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RNA plays a central role in molecular biology, mediating and regulating the genetic code of DNA 

to yield proteins. This role linking code and functionality gives RNA directed design tremendous 

potential. Surprisingly, the dynamic nature and regulatory roles of RNA are driven by interactions 

with fundamental partners: metal ions and small molecules. A biophysical understanding of these 

interactions is key to predictive RNA re-engineering. Here we combine computational and 

microfluidic tools to elucidate principles that link RNA function to interactions with these 

fundamental elements. In the first half of the dissertation, we probe the role of divalent metal ions 

in mediating RNA folds. Ion counting and structural modelling methods elucidate unique ionic 

signatures in RNA that fundamentally explains the disparity in roles between RNA and DNA. A 

follow up study visualizes how a structured RNA utilizes these specific ionic signatures to move 

across the rough folding landscape to a native fold. The second half of the dissertation examines 

ligand binding RNA interactions through single-molecule kinetic measurements utilizing 

microfluidic mixing devices. With this approach, we investigate the role of ion and ligand partners 

in pre-organizing a ligand binding RNA domain and resolve a structural hierarchy related to specific 

interactions with these elements. Finally, we reveal how key positions in a model RNA sequence 

modulate ligand binding affinity and suggest RNA design rules for tuning this critical parameter.  
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scaled by a factor to account for variations in sample concentrations. ........................................ 54 
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Figure 3.3: a) SAXS experiments quantify the mean size of chain conformations through calculation 

of the radius of gyration Rg. Error bars quoted for Rg measurements reflect uncertainty in the 

Guinier fit parameters. b) A more intricate picture of chain conformations can be gleaned by 

looking at the higher angle scattering vectors in Kratky plots. All SAXS profiles have been scaled to 

match for q<0.05Å-1 to enable comparison of mid and high-q behavior.  For full SAXS data and zero 

concentration extrapolations, see Supplementary Information. The SAXS profiles can be accessed 

via SASBDB codes: SASDFA9, SASDFB9, SASDFC9, SASDFD9, SASDFE9, SASDFF9, SASDFG9, 

SASDFH9, SASDFJ9, SASDFK9, SASDFL9, SASDFM9, SASDFN9, SASDFP9, SASDFQP, SASDFR9, 

SASDFS9. ........................................................................................................................................ 55 

Figure 3.4: The second virial coefficients (B2) derived from SAXS experiments at multiple [NA] 

quantify interchain interactions in solutions containing different concentrations of a) Na+ and b) 

Mg2+. B2 > 0 signifies molecular repulsion, B2<0 signifies molecular attraction. Uncertainties are 

derived from the error in fit parameters required to obtain B2, as shown and detailed in the 

Supplementary Information. Filled data points for poly rA at high values of NaCl and MgCl2 denote 

B2 values extracted from only two sample concentrations (see SI), and thus have undefined 

uncertainties. ................................................................................................................................ 57 

Figure 3.5: Ion counting results give the number of excess a) Na and b) Mg ions per phosphate 

around rU30 (blue) and rA30 (green). Hill fits to the ion numbers are shown as solid lines (see 

Supplementary Methods). Competition coefficients (M1/2) from the Hill fits are provided in the 

inset, together with previously derived values from ssDNA analogues. Error bars for ion counting 

results are the standard error in the mean across 12 independent measurements..................... 59 

Figure 3.6: The mean correlation lengths of SAXS refined model conformations for a) rU30 and b) 

rA30 are given for each solution condition. Error bars indicate standard deviation of correlation 

lengths across selected ensembles. .............................................................................................. 62 

Figure 3.7: The short to medium range ordering of all chains in each experimental condition can 

be assessed by calculating the orientation correlation function (OCF) for the ensemble structures. 

This parameter describes the mean orientation of phosphates on the RNA backbone, as defined 

in Supplementary Figure S40. The mean OCFs for the ensemble structures are shown for a) rU30 

and b) rA30. c) The mean number and length of stacked bases in poly rA are provided for each 

condition. Error bars in all figures signify one standard deviation of the presented metric across all 

fit ensembles. ................................................................................................................................ 64 

Figure 3.8: A single conformer of poly rU and poly rA (derived from the SAXS data), selected from 

the ensemble generated for each salt condition, illustrates the general trends prevalent in the 

models. For simplicity, we display only one structure for each condition.  The full set of models 

required to fit the SAXS data are provided in the SI. The scrunched, ‘cage-like’ conformations of 

the poly rA backbones (lower structures) are present in Mg2+ containing solutions but absent from 

solutions containing only Na+. The former structures place backbone phosphates, sugar OH groups 
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and base nitrogens in geometries which favor Mg2+ ion associations. Representative structures for 

each experimental condition can be found at the SASBDB codes as referenced in Figure 3. ....... 66 

Figure 4.1: Structures of the tP5abc three helix junction in both unfolded and folded 

representations. Secondary a) and three-dimensional b) structure(s) of tP5abc. In (a), site bound 

Mg2+ ions are  shown as orange spheres and non-Watson Crick base pairs are represented as 

Leontis/Westhof symbols (59). In the folded structure two helix docking interactions occur (purple 

and orange residues), two hinge interactions form (red triplet) and a secondary structural switch 

in P5c is observed (green residues). The nucleotide numbering convention is chosen to remain 

consistent with the larger P5abc domain, although this truncated molecule contains only 56 

nucleotides. 3D Structures rendered with PyMOL (DeLano Scientific LLC). .................................. 82 

Figure 4.2: SAXS reports global structural features of tP5abc: shape and size. a) Structures of the 

extended (unfolded) and native tP5abc conformations are shown, along with their calculated Rg’s 

and theoretically derived Kratky plots (center).   Kratky plots of q2I vs. q emphasize high angle 

scattering and provide finer details of molecular conformations.   b) Measured Rg’s assess the 

mean size of the RNA ensemble at varying concentrations of KCl (left plot, blue) and MgCl2 (right 

plot, red). c) Kratky plots reveal more details of molecular conformations during KCl  (left) and 

MgCl2 titrations (right). The static SAXS curves are available through the SASBDB under accession 

codes: SASDCF4, SASDCG4, SASDCH4, SASDCJ4, SASDCK4, SASDCL4 and SASDCM4.................... 87 

Figure 4.3: Conformations of tP5abc can be elucidated by comparing measured SAXS profiles with 

those computed from selected groups of MD derived structures. A large potential pool of tP5abc 

states is generated by identifying the lowest free energy path between the unfolded and native 

tP5abc conformations, and considering states along and orthogonal to this path.  The underlying 

RNA landscape can be assessed by examining sets of structures selected from this large pool 

whose computed and summed scattering profiles best fit the experimental data. ..................... 90 

Figure 4.4: The evolution of the folding landscape in static titrations. a) The landscapes derived 

from KCl titrations are shown, along with representative structures (full sets of structures are 

shown in SI).  b) The landscapes derived from MgCl2 titrations are shown along with representative 

structures (full sets of structures are shown in SI). c) The quality of fitting using the selected models 

is assessed through computation of the reduced chi-square. d) The metrics Rg and ΔN, illustrated 

for an example conformation, are used to locate each structure on the folding landscape. ....... 92 

Figure 4.5: Schematic of mixer used to trigger Mg-induced folding of tP5abc and the full time 

course acquired.  a) Cartoon schematic of the microfluidic device used in these experiments (left). 

Fluorescent images of each device region are shown (right). Using this device, we followed the 

folding pathway of tP5abc after mixing with sufficient MgCl2 to induce the native state. b) The 

measured Rg’s report on the mean global size of the RNA ensemble. c) Kratky plots highlight more 

subtle structural details. These curves have been smoothed for presentation purposes. The color 

scheme is identical to panel b. d) Expanded view of the Kratky plots shown in panel c. Here, each 
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time point is individually highlighted in color, while the remaining time-points are shown in grey 

to illustrate the significant variation in scattering at high q. The TR-SAXS curves are available 

through the SASBDB under accession codes: SASDC74, SASDC94 SASDCA4, SASDCB4, SASDCC4, 

SASDCD4 and SASDCE4. ................................................................................................................ 97 

Figure 4.6: The evolution of the RNA folding landscape in time after mixing with sufficient MgCl2 

to induce the native state. a) Landscapes for each time point are shown, along with representative 

structures populating specific regions on these maps. b) Fits achieved to the time-resolved data 

are assessed by calculating the reduced chi-square for each condition. ...................................... 99 

Figure 4.7: Summary of the distinct phases of collapse observed on the route to the native state. 

The key phases of collapse are named and illustrated, along with a cartoon representation of the 

inferred Mg associations triggering each phase. Mg ions are schematically depicted as orange 

spheres; arrows suggest their suspected interaction regions with RNA. .................................... 103 

Figure 5.1: FRET is a fluorescence technique in which our biomolecule of interest is labelled with 

two spectrally distinct dyes, a donor and an acceptor. By exciting the donor dye, we populate 

states D*, which decay by fluorescence emission with characteristic lifetimes τ. An alternate 

pathway to de-excitation is through resonance transfer of energy to the acceptor, which 

subsequently de-excites from A* to A through emission of a photon of differing wavelength than 

the donor. .................................................................................................................................... 116 

Figure 5.2: In practice, we use FRET to record photon counts from both donor and acceptor dyes 

using confocal microscopy. Heavily diluting our labelled samples ensures only a single entity at a 

time is present in our focal volume. Calculate an EFRET value for each fluorescence event, we can 

form population histograms that resolve individual subpopulations in solution. ....................... 119 

Figure 5.3: Zoomed in view of the detection wing of confocal microscope. Orange lines show the 

path of the emission collected by the objective lens. ................................................................. 121 

Figure 5.4: CAD rendering of the dual color confocal microscope designed to perform single-

molecule experiments. Colored lines show the beam path for both the green and red laser lines.

..................................................................................................................................................... 121 

Figure 5.5: Computational fluid dynamics simulation of the microfluidic device showing velocity 

values of the flow in shades of blue to green, and sample streamlines in red. Arrows indicate the 

direction of the flow in all channels, and a cartoon inset illustrates the principle of diffusive mixing.

..................................................................................................................................................... 124 

Figure 5.6: Simplified workflow for the SU8 device fabrication. ................................................. 126 

Figure 5.7: Device base layer. SU8 film should be completely clear and free from hairline cracks in 

the bulk that give a frosted appearance. .................................................................................... 128 
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Figure 5.8: False colored fluorescence image showing the flow characteristics of fluorescent dye 

moving through the device. Stereoscope image of a sealed device also shown right. Arrows 

indicate the flow direction. ......................................................................................................... 131 

Figure 5.9: Jet width measurements as a function of different flow velocities. In each panel, the 

flow rate of individual buffer streams is fixed, while the sample flow rate is varied to vary Q. .. 133 

Figure 5.10: a) Concentration of magnesium in mixing constriction as a function of time and 

position in jet. b) Evolution of the magnesium concentration along the central streamline in the 

mixing region. c) Concentration of guanine in mixing constriction as a function of time and position 

in jet. d) Evolution of the guanine concentration along the central streamline in the mixing region.

..................................................................................................................................................... 134 

Figure 5.11: Cartoon illustrating the fundamental use of FCS in confocal microscopy. .............. 136 

Figure 5.12: FCS measurements were used to estimate flow velocities in the observation region. 

Left shows the raw FCS curves at different spatial locations from the end of the mixing constriction. 

Right shows the flow velocities derived from analytical fits to this data set. Grey lines indicate 

results from the CFD simulations, ±10μm to account for uncertainties in position the focus in the 

channel. ....................................................................................................................................... 138 

Figure 5.13: Distance time conversion for observation region. The red portion of the curve is 

derived from the CFD simulations, while the blue is an analytical extrapolation to give time-points 

over a larger range of distances. ................................................................................................. 139 

Figure 5.14: a) An initially square sample concentration plug (orange) flowing in a pipe will broaden 

due to two different effects. The first is convective growth due to variations in the velocity profile 

across the diameter of the pipe. The second is dispersive growth due to diffusion of sample 

molecules across the diameter of the pipe. This results in sample molecules sampling streamlines 

with different flow velocities. b) Calculated uncertainty in arrival times for our channel geometries 

due to the Taylor dispersion component of solute broadening. ................................................. 140 

Figure 5.15: In practice, we use FRET to record photon counts from both donor and acceptor dyes 

using confocal microscopy. Heavily diluting our labelled samples ensures only a single entity at a 

time is present in our focal volume. Calculate an EFRET value for each fluorescence event, we can 

form population histograms that resolve individual subpopulations in solution. ....................... 143 

Figure 5.16: Summary of the PreQ1 RNA mixing experiments showing the measured FRET 

efficiency distributions as a function of time after mixing is complete. The bound peak height is 

also shown to allow easier comparison across mixing experiments. The results are summarized by 

the cartoon free energy diagram. ............................................................................................... 144 
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Figure 6.1: a) Secondary structure of the SAM-II riboswitch in the ligand free, unbound (left), and 

ligand bound (right) states represented using Leontis/Westhof notation (44). Fluorescent label 

positions are shown as stars. In this cartoon, different regions of interest are colored: green 

denotes secondary structure in the absence of SAM, blue denotes tertiary contacts that form upon 

SAM binding, yellow indicates the flexible region of the tail domain which is not involved in tertiary 

contacts and red designates unpaired regions of the hairpin.  b)  Schematic of the conformational 

switch induced when the SAM-II riboswitch binds SAM. The single-stranded region forms a triplex 

when coiling around the core of SAM-II. Structures are inspired by PDB ID 2qwy. Fluorescent labels 

are attached to the bases pictured as red and green colored clouds. The chemical structure of SAM 

is also shown. .............................................................................................................................. 154 

Figure 6.2: Results of the smFRET experiments on labelled SAM-II construct with increasing 

concentration of either Na+ (left) or Mg2+ (right). a) Histograms reconstructed from the FRET data 

for NaCl (left) and MgCl2 (right). b) FRET efficiency values of the unbound state as a function of 

[NaCl] and [MgCl2]. c) Equilibrium constant KObs as a function of salt. Colors in panels b) and c) are 

consistent with the concentrations displayed in a). Error bars indicate one standard deviation in 

repeat experiments across independent sample annealing’s. .................................................... 157 

Figure 6.3: Results of the SAXS experiments to assess conformations of SAM-II in solutions 

containing different salt ions. The left column shows the Na+ titrations. At the right Mg2+ titrations 

are presented. a) Radius of gyration (Rg) for NaCl (left) and MgCl2 (right). Error bars denote 

uncertainties in values derived from Guinier fits. In some cases, the error bars are smaller than the 

marker size. b) Kratky plots formed from the measured intensity profiles, with cartoon arrows 

pointing out trends observed with increasing concentration of the indicated salt. The curves have 

been scaled to match at q=0 to aid in comparison. Consistent colors  across the panels represent 

a given salt concentration. .......................................................................................................... 160 

Figure 6.4: Assessing spectroscopic differences between conformational states when SAM is 

present. a) smFRET titrations of SAM in the presence of either Na or Mg ions. b) Quantification of 

the SAM-bound fraction from the smFRET histograms shown in panels a). Error bars are smaller 

than marker size and represent one standard deviation across independent measurements.  c) 

Global size of SAM-II in the presence of SAM as Mg ions are titrated. Error bars are smaller than 

the marker size in most cases and represent uncertainties in fit parameters derived from a Guinier 

analysis. d) Comparison of the average structure of the highest Na+, Mg2+ and Mg2++SAM SAXS 

conditions. e) Circular Dichroism assessment of secondary structure differences between SAM-II 

in the solution conditions close to those in d). Colors designate the same limits as in d). Dashed 

lines are drawn to display the peak positions in the +SAM (green) and no SAM (red and blue) 

conditions. ................................................................................................................................... 163 

Figure 6.5: Microfluidic mixing enables non-equilibrium collapse experiments. These experiments 

provide the relative transition state barrier height between the unbound and bound states. The 

(normalized) bound peak height (θ) is plotted as a function of time after mixing with either Na+ or 
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Mg2+ is complete. Error bars represent both uncertainties in fit parameters used to model the FRET 

histograms, and time uncertainties due to Taylor dispersion. Time constants are shown with 

associated errors estimated from jack-knife resampling mono-exponential fits to the kinetic traces.

..................................................................................................................................................... 166 

Figure 6.6: a) Structure refinements consistent with the SAXS data and with the weights of the 

conformational states derived from the FRET data. The figure of merit that balances the two is 

defined by the compound χ2 shown at the top of the figure. b) Designation of the two orthogonal 

order parameters used in this analysis: EFRET and Rc. The effects on the SAXS profiles of altering 

each of these structural parameters is shown in the panels to the right, with arrows illustrating the 

general trends. c) Refined conformational landscapes in (EFRET, Rc) space for the high Na+ and high 

Mg2+ solution conditions. Colorbars show the normalized density for each landscape. ............. 168 

Figure 6.7: The folding map that combines all of data presented here. The riboswitch structures 

populated depends on the presence of Na+, Mg2+ or SAM. White arrows indicate a likely route 

through the folding landscape. Cartoon riboswitches summarize pertinent structural properties in 

each region of the landscape. ..................................................................................................... 174 

Figure 7.1: a) The PreQ1 aptamer exists in two main conformational states. In the absence of 

PreQ1, the aptamer consists of a stem-loop region, with a flexible single-stranded domain 

unpaired downstream. Upon addition of PreQ1, a conformational re-arrangement is triggered. A 

triplex forms between the A-tract (yellow) and stem structure (green), tertiary contacts form 

between the hairpin and tail end (blue) and the ligand is captured in a binding pocket (red). This 

interaction is mediated by a flexible hinge base in the tail domain (purple). Three dimensional and 

secondary structure diagrams are shown to illustrate this transition. b) Our proposed mutational 

set consist of point (allosteric) mutations in regions which are not involved in hydrogen bonding, 

and energetic mutations that keep the interconnecting regions the same but alter bonding 
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Figure 7.4: a) Bound state fraction as a function of PreQ1 concentration for our mutants in the 

absence of divalent Mg ions. b) Bound state fraction as a function of PreQ1 concentration for our 

mutants in the presence of divalent Mg ions. Numbers in each panel give the sensitivity of RNA to 

ligand through K1/2 values derived from a non-cooperative Hill fit to the data in each panel.  c) 

Mean p-value for each mutant bound fraction in the absence of Mg ions relative to the WT. d) 

Mean p-value for each mutant bound fraction in the presence of Mg ions relative to the WT. e) 

Cartoon illustrating regions involved in the RNA bound state when ligand is present. Uncertainties 

denote the standard deviation in at least 3 independent sample annealings. ........................... 200 

Figure 7.5: Non-equilibrium smFRET measurements for each of the mutants mixed with PreQ1 a) 

and PreQ1+1mM MgCl2 c). The normalized bound peak height as a function of time is used to 

compare the relaxation time (τ) across differing mutants. Uncertainties denote time-smearing due 

to Taylor Dispersion, with error bars often being smaller than the marker size. The relaxation time 

τ from mono-exponential fits to the data in panel a and c are given in panels b) and d) respectively. 

