helical radius and twist with our results. Figure 8 shows 

these comparisons, and more details are provided in Table S1. Although many of these 

duplexes have structures that resemble the canonical A-form, most of the solution and some 

of the crystal structures have different conformations. On average, these duplexes have larger 

helical radii and lower average helical twist, suggesting that they are unwound compared to 

A-form, which has the tightest double strands. It is noteworthy that the parameters of the 

RNA12 duplexes in MgCl2 resemble crystallized RNA duplexes while RNA12 duplexes in 

KCl more closely agree with other solution conformations. Note that the crystal/solution 

environments of these dsRNA duplexes vary and can include heavy atoms, large anion 

groups or even bound proteins.

Correlation of Radius and Helical Rise with WAXS Features

Solution X-ray scattering maps 3D macromolecular solution structures to 1D scattering 

profiles by Fourier transform of the ensemble-averaged electron density. Any definition or 

disruption of a structural periodicity within the theoretical resolution is reflected by features 

in the scattering profile (assuming that the scattering is dominated by the macromolecule 

and not the surrounding solvent). Real-space periodicities of the molecule often manifest as 

local minima and maxima at large q values. Therefore, it is useful to correlate the properties 

of those features observed in the scattering profiles, such as positions of peaks and troughs 

and their amplitudes (so called ‘contrast’) with the determined structural parameters of the 

RNA12 duplex conformations. We use the entire pool of MD generated structures to 

establish these correlations. We identify the positions and define the contrast, CR, of the 

extrema as the following

CR =   Iext
I0

(5)

where Iext and I0 are the scattering intensities at the extremum and q = 0. Figs. 9(a, b) 

demonstrate an empirical correlation between the first maximum position/contrast and 
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helical radius and between the first minimum position and average helical rise. As expected, 

the first maximum position shifts toward higher q as the helical radius (the strongest 

periodicity) decreases. The correlation length within this q regime is between 14 and 20 Å, 

consistent with the dimensions of the duplex’s helical diameter(s). The contrast of the first 

maximum also decreases linearly with helical radius because a shorter correlation length 

inevitably reflects finer details in periodicity or disruption of periodicity, such as groove 

spacing and base arrangements. Additionally, the averaged helical rise correlates positively 

with the first minimum position. Surprisingly, the larger the helical rise, the higher in q is the 

position of the first minimum. Interpretations of this type are useful in facilitating model-

free interpretations of SWAXS profiles. More data, shown in Figs. S4–S7, suggest that as the 

salt concentration increases, such correlations between extrema and structural features 

become relatively insensitive as the curves flatten out at higher KCl concentrations. This 

effect might be the result of increased numbers of unstructured ions (both anions and 

cations) in the bulk solution, with only a small portion of cation distribution shaped by the 

molecule. Effects of this type illustrate the importance of including ion clouds in modeling 

in this q regime.

CONCLUSION

In summary, we demonstrate the ability to model and extract useful quantitative information 

from the small- and wide-angle X-ray scattering experiments on RNA duplexes, with an 

emphasis on the less explored, but information rich wider-angle data. A close examination of 

the profiles computed from structures, populated with solvent and ions, allows us to link 

features of the SWAXS curves with real space properties of the duplex. This analysis 

supports the claim that SWAXS experiments can probe finer details of solution 

macromolecular conformation with high periodicity. Any definition or disruption of the 

structural periodicity, even below the theoretical resolution of correlation length, 

dmin = 2π
qmax

, can be observed empirically, such as helical rise.

We also developed and applied an extended ensemble optimization method to refine MD 

generated pools of structures for compatibility with experimental data on short RNA 

duplexes, exploiting a customized goodness-of-fit, χ2. The statistical robustness of our 

model was tested extensively by 5-fold cross validation and on synthesized datasets with 

different signal-to-noise ratios. Our analysis framework can be easily applied to interpret 

wider-angle data of other structured monodisperse macromolecular systems. The structures 

in these refined ensembles suggest that RNA duplexes adopt diverse versus definite helical 

conformations in solutions containing KCl and MgCl2 respectively. Duplexes in KCl 

containing solutions have larger diameters than those in solutions containing MgCl2, and 

both diameters exceed that of duplexes in the canonical A-form. The A-form helical 

structure of RNA duplexes is found to be the exception, rather than the rule. The analysis 

suggests the mechanism for shrinkage of the RNA12 duplex and its subsequent tight helical 

conformation in divalent ions. The duplex unwinds to assume a larger helical diameter that 

can tolerate additional compression while avoiding steric clashes.
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Our results underscore the dynamic nature of the dsRNA duplex. These structures must be 

considered when accounting for any inter or intramolecular interactions of RNA. For 

example, RNA folding studies highlight the importance of properly oriented molecules that 

enable tertiary contact formation. Similar and parallel results demonstrating the sequence-

dependent helical conformation of RNA duplexes underscore the fine structural dynamics of 

these important elements65. Beyond folding, RNA duplexes serve various biological 

functions that rely on precisely sculpted interactions with their surfaces, including the 

recognition of dsRNA binding domains (dsRBD)66 such as RNA helicase67 and 

multidomain ribonuclease DICER68,69, CRISPR RNA processing70, determination of 

conformations of the post-processed micro RNAs (miRNA)71,72 and many more. All of 

these processes rely on understanding the structure(s) of the RNA duplex.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Explicit solvent and ion models. The left panel shows one RNA12 conformation in 500 mM 