The ratio of these relaxation times, representing the Mg induced enhancement in rate, is given in 

e). ................................................................................................................................................ 205 

Figure 7.6: Summary landscape for each of our mutants binding ligands in the presence or absence 

of divalent ions. Dotted lines are intended to illustrate the relative heights of transition states and 

bound state stability between the mutants. ............................................................................... 209 

Figure A.1: Fabrication workflow to make etched silicon microfluidic devices. .......................... 228 

Figure A.2: Expected results from the fabrication protocol outlined above. .............................. 229 
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 CHAPTER 1 

1 Introduction 
1.1 Introducing RNA 

Once relegated to mere messenger of molecular biology processes, sitting between the immutable 

DNA and the functional diversity of proteins, the role and relevance of RNA exploded in the late 

1980’s with the discovery that RNA could be catalytic (1). Instead of simply mediating the genetic 

circle of life in the form of tRNA’s or rRNA’s, RNA could now act as an enzyme. In the following 

decades, functionally acting RNA’s and their role in critical biological processes continued to be 

discovered: riboswitches to bind small molecules and gate protein synthesis, long noncoding 

RNA’s that have roles in gene silencing and splicing machinery that is central to protein identity 

(2–4). 

The fact that RNA is catalytic at all is surprising. Proteins achieve functionality due to the large 

number of chemical diverse amino acids (twenty) that they are built of, and the rich variety of 

folds this large palette allows. DNA is a perfect store of genetic material, due to its limited number 

of bases (four), and lack of chemical diversity imparting significant structural stability in a single 

helical form. RNA flaunts these rules, consisting of the same four bases as DNA, with solely one 

added hydroxyl group, and can often catalyze reactions with little structure at all!  

Given the lack of chemical diversity and structure, how does RNA achieve such a range of 

capabilities? A rich array of interactions between RNA and fundamental elements allows this. In 

addition to the four nucleic acid bases, other energetic driving forces are at play: screening of the 

charged phosphate backbone by metal ions, the capture of divalent magnesium ions within RNA 

folds, interactions between adjacent RNA bases through stacking interactions, base-pairing 
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between distal bases and induced structural changes due to ligand binding (4–10). The balance of 

these various factors is exquisitely tuned to allow the panoply of roles RNAs play. 

1.2 RNA design and RNA directed therapeutics 

With enough knowledge of how the energetics of these systems are balanced, prediction on RNA 

structure function relationships could be made. The ability to predict the structural effects of 

mutations, cell environment and ligand binding on RNA folds would potentially open a whole new 

realm for the biotechnology industry: RNA directed medications. RNA is a particularly attractive 

therapeutic target, not only as the RNA sequence is read to give proteins, and only ~10% of 

proteins themselves are druggable, but due to the broader implication in biological processes and 

disease (11, 12). Essentially if one could target RNA, one could perturb the whole of molecular 

biology. 

Progress towards this has been slow due to the difficulty of the problem, the small number of 

researchers working on RNA, and the similarly small number of industry endeavors that are 

targeting RNA (13). This attitude is beginning to change with a few companies beginning to 

experiment with and launch RNA directed drugs based on RNA interference principles, and small 

molecule inhibitors to functional RNA’s (14, 15). The techniques used to develop such medications 

appears to be unrefined: consisting of high-throughput screens of targets to see what sticks, and 

hope that what sticks shows the same activity in living organisms (16). 

An attractive alternative to this methodology would be to garner enough understanding of RNA 

structure and dynamics that we could predict, or at least narrow down, which potential partners 

or mutations would have the desired effect on an RNA fold. Taking this route demands an intricate 



3 
 

understanding of RNA energetics at a fundamental level. Currently the knowledge base of the RNA 

folding field is nascent, and much more thorough experimental investigations on fundamental and 

model RNA systems is needed to provide the necessary data to enable physical blind predictions. 

With this basic knowledge, improvements to RNA force fields could be made to enable much more 

realistic and robust predictions of RNA dynamics, circumventing the need for screening 

methodologies. Developments in this field are continuing to progress (17–19). 

1.3 Where we are headed 

The goal of this thesis is to deconvolve the mechanisms and underpinnings that grant and guide 

RNA folds and lay out design principles and common themes that can be applied to understand 

RNA elements. Our strategy is of the biophysicist: developing tools and techniques to reveal new 

details of molecular conformations and applying these tools to model systems to reveal 

generalizable principles. As we go, we will build up in RNA complexity and the number of elements 

these molecules interact with. By the end of the thesis we will probe the effect of RNA mutations, 

ions and ligands on functional RNA’s. The layout of the thesis is sketched in Figure 1.1. 

The first two chapters address a fundamental question, which is what are the unique 

conformational and electrostatic properties of the constituent RNA bases? To answer this, a new 

computational approach is developed in Chapter 2 to refine flexible nucleic acid conformations 

using small angle X-ray scattering data. This method is presented and validated, before we apply 

this technique to investigate the properties of real RNA.  

In Chapter 3 we use homopolymeric chains consisting of 30 uracil or 30 adenine bases as model 

systems to investigate RNA properties. We measure the conformations of these polymers, and 
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perform ion counting experiments to elucidate the ion affinities of these two bases. We find that 

rA bases have unique affinity for divalent Mg ions and capture of these ions occurs with a removal 

of base-stacking interactions. This unique behavior is central to all RNA function, explains why A 

rich regions in well folded RNA’s often sequester Mg ions and fundamentally explains why DNA is 

static and RNA dynamic. 

In Chapter 4, we turn to answer how specifically folded RNAs leverage Mg ion interactions to move 

across a rough folding landscape. To address this question, we use a well-studied model RNA 

system, tp5abc. This molecule represents a large class of RNA motifs named three-helix junctions 

and displays a rich variety of interactions that represent common RNA tertiary and secondary 

contacts. We follow the folding of this molecule in time by a combination microfluidic mixing, small 

angle X-ray scattering and molecular dynamics simulations. These experiments allow us to resolve 

kinetically separated, specific magnesium ion interactions with tp5abc that funnel the RNA across 

the conformational landscape to the native state. 

Up to this point in the thesis, we have focused largely on structure as the guiding tool for probing 

RNAs and resolved the effects of ions on folds. In the second half, we move to a thermodynamic 

description of RNA interactions and begin to study ligand binding RNA elements called 

riboswitches. To do this, we need a new physical tool to follow the kinetics of the ligand binding 

process. 

In chapter 5 we design, develop and characterize microfluidic mixing devices to enable time-

resolved, single molecule fluorescence measurements. A fabrication protocol using borofloat glass 

and SU8 is described, before flow parameters of the devices are measured. Experimental details 
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of how these measurements are made are also covered. This infrastructure is used in the rest of 

the thesis. 

In chapter 6, we investigate the role of flexible elements and divalent ions in RNAs that bind 

ligands. For our model system we use the SAM-II riboswitch, a particularly unstructured RNA fold 

which represents a large class of ligand binding RNAs. We probe the thermodynamics, structure 

and kinetics of this RNA element using a combination of single-molecule fluorescence, X-ray 

scattering, microfluidic mixing and an expansion of the modelling scheme presented in Chapter 2. 

We resolve a structural hierarchy in the RNA domain that allows ligand binding, with unique 

structures tied to specific interactions with fundamental driving forces: monovalent ions, divalent 

ions and small molecules. 

In chapter 7, we extend upon the themes of the previous chapter by asking what the role of various 

bases in the RNA aptamer play in ligand binding. A benchmark set of mutated RNA’s are used to 

resolve the effects of flexibility and base-pairing in a small RNA aptamer that is reminiscent of 

SAM-II. A high scale microfluidic mixer fabrication protocol is also developed that utilizes etched 

silicon and anodically bonded glass to increase the throughput of our kinetic experiments. The 

interplay of sequence, ligand binding and ions is addressed coupling single-molecule fluorescence 

with these new devices. Surprisingly, we find that a single point mutation in an ‘uninteresting’ 

region of the riboswitch aptamer, far from the ligand binding site, has a larger effect on binding 

than a mutation that ablates four key tertiary contacts adjacent to the binding pocket.  

Finally, in chapter 8, we summarize our results and suggest next steps for the RNA design field. 
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Figure 1.1: Thesis roadmap. In each section of the thesis, we will attempt to answer a general RNA 

principle (the design question, solid colored boxes, central). To address each question, we will take 

a model system allowing us to succinctly investigate the phenomena (left), and develop physical 

tools to provide the answer in a new way (right). This eventually leads to an RNA principle (colored 

text central). As we progress, the complexity of the design question grows. 
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Abstract 

Single-stranded nucleic acids (ssNAs) are ubiquitous in many key cellular functions. Their flexibility 

limits both the number of high-resolution structures available, leaving only a small number of 

protein-ssNA crystal structures, while forcing solution investigations to report ensemble averages.  

A description of the conformational distributions of ssNAs is essential to more fully characterize 

biologically relevant interactions.  We combine small angle X-ray scattering (SAXS) with ensemble-

optimization methods (EOM) to dynamically build and refine sets of ssNA structures. By 

constructing candidate chains in representative dinucleotide steps and refining the models against 

SAXS data, a broad array of structures can be obtained to match varying solution conditions and 

strand sequences. In addition to the distribution of large scale structural parameters, this 

approach reveals, for the first time, intricate details of the phosphate backbone and underlying 

strand conformations. Such information on unperturbed strands will critically inform a detailed 
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understanding of an array of problems including protein-ssNA binding, RNA folding and the 

polymer nature of NAs. In addition, this scheme, which couples EOM selection with an iteratively 

refining pool to give confidence in the underlying structures, is likely extendable to the study of 

other flexible systems. 

2.1 Introduction 

For biological macromolecules, knowledge of structure can be critical for establishing function. A 

rigid one-to-one view of biology is however far removed from the true cellular picture, where 

molecules sample an array of possible conformations (1–4). Motions can vary from small 

fluctuations of proteins about their native state, to bulk movements of domains conferred by 

linkers or hinges. An extreme example is the case of single-stranded nucleic acids (ssNAs), which 

exist in a broad range of unfolded and highly flexible conformations (5–8). In the cell, ssNAs are 

found in a variety of locations, such as in telomeric overhangs at the end of chromosomes, at 

double stranded DNA breaks and at replication forks (9, 10). Given these diverse contexts, and 

their critical biological roles, ssNAs are a prime target for structural investigation. Unfortunately, 

capturing the conformations and properties of ssNAs challenges traditional techniques. 

Fluorescence measurements such as single-molecule FRET report both dynamics and inter-dye 

distances of ssNAs with unmatched resolution (7); however, the technique offers limited global 

structural information, making the results difficult to interpret. Atomic force microscopy and 

similar ‘pulling’ experiments provide mechanical data, but fail to report detailed molecular 

conformations (11, 12). NMR can reveal intricate dynamics and structures for complex RNA 

molecules (13–15), however its application to isolated single-strands is both challenging and 

length limited (16, 17).   
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Small angle X-ray scattering (SAXS) reports the global shape and size of molecules in solution, and 

is sensitive to the full ensemble of populated conformations (18, 19). Uniquely, SAXS can capture 

the richness of such highly flexible systems without added perturbations through dyes or 

mechanical linkages, and is therefore ideally suited to the study of ssNAs.  In spite of this, the 

conformational averaging of the measurement makes detailed analysis of the data troublesome. 

Past interpretations have therefore relied on assumptions that reduce the ensemble statistics to 

means, masking pertinent features.  For example, studies on the stiffness of rU40 and dT40 assumed 

a worm-like chain model and constrained the fit with end-to-end distance measurements from 

FRET experiments (8). While self-consistent, this method sacrifices information gleaned from 

distributions of parameters. Furthermore, the WLC assumptions were found to be invalid in 

certain salt regimes.  Improved schemes model the phosphate backbone in terms of virtual bonds, 

trading bulk assumptions in the WLC model for a coarse-grained view of the ssDNA chains (6). 

Although this latter approach has advantages, providing distributions of some conformational 

parameters and adding interaction terms missing from the WLC model, structural information 

applicable to real chains is restricted due to the simplified representation of the backbone. The 

assumptions required to model the interaction potentials also bring additional complexity and 

uncertainty to the analysis. 

Recent advances in ensemble methods have made it possible to fit sets of models to experimental 

SAXS data (20, 21), deconvolving the conformational averaging of the measurement into individual 

conformers. This approach grants both a representation of the underlying states and provides 

distributions of structural parameters. These ensemble optimization methods (EOM) work by 

selecting structures from a pool containing thousands of possible candidates, with the scattering 
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profiles computed from the selected models together reconstituting the experimentally measured 

curve. The generation of a large and realistic pool is crucial to obtaining meaningful results. This 

method has been applied with great success to multi-domain proteins (22–25), and RNA molecules 

with well-defined secondary structure (26), but has yet to be applied to ssNAs. In contrast to 

proteins and RNA, very few structures of ssNAs are available to build an extensive pool around. 

While crystal structures of bound ssNAs exist, their numbers are few and may be unrepresentative 

of the solution state of the molecule. Theoretical alternatives to chain generation such as 

molecular dynamics, coarse-grained models and fragment analysis have been applied to predict 

ssNA conformations and binding (27–29), but are computationally intensive and not suited to the 

on-demand generation of thousands of conformers. Commonly used approaches and pipelines for 

RNA model construction (30–33), while providing viable structures for complex RNAs, cannot 

currently provide realistic conformers for molecules completely lacking base-pairing interactions, 

such as ssNAs. 

Here we present a dynamic pool generation and refinement method for ssNAs that employs 

multiple rounds of ensemble optimization. By first generating a pool of random ssDNA chains 

based on known backbone preferences, we use EOM to select sets of structures from the pool 

whose computed scattering profiles best represent the experimental SAXS data. The pool of 

models is then rebuilt based on preferences in the selected structures and a new round of 

ensemble optimization performed. This scheme iterates until the structure pool most closely 

resembles the conformations present in the experimental curve, at which point a last round of 

EOM is run to give the final results. Through a series of test cases and experimental examples, the 

method is shown to be a robust way to determine otherwise unobtainable distributions of 
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conformational parameters in ssNA systems. Furthermore, we show that by pairing EOM selection 

with an iteratively refining pool, additional parameters from the underlying structures can be 

inferred.  Both these points establish SAXS and EOM as the ideal method for studying the solution 

structure of ssNAs.  

2.1.1 Simplified overview 

Before providing an in-depth description of the method, we give a general overview outlining the 

key steps and ideas of the iterative refinement scheme. To begin, single ssNA chains are 

constructed from a sequence of discrete, dinucleotide steps, referred to as suites. Each suite is 

drawn from a pre-defined library with an initial statistical weight. The library we have assembled 

is based on known dinucleotide steps derived from both DNA and RNA crystal structure surveys, 

and is tailored for a specific base. By drawing steps probabilistically from this library, individual 

ssNA chains can be built. Once the chain is checked for steric clashes, it is added to the structure 

pool. Iteration of this procedure populates the pool with a large number of potential candidates 

of varying shapes, sizes and suite compositions. After calculating the theoretical SAXS profiles of 

each chain, we fit the pool to experimental scattering data using ensemble optimization. This step 

identifies sets of models in the pool that best reconstruct the true scattering profile of the ssNA 

under study. Once we have identified the models that best reconstitute the experimental data, 

we compare the frequency of each suite in the selected models to the frequency of suites in the 

overall pool. The weights of the suites in the library are then adjusted based on this comparison, 

and a new pool of models subsequently constructed from the updated library. This procedure is 

iterated until convergence is achieved, at which point a final round of fitting yields the interpreted 

results. 
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2.2 Materials and Methods 

2.2.1 Ensemble concept in SAXS 

We begin by briefly reviewing the ensemble optimization method (EOM) applied to SAXS. In 

solution, conformational fluctuations result in the existence of an ensemble of possible states for 

any given molecule. These variations are reflected in the associated SAXS profiles at any snapshot 

in time. The experimental scattering curve therefore encompasses the many thousands of 

conformations sampled by the molecule during the measurement interval. The ensemble method 

decomposes the total scattering curve I(q) into the sum of profiles for each frequented state In(q), 

such that: 

 𝐼(𝑞) =  
1

𝑁
∑ 𝐼𝑛(𝑞)

𝑁

𝑛=1

 (2.1) 

Where N is the number of states representing the number of underlying conformations (counting 

degeneracies separately).   To keep the problem tractable, the number of states is kept small 

(generally N < 50). If the scattering profiles of potential conformations are known or calculable, a 

genetic algorithm can be used to derive sets of structures that best recapitulate the experimental 

data. These structures are therefore representative of the solution states of the molecule. For this 

method to give meaningful results, a large pool of potential, but realistic conformers must be 

supplied for the genetic algorithm to select from. The generation of a pool of models from which 

the scattering profiles are calculated is thus critical.  
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2.2.2 Overview of chain generation 

To build pools of ssNA structures, we begin with the most basic building block for all nucleic acids:  

the single nucleotide (Figure 2.1a). Single nucleotides bind together to form dinucleotides, which 

can be described by two parameter sets:  the torsion angle set which defines the phosphate 

backbone (Figure 2.1b), and the angles defining the two associated sugars and bases (Figure 2.1c). 

The chain building method we describe is based on the long standing observation that the torsion 

angles between adjacent nucleotides tend to be correlated with one another: in RNA, 46 distinct 

sets account for the majority of conformations measured in high-resolution structures (34–39). 