KCl and 5.0 mM MgCl2. Solvent and ion models in the absence of solute are shown in the 

middle and right columns, at the quoted salt concentrations. The color schemes are defined 

as follows. Green: K+ from 3D-RISM. Dark green: bulk K+. Yellow: Mg2+ ions from 3D-

RISM. Dark yellow: bulk Mg2+ ions. Red: bulk Cl− ions. The number of ions directly 

corresponds to the experimental bulk concentrations. Notice that for 0.25 mM MgCl2, the 

bulk solvent contains no ions due to the low concentration.
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Figure 2. 
The flowchart for the extended ensemble optimization method (eEOM) and the 5-fold cross 

validation (CV) strategy, including hyperparameters. The l’s are the lth fold of the truncated 

SWAXS curve and C(l) and El are the chromosome and error from the lth CV. See main text 

for a detailed explanation.
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Figure 3. 
The fitted results from eEOM and the corresponding RNA12 conformations shown as 

phosphate backbones. (a) The experimental SWAXS curves and fits for duplexes in solutions 

containing different concentrations of KCl. The χ2 value for each condition (from 30 (cyan) 

to 500 (black) mM) is 1.169, 0.932, 0.946, 1.152 and 1.037. (b) The representative RNA12 

conformations in the KCl refinement. (c) The experimental SWAXS curves and fits for 

duplexes in solutions containing different concentrations of MgCl2. The χ2 value for each 

condition (from 0.25 (pink) to 5.0 (dark red) mM) is 1.434, 1.124 and 1.400. (d) The 

representative RNA12 conformations in the MgCl2 refinement. Note that the SWAXS curves 

are offset for visualization. The green duplex represents the canonical A-form RNA12 helix. 

The backbone structures are rendered by PyMOL (Schrodinger Inc., New York, NY). (e) 

This panel compares experimental SWAXS curves in solutions containing 100 mM KCl and 

1 mM MgCl2. The differences measured between the salts is larger than the deviations 

within either salt series, over the range tested. All data have been deposited in the SASBDB 

with accession codes: SAS SASDHG2, SASDHH2, SASDHJ2, SASDHK2, SASDHGL2, 

SASDHM2, SASDHN2, SASDHP2, SASDHQ2, SASDHS2, SASDHR2, SASDHT2, 

SASDHU2, SASDHV2.
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Figure 4. 
The mapping of a multidimensional conformational spaces into two, 2-dimensional 

parameter spaces using helical rise and radius for KCl (a) and MgCl2 (b) and total helical 

extension and twist for KC l(c) and MgCl2 (d) with the same color schemes as in Fig. 3. 

Parameters for all structures in the MD pools are shown as small transparent points in the 

background. (e) The schematic summary of the RNA12 duplex in canonical A-form, KCl 

and MgCl2 as suggested by the helical parameters in (a)-(d). Note that the cartoon 

illustration is not drawn to scale. Solution conformations of RNA duplexes differ from the 

A-form structure. Results of our refinements suggest that higher-valent cations unwind and 

further compress the duplex.
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Figure 5. 
The results from 5-fold cross validation and from varying tests of experimental errors. (a) 

The refined conformations of the full SWAXS data (bars) and every fold of validation test 

(dots) from solutions containing 30 (top) to 500 (bottom) mM KCl. Figs. S10–S14 provide 

additional information about the robustness of the 5-fold cross validation analysis. (b) The 

same plot as (a) for solutions containing MgCl2 at concentrations of 0.25 (top) to 5.0 

(bottom) mM. (c) The traces of E and one standard deviation from 100 CV runs for all the 

salt concentrations explored, using previously defined color scheme. Note that the range of 

the y-axis differs for KCl and MgCl2 to show the non-convergent behavior and the poor fit 

obtained for the 0.5 mM MgCl2 condition, whose interpretation is dropped in the main text. 