While DNA is more conformationally plastic than RNA, similar clustering exists for DNA torsion 

angles (40). Our method uses these distinct angle sets as the framework for chain generation in 

units referred to as suites (34, 41). In each suite, a torsion angle set defining the phosphate 

backbone is specified, as well as the sugar pucker and base torsion angles of the two accompanying 

bases. Chains of varying size, sequence and geometries are then built by drawing individual steps 

probabilistically from a library of representative suites (Figure 2.1d). 

Figure 2.1: a) The basis for all DNA and RNA structures is the single nucleotide. b) Torsion angles 
defining the phosphate backbone in a dinucleotide (α, β, ϒ, ζ, ε). c) Torsion angles defining the 
two sugar puckers (δ) and base orientations (χ) in a dinucleotide. d) A chain built from a series of 
dinucleotide steps. Rendered using Pymol version 1.2 (DeLano Scientific LLC). 
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2.2.3 Constructing a library of suites 

As the global shape of ssNAs is largely determined by the phosphate backbone, rather than the 

orientation of the bases, it is especially critical to select a variety of torsion angle sets when 

modeling data acquired by a low-resolution technique such as SAXS.   To this end we used 12 

torsion angle sets with the goal of capturing conformations readily found in DNA crystal structures 

(such as stacked conformations), as well as sampling extended conformations that may rarely be 

found in high resolution structures, but are likely present in solution. The latter we derive from 

RNA rotamers (34). This assumption is reasonable; given that RNA is more sterically hindered than 

DNA, the conformations that RNA can assume presumably represent a subset of those that DNA 

can form. This fact is readily observed in nature: DNA can adopt both A and B-form helices, while 

RNA can only adopt the former. 

Each torsion angle set was assigned a 2-3-character mnemonic, as specified in Supplementary 

Table 1. For the unstacked, RNA-derived conformations, the first two characters define the region 

of α/ζ space that the given torsion sets fall in, as in reference (42), while the third specifies the 

range of ϒ (p=gauche+, m=gauche- and t=trans) (43). For the stacked conformations, the 

mnemonic reflects the specific geometry of stack formed, i.e. A1 is canonical A-form (following 

(40)). In RNA, the precise values in each torsion angle set are correlated with the sugar pucker (δ) 

of consecutive bases. For simplicity, we use a single torsion angle set for all allowed values of δ. 

These values were taken as the average for RNA suites belonging to a particular (α/ζ ,ϒ) group, but 

having different sugar puckers. This is not a severe approximation, as the dinucleotides were 

identified as the correct RNA suites by the program suitename (34).  
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Having established a framework for describing torsion angle sets, we construct a library of suites 

around these sets and weight each to define a probability distribution from which steps of a chain 

may be drawn. The chain building technique is very general, and may be applied to give libraries 

of RNA or DNA suites for constructing models of arbitrary sequence. For simplicity, we began with 

libraries for DNA homopolymers with T or A bases. To extend the torsion angle sets to suite 

libraries, we need only determine the possible values of both sugar puckers and base torsion 

angles appropriate for each homopolymer. We can reduce the number of possible suites in the 

libraries by looking to NMR data on dinucleotides. The NMR derived equilibrium constant between 

C2’ and C3’ endo sugar puckers (K3
endo ⇌ K2

endo) for dTpdT dinucleotides is 1.9, while for dApdA it 

is 24 (44). Such a high sugar pucker constant for dA dinucleotides implies that the C3’ sugar pucker 

will be exceedingly rare. Therefore, suites featuring C3’-endo sugar puckers were not included in 

the dA libraries. Furthermore, in accordance with known preferences for purines and pyrimidines 

(45), both anti and syn bases were modelled in poly dA suites, while poly dT suites feature only 

anti conformers. Similarly, a single sugar pucker pair was modelled for each stacked suite, with the 

base angle always anti (40). Therefore, before removal of sterically hindered suites, we arrive at 

four suites for each non-stacked torsion angle set, and one suite for each stacked torsion set.  

To determine steric clashes in the suites, atoms were assigned Van der Waals radii of 1.52 (O), 1.7 

(C), 1.8 (P), and 1.55Å (N) as in previous discrete models for nucleic acids (46). A steric clash was 

defined as a Van der Waals overlap greater than 0.42Å  for non-bonded atoms (this value was 

relaxed slightly from the overlap cutoff of 0.4Å  defined in the nucleic acid model validation tool 

MolProbity (47) to accommodate imperfect stacking geometry resulting from binning sugar 

pucker and base torsion angles in our reduced suite definitions). Bond angles and distances were 
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taken from the XPLOR high-resolution parameter set (48). Steric clashes in suites were checked 

between all non-bonded atoms, and suites showing overlap were removed from the libraries. 

When building chains with suites, the gamma angle of the 5’-terminal sugar is undefined, and was 

therefore assigned the canonical values of 52.5 degrees. Base torsion angles were adjusted slightly 

within their allowed ranges to prevent steric clashes in the stacked dTpdT suites. After removing 

steric clashes from the libraries, dTpdT suites totaled 35 (1 suite removed due to steric clashes), 

while dApdA totaled 32 (2 suites removed due to steric clashes). The torsion angle sets and 

base/sugar parameters used to build the suite libraries are summarized in Supplementary Tables 

1 and 2. To help visualize these angle-sets, we provide representations of each of the suites and 

their SAXS-relevant properties in Supplementary Figures 2.1 and 2.2. 

2.2.4 Chain building  

In our chain generator, a set of M suites specify all possible dinucleotide steps, with a chain of 

length N defined by a list c of N-1 integers between 1 and M, as illustrated in Figure 2.2a. As each 

suite defines both 5’ and 3’ sugars, adjacent suites overlap. Therefore, neighboring suites must 

obey adjacency rules with regards to the sugars and bases (a 5’ C3 endo suite cannot follow a 3’ 

C2 endo suite, Figures 2.2b and 2.2c). A combination of steric clashes and adjacency rules severely 

limit the number of possible suite permutations. Thus to accelerate structure generation, all chains 

of length 5 (4 suites) are precomputed and checked for steric clashes and adjacency rule violations. 

All possible suite combinations are then stored in a (MxMxMxM) logical matrix L4 which identifies 

if a given suite permutation is allowed. Next, each suite in the library is assigned an initial statistical 

weight ti, equal to the probability for it to occur as an isolated dinucleotide. These probabilities 

are generally unknown, but may be constrained by the frequency each appears in consensus 
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survey data (34, 40). These statistical weights are stored in a vector w of length M, and are 

collectively rescaled in order to obtain the correct NMR derived sugar pucker constants, as in 

previous work (44). We express this process as w = w(t,K), where K is the sugar-pucker equilibrium 

constant, and t a vector containing the suite weights (the ti’s). Having laid out the definitions of 

relevant objects, we now proceed to explain the chain building algorithm. The procedure to build 

a single chain consists of 3 steps and is illustrated in Figure 2.2d. 

A Monte Carlo procedure is applied to generate chains of arbitrary length that are free of steric 

clashes and consistent with the equilibrium constants for each dinucleotide step. Initially, a chain 

conformation c0 is set randomly. To make c0 consistent with adjacency rules and steric clashes 

(defined by L4), changes to a single position in c0 are proposed at random, and accepted if the total 

number of violations, Vtot, decreases or stays the same. Vtot is computed by scanning L4 across c0: 

 𝑉𝑡𝑜𝑡 =  ∑ 𝐿4(𝑐0(𝑗),

𝑁−4

𝑗=1

𝑐0(𝑗 + 1), 𝑐0(𝑗 + 2), 𝑐0(𝑗 + 3))𝐼(𝑞) (2.2) 

This process is repeated until the number of violations is zero. Next, a Gibbs sampler is used to 

modify the chain at random locations according to the probability derived from the dinucleotide 

weights. In each iteration, a location in c0 is chosen at random (a random integer n between 1 and 

N-2). Two adjacent suites are permuted at a time to allow suites of any sugar pucker or base 

torsion angle to be inserted into the chains. For example, it would be impossible to insert a C2’-

endo sugar pucker suite into a stretch of C3’-endo sugar pucker suites without permuting two 

positions simultaneously. The sampler generates new values for positions n and n+1 in c0 based 

on the adjacent and the statistical weights. To begin, all pairs allowed by L4 are enumerated. The 
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statistical weight for each pair is computed from the product of its statistical weight divided by the 

sum of the weights for all possible pairs (this is the Gibbs sampling step (49)). The sampler is 

iterated until the new trial state c is sufficiently different from the initial state c0. An appropriate 

number of iterations will depend on the length and complexity of the chain being generated. We 

found that 50 iterations were sufficient for 30-mer homopolymer chain (N = 30).  

Figure 2.2: a) A chain of length N is defined by a vector c of length N-1, containing integers between 

1 and M which define a suite in the library. The simplest case is illustrated, 9 of the same suite in a 

row (suite 30) to give a chain of 10 bases. b) Adjacency rule violation: a 5’ C3’ endo sugar pucker suite 

(orange) cannot follow a 3’ C2’ endo sugar pucker suite (green). c) Correctly overlapping suites with 

no adjacency rule violation. d) Illustration of the procedure to build a single chain. In the first step, an 

initial conformation is set at random. For simplicity, we chose a ‘random’ conformation consisting of 

all the same suite in a row. In step two, multiple iterations of a Gibbs sampler are performed. In each 

iteration, a random position in the conformation list is selected and permuted based on statistical 

weights (first change to c0 is highlighted in yellow, the second orange). Enough iterations are 

performed to make the new state c significantly different from the initial state c0. In the third step, 

the PDB is built and checked for steric clashes. 
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At this stage, c represents a proposed move, however it may contain long-ranged steric clashes 

that were not captured by the L4 matrix. The 3D model is computed from c using the geometric 

rules for nucleic acid bond angles and distances. Because c is guaranteed to have no steric clashes 

between nucleotides separated by less than 5 bases, and because nucleotides have a known 

maximum size, it is not necessary to compute the pair-wise distance between all atoms. First, pair-

wise distances between all C1’ atoms are computed for all pairs of nucleotides separated by more 

than 5 bases along the chain. Next, those nucleotides whose C1’ atoms are within a cutoff distance 

of 20Å (46) are checked for clashes. If one or more clashes are found, c is rejected, and the Gibbs 

sampler is re-run from the previous state, c0.  Finally, after a burn-in period of 10 successful 

iterations, the 3D models are saved in PDB format.  

2.2.5 Ensemble optimization and iterative refinement of suite weights 

Chains constructed from the initial suite weights likely do not yet represent the true solution 

structure of a given ssNA in a particular salt condition. Multiple rounds of chain building and suite 

weight refinement based on fitting experimental SAXS data to the constructed models are 

required to achieve good agreement.  Each round of refinement (Figure 2.3) consists of four steps: 

Build chains with steps drawn probabilistically from the suite library to populate a pool of models. 

Calculate the theoretical SAXS profile for each model in the pool. 

Identify the most representative structures by fitting input experimental data using the pool by 

EOM. 

Re-estimate the suite weights in the library based on the frequency of suites in the selected models 

compared to the pool. 



22 
 

This loop iterates until the selections converge, at which point a final round of selection is run to 

provide interpreted results. 

The particular implementation of each step during refinement is as follows. In the first step, the 

chain-building algorithm is iterated to generate a pool 1000 structures. In step 2, each structure’s 

SAXS profile is computed using CRYSOL (50), with a maximum harmonic order of 15, Fibonacci grid 

of order 18, and default hydration parameters. Due to its extensive application to flexible 

intrinsically disordered proteins (20, 21, 51–55), the reduced contrast of proteins emphasizing 

hydration models compared to nucleic acids (56), and the low q-range we utilize, the use of 

CRYSOL to hydrate and compute theoretical scattering profiles for these flexible ssNAs is well 

justified. In step 3, the EOM method is implemented as a genetic algorithm by the program GAJOE 

1.3 (20), which fits theoretical SAXS profiles to the input experimental curve. We use 20 structures 

per ensemble with repeat selections allowed to reconstitute the data. For each refinement round, 

the algorithm is run for 50 generations. The EOM process is repeated 50 times to accumulate 

statistics. 

In step 4, the frequency of each suite in the pool (hpool) and in the selected ensembles (hens) is 

calculated. A new estimate for the suite weights (tnew) is found that minimizes the discrepancy 

between the observed suite frequencies (hens) and an expected value for hens assuming that the 

frequencies are proportional to the underlying weights (44): 

 𝜒ℎ
2 =  ∑ (ℎ𝑒𝑛𝑠

(𝑖)
−  

ℎ𝑝𝑜𝑜𝑙 
(𝑖)

𝑤(𝑖)(𝑡𝑛𝑒𝑤,𝐾𝑒𝑞
𝐶2−𝑒𝑛𝑑𝑜)/𝑤𝑜𝑙𝑑

(𝑖)

∑ ℎ𝑝𝑜𝑜𝑙 
(𝑗)

𝑤(𝑗)(𝑡𝑛𝑒𝑤,𝐾𝑒𝑞
𝐶2−𝑒𝑛𝑑𝑜)/𝑤𝑜𝑙𝑑

(𝑗)
𝑗

)

2

𝑖

 (2.3) 
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Where wold is the vector of suite weights used by the chain generator to create the pool (the NMR 

rescaled vector of t). A vector tnew that minimizes χh
2 is found using the lsqnonlin function in 

MATLAB. Having re-weighted the suites in the library, we can now proceed back to step 1, and 

start the next round of refinement.  

In general, we run 15 refinements in preparation for the final round of the loop. The final round 

differs from the refinement rounds in that 10,000 structures are built in step 1, EOM is run for 500 

generations, and is repeated 500 times in step 3. The results of this final round of selection are 

interpreted as the conformations adopted by the ssNA of interest.  

2.2.6 Metrics for convergence  

To determine whether the refinements effectively increase the quality of models in the pool, and 

to check for convergence, we monitor two metrics at each stage of the refinement. First, the 

goodness of fit χ2 of each individual ensemble is assessed by comparing the ensemble Iens and 

experimentally derived Iexp SAXS curves: 

 𝜒2 =
1

𝐾 − 1
∑ (

𝐼𝑒𝑥𝑝(𝑞𝑖) − 𝑐𝐼𝑒𝑛𝑠(𝑞𝑖)

𝜎𝑒𝑥𝑝(𝑞𝑖)
)

2𝐾

𝑖=1

 (2.4) 

where K is the total number of points in q-space, σexp is the experimental error at each q point and 

c is a scaling factor. The reduced chi-square is then used to judge the global fit of all ensembles to 

the experimental data:  

 𝜒𝑅𝑒𝑑
2 =

1

𝑁
∑ 𝜒𝑗

2

𝑁

𝑗=1

 (2.5) 
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here, the summation is over all generated ensembles (N equals 50 for each refinement stage and 

500 for the final round of selection): 

Second, to assess convergence of the refinement procedure, we compare the populations of suites 

in the pool and ensembles by evaluating the Jensen Shannon Divergence (JSD) (57). This metric 

enables the similarity of two probability distributions to be assessed. In terms of two probability 

distributions p1 and p2, the JSD is defined as: 

 𝐽𝑆𝐷 = 𝐻 (
1

2
𝑝1 +

1

2
𝑝2) −

1

2
𝐻(𝑝1) −

1

2
𝐻(𝑝2) (2.6) 

H(p) is the Shannon entropy for a discrete probability distribution p with states pi:   

 𝐻(𝑝) =  − ∑ 𝑝𝑖ln (𝑝𝑖)

𝑖

 (2.7) 

The use of two metrics allows us to assess convergence and increased model quality in 

complementary ways. 

2.2.7 Experimental methods  

HPLC-purified DNA oligomers of dT30 and dA30 were purchased from Integrated DNA Technologies 

(Coralville IA). Lyophilized powders were resuspended in STE buffer and dialyzed four times with 

20mM NaCl, 1mM Na MOPS pH 7.0 using Amicon Ultra-0.5 10kDa concentrators (EMD Millipore, 

Billerica, MA). SAXS profiles were measured at the Cornell High Energy Synchrotron Source 

(CHESS) beamline G1, at three strand concentrations: 200, 100 and 50 μM. Buffer subtracted 

curves were matched in the range 0.15Å-1 < q < 0.25Å-1, for accurate concentration normalization, 

and were linearly extrapolated to zero-concentration to remove any inter-particle interference 

effects observed at low q. The zero-concentration curves were joined at q= 0.15 Å-1 to the high 
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concentration curve to provide the final, structure-factor free SAXS profiles. Due to a slight over-

estimation of errors during the SAXS integration step, a rescaling of the uncertainties was 

performed. The inverse Fourier transform (IFT) of the experimental data was calculated with 

Figure 2.3: Our ssNA modelling strategy consists of four steps. The first involves iterating the chain 
building procedure using a statistically-weighted dinucleotide suite library to populate a large 
structure pool. In the next step, the SAXS profiles for all models in the pool are calculated. In step 
3, the structure pool is fitted to input experimental SAXS data. Finally, the selected structures are 
examined against the pool, and a new set of suite weights are defined. This process is iterated until 
convergence. 
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GNOM (58), after which the uncertainties on the experimental curves were rescaled so that the 

chi-square for the IFT fits were equal to 1. All data analysis was performed with MATLAB using in-

house code. 

2.2.8 Generation of test cases 

Test cases were generated by building structures with the chain-generating algorithm as described 

above. Each structures’ SAXS curve was computed with CRYSOL and, unless stated otherwise, the 

average of at least 2000 structures was used to provide the synthetic data to test our iterative 

refinement scheme. 

2.3 Results and Discussion 

2.3.1 Sampling of conformational space and ensemble size 

To correctly implement EOM, two basic criteria must be met. First, it is crucial that the pool of 

models is conformationally broad and adheres to known distribution statistics. Second, the 

ensemble size must be large enough to capture the underlying number of accessible states. These 

conditions ensure GAJOE is given realistic conformational variety and sufficient structure 

selections to adequately recapitulate the SAXS data. To test the first requirement, unrefined pools 

of dT chains with a variety of lengths were generated. The mean Rg of the pools were fit with a 

power law of the form Rg ~ Nν, which has been previously used to analyze experimental SAXS data 

on ssDNA homopolymers of varying lengths (59). This work showed that ν falls in between a self-

avoiding walk (ν~0.58) under high-screening conditions, while displaying stiffer behavior (ν~0.70) 

under low-screening conditions. We checked whether our initial unrefined pool of structures could 

capture this range of behavior. The derived power law shown in Figure 2.4a falls in between these 
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limits, illustrating that the initial pool of structures is physically reasonable. Furthermore, the range 

of structures generated in the initial pools at each length is broad enough to provide coverage of 

both extreme chain conformations. The unrefined pools are therefore well positioned to match 

any ionic condition ssNA chains may be in upon subsequent refinements.  

To check the second requirement, the whole iterative refinement scheme was run multiple times 

on synthetic input data with a 2% uncertainty included on the intensity values. Each separate 

implementation utilized a differing ensemble size. The reduced χ2 of the ensembles in the final 

rounds of selection were used to assess the minimum number of structures per ensemble required 

to best fit the data. The fits (Figure 2.4b) show a decrease in χRed 2 from a maximum of 0.95 with 

one structure per ensemble, before plateauing at a χRed 2  of 0.04 for an ensemble consisting of 20 

members. These low chi-square values even for one-member ensembles are a result of the 

synthetic input, and are not realistically achievable when applied to experimental data. 

Figure 2.4: a) Mean Rg (red circles) and range (red bars) of unrefined dT pools of varying chain lengths. 
The mean Rg of the pools were fit with a power law (solid red line) that falls in between the behavior 
expected for free (top dashed blue) and self-avoiding (bottom dashed blue) chains.  b) Effect of 
ensemble size on the quality of data fitting. 



28 
 

Nevertheless, this test shows that the minimum number of structures per ensemble required to 

fit free nucleic acid systems is around 20. 

2.3.2 Recovery of conformational distributions 

The use of EOM to produce Rg distributions for multi-domain and intrinsically-disordered proteins 

is well established (20, 21). Such behavior however, has not been demonstrated for flexible linker 

type molecules such as ssNAs. Another intriguing possibility is the extraction of additional 

parameters useful in the study of nucleic acids, in particular the end-to-end distance R. To illustrate 

that the refinement method is capable of capturing and reporting these parameters, two test 

cases with known Rg and R distributions were simulated and used as the input for our scheme.  

The results (Figure 2.5) show the good agreement obtained between known and EOM-derived 

distributions, with both the shape and extent of conformational space recovered. It is somewhat 

surprising that the R distributions are reproduced, given that EOM only indirectly constrains this 

metric. These examples establish that the use of the pool refinement mechanism paired with EOM 

is applicable to the study ssNAs conformations.   

2.3.3 Recovery of model parameters 

While details of individual models are certainly far from discernable in a low-resolution technique 

such as SAXS, ensemble generalizations relating to specific torsion sets are extractable. As SAXS is 

sensitive to the overall shape of molecules in solution, and because the shape of the chain is 

governed by specific sets of torsion angles defining the phosphate backbone, some global 

information about these angles should be recoverable. The refinements in our method allow us to 

reconstruct the mean shape and suite composition of chains defining the input SAXS curve. To 



29 
 

quantify the directional persistence of the chain, we calculate the orientation correlation function 

(OCF), defined as: 

 < cos 𝜃𝑖𝑗 > = < �̂�𝑖 ∙ �̂�𝑗 > (2.8) 

Here, �̂�𝒊 is the normalized bond vector between the ith and ith+1 phosphate in the chain. The 

average dot product between bond vectors is computed as a function of separation along the 

chain (|i-j|). The average OCF of all members in the selected ensembles are used to interpret the 

mean shape of the molecule for a given condition.  

Figure 2.5: Demonstration of the applicability of EOM to the study of ssNAs. Two test cases (a and 
b) with known Rg and R distributions (blue) were generated and fed to the iterative refinement 
scheme. The pools generated in the final chain building rounds are shown (dotted black) along with 
the distributions associated with the models selected from these pools (green) by GAJOE. 
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To demonstrate the refinement scheme’s ability to recover mean chain composition and shape, 

we generated the most ordered ssDNA structure one can imagine, a half-canonical B-form helix 

(29 instances of dA suite B1), and used the theoretical SAXS profile from this conformation as input 

for our method. Figures 2.6a and 2.6c show the evolution of suite weights and selected ensemble 

structures with refinements when solving this test case. Initially, the suite weights are far from 

representing a structure pool containing canonical B-form helices. GAJOE therefore identifies 

conformers from the pool that best approximate this state, selecting models that by chance have 

a larger composition of the B1 suite than the pool average (Figure 2.6c red-yellow structures). 

Suite B1 is thus re-weighted more heavily in later refinement rounds. This procedure results in a 

gradual increase in the weight of suite B1, until the scheme converges after refinement round 

seven, where full B1 helices are represented in the pool (Figure 2.6c blue-cyan).  

The mean OCFs of the selected structures for each refinement round are shown in Figure 2.6b. 

The early rounds of ensemble optimization yield structures that poorly represent the true shape 

of the input backbone (black circles), displaying no clear oscillatory features characteristic of 

strong base stacking. Upon subsequent refinements, oscillations in the OCFs emerge that increase 

in amplitude as a higher composition of suite B1 appears in the ensemble structures. After round 

seven, the OCF remains mostly static (as expected from the convergence of suite weights) and 

matches the input B-form helix. Slight variations at the largest phosphate separations are however 

still seen, as the end bases make little contribution to the global shape of the molecule. Regardless, 

by employing an iteratively refining structure pool, additional model parameters relating to the 

mean suite composition and backbone shape can be reconstructed. This is beyond the standard 

limitations of traditional EOM, where the selected models solely provide distributions of Rg and 
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Dmax. We note however, that due to the limited resolution of SAXS, our method is sensitive to the 

global shapes and sizes of the chains under study, as well as the presence of repeating structural 

motifs (such as base stacking, chain stiffening and ion binding) in the phosphate backbone. As 

Figure 2.6: a) The effect of refinements on the weight (w) of suite B1 compared to all other suite 
weights. With each round of selection from the pool by GAJOE, models are identified which contain 
a higher content of suite B1 than the pool average. This suites weight is subsequently increased for 
the proceeding round of structure building. This trend continues until the scheme converges. b) The 
mean OCF of ensemble structures (solid colored lines), is initially far from representing the known 
half B-form helix (black circles). Refinements to the suite weights allow structures whose backbone 
shape more closely resemble the input data to be generated in the pool. Eventually the route of 
the backbone is matched. c) Evolution of ensemble structures (solid colors) compared with the 
known input structure (bold blue) as refinements progress. Structures were aligned with DAMSUP 
(62) with enantiomorphs allowed. Note that near the latter refinements, perfect overlap of input 
and ensemble structures occur, and therefore fewer structures are ‘seen’ as the refinements 
progress. 
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such, the OCF and strongly weighted suite selections are the safely extractable parameters from 

this analysis. Less frequently selected suites present in the refined structures act to contort the 

chain into the correct global shape. No deeper interpretation is given to these subsidary suites. 

As a second check, three dT chains derived from crystal structures (PDB: 2C62, 4GNX and 4GOP) 

were used to provide test cases for the refinement scheme. Figure 2.7 shows the final selected 

ensembles (light red) for each case, together with the input structures (green). Good agreement 

is obtained between the selected ensemble structures and the input for all cases, confirming the 

refinements are having the desired effect of recreating the mean backbone shape when viewed 

together. Additionally, this confirms that our method is not just self-consistent, but is flexible 

enough to reconstruct real chain geometries that are not defined in terms of the suites in our 

library. 

Figure 2.7: Three poly dT chains derived from crystal structures were used as test cases for the 
refinement scheme (solid green sticks) a) PDB: 2C62 b) PDB: 4GNX c) PDB: 4GOP. The EOM derived 
ensembles (red lines) clearly show that the mean shape of the backbone is reproduced for each 
case. All structures were aligned with DAMSUP with enantiomorphs allowed. 
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2.3.4 Application to dT30 and dA30 

To experimentally test the method, we chose to focus on the conformations of dT30 and dA30 at 

low salt (20mM NaCl). These molecules display distinct conformational preferences and have been 

widely investigated, hence they are the ideal test subjects for the iterative refinement scheme. 

After fifteen rounds of refinement, the final selection resulted in excellent fits to the experimental 

SAXS data, as shown in Figure 2.8.  The selected ensembles fit the data with χRed 2 values of 1.00 

and 0.98 for dT30 and dA30 respectively, improved from the initial round of selection using the 

unrefined pools. The evolution of chi-square with refinements show a gradual improvement of the 

fits for both homopolymers, followed by a plateau after which the fits to the data do not improve. 

This trend is echoed in the JSD, which is initially large when the pool and selected ensembles suite 

distributions are disparate. Subsequent refinements decrease this distance, eventually remaining 

constant when the scheme has converged. These metrics indicate that the refinements have the 

desired effect of increasing the quality of models in the pool, and that the method has converged 

on a solution well before round 15 of refinement.  

From the SAXS curves, the mean radii of gyration for dT30 and dA30 are measured to be 29.6±0.3Å 

and 27.2±0.3Å respectively. Using the iterative refinement scheme, we can further mine these 

curves to obtain the distributions of both Rg and R for each homopolymer.  To aid in visualizing 

these distributions with respect to individual models in the ensembles, we move from the 1d 

representation of Rg and R histograms previously introduced, to a 2d heat map (Figure 2.9). In 

these plots, each model in the ensembles defines a point in space, located by its Rg and R value. 

The heat on the map is determined by calculating the number of states within a 2Å circle centered 

about each point. The bounding models in the pool are now represented by the purple dashed 
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contours.  By comparing the populated region of conformation space to the extreme states of the 

pool, it is clear that both dT30 and dA30 are only moderately flexible at these low salt conditions; 

with the largest structures in the pools not selected. The extent of coverage in conformational 

space (EoC) also appears to be roughly equal for both polymers, indicating each is as flexible as 

the other in terms of accessible states. This finding is surprising, given that dA30 is generally 

considered a more rigid polymer than dT30 (5). While the EoC is comparable, the density of 

structures in Rg-R space is far higher for dA30 than dT30, suggesting that the former has a stronger 

preference for certain conformations than the latter. Despite differences in the global size of each 

Figure 2.8: The EOM fits (dashed blue) to the experimental SAXS data (solid red) with associated 
experimental errors (grey) and residuals (inset) for a) dT30 and b) dA30. In the residual plots, we limit 
the y-axis to enable the high-q agreement to be easily seen. The effect of refinements on the 
reduced chi-square (χRed 2) and JSD of the selected ensembles for each molecule are also shown. The 
SAXS data and additional information, such as Kratky and Guinier plots, are available on SASDBD 
(dT30: SASDBD6, dA30: SASDBDE6). 
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polymer as reported by Rg, the mean end-to-end distance for both is 70 Å. Thus, while dA30 is on 

average more compact, its length remains roughly equivalent to that of dT30. The associated R 

distributions echo the conformational preferences as noted earlier, with dT30 much more smeared 

over many length scales than the more constrained dA30. 

To pictorially represent the above conformational spaces, we show one ensemble of structures 

for each polymer (Figure 2.9 right). The most striking difference between the two is seen in the 

Figure 2.9: Conformational spaces (Rg and R) were formed from every selected model in the 
ensembles (500 sets of 20 models for a total of 10,000 points) (left). Projections onto 1d Rg and R 
histograms are also shown. On the right,  one of the 500 sets of 20 member ensembles reconstituting 
the experimental curves for a) dT30 and b) dA30 are displayed. These ensemble structures are available 
on SASBDB, (dT30: SASDBD6, dA30: SASDBDE6). 
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route of the phosphate backbone. In dA30, the strong propensity for base-stacking sets the 

backbone in a tortuous wind, juxtaposed to dT30 where a lack of stacking interactions yields 

straighter conformations. The ensembles reveal that while there is a large variety in chains 

required to represent the SAXS data, the structures themselves are distinctly non-globular, in 

agreement with previous ab initio methods of structure determination for DNA homopolymers 

(59).  

To quantify these observations, we examine the mean number of a given torsion set per structure 

(Figure 2.10a). In this view, dA30 features a high degree of base-stacking, with large population of 

the B-form suites B2 and B1.  The latter canonical B-form suite is more favored. In contrast, dT30 

shows a strong bias for suites which straighten the phosphate backbone, such as the p3 family, 

with only marginal base-stacking present through suites B2 and hybrid B2A. These results agree 

well with AFM pulling experiments on dA30 and dT30, where there is little sign of any base-stacking 

in dT30, but extensive stacking in dA30 (60). Unlike these experiments, we obtain these metrics for 

the molecules in their natural, unextended states at low salt, and can quantify the mean number 

of stacked bases per chain without referring to the other for a baseline. While on average, dT30 

and dA30 show strong preferences for particular suites, the range of subsidiary torsion sets 

selected in both polymers emphasizes the plasticity of these systems. 

Finally, we assess the directional persistence of the phosphate backbone for all ensemble 

structures by looking at the OCF (Figure 2.10b). This metric is useful in both assessing the average 

backbone shape of a collection of models, and for testing polymer theories. To our knowledge, 

this is the first time an OCF has been experimentally derived. The OCFs clearly emphasizes the 
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differences in backbone shape and suite selection between dA30 and dT30. A gradual decay is 

observed for dT30 with increased separation, consistent with theories on charged polyelectrolytes 

where the chain gradually ‘forgets’ its orientation with increasing number of monomer steps (61). 

The trend however is not well described through a simple exponential decay, as would be 

predicted by a Worm-like chain model (shown as the dashed green line). This is unsurprising; given 

the low ionic conditions (20mM monovalent salt) we would expect repulsion between distance 

chain elements to stiffen the polymer at large base separations, an effect that is neglected in a 

WLC. dA30 on the other hand features an oscillatory OCF, a result of the helical nature of the 

polymer, where the backbone returns to its original direction after one helical period. Referring 

back to the mean number of suites per structure, we see that the two stacked conformations B2 

and B1 are far more prevalent than any other suite selected. This results in long runs of B1 stacks 

in the selected structures, with occasional breaks likely being B2 suites. In this way, there is a 

correlation at large base separations which exceeds that expected in the conventional 

polyelectrolyte theory. The fact that most suites in dA30 are involved in stacks of B1 also explains 

the sharper decay of OCF seen at small separations relative to dT30. The sharp wind of the 

Figure 2.10: The mean suite composition a) and OCF b) of all selected models in the ensembles for 
dT30 (red), dA30 (blue). We additionally plot the OCF predicted for a WLC model, fit using the 
parameters derived from the dT30 ensemble structures (green). 
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backbone in extended B1 runs results in a greater decay of the OCF when compared to the 

straighter nature of dT30 suite selections.  

2.4 Conclusion 

Here we have outlined a dynamic pool generation and iterative refinement scheme for fitting 

ssDNA structures to experimental SAXS data. Through test cases and experimental examples, we 

have shown that the method is both a robust and flexible way to determine conformational 

distributions associated with ssDNA’s in solution. Furthermore, by pairing EOM selection with an 

iteratively refining pool, we have shown that more in depth parameters relating to mean chain 

composition and backbone shape are also retrievable. While this work focused on homopolymers 

of ssDNA, future efforts will extend the modelling technique to mixed sequence ssNAs (RNA or 

DNA). Additionally, the scheme could naturally be extended to incorporate WAXS data, enabling 

further refining of the model structures.  This style of EOM led structure selection and refinement 

may also be applicable to modelling more complex RNA structures and flexible proteins.  
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Abstract 

Disordered homopolymeric regions of single-stranded RNA, such as U or A tracts, are found within 

functional RNAs where they play distinct roles in defining molecular structure and facilitating 

recognition by partners.  Despite this prominence, details of conformational and biophysical 

properties of these regions have not yet been resolved. We apply a number of experimental 

techniques to investigate the conformations of these biologically important motifs, and provide 

quantitative measurements of their ion atmospheres.  Single strands of RNA display pronounced 

sequence dependent conformations that relate to the unique ion atmospheres each attracts.  

Chains of rU bases are relatively unstructured under all conditions, while chains of rA bases display 

distinct ordering, through stacking or clustering motifs, depending on the composition of the 

surrounding solution. These dramatic structural differences are consistent with the measured 

disparity in ion composition and atmospheres around each homopolymer, revealing a complex 

interplay of base, ion and single-strand ordering. The unique structural and ionic signatures of 



46 
 

homopolymer ssRNAs explains their role(s) in folding structured RNAs, and may explain their 

distinct recognition by protein partners.  

3.1 Introduction 

RNAs play critical and diverse roles in biology, acting as catalysts, translational switches, gene 

silencers and protein templates (1–4). More functions await discovery. This astonishing diversity 

is due in large part to the wide structural variation of RNA molecules.  RNA’s conformational 

richness is surprising, given the limited number of building blocks available: four chemically similar 

nucleotides and modifications. This number is striking when juxtaposed against the twenty, 

chemically diverse amino acid constituents of proteins (5).  

With simple, four-letter sequences, how can these molecules assume structures that facilitate 

such a wide variety of biological function? The answer lies in the numerous interactions within or 

between RNA elements.  These interactions include stacking of nucleotide bases, as well as the 

different possible orientations of the sugar-phosphate backbone. Beyond sequence, the local 

cellular environment (ions, metabolites, crowding agents) also contributes to determine RNA’s 

conformations. Of particular importance is the association of ions to the nucleic acid, notably 

divalent Mg2+ (6–8). Past studies of RNA folding provide compelling evidence of the essential roles 

that Mg2+ plays in guiding RNA structures across a rough folding landscape (9–14). Given this 

intimate connection, a few investigations have begun to link quantifiable properties of the ion 

atmosphere with structural insights in both model systems and more complex RNAs (15, 16). 

Despite the awareness and appreciation of Mg2+’s roles in creating RNA structures, the field still 

lacks a quantitative measurement linking ion association to the conformations of the most 
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fundamental RNA elements: single-stranded chains. Interactions with Mg2+ are known to persist 

even in these basic elements, and are critical for organizing biologically important single-stranded 

regions such as the actuators of riboswitches, the disordered tails of ribozymes that bind 

substrates, and A-tracts in complex ribozymes that harbor localized ions (17–20). The precise 

modes of Mg2+ interaction with ssRNA have not yet been elucidated. 