With the exception of this point, the others have a good average error on the validation set, 

and display the consistent refined conformations shown in (a) and (b), which bolsters the 

robustness of our results. (d) The refined RNA12 conformations extracted from data 

synthesized with added experimental noise to achieve a S/N ratio of 23.2, 9.28, 3.09 and 

1.21. The inset displays the fit of our eEOM procedure to this fabricated, noisy data set. The 

representative RNA conformations are well-recapitulated despite the different S/N levels, 

even when the signal is comparable in size to the noise. As expected, larger noise introduces 

a mix of conformations into the refined ensemble, rendering a larger confidence interval in 

the conformational spaces. The S/N level of our SWAXS experiments is about 3–5.
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Figure 6. 
Direct comparison of experimental SWAXS measurements of 25-bp RNA and DNA 

duplexes to calculated SWAXS curves from a canonical A-form RNA25 and B-form DNA25 

following the same procedures as the RNA12. These comparisons suggest that the dsDNA 

assumes a canonical B-form duplex under a broad range of solution conditions. In contrast, 

and consistent with our findings on the shorter duplex, the 25 bp RNA duplex has significant 

structural variations in different solutions and does not adopt a canonical A-form. The 

obvious deviations suggest that RNA duplex is highly dynamic, with ion-dependent 

conformations.
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Figure 7. 
The A-form ratios of the refined ensembles using 11 dinucleotide steps for KCl (a) and 

MgCl2 (b) containing solutions at the quoted concentrations. The perfect A-form duplex has 

an A-form ratio of 1.0. The normalized fractions indicate the abundance of A-form structure 

in the derived ensembles. Note the broader distribution of structures in KCl, and the overall 

(average) lower A -ratio in MgCl2 which reflects the duplex compression in divalent salt.
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Figure 8. 
Comparison of twist and radius of 23 dsRNA duplexes from the online protein data bank 

(pdb) with our results. These 23 dsRNA duplexes have different lengths and are found in 

both crystals (black) and in solution (yellow) with various agents, ions and even bound 

proteins. More information about these 23 duplex structures can be found in Table S1. Our 

refined RNA12 duplex data in KCl (blue) and MgCl2 (red) are also shown. The canonical A-

form RNA duplex is shown as green diamond. Most (but not all) of PDB derived duplex 

structures have larger helical radii and are more unwound than the A-form.
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Figure 9. 
The empirical correlation between the features in the calculated SWAXS curves and 

geometrical parameters of the duplex. (a) A linear relationship is found between the position 

and contrast (defined in the text) of the first maximum in the scattering profile, and the 

helical radius. Since helical radius gives rise to the strongest periodicity in the RNA12 

duplex, the smaller the radius, the higher q the maximum shifts to with less contrast due to 

more structural contributions. (b) A linear relationship is found between the position of the 

first minimum in the profile and the average helical rise. Although the length scale of the 

rise in the dinucleotide step is below our resolution, the periodicity still appears in multi-

nucleotide step, which falls in the resolution of our q-range.
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Table 1.

A comparison of these determinations of helical radius, helical rise (in Å) and helical twist (in degrees) with 

previously published MD studies of dsRNA duplexes. Note that helical parameters were extracted using either 

curves+60 or x3dna-dssr55.

System Method Helical Radius Helical Rise Helical Twist

Canonical A-form X-ray Crystal Diffraction 9.2 2.56 33.7

RNA12 in 30 mM KCl

SWAXS experiment + eEOM
(This work)

9.66 ± 0.07 2.57 ± 0.04 32.79 ± 0.45

RNA12 in 50 mM KCl 9.75 ± 0.10 2.65 ± 0.05 30.42 ± 0.26

RNA12 in 100 mM KCl 10.04 ± 0.13 2.45 ± 0.08 32.49 ± 0.22

RNA12 in 200 mM KCl 9.82 ± 0.09 2.72 ± 0.03 31.96 ± 0.12

RNA12 in 500 mM KCl 9.76 ± 0.04 2.66 ± 0.04 33.58 ± 0.30

RNA12 in 0.25 mM MgCl2 9.58 ± 0.15 2.60 ± 0.01 31.00 ± 0.16

RNA12 in 1.0 mM MgCl2 9.49 ± 0.11 2.66 ± 0.04 31.32 ± 0.02

RNA12 in 5.0 mM MgCl2 9.54 ± 0.15 2.61 ± 0.01 31.07 ± 0.14

RNA1661 MD with ff99bsc0 + bsc1
and ff99bsc0+χOL3 10.14 ± 0.58 3.33 ± 0.07 31.02 ± 0.88

Canonical A-form

Unconstrained MD 380 ns10

N/A 2.56 32.70

RNA25 in NaCl N/A 2.74 31.08

RNA25 in NaCl/CoHex N/A 2.40 33.40

RNA40 and RNA16*†14
MD with ff99bsc0 N/A 2.77 ± 0.15 30.57 ± 1.07

MD with ff99bsc0+χOL3 N/A 2.79 ± 0.14 31.03 ± 0.86

RNA16*62 Unconstrained MD 1 ms N/A 2.68 32.08

(GC)12
*

MD and JUMNA
‡15,63

N/A 2.67 34.7

(GC)12 deform 1* N/A 2.89 32.2

(GC)12 deform 2* N/A 2.51 38.1

RNA14 with only U/A*64
MD Crystal simulation N/A N/A 31.4

MD Solution simulation N/A N/A 29.8

*
Helical parameters calculated by curves+.

†
The analyses excluded the bp near the ends.

‡
Values are extracted using final parameters after energy minimization in Table 1 of Ref.15.
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