To date, investigations of the ion-dependent conformations of ssRNA look to structural signatures 

obtained through methods such as NMR, FRET, SAXS and pulling experiments (e.g. (21–29)). 

Modes of interactions between ions and these flexible polymers have emerged through 

comparison of predictions of conventional polymer theories (e.g. worm-like chain models) with 

measurements of the polymers’ elastic properties. Our own prior studies of ssNA persistence 

lengths(25), and others show that modified theories are required to accurately predict the ion 

induced modulation of chain properties. The sophisticated models required to accurately describe 

ion-polymer interactions, such as snake-like chain and internal electrostatic tension models, hint 

at complicated associations between RNA polymers and the localized ions that surround them(23, 

30). Further refinement and understanding of these interactions would be greatly enhanced by 

direct measurements of the ion cloud around ssRNA. 

In spite of this, ion atmosphere measurements for ssRNA elements are sparse, with only a few 

experimental investigations directly probing a relatively small region of space, usually quantifying 

a single aspect of the problem (e.g. ion number)(31). While these studies successfully elucidate 

elastic and dynamic properties of ssRNA, no quantitative link has been established between the 

ion cloud and the conformations of these elements. Theoretical alternatives have been greatly 

advanced, with recent success in predicting ion numbers around static nucleic acid 
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structures13,(32–36). However more experimental data are needed to fully describe the ion 

atmosphere around highly flexible systems such as single-stranded elements. 

Here, we apply a wide range of biophysical methods to elucidate both the ionic and structural 

signatures of two distinct RNA homopolymer chains. Together with advances in data analysis, 

these state of the art biophysical tools allow us to rigorously determine the electrostatic properties 

and conformations of these flexible RNA elements. We selected chains of 30 U nucleotides, rU30, 

and contrast their conformations with those of rA30, containing A nucleotides. Past work suggests 

these sequences have disparate characteristics and display a wide variation of arrangements (22, 

28, 37–42). Additionally, the presence of these particular sequences within functionally distinct 

RNAs, e.g. U-tracts in long non-coding RNAs (lncRNA) and A-tails in messenger RNAs (mRNAs), 

hints that nature exploits their unique structural signatures.  

Our in-depth investigation provides information essential for structural studies of RNA by 

correlating the ion atmosphere around ssRNA with the conformations it assumes. The differing 

affinity of each base (A vs. U) for Mg2+ is reflected in both local (base arrangement) and global 

(backbone screening) chain conformations. The stacking affinity of A vs U provides another critical 

degree of variation for both the structure and ion cloud. The interplay of these interactions grant 

differing sequences unique ion atmosphere and conformational signatures, a theme central to 

both generic RNA folding and biological interactions. 

3.2 Experimental section 

A detailed description of all work (methods and data analysis) is given in the Supporting 

Information (SI), here we briefly outline the methods employed. 
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3.2.1 Sample preparation. 

All RNA samples (rU30 and rA30) were purchased (deprotected) from Dharmacon (Lafayette, CO, 

USA). 25bp DNA was purchased from Integrated DNA Technologies (Coralville, IA, USA). All 

samples were annealed and buffer exchanged in the appropriate solution conditions before 

experiments as described in the SI. 

3.2.2 Precipitation experiments.  

UV absorption spectra were measured using a Cary 50 spectrophotometer. The optical density at 

260nm was used to report on stabilization or precipitation of RNA samples. Data in Figure 3.1 was 

normalized for each series (construct and salt series) by dividing all absorption measurements by 

the maximum measured for those conditions. 

3.2.3 CD experiments.  

Spectra were acquired using a BioLogic MOS 450 in CD mode. The CD spectra were scaled to 

account for differing nucleic acid concentrations, and further adjusted to match at 300nm to allow 

comparison of the peak positions across solution conditions. 

3.2.4 SAXS experiments.  

SAXS experiments were performed at the Cornell High Energy Synchrotron source (CHESS) 

beamline G1. Multiple sample concentrations were used for each experiment condition (molecule 

and salt condition) to control for interparticle interference effects, and provide second virial 

measurements. The radius of gyration (Rg) for each experimental condition was calculated using 

the Guinier approximation on the zero-concentration extrapolated SAXS curves, 
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were I(q) is the scattered intensity as a function of scattering vector q. The second virial 

coefficients (B2) were calulcated from SAXS profiles of the same molecule in a given condition at 

varying nucleic acid concentration (c), using the following, 

 𝑆(𝑞 = 0, 𝑐 = 0)

𝐼(𝑞 = 0, 𝑐)
= 1 + 2𝐴𝐵2𝑐 

(3.2) 

Where A is defined such that the sample concentration c is in units of M, and B2 in Å 3. The form 

factor S(q,c=0) is determined by fitting the low-q portion of the zero concentration SAXS curve to 

an analytical form expected for a random coil, 
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(3.3) 

a,b and d are fit parameters. 

The SAXS data interpreted in this paper, as well as a representative set of model structures for 

each condition, have been deposited in the SASBDB under accession codes: SASDFA9, SASDFB9, 

SASDFC9, SASDFD9, SASDFE9, SASDFF9, SASDFG9, SASDFH9, SASDFJ9, SASDFK9, SASDFL9, 

SASDFM9, SASDFN9, SASDFP9, SASDFQP, SASDFR9, SASDFS9. 

3.2.5 Ion counting experiments.  

Concentrations of the counter ions (Na+, Mg2+) and nucleic acids (through measurement of 

phosphorus (P) concentrations) were determined using an Optima 7300DV ICP-AES (Perkin Elmer, 

Waltham, MA) within the linear detection range of the instrument. Parts per million 

concentrations of each were converted to excess ions per phosphate as described in SI.  Ion 
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counting data represent the mean over 12 measurements, while the uncertainties are given as the 

standard error in the mean. 

3.2.6 Modelling from SAXS data. 

Methodology for ssNA structure building and refinements based on the SAXS data is extensively 

described in (43). Minor changes to this procedure were made to model ssRNA, as outlined in the 

SI. Structural parameters from the derived models were calculated as described in SI. 

The orientation correlation function (OCF) was calculated by, 

 𝑂𝐶𝐹 = < 𝑐𝑜𝑠𝜃𝑖𝑗 > = < �̂�𝑖 ⋅ �̂�𝑗 > (3.4) 

Where �̂�𝑖 is the normalized bond vector between the ith and (i+1)th phosphate in a given nucleic 

acid chain. The average dot product between these bond vectors is computed as a function of the 

number of monomers separating the phosphates (|i-j|). The correlation lengths, lOCF, were 

calculated using the following formula, 

 
𝑙𝑂𝐶𝐹 = 𝑏 ∑ < 𝑐𝑜𝑠𝜃𝑖𝑗 >

𝑵−𝟏

𝒊𝒋

 
     (3.5) 

where b is the mean phosphate-phosphate distance. See SI section ‘Chain parameter calculations’ 

for a clear illustration of these quantities.  

A representative set of structures for each of the modelled conditions is provided with the SASBDB 

entries. Furthermore, the complete structure sets analyzed herein are available as SI. 
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3.3 Results 

3.3.1 Precipitation reveals disparity in solution stability 

We first used UV absorption measurements to investigate the effect of mono and divalent ions on 

ssRNA stability (see Methods and SI). Stabilization of base-stacking interactions leads to small 

decreases in UV absorption, while ion induced precipitation leads to dramatic decreases as 

strengthening inter-chain interactions render the sample insoluble (e.g. (44–46)). Changes in 

absorption at 260nm, monitored as a function of increasing salt, therefore serve as indirect probes 

of the ion-RNA interactions of a given sequence.   

As shown in Figure 3.1, both ssRNA constructs show no significant changes in absorption as the 

bulk concentration of Na+ increases. Chains of both rU and rA nucleotides therefore remain soluble 

in solutions containing monovalent ions over a broad concentration range. Although the effect of 

added Mg2+ on rU30 cannot be readily distinguished from that of added NaCl, dramatic changes 

are measured in the rA30 sample. The drop in absorption becomes severe above 5 mM MgCl2, 

suggesting the onset of precipitation rather than stabilization of stacked conformations.  The 

contrast between poly rU and poly rA reflects interaction with Mg2+, in agreement with past work 

by others who report distinct effects consistent with base specific, ion dehydration (41).  These 

straightforward absorption experiments already highlight the interplay between sequence and 

ions in disordered ssRNA.  
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3.3.2 Circular Dichroism (CD) measurements probe local chain ordering 

To provide additional information about chain ordering in each solution condition, we performed 

circular dichroism (CD) measurements under ionic conditions that support a large soluble fraction 

in the absorption experiments (see Methods and SI). CD spectra report on the helical ordering 

present in a sample, and serve as a useful reporter for the formation of exotic structures, such as 

quadruplexes (47). Unlike the case of proteins, where a quantitative assessment of specific 

secondary structural elements can be retrieved from the CD amplitudes(48), it is currently unclear 

how to interpret changing CD amplitudes for RNA. We therefore restrict our interpretation of CD 

signals to qualitative features representing repeating structural elements.  

Figure 3.1: Precipitation measurements that monitor the absorption of nucleic acid sample at 

260nm quantify the relative stabilization effects of ions on rU30 (blue) and rA30 (green) 

conformations. Error bars are smaller than or equivalent to marker size in most cases. 
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We find (Figure 3.2) distinct peaks in the CD signals, with amplitudes and positions that vary with 

construct and salt. This behavior reflects differences in helical ordering of each sequence. The 

relatively flat, featureless spectrum of the rU30 sample suggests no persistent helical ordering; the 

peaks originate from generic nucleic acid base asymmetry (49).  In contrast, the pronounced peaks 

in the spectrum of the rA sample are consistent with those measured in a poly rU:rA duplex (50), 

suggesting a largely A-form conformation. The peaks do not shift appreciably in either sample, as 

ionic conditions change, indicating the absence of more complex structures under the conditions 

probed.  

3.3.3 SAXS quantifies differences in chain conformations 

To further investigate the structural differences that accompany or seed the previously observed 

precipitation effects, we applied a solution scattering method that is sensitive to the 

conformational properties of (disordered) structural ensembles: small angle x-ray scattering 

(SAXS, see Methods and SI).  SAXS measurements were performed across [Mg2+] conditions that 

Figure 3.2: CD experiments report on the degree of helical ordering in a) rU30 and b) rA30. In these 
plots, CD spectra have been scaled to match at λ=300nm to aid in comparing peak positions, and 
scaled by a factor to account for variations in sample concentrations. 
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maintain sample solubility, and at [Na] that are expected to provide the same degree of phosphate 

screening (about 100 times higher (51, 52), SI, Table S1).   

A radius-of-gyration (Rg) is readily extracted from SAXS data under each solution condition, roughly 

reporting the mean global size of the chains (SI, Table S2, Figs. S1-S4). The Rg of both sequences 

(Figure 3.3a) decreases with increasing salt concentration, representing a molecular collapse as 

repulsive interactions between chain phosphates are screened. Despite the tendency for both 

Figure 3.3: a) SAXS experiments quantify the mean size of chain conformations through calculation 

of the radius of gyration Rg. Error bars quoted for Rg measurements reflect uncertainty in the 

Guinier fit parameters. b) A more intricate picture of chain conformations can be gleaned by 

looking at the higher angle scattering vectors in Kratky plots. All SAXS profiles have been scaled to 

match for q<0.05Å-1 to enable comparison of mid and high-q behavior.  For full SAXS data and zero 

concentration extrapolations, see Supplementary Information. The SAXS profiles can be accessed 

via SASBDB codes: SASDFA9, SASDFB9, SASDFC9, SASDFD9, SASDFE9, SASDFF9, SASDFG9, 

SASDFH9, SASDFJ9, SASDFK9, SASDFL9, SASDFM9, SASDFN9, SASDFP9, SASDFQP, SASDFR9, 

SASDFS9. 
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sequences to become compact with increasing salt, differences are detected: at the lowest ionic 

strengths, rA30 is on average ‘smaller’ than rU30, and the sequences have different responses to 

ion type. The rU chain shows no strong Rg dependence across steps of equivalent ionic strength, 

e.g. the Rg’s measured in 100 (or 200) mM Na+ and 1 (or 2) mM Mg2+ appear equivalent. We also 

note the similarity in global size of both constructs at high [NaCl], whereas across all probed 

[MgCl2], rA30 is consistently smaller than rU30. These differences in global size are consistent with 

previous reported measurements (53, 54). 

A more intricate picture of conformations can be gleaned by examining higher-angle portions of 

the scattering profiles that capture structural variations on smaller length scales. We highlight this 

regime using Kratky plots that emphasize scattering into larger scattering angles (Figure 3.3b). For 

clarity, only the first two ionic concentrations are displayed for both constructs (for the full series 

see SI, Figs. S5). We observe only subtle changes in chain conformations for either construct when 

titrating Na+. A gently tipping high-q tail is paired with a rising mid-q peak, consistent with shape 

changes expected from a non-specific chain collapse (55, 56). The more subtle changes in rU30 

with increasing salt concentrations appear to depend mainly on screening efficacy; as in the Rg 

measurements, a factor of 100 between Na+ and Mg2+ concentrations yields nearly identical 

profiles. The most drastic changes can be seen in rA30 conformations. At all concentrations of 

MgCl2, profiles appear almost identical to each other, but differ substantially from measurements 

in Na+. Thus, for poly rA, chain conformations are more sensitive to ion identity than screening 

efficacy. 
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3.3.4 Ion atmosphere measurements reveal sequence specific ion interactions 

The disparity in structural and solution properties of ssRNAs as a function of [Na+] and [Mg2+] 

suggests sequence specific ion interactions and screening effects. The electrostatic environment 

around the RNAs can be quantified by measuring both the degree of inter-chain screening, and 

the composition of the ion atmosphere at a given ionic condition (8). 

The degree of screening between chains is revealed through the second virial coefficients (B2), 

which quantify interchain interactions (57, 58). By examining the low q portion of the SAXS profiles 

at the same ionic condition, but at varying nucleic acid concentrations, inter-chain effects can be 

quantified and used to compute B2 (see Methods, SI and Figs. S6-S22).  This inter-chain interaction 

is highly dependent on the bulk ion composition and screening efficacy of the ionic cloud 

surrounding each RNA. While second virial coefficients require careful extrapolation from the SAXS 

data, and are inherently more uncertain than directly derived parameters (e.g. Rg), a 

Figure 3.4: The second virial coefficients (B2) derived from SAXS experiments at multiple [NA] 
quantify interchain interactions in solutions containing different concentrations of a) Na+ and b) 
Mg2+. B2 > 0 signifies molecular repulsion, B2<0 signifies molecular attraction. Uncertainties are 
derived from the error in fit parameters required to obtain B2, as shown and detailed in the 
Supplementary Information. Filled data points for poly rA at high values of NaCl and MgCl2 denote 
B2 values extracted from only two sample concentrations (see SI), and thus have undefined 
uncertainties. 
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thermodynamic quantification of polymer-polymer screening is valuable, and hard to otherwise 

determine. Positive values of B2 indicate repulsion between chains, while negative values signal 

attraction. The second virial coefficients for ssRNA, shown in Figure 3.4, provide valuable 

information about the screening of disparate sequence RNAs.  

At the lowest ionic strength probed, strong chain-chain repulsion dominates both constructs, 

resulting in large (positive) values of B2. This value decreases for both sequences as we increase 

either [Na+] or [Mg2+], likely a result of the decrease in screening length of the higher ionic strength 

solutions. In both constructs however, the degree of chain-chain screening is lower for the Mg2+ 

conditions than the corresponding Na+, when scaled by the factor of 100 that provides agreement 

of the rU30 SAXS profiles. If we assume Debye screening, interchain repulsion depends only on the 

valence and concentration of the ions in solution. Therefore, it is not surprising that higher 

concentrations of Na+ are more effective than lower concentrations of Mg2+ in reducing 

interparticle repulsion.  Interestingly, less repulsion is measured in poly rU in 100 (or 200) mM Na+ 

than in 1 (or 2) mM Mg2+, despite their identical SAXS profiles. (N.B. the factor of 100 between Na+ 

and Mg2+ found to yield agreement of SAXS profiles, reports on intra chain screening, e.g. between 

the phosphates on a given chain. A comparable factor has been reported in other studies of single-

stranded nucleic acids(51, 52). Interparticle screening, reported by B2 values, reflects interactions 

between different molecular chains. It depends in a non-trivial way on both the valence and 

concentration of the charge compensating ion(59, 60), and is related to the lower entropic cost of 

associating a fewer number of Mg ions around the nucleic acid compared to monovalent Na 

ions)(61, 62).  Finally, the distinct behavior of these sequences in Mg2+ is once again recovered: 
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lower inter-chain repulsion (smaller B2) is found in poly rA than in poly rU across all probed [Mg2+].  

Magnesium has a larger effect on chains of rA compared to rU.  

This enhanced inter-chain screening of rA30 compared to rU30 in Mg2+ containing solutions hints at 

differences in the composition of the ion atmosphere between the two constructs. This 

composition can be determined by counting the number of excess ions around chains of each 

sequence. Quantifying the number of ions in the atmosphere around a nucleic acid provides 

challenges: differences in ion numbers across solution conditions are likely to be small, and both 

monovalent and divalent ions must be counted. Given these constraints, a precise measurement 

method that is sensitive to various ionic species is required. Buffer exchange atomic emission 

spectroscopy (BE-AES) is a technique that is becoming more commonly applied to biological 

systems (31, 56, 63–65). This technique grants high precision ion counts of Na and Mg ions around 

a biomolecule and is therefore well suited to evaluating the ionic environment around RNA.  

Figure 3.5: Ion counting results give the number of excess a) Na and b) Mg ions per phosphate 
around rU30 (blue) and rA30 (green). Hill fits to the ion numbers are shown as solid lines (see 
Supplementary Methods). Competition coefficients (M1/2) from the Hill fits are provided in the inset, 
together with previously derived values from ssDNA analogues. Error bars for ion counting results 
are the standard error in the mean across 12 independent measurements. 
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Using BE-AES, we counted the number of excess Na and Mg ions around rU30 and rA30 in a mixed 

ion solution consisting of 20 mM Na+ and varying [Mg2+] (see Methods, SI, Tables S3-6 and Figs. 

S23-25). We restricted our measurements to solution conditions that show no signs of 

precipitation (0-3 mM Mg2+). Due to the sensitivity of the measurement, a 25bp DNA duplex was 

used as a control (56, 65), and two [NA] utilized to mitigate potential errors arising from 

aggregation or precipitation of the sample (66). As in past work (56), low [Na+] was used to 

maximize signal-to-noise and to emphasize the expected effects of Mg2+. These conditions were 

also designed to match the SAXS experiments. Additional precautions were taken to avoid 

experimental artifacts (see SI).  

For the 25bp DNA control in the absence of Mg2+, BE-AES returns (0.75±0.08) Na ions per 

phosphate. This number agrees with both our previous measurement (56) (0.81±0.10) and other 

authors’ work (65) (0.82±0.05). The agreement persists across all probed salt conditions (SI, Fig. 

S26) illustrating the robustness of these experiments across independent measurements. 

We now turn to measurements on the single-strand constructs. Figure 3.5 shows the number of 

excess ions per phosphate as a function of the bulk [Mg2+].  At [Mg2+] = 0 mM, both rA30 and rU30 

are electrostatically equivalent, with 24 excess Na ions attracted to each. This number agrees (on 

a per phosphate basis) with a recent measurement of rU40 under the same conditions (31), and is 

also consistent with the identical B2 measured in this condition. Compensation of the total 

molecular charge of each ssRNA polymer (29e-) is completed through exclusion of 5 anions from 

the atmosphere of each (Figure S28).  
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As we introduce Mg2+ to the buffer, striking differences in ion atmosphere composition become 

apparent. Looking first at the number of excess Mg ions, we see that across all probed conditions 

a greater number of Mg ions are associated with rA30 than with rU30. These differences are 

captured by calculating the competition coefficient (M1/2), which defines the concentration of Mg 

ions required to compete (replace) half the Na ions from the ion atmosphere. For rA30, we find 

M1/2 = (0.94±0.13), while for rU30, M1/2 = (1.31±0.32). From the ratio of these competition 

coefficients, approximately 40% more bulk [Mg2+] is required to displace half the Na ions from the 

atmosphere of rU30 compared to rA30.   

Turning next to the Na ion counts, at all but the highest [Mg2+], rU30 has more associated Na ions 

than rA30. This result is expected given the Mg ion counts, and the condition of electroneutrality, 

but is more than trivial when put into context. If we compare competition coefficients to those 

previously measured for ssDNA analogues (dT30 and dA30) (56), we find the ssDNA results lie in 

between the values measured here for rA30 and rU30 (Figure 3.5 inset): less bulk [Mg2+] is required 

to displace half the Na ions around ssDNA than rU30. The ion dependencies and preferences for 

both ssRNAs are unique and distinct from the ssDNA results (SI, Fig. S27, Table S7).  Strands 

containing multiple rA bases are ‘magnets’ for Mg2+, attracting significantly more of these ions 

than ssDNA; strands containing multiple rU bases are Na+ centers, holding Na+ much more 

effectively than either chains of rA or ssDNA. 

3.3.5 Structural modelling from SAXS data 

The precipitation and ion atmosphere data provide compelling evidence for unique ion 

interactions with a given RNA sequence, while the SAXS experiments show that these interactions 
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have an impact on global chain conformations. To further interpret the structural changes 

reported by SAXS in a more comprehensive manner, we modified an iteratively refining model 

building system previously applied to ssDNA, for ssRNA (43). In this method, a dinucleotide step 

library based on crystal structure surveys is used to provide building blocks for single strands 

containing RNA nucleotides. A large pool is built using a Monte-Carlo procedure, and models that 

best fit the SAXS data are selected for every solution condition. The weights of dinucleotide steps 

that constitute these chains are increased, and a new structure pool proposed. This process is 

iterated until fits to the data converge. This procedure is run independently for each construct and 

solution condition (see Methods and SI, Fig. S29, Tables S8-9). 

Previously, in addition to the SAXS data, we constrained the selection of dinucleotide steps by 

NMR sugar pucker weights, the frequency of steps in crystal structure surveys and steric 

hindrances. Given the CD data shows no significant stacking interactions for poly rU, we further 

constrained the possible conformers by eliminating stacked dinucleotide steps from pools that fit 

rU30, while leaving these steps present in pools that fit rA30.  

Figure 6 Figure 3.6: The mean correlation lengths of SAXS refined model conformations for a) rU30 and b) 
rA30 are given for each solution condition. Error bars indicate standard deviation of correlation 
lengths across selected ensembles. 
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3.3.6 Model conformations show ion specific backbone geometries   

The refinement procedure provides a structural representation of underlying strand states for 

additional analysis. Results for all solution conditions, including characteristic conformations, are 

shown in SI (Figs. S30-39).  We first quantify mid-range chain order by calculating the correlation 

lengths (lOCF) for strand states in each ionic condition (Figure 3.6). This important metric provides 

an additional check of model reasonability, through comparison to measured persistence lengths. 

Within rU30, a gradual decrease in lOCF, from ~22Å to 18Å is observed with increasing salt:  the 

chain backbone gradually ‘forgets’ its original direction as the degree of screening increases. These 

values agree within error with previous work on rU40,  in which SAXS and FRET were paired to 

constrain potential persistence length values (25).  As expected, because the SAXS profiles are 

identical, the poly rU correlation lengths recapitulate the factor of 100 between Na and Mg ion 

concentrations: there is no special role or significant differences between these equivalent 

intrachain screening conditions. For rA bases however, the correlation lengths appear 

independent of added Na+ or Mg2+, suggesting that base-stacking is an important factor that 

determines local chain geometries.   

While the correlation lengths determine the directional ‘stiffness’ of a polymer, this metric clearly 

fails to capture the differences observed in the Kratky plots for rA chains. To more globally describe 

the route of the phosphate backbone across all length scales, we calculate the orientation 

correlation function (OCF) between chain phosphates (67), displayed in Figure 3.7 for both 

constructs (see SI and Fig. S40). We also plot the mean number and length of stacked bases in rA 

conformations.  Across all conditions for rU30, a gradual monotonic decay is observed as chains 

gradually ‘forget’ their orientation for longer distances along the backbone. This decay becomes 
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more pronounced with increased screening efficacy. Again, the symmetry in poly rU about Na+ 

and Mg2+ is recovered, OCFs of 1 (or 100) or 2 (or 200) Mg (Na) are identical. This latter finding is 

not surprising given that the models are derived from raw SAXS profiles which themselves are 

similar.  

The OCFs computed from structural models of rA30 display oscillatory behavior for all values of Na+ 

explored. A dramatic decay of the OCF between four neighboring phosphates on the backbone (x 

axis 0-4) leads to a resurgence of correlation at larger phosphate separations. This motif indicates 

ordering within a chain that repeats on a length scale of ~10 phosphates and corresponds to the 

A-form base-stacking interaction. It is highly prevalent in all of the models in the Na+ salt series, 

constituting ~23 stacks per chain. Differences in OCFs and stacked bases with increasing [Na] are 

marginal, with only the 200 mM Na+ data point showing a slightly decreased OCF amplitude. 

Figure 3.7: The short to medium range ordering of all chains in each experimental condition can be 
assessed by calculating the orientation correlation function (OCF) for the ensemble structures. This 
parameter describes the mean orientation of phosphates on the RNA backbone, as defined in 
Supplementary Figure S40. The mean OCFs for the ensemble structures are shown for a) rU30 and 
b) rA30. c) The mean number and length of stacked bases in poly rA are provided for each condition. 
Error bars in all figures signify one standard deviation of the presented metric across all fit 
ensembles. 
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With the addition of Mg2+, correlations emerge on a length scale that is absent from the Na+ series. 

A much sharper initial fall off is found for phosphate separations of 1-3, which subsequently yields 

a new correlation at phosphate separations of 4-6. For larger separations, chain directional 

persistence resembles the Na+ dependent form, consistent with the correlation lengths of Figure 

3.6. The average number of stacked bases within chains in the Mg2+ series remains equivalent to 

that found in Na+. Crucially the mean length is slightly shortened from 5 to 3. This results in the 

dramatically varying stack arrangement on the backbone, leading to the sizeable differences 

reflected in the SAXS data.  

While base-stacking generally favors straight (mechanically stiff) chain conformations, and 

therefore correlation lengths, we note that our definition of lOCF (equation 3.5) accounts for  how 

rapidly the correlations of the phosphate backbone fall off with distance. The OCF provides 

quantitative characterization of this decay length. In poly rA structures, short stacked segments 

punctuated by free bases result in a much more rapid decay of the OCF compared to poly rU, and 

therefore a shorter correlation length in this formalism. 

3.4 Discussion 

Numerous investigations have contributed to show how base identity impacts ssRNA 

conformations (53, 54) and that ions have distinct interactions with different chain sequences (41, 

42, 68). Our comprehensive study of ssRNA’s ion atmosphere and structure links the above 

findings. These results provide new insight into the effects of ion association on the structures of 

ssRNA, and the ion binding roles of single-strand regions within more complex RNAs.  
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Most significant is our quantification of the dramatic difference in the number and type of ions 

attracted to different homopolymeric sequences. The data of Figs. 4 and 5 (B2 and ion counting 

results) strongly suggest that this latter point is more than a simple preference of one sequence 

for Mg ions: in comparison to ssDNA analogues, the average number of Mg ions per phosphate 

attracted to poly rU is lower, while for poly rA it is higher. This point is particularly surprising given 

that unique ion atmospheres are usually attributed to structured RNAs, rather than to disordered 

elements themselves. The competition coefficients reported in Figure 3.5 show that disparate RNA 

sequences have a strong affinity for or against Mg ion interactions. This characteristic is not 

observed in identically charged ssDNA, either as poly dT or poly dA, where electrostatic 

Figure 3.8: A single conformer of poly rU and poly rA (derived from the SAXS data), selected from 
the ensemble generated for each salt condition, illustrates the general trends prevalent in the 
models. For simplicity, we display only one structure for each condition.  The full set of models 
required to fit the SAXS data are provided in the SI. The scrunched, ‘cage-like’ conformations of the 
poly rA backbones (lower structures) are present in Mg2+ containing solutions but absent from 
solutions containing only Na+. The former structures place backbone phosphates, sugar OH groups 
and base nitrogens in geometries which favor Mg2+ ion associations. Representative structures for 
each experimental condition can be found at the SASBDB codes as referenced in Figure 3.3. 
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equivalence occurs across a comparable range of mixed ion conditions(56). We find that poly rA 

preferentially attracts Mg2+ and poly rU preferentially attracts Na+ relative to their ssDNA 

equivalents in these mixed salt solutions. 

Of the two sequences explored, poly rU shows a much subtler dependence on ions than poly rA. 

In the former, the uracil base lends to identical strand conformations in Mg2+ or Na+, when 

concentrations are suitably scaled. Ionic strength (scaled) drives chain conformations rather than 

ion identity.  The raw SAXS profiles and the derived OCFs reveal that Na+ and Mg2+ yield identical 

backbone conformations (Figure 3.8 top panel). This result suggests that non-specific, diffuse ion 

interactions with the poly rU chain drives ordering on short to medium length scales. This 

conclusion has been drawn in previous FRET and pulling experiments (21, 23, 25), quantifying 

elastic properties of rU chains. It is further confirmed by rU30’s solubility in all tested [Na+] or 

[Mg2+]. The close agreement of scattering profiles across ion types confirms that the 100 fold 

intrachain screening efficiency of [Mg2+] relative to [Na+] remains appropriate for poly rU, as 

previously found for other nucleic acids (25, 52).  

The OCFs (derived from the SAXS data) demonstrate the pronounced stiffness of rU chains in all 

probed conditions, as well as the retained correlation of bases separated by ~10 monomer steps. 

Interestingly, this residual order is not shared by dT30, where all correlations decay by these 

separations (43). The OCFs for poly rU are further poorly described by a simple worm-like chain 

model. Base-stacking has previously been proposed as the origin of this stiff behavior (25), 

however the absence of signal in our CD data and other pulling experiments would seem to 

challenge this idea (23, 28). Pairing the OCFs with the ion counting data suggests that a different 

ion association mechanism explains these correlations.  Salt bridges between Na ions, water and 
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2’OH groups may reinforce the rU backbone, resulting in a random coil like structure, but one that 

is stiffer than a DNA analogue. This mechanism has previously been proposed in pulling and NMR 

experiments to explain differences in stiffness between poly dT and poly rU (23, 69, 70). Here, it 

would explain the favored propensity for Na+ and increased stiffness over the DNA analogues, 

though this is open to further investigation.  

The second sequence studied, poly rA displays a much richer connection between ion type and 

structure. As expected, the strong tendency of A bases to stack is on display through the Na+ 

titration.  The CD experiments and SAXS-derived modelling show that the initial low salt (Na+ only) 

starting chain state features a high number of stacked bases, in good agreement with both MD 

predictions and experimental observations (22, 32, 37, 39, 71). These stacked geometries typically 

provide resistance against both large scale structural changes and ion binding interactions, as the 

winding phosphate backbone fails to provide enough coordination points to capture and 

dehydrate ions in the atmosphere (72). In Na+ titrations, the OCF results and CD data weakly 

depend on ion concentration, suggesting that the short-range helical order is maintained even as 

the chain globally compacts due to increased local screening.  

The addition of Mg2+ to poly rA induces a dramatic shift in backbone conformation, most evident 

from the SAXS data (Kratky plots). The nature of the rearrangement is revealed by the OCFs: a new 

length scale for correlation emerges that is shorter than that expected for a purely A-form stacking 

interaction. This new geometry retains the high degree of stacking, assessed from CD and model 

compositions, but the average length of stacked bases is slightly reduced. From the BE-AES data, 

it appears that these conformations have an enhanced propensity for Mg2+ ions when compared 

to other ssNA constructs, suggesting an intimate connection between the two. 
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The rA30 model conformations selected when Mg2+ is present (Figure 3.8) show pockets or cage 

like structures formed by phosphates, 2’ hydroxyl groups and adenine bases. These geometries 

could potentially offer favorable regions for dehydrated magnesium associations to the backbone, 

as has been catalogued in crystallographic surveys of Mg2+ binding architectures in RNA (73), and 

more specifically by NMR studies on Mn2+ binding to poly rA (38). An energetic balance appears 

to be tipped when Mg ions are present, favoring ion association and capture at the cost of reducing 

the mean stack length. While the limited resolution of SAXS precludes atomic level insights, the 

detected differences in backbone orientations are consistent with global chain conformations that 

are highly suggestive of ion-RNA interactions. We recognize that SAXS based refinement of 

ensembles is subject to the biases inherent in model construction.  Despite this caveat, the 

proposed structures offer one plausible visual representation of single-stranded RNA that is 

consistent with results of our numerous biophysical experiments. Further support for this 

hypothesis comes from water release measurements which show an anomalously large 

dehydration effect upon addition of Mg2+ to poly rA compared to any other ssNA construct (both 

DNA and RNA), and posit 3-5 direct Mg2+ coordinations to rA chains, involving phosphates and 

adenine bases (41, 42). Localized associations of Mg2+ to the rA backbone is highly likely to induce 

precipitation, as we and others have observed, and would neatly explain all our experimental data.  

Clearly, RNA chemistry imparts a rich degree of ion and conformational heterogeneity. Nature 

exploits the balance of sequence, added 2’OH group and ion identity/hydration to achieve the 

wide variety of RNA structures compatible with their breadth of function. While many functional 

RNAs, such as riboswitches and ribosomes, rely on mixed sequences to facilitate bending and 

folding, it is interesting to note the importance of homopolymer tracts in biological systems. In 
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particular, poly A tails act as markers on mature mRNAs, signaling and specifically recruiting poly 

A binding proteins for further processing (74). In juxtaposition, long poly U tracts are found in 

lncRNAs. Although the role of these tracts is a topic of current debate, it is speculated that they 

act as generic protein binding sites for the myriad of protein partners that lncRNAs entertain (75, 

76). Differences in the ion atmosphere may make the latter sequences more amenable to protein 

binding, as weaker electrostatic forces preferentially displace monovalent than divalent ions. In 

addition, the propensity of A-tracts to self-structure around divalent ions may require a higher 

cost for binding, as more bonds need to be disrupted. Thus, this work suggests that nature not 

only utilizes specific (in the case of poly rA) or non-specific (in the case of poly rU) conformations 

and H-bonding networks to recruit protein binding partners but may also exploit a sequence 

dependent ion atmosphere as yet another flag for interactions. 

3.5 Conclusion 

Here we have used ion counting methods, spectroscopy and SAXS to quantitatively investigate the 

effects of sequence on the ion atmosphere and conformation of ssRNAs. These incisive 

measurements demonstrate that RNA sequence not only instills a unique conformation to chains, 

but also unique ion binding preferences. The data presented here are sufficiently comprehensive 

to seed comparisons with computational models of highly flexible and highly charged polymers; 

such motifs have traditionally eluded description by simple models. Given the prevalence of RNA 

homopolymers in biological and physical systems, the results of this study likely have broad 

implications in both experiment and theoretical modelling.  
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Abstract 

Remarkable new insight has emerged into the biological role of RNA in cells. RNA folding and 

dynamics enable many of these newly discovered functions, calling for an understanding of RNA 

self-assembly and conformational dynamics.  Because RNAs pass through multiple structures as 

they fold, an ensemble perspective is required to visualize the flow through fleetingly populated 

sets of states. Here, we combine microfluidic mixing technology and small angle x-ray scattering 

(SAXS) to measure the Mg-induced folding of a small RNA domain, the tP5abc three helix junction. 

Our measurements are interpreted using ensemble optimization to select atomically detailed 

structures that recapitulate each experimental curve. Structural ensembles, derived at key stages 

in both time-resolved studies and equilibrium titrations, reproduce the features of known 
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intermediates, and more importantly, offer a powerful new structural perspective on the time-

progression of folding.    Distinct collapse phases along the pathway appear to be orchestrated by 

specific interactions with Mg ions. These key interactions subsequently direct motions of the 

backbone that position the partners of tertiary contacts for later bonding, and demonstrate a 

remarkable synergy between Mg and RNA across numerous time-scales.  

4.1 Introduction 

Decades of research revealed the dynamics that enable protein folding and conformational 

transitions, propelling the development of novel biomaterials (1, 2), drug design (3, 4) and 

therapeutics (5, 6). Despite the growing recognition of its central biological roles as mediators and 

catalysts of numerous biological reactions (7–9), no similar picture exists for RNA (10). 

Understanding how RNA structures fold to accomplish these various roles can unlock new 

strategies for drug design and treatment (11–13).  However, as the RNA folding landscape is 

rugged, involving many intermediates, pathways and co-existing states (11, 14, 15), experimental 

results are scarce and challenging to interpret. This richness and complexity demands an 

experiment that embraces an ensemble view of the process (11).  

RNA folding has been studied by many powerful experimental techniques, including those which 

provide site specific information about folding intermediates (16–20), interconverting species (21–

24), and yield intricate frameworks for the reaction (10, 25, 26).  While critical to our full 

understanding of the process, these experiments provide a limited window into a complete 

visualization of folding, which also relies on crucial, large scale structural re-arrangements (27).  
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Small-angle X-ray scattering reports large scale, as well as subtle, changes in global molecular 

shapes in an ensemble measurement. Time resolution can be achieved by integrating either 

stopped- or continuous- flow mixing (28–31). These challenging experiments are small in number 

and, to date, have yielded an incomplete picture of RNA’s route(s) from unfolded to native states. 

Limitations of previous SAXS experiments reflect difficulties associated with measuring high quality 

scattering profiles on the shortest time scales and/or over a broad range of scattering angles that 

reflect both small and large scale changes in conformation. In addition, previous studies relied on 

the application of standard methods for data interpretation which allow only general statements 

and rough conformational properties to be discerned.  

Here, we reveal the Mg-dependent folding pathway of a ubiquitous RNA motif, the three helix 

junction (32), using ensemble decomposition methods and atomically detailed models to interpret 

both static, and time-resolved SAXS data.  The latter were acquired with a new type of microfluidic 

mixer, which is based on a novel design (33). The former relied on advanced, molecular dynamics 

based simulation techniques to offer comprehensive information on structures and dynamics, 

charting plausible and consistent folding pathways for this RNA.  Experimental refinement of these 

simulation results is carried out by ensemble optimization methods (EOM), an essential step, and 

provides atomically detailed structures for evaluation. This tightly coupled approach alleviates the 

above limitations for interpreting SAXS data.  It provides unique insight into the structures that 

populate the folding pathway of this RNA, offering never-before-seen intermediates that 

underscore the unique role(s) of Mg2+ in sculpting the folding landscape. The properties of known 

reaction intermediates are recognized in this analysis, validating the approach. 
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Our work focuses on the tP5abc three-helix junction (Figure 4.1) a truncated subdomain from the 

Tetrahymena ribozyme.  At 56 nucleotides in length, tP5abc is ideally sized for these studies. It is 

small enough to model with atomic detail, yet displays a rich variety of interactions that often 

Figure 4.1: Structures of the tP5abc three helix junction in both unfolded and folded 
representations. Secondary a) and three-dimensional b) structure(s) of tP5abc. In (a), site bound 
Mg2+ ions are  shown as orange spheres and non-Watson Crick base pairs are represented as 
Leontis/Westhof symbols (59). In the folded structure two helix docking interactions occur (purple 
and orange residues), two hinge interactions form (red triplet) and a secondary structural switch 
in P5c is observed (green residues). The nucleotide numbering convention is chosen to remain 
consistent with the larger P5abc domain, although this truncated molecule contains only 56 
nucleotides. 3D Structures rendered with PyMOL (DeLano Scientific LLC). 
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characterize RNA folding: electrostatic repulsion (31, 34), Mg2+ binding (35–39), both non-specific 

and specific compactions (28), helix-docking (40), tertiary contact formation (14) and secondary 

structure shifts (41). Furthermore, previous studies of this molecule using a variety of techniques 

provide complementary data on which to benchmark and compare our results (e.g. (16, 34, 41–

43)), though past measurements of the rates of P5abc folding show a clear dependence on the 

ionic conditions employed (44, 45).  Together with new intermediates presented here, we identify 

a clear trajectory across the landscape, as the RNA evolves from extended to native structures.  

4.2 Materials and Methods 

Detailed descriptions of all experiments, simulations and data analysis are provided in the 

Supporting Information. Here, we briefly outline the methods employed.  

4.2.1 RNA synthesis 

TP5abc was synthesized in vitro using PCR amplified DNA and purified by size exclusion 

chromatography using a Superdex HiLoad 16/600 200pg column on an AKTA FPLC purifier. After 

purification, the RNA was buffer exchanged into a solution containing 20mM KCl, 10mM KMOPS, 

20μM EDTA, pH 7 (we refer to this as buffer A) using Amicon Ultra-0.5 10KdA concentrators before 

being stored. 

4.2.2 SAXS experiments 

For experimental conditions with varying KCl concentrations, the samples were buffer exchanged 

five times into solutions containing the stated amount of monovalent salt in addition to 10mM 

KMOPS and 20μM EDTA, pH 7.  Samples intended for studies as a function of divalent ion 

concentration were initially prepared in buffer A. For static measurements, Mg was added to the 
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quoted concentration immediately before exposure to X-rays. Details about sample preparation, 

experimental setup and interpretation of SAXS data for static experiments are provided in the 

Supporting Information, text and Figures S1-S2.  

For the time-resolved experiments, tP5abc in buffer A was rapidly mixed with Mg to reach a 

concentration of 1mM at the end of the mixing region for all time points, via rapid diffusion. Details 

about the time-resolved experiments, including the design, fabrication and testing of the 

microfluidic mixer, experimental setup and data collection, are provided in the Supporting 

Information text, Figures S3-S7 and Results and Discussion: Time-resolved SAXS Experiments.   

Static and time-resolved SAXS data were acquired at beamline G1 of the Cornell High Energy 

Synchrotron Source (CHESS). The RNA was annealed at 65°C for 5 minutes and subsequently slow 

cooled to room temperature before both experiments. For static experiments, RNA 

concentrations of 80, 60 and 40μM were used.  At each salt condition, data were acquired at 

multiple RNA concentrations to remove the effects of interparticle interference in the data. Buffer 

subtracted SAXS curves for a given salt condition but different sample concentrations were 

matched in the range q > 0.1A-1, and either averaged together, or extrapolated to the zero 

concentration limit to give the final curves.  Time-resolved experiments were carried out at [RNA] 

of 80μM. All SAXS data were analyzed using MATLAB (MathWorks, Natick, MA, USA) with code 

written in-house. The SAXS data for the static and time-resolved experiments are available through 

the SASBDB, codes are given at the end of the manuscript. 
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4.2.3 Simulations 

Simulations used the known structures of the beginning and ending states of the folding reaction. 

A minimum energy pathway is computed, connecting the two, and serves as the starting point for 

extensive MD simulations of the pool of possible structures, including waters and ions.  Detailed 

descriptions of structural pool generation from simulation is provided in the Simulations section 

within the Supporting Information.  

4.2.4 Ensemble optimization 

SAXS profiles for all MD structures were calculated with CRYSOL (46), with maximum harmonic 

order 15, Fibonacci grid of order 18 and default hydration parameters. Ensemble optimization was 

run to fit the calculated SAXS curves from the pool to the experimental SAXS data using GAJOE 2.0 

(47). For each experimental condition, the program was run for 2000 generations, 8 ensembles 

were selected for each generation, each ensemble had a self-optimizing size, and the scheme was 

iterated 100 times to accumulate statistics with constant subtraction allowed. Selections made in 

the final rounds of ensemble optimization were interpreted to provide the results and landscapes 

presented here.  

Thus, for each condition (every SAXS curve), 800 ensembles of structures were interpreted, where 

each ensemble independently fits the experimental SAXS data. The mean number of structures 

required to fit the data at each condition (in each ensemble) varies between 3-8 depending on the 

condition (given in Supplementary Figures S10 and S23). Multiple ensembles of structures that 

equally fit the data (as assessed through a chi-square analysis) are interpreted in order to 

accumulate statistics, and account for slight variations in structures that can fit the data. 
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4.3 Results and Discussion 

4.3.1 Static SAXS experiments 

RNA folding occurs in several steps or phases, with molecules populating a variety of intermediate, 

partially folded conformations (40). To assess the global structural properties of these differing 

states we first performed static SAXS experiments over a range of ionic conditions. To accentuate 

differing interactions and ion-specific conformations, experiments were carried out in solutions 

containing various amounts of either KCl or MgCl2. The former promotes the effects of 

electrostatic screening and non-specific collapse (28), while the latter is used to stabilize tertiary 

contact formation (48). These studies can also reveal intermediates that rely on the presence of 

Mg (40).  

SAXS profiles display the intensity of scattered x-rays (I) as a function of momentum transfer q, 

which equals 4sin/ where  is the x-ray wavelength and 2 is the scattering angle. Scattering 

into the smallest angles, where the signal is largest, reflects the global size of a molecule through 

its radius of gyration (Rg). The expected/computed Rg’s of purely extended (unfolded) or native 

tP5abc, shown in Figure 4.2a, vary significantly. Interesting differences are observed following the 

addition of the two different salts. As [KCl] increases, a gradual decrease in Rg is measured, 

reflecting changes in the screening length of the phosphate charges by additional salt. In contrast, 

Mg is far more efficient in compacting the RNA, consistent with its role in stabilizing tertiary 

contacts. While Rg values and trends with increasing salt provide limited insight into the folding 

landscape, they contain some important information:  Mg specific interactions have global 

consequences for structures in the tP5abc ensemble.  
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Figure 4.2: SAXS reports global structural features of tP5abc: shape and size. a) Structures of the 
extended (unfolded) and native tP5abc conformations are shown, along with their calculated Rg’s 
and theoretically derived Kratky plots (center).   Kratky plots of q2I vs. q emphasize high angle 
scattering and provide finer details of molecular conformations.   b) Measured Rg’s assess the mean 
size of the RNA ensemble at varying concentrations of KCl (left plot, blue) and MgCl2 (right plot, 
red). c) Kratky plots reveal more details of molecular conformations during KCl  (left) and MgCl2 
titrations (right). The static SAXS curves are available through the SASBDB under accession codes: 
SASDCF4, SASDCG4, SASDCH4, SASDCJ4, SASDCK4, SASDCL4 and SASDCM4. 
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Additional information about RNA’s conformations can be inferred through inspection of the 

scattering at higher q values than those used to determine Rg.  Higher q scattering is emphasized 

through Kratky plots of the SAXS data, shown in Figure 4.2c, which display q2I vs. q. The height of 

the mid-q peak (q~0.1 Å-1) and the slope of the higher q scattering (q> 0.1 Å-1) are important 

features of the Kratky plots and reveal subtle details of molecular conformations.  A pronounced 

peak in the mid-q regime followed by a negatively sloped tail generally indicates ‘folded’ or 

compact conformations (49). A shallower peak followed by a less strongly sloped tail signifies 

‘unfolded’ or extended conformations. Changes in the higher q portions of the curve are 

interpreted to indicate subtle structural changes such as extension/expansion for a shallower 

slope, or compaction for a steeper slope. These trends are illustrated in Figure 4.2a, using 

computed profiles for extended and native tP5abc generated from pdb coordinates.  

Turning to the data, scattering profiles acquired at the lowest salt conditions display ‘unfolded’ 

behavior in Kratky plots, with a low mid-q peak and flat slope at higher q.  The mid-q peak rises 

slightly with increasing [KCl], but no discernible trend is seen in the high q tail. These curves display 

few signatures of the folded state. In contrast, Kratky plots of profiles acquired as a function of 

increasing [Mg] show a more definitive increase in peak height at mid-q, paired with a gradually 

declining tail. At the highest Mg concentrations, the curve’s features hint that a fraction of the 

population may be occupying native (or at least highly compact) states.  

4.3.2 Ensemble modelling 

The complex and subtle behavior of the curves at high q is difficult to interpret by visual inspection. 

The analysis is further complicated by the possible presence of coexisting states under any given 
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condition.  A more quantitative interpretation of these changes can be obtained through a 

deconvolution of the SAXS profiles into curves that describe representative RNA conformations, 

using an ensemble optimization method (50). Ensemble optimization identifies sets of model 

structures, selected from a vast pool representing many potential states, whose summed SAXS 

profiles best fit the input experimental curve. This method is especially powerful for capturing 

nucleic acids conformations, as the phosphates along the backbone provide the majority of 

scattering contrast (51). However, a large and physically reasonable pool of models is required as 

a starting point.  

To generate this pool we performed MD simulations, starting from the NMR derived (no Mg) 

structure (41), and ending at the native state, truncated from the P4P6 crystal structure (52).  

Subsequently, we used MD simulations with varying solution conditions to refine the two end state 

structures (see SI for details). We used the reaction path (RP) approach (53–55) to generate 

plausible pathways between these states.  Given the coordinates of these two states, we sought 

a curve in configuration space that connects them, with a minimal free energy barrier.  We added 

the structures along this pathway to the pool, and in addition explored and added conformations 

orthogonal to this path (see Supporting Information, ‘Structure Pool’ section for more discussion 

on pool design, and Figure S8).  The theoretical SAXS profiles of each model conformation is then 

calculated (46). As a next step, sets of structures are selected from this pool through a well-defined 

iterative refinement procedure (50).  The summed scattering profile of each set recapitulates the 

given input experimental SAXS curve, as assessed by a chi square analysis. The selection of multiple 

sets (800 for each condition) accounts for variations in structures that can adequately fit the data. 

With this approach, the MD generated pool is refined against our experimental SAXS data for each 
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experimental condition, circumventing challenges associated with current MD force-fields and ion 

modelling (56). The structures selected from the pool are interpreted to be representative of the 

underlying folding landscape at each experimental condition. This procedure is summarized in 

Figure 4.3 and fully described in the Supporting Information. 

Figure 4.3: Conformations of tP5abc can be elucidated by comparing measured SAXS profiles with 
those computed from selected groups of MD derived structures. A large potential pool of tP5abc 
states is generated by identifying the lowest free energy path between the unfolded and native 
tP5abc conformations, and considering states along and orthogonal to this path.  The underlying 
RNA landscape can be assessed by examining sets of structures selected from this large pool whose 
computed and summed scattering profiles best fit the experimental data. 
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4.3.3 Static RNA landscapes 

The fits achieved using this method show excellent agreement between the computed profiles of 

selected states and raw SAXS curves (Figure 4.4c and S9). Having identified sets of structures from 

the pool that match each experimental condition (mean ensemble size shown in Figure S10), we 

developed a parameterization to aid in visualizing the selected conformations. We compute two 

metrics for each model structure:  its Rg and the distance to native state (ΔN). The latter parameter 

(defined in Figure 4.4d and Figure S11) is computed by summing the distance between all pairs of 

tertiary contacts in a given model structure, and subtracting from this sum the distances measured 

in the native structure. The residues that contribute to each tertiary contact are pictured in color 

in Figure 4.1. To compute ΔN for one tertiary contact (for example the contact between A139 and 

G164, depicted in orange in Figure 4.1), the distance between them is computed within each 

model and the corresponding  distance measured in the native structure subtracted. Thus the 

overall value of ΔN  drops to zero for the native structure, while high value of ΔN suggests lack of 

native contact formation. This metric provides a quantitative measure of proximity to the native 

state.  

Each selected model is represented by a point placed on a landscape, whose axes correspond to 

these two metrics. This landscape is also a heat map, where the density of selected structures 

within a 0.5 Å circle centered about each point is represented by color. To aid the presentation, 

these maps are smoothed by a 5-point rolling mean.  Landscapes derived from the static salt 

titrations are shown in Figures 4.4a and b (with more details in Figure S12). A representative 

structure is shown near highly populated clusters to illustrate the shared conformational 
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Figure 4.4: The evolution of the folding landscape in static titrations. a) The landscapes derived 
from KCl titrations are shown, along with representative structures (full sets of structures are 
shown in SI).  b) The landscapes derived from MgCl2 titrations are shown along with representative 
structures (full sets of structures are shown in SI). c) The quality of fitting using the selected models 
is assessed through computation of the reduced chi-square. d) The metrics Rg and ΔN, illustrated 
for an example conformation, are used to locate each structure on the folding landscape. 
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properties of these groups of states (to aid in evaluating the range of structures present, an 

expanded number of structures for each cluster and landscape is given in Figures S13-19).  

At the lowest salt condition probed, extended RNA conformations result from repulsive 

interactions between locally unscreened phosphates along the charged backbone. The majority of 

selected models populate the large Rg, large ΔN corner, in the upper left of the conformational 

landscape.  These expanded states are consistent with the measured Kratky plot (signalling an 

‘unfolded’ rather than ‘folded’ ensemble), as well as the relatively large measured Rg. The more 

effective backbone screening that occurs with increasing [KCl] enables some compaction, and the 

nature of the selected models shifts from extended to so-called screened or electrostatically 

relaxed states. These latter conformations are defined by Rg and ΔN values that are intermediate 

between the limiting values for tP5abc. They are consistent with a measured decrease in Rg, and 

a slight increase in the mid-q region of the Kratky plot found in the raw data.  A careful examination 

of the locations of the colored bases in the models, representing the two sides of a potential 

tertiary contact (Figure 4.1a), suggests a lack of tertiary interactions. Thus, the reduction in ΔN 

relative to the lower salt, extended states is a natural consequence of an electrostatic relaxation 

or collapse. Finally, states with smaller Rg appear at the largest [KCl] probed.  Model structures 

that recapitulate the data suggest that these states lack tertiary contacts, and the backbone 

conformation in the ensembles suggests that these molecules are non-specifically collapsed. The 

native tP5abc structure is never achieved in this range of [KCl], nor is evidence found for tertiary 

contact formation. These findings are consistent with previous studies of tP5abc in KCl, which 

show no indication of native structure at any concentration of KCl (57). 
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Taken together, the landscapes are well described by two classes of states at low to moderate 

[KCl]:  extended and screened/electrostatically relaxed. A new class of conformations, non-

specifically collapsed states, appear only at the highest salt concentrations. This classification is 

reinforced by the application of singular value decomposition (SVD) analysis to the KCl salt series. 

In this analysis, at least 3 basis states are required to fit the entire set of experimental data with χ2 

<= 1 (Figure S20). The EOM fitting not only captures this behavior, but provides an interpretation 

in terms of model structures, in place of SVD-derived basis curves that may not be physically 

relevant.  

Completely different sets of states are required to provide a comparable analysis of conformations 

in a MgCl2 titration, reflected by the appearance of the heat maps (Figure 4.4b).  In Mg, more 

distinct patches of states are present, with vastly varying Rg and ΔN values, suggesting a more 

rugged energy landscape. The states identified at the smallest [Mg] studied are similar to those 

found at low [KCl]. These states have smaller Rg and ΔN values than the extended states. As [Mg] 

increases to 0.5mM conformations with similar Rg values to the electrostatically relaxed states 

appear to funnel towards a region of the landscape which represents states with surprisingly large 

ΔN values. Structures in this cluster display distinct, expanded orientations of the P5c and P5a 

helices about the molecular core.  Insight from the model conformations suggests the absence of 

tertiary contacts. The absence of these states at all measured [KCl] and at lower [Mg] suggests 

that a critical number of Mg ions is required to stabilize these conformations. The unique 

arrangement of P5a, and the location of P5c relative to P5b would be consistent with specific Mg2+ 

interactions with both the A-rich bulge and P5c, regions with known Mg2+ binding sites (41, 52, 

58). Given their characteristic structural features, we name these states ‘open intermediates’. The 
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properties of these Mg dependent open intermediates are consistent with the intermediate 

proposed in (43). 

At the highest [Mg], the selected populations shift from open intermediates to clusters of states 

found in the bottom right corner of the landscape, a region with small Rg and ΔN values (Figure 

4.4b). This shift reflects the trends in the raw data: smaller Rg values are measured, and the peaks 

become enhanced in Kratky plots.  The P5a and P5b helices in the selected model conformations 

are stacked on the molecular core, with orange ( A139-G164) and purple (C137-A186)  pairs of 

tertiary contacts formed. The red colored tertiary contact is not detected in the states on the left 

side of this cluster. We call these states ‘helix-docked’. In contrast, structures that populate the 

right side of this cluster, with smaller Rg, do display interactions in the red ‘hinge’ region. We call 

these the native tP5abc states, as all pairs of tertiary contacts have formed. It is interesting that 

both of these clusters are absent in lower [Mg].  Even at 1mM Mg, a large percentage of the 

population still resides in the open intermediates. Thus, these states appear to be promoted from 

the open intermediates through additional interactions with Mg.  Only 12% of the population 

reaches the native state in 1mM Mg (Figure S21) with the remainder residing either in the helix-

docked, or open intermediate states. This relatively small number is in good agreement with NMR 

studies that report 8% native state population under similar conditions (16). These trends are once 

again recapitulated in an SVD analysis, where a minimum of 3 basis states are required to define 

the Mg series (Figure S20). 
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4.3.4 Time-resolved SAXS (TR-SAXS) experiments 

With the landscapes of tP5abc established for static salt titrations, the next step is to carry out a 

folding experiment to study the kinetic pathway from initially extended conformations to the 

native state. A microfluidic assembly that addresses the shortcomings of previous mixers for TR-

SAXS utilizes mixing technology developed for time-resolved crystallographic experiments (33), 

delivering high signal-to-noise data with low sample consumption on time scales that span the 

folding reaction (for details, see Supporting Information). The experimental arrangement is 

sketched in Figure 4.5a.  Extended tP5abc in a low salt state (20 mM KCl) was rapidly combined 

with Mg2+ to induce folding and subsequently probed at time-points ranging from 10 ms to 3 s 

after mixing. These time scales were selected to capture both early phase electrostatic collapse 

and late stage secondary structural shifts (16, 34). The final [Mg2+] after mixing was 1 mM, 

sufficient to yield the native structure (16).  

Results of the TR-SAXS experiments are shown in Figures 4.5b, c and d. Changes in the profiles are 

detected within 10ms after mixing to a final concentration of 1 mM Mg2+. The raw data show a 

large reduction in Rg, and the emergence of a peak in the Kratky plot as the high angle tail drops 

significantly. Between 10 and 100ms, the average size of the RNA (Rg) remains constant within 

error. However, subtle conformational rearrangements during this period are indicted by gradual, 

upward shifts in the high q region of the Kratky plot.  

A second collapse is detected 300ms after the initiation of folding.  A measurable reduction in Rg, 

is accompanied by an increased negative slope at the largest q in the Kratky plots. Native-like 

features in the scattering profiles begin to appear on time scales of 1000-3000 ms.  A pronounced 
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Figure 4.5: Schematic of mixer used to trigger Mg-induced folding of tP5abc and the full time 
course acquired.  a) Cartoon schematic of the microfluidic device used in these experiments (left). 
Fluorescent images of each device region are shown (right). Using this device, we followed the 
folding pathway of tP5abc after mixing with sufficient MgCl2 to induce the native state. b) The 
measured Rg’s report on the mean global size of the RNA ensemble. c) Kratky plots highlight more 
subtle structural details. These curves have been smoothed for presentation purposes. The color 
scheme is identical to panel b. d) Expanded view of the Kratky plots shown in panel c. Here, each 
time point is individually highlighted in color, while the remaining time-points are shown in grey to 
illustrate the significant variation in scattering at high q. The TR-SAXS curves are available through 
the SASBDB under accession codes: SASDC74, SASDC94 SASDCA4, SASDCB4, SASDCC4, SASDCD4 
and SASDCE4. 



98 
 

peak in the mid-q region of the Kratky plot, as well as a moderately downwards slope at higher q 

are reminiscent of the profile acquired in static titrations, at 1 mM Mg (Figure 4.2c), and the Rg’s 

agree within error.  

In summary, the raw SAXS data reveal two distinct collapse phases, on short (10ms) and medium 

(300ms) time-scales.  More subtle conformational re-arrangements are observed throughout the 

remaining time-course.  

4.3.5 Time-resolved RNA landscapes 

To interpret the TR-SAXS data, we performed the same EOM analysis employed for the static 

titrations, using the full structural pool for all time points. The fits achieved using this pool are in 

excellent agreement with the data (Figures 4.6b and S22, Figure S23-24 contain more details about 

the ensemble parameters, including the mean ensemble size), though the reduced signal-to-noise 

in the TR experiments results in smaller chi-square values for all conditions. The time evolution of 

the derived landscapes are shown in Figure 4.6a. A different heat-map color scheme was used for 

the time-resolved data to increase the dynamic range so that all 7 time points can be 

simultaneously displayed. An expanded structure set for each cluster and time point is shown in 

Figures S25-31. 

In the low salt starting condition for the TR series (20mM KCl), the majority of selected EOM 

structures represent extended states. This landscape closely resembles the corresponding static 

point. Minor differences result from slight structure factor present in the time-resolved SAXS data 

at this time point, reflecting slight interparticle interference at the higher [RNA] of these studies.  
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Figure 4.6: The evolution of the RNA folding landscape in time after mixing with sufficient MgCl2 to 
induce the native state. a) Landscapes for each time point are shown, along with representative 
structures populating specific regions on these maps. b) Fits achieved to the time-resolved data are 
assessed by calculating the reduced chi-square for each condition. 
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Within 10ms after initiation of folding, dramatic changes to the landscape are already apparent. 

Although a cluster is visible on the left side of the landscape, a large fraction of EOM-derived 

structures populate an ill-defined swath of space covering a wide range of Rg and ΔN values 

(electric blue). Native contacts are sparse within this ensemble:  the reduction of ΔN relative to 

the t=0 state signals a non-specific (electrostatic) collapse. Surprisingly, no comparable set of 

structures is found in the ensembles derived from static SAXS experiments. The electrostatically 

relaxed, non-specifically collapsed states detected in titrations of KCl or MgCl2 reveal preferred 

conformations that reflect deep, narrow electrostatic wells (Figure 4.4a and b). In contrast, few 

preferred conformations are observed in the ensemble measured 10ms after mixing. The presence 

of these transient structures likely explains the distinctive behavior observed in the Kratky plots 

for the TR series, which is absent from the static data. 

From 10 to 30ms, electrostatically relaxed states funnel to globally compact states with large ΔN. 

After 30ms, the population coalesces into a single cluster, suggestively co-located in the landscape 

with the open intermediates observed in the static Mg titrations.  These highly stable states 

feature prominently in the TR landscapes, and persist throughout the remaining time series.  

At 100ms after mixing, the selected structures reveal a dramatic backbone reorganization and 

another cluster of states appears, which we call the second intermediates.  In this cluster, models 

assume a distinct ‘T’ shape as the P5a helix adopts a more vertical orientation under the molecular 

core in our representation. Close inspection of structures reveals that a twisting of the backbone 

between P5a and P5b helices appears to induce this re-arrangement. As a result of this global shift, 

one pair of helix docking interactions (G164-A139 orange bases) appears primed for association.  
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The Kratky plots shown in Figure 4.5d reveal that the subtle expansion reverses at about 300ms 

into folding, when a second compaction is detected. The SAXS profiles that follow this compaction 

begin to resemble those acquired in 1 mM Mg.  The selected structures shift out of the open 

intermediate cluster, and more heavily weight the second intermediates and new states in the 

middle of the conformational landscape.  Examination of these new models, discussed below, 

reveals the presence of tertiary contacts, thus we name them ‘specifically collapsed’.  States in this 

region show a bowing of P5c helix towards the molecular core, as the P5b helix becomes more 

vertical. Such an arrangement places the tandem G-A pairs (orange residues) in close proximity. 

As a result, this pair likely form first. This re-arrangement simultaneously moves one side of the 

P5c hinge interaction closer to its partners in P5a (red residues), suggesting cooperative formation 

of tertiary contacts. 

The subsequent transition of this specifically collapsed intermediate to an even more compact 

state is reflected in the EOM structures selections at 1000ms. A population of molecules show the 

P5a and P5b helices docked about the molecular core, with both orange and purple residue pairs 

formed. Interestingly, the selected models still lack both the P5c secondary structure switch (green 

pair) and hinge interactions (red pairs) that define the native fold. From its position on the 

landscape, this state is recognizable as the helix docked state (1 mM Mg static landscape). The 

occupation of the helix-docked and native conformations at this time point and beyond are 

evident from the Kratky plots of the raw SAXS curves: a high mid q peak is paired with a downward 

sloping tail. 

From 1000-3000ms, the population shifts to occupy more of the native state, suggesting that the 

final conformational re-arrangement represents a transition from the helix docked to the native 
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state. This shift may proceed through a concurrent P5c switch (green pairs) and hinge formation 

(red pairs), as has been previously suggested (43). At the final time-point for these experiments, 

the native state comprises 15% of the population, consistent with our static measurements and 

close to the results of NMR studies carried out under similar conditions, as previously discussed 

(Figure S32). The majority of remaining molecules either reside in the helix-docked state or revert 

to the open intermediate cluster. The distribution of molecules on the landscape for this final time 

point closely resembles that derived for the static titrations (1d projections are compared in Figure 

S34). While the signal-to-noise in the TR SAXS experiments makes it more challenging to 

distinguish basis components in SVD analysis, at least 3 states are required to span the space 

occupied by the seven time points (Figure S33). 

4.3.6 Distinct collapse phases reflect interactions with Mg 

The application of ensemble methods to analyze SAXS data enriches our understanding of the 

symbiotic relationship between Mg and RNA: Mg ions sculpt the RNA backbone into structures 

that precisely position the different sides of tertiary contacts for interaction. Notably, although 

these intermediates are primed for tertiary contact formation, our models suggest that most lack 

stable tertiary contacts. Strikingly, many of the structures found in Mg titrations are absent from 

titrations in KCl.   

The analysis of time resolved studies, in conjunction with atomistic models, provides additional 

evidence highlighting the importance of Mg-RNA interactions at all stages of folding. States found 

in the electrostatically relaxed ensemble have no analogue in static salt titrations.  In the next 

phase of folding (10-100ms) this unwieldly collection of states funnels rapidly into an open 



103 
 

intermediate, collections of structures which are relatively similar to each other. These states are 

never found in static titrations with KCl, requiring a certain threshold of Mg for formation.  Their 

prevalence in all conditions exceeding this threshold, (and throughout later TR series) suggests 

that the Mg ions surround RNA in a diffuse manner. The distinct conformations of helices within 

these states, coupled with MD computations of Mg ion density around these structures, suggests 

that locally high concentrations of ions within the A-rich bulge and P5c stabilize these 

intermediates. The emergence of these states early in the folding pathway hints that such 

interactions are crucial in directing the molecule away from the deep, non-specifically collapsed 

wells found in the KCl titration, maintaining the RNA in folding competent conformations.  

Folding proceeds from this open intermediate through states found at higher [Mg] in static 

titrations, including the second intermediates, helix-docked and native states. Additional Mg 

events are therefore required to evolve out of the open intermediates, and induce the specific 

collapse transition.  Atomistic models, selected to recapitulate the SAXS data, suggest that each 

Figure 4.7: Summary of the distinct phases of collapse observed on the route to the native state. The 
key phases of collapse are named and illustrated, along with a cartoon representation of the inferred 
Mg associations triggering each phase. Mg ions are schematically depicted as orange spheres; arrows 
suggest their suspected interaction regions with RNA. 
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structural re-arrangement is designed to bring the distant sides of tertiary contacts into closer 

proximity. Transitions between these distinctly structured intermediates illustrate that large scale 

conformational re-arrangements occur as a direct result of small scale shifts in the molecular 

backbone.  

The final conformational switch, from the helix-docked to the native state, occurs at long time 

points (1000-3000ms). Although we cannot directly visualize Mg ions in the experiment, 

simulations suggest that this re-arrangement is triggered by ion occupation of a phosphate lined 

pocket in the helix docked state, as observed in the P5abc subdomain from the P4P6 crystal 

structure (52). This pocket is created by the orientations of the P5a, b and c helices in this late 

stage intermediate. Interestingly, the ion occupying this pocket is partially dehydrated (52), thus 

would require the highest degree of RNA ordering to capture (36). Figure 4.7 shows a cartoon 

summary of the time-scales, kinetic phases, key intermediates and (inferred) Mg associations.  

4.4 Conclusion 

The combination of TR- and static SAXS, ensemble decomposition and atomistic structures 

generated by MD simulations has elucidated an intricate folding landscape for an RNA three helix 

junction. This approach grants a wide description of RNA folding for this ubiquitous structural 

motif, revealing an array of intermediates, their roles in the folding pathway, and suggests a 

complex interplay of tertiary contact formation and distinct collapse phases with Mg2+ 

associations.  Given the modularity of RNA folding, the themes we have outlined in this work are 

likely echoed in the folding of many other RNAs. 
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CHAPTER 5 

5 Non-equilibrium single-molecule fluorescence 
measurements of RNA aptamers using SU8 fabricated 

microfluidics 
 

Alex Plumridge1 and Lois Pollack1 

1. School of Applied and Engineering Physics, Cornell University, Ithaca, NY, 14853, USA 

Abstract 

Here we report the design, fabrication and implementation of an SU8 based microfluidic mixing 

device and its coupling to an optical infrastructure to enable non-equilibrium single-molecule 

fluorescence measurements. The device allows rapid initiation of biological reactions in a 

hydrodynamic focusing region, with downstream, probing via fluorescence microscopy at times 

ranging from 10ms-5s after mixing is complete. The SU8 based design improves on previous 

approaches by providing robust and re-useable devices to enable more routine mixing 

experiments. Salient device parameters are measured and characterized to determine figures of 

merit, such as mixing times and flow speeds. Finally, we use the device to probe the 

conformational dynamics of regulatory RNA molecules as they sense and bind target and non-

target ligands. The combination of fluidics and optics allows us to resolve the conformational re-

arrangements that lead regulatory RNA’s to bound states, and the role of ions in promoting these 

structures. 
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5.1 Introduction 

Non-equilibrium measurements are powerful tools to study biological interactions, accessing 

information and regimes that are hidden in simple equilibrium arrangements (1, 2). These 

experiments provide details on short lived intermediates (3–5), folding pathways (6–8) and 

characteristics of transition states (9, 10). When coupled to static measurements that probe 

thermodynamics and structure, a complete picture of molecular interactions can be built (11–16).  

These experiments are particularly enlightening when applied to functional RNA elements that 

bind or process small molecules and cofactors. Kinetic assessment of the binding process not only 

informs on the route an RNA takes through the folding landscape to sequester these counterparts, 

but fundamentally details the requirements of these RNA elements in the larger context of 

biological processes (17–21). For example, the time-scales on which these binding processes occur 

provide insight into the evolutionary pressures these RNA elements evolved under (22). 

Whilst the benefits of these measurements are numerous, such techniques are currently rarely 

applied when compared to their equilibrium counterparts. The major bottle-neck is the lack of 

commercially available systems to perform these measurements, with only stopped-flow 

technology being widely used. A major drawback of stopped-flow is the high  sample volumes 

required (23). As biological samples are often challenging to synthesize with high yield and purity 

(particularly RNA), stopped flow kinetic measurements are often unfeasible. The combination of 

these factors has limited the number of systems kinetic measurements have been applied to.  

In cases where kinetic measurements (such as stopped flow) are applied, the vast majority of 

experiments probe bulk samples. For example, stopped flow SAXS and 2 amino-purine 
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fluorescence experiments, while distilling important properties of biomolecular folding reactions, 

probe the average of conformational transitions (4, 24, 25). As such, sparse or short-lived 

intermediates are challenging to detect, and the presence of intermediate states along reaction 

pathways requires careful data analysis and interpretation to resolve (26).  

Single-molecule fluorescence is a useful tool that probes dynamics and structural properties of 

labelled biomolecules, one at a time (27, 28). As the conformations of individuals are probed, this 

technique allows resolution of subpopulations in dynamic, interconverting species.  Measuring 

single molecules furthermore allows one to use very low sample concentrations, on order of ~nM, 

offering colossal savings in sample. These two features circumvent the challenges associated with 

bulk experiments, but due to the long integration times required to accrue statistics, they are 

incompatible with stopped flow apparatus.  

Coupling non-equilibrium measurements with a detection scheme in the single-molecule regime 

is an attractive proposition and the goal of our combination of microfluidic mixing with single-

molecule microscopy. Continuous flow microfluidic mixers allow chemical reactions to be initiated, 

and the reaction probed in time by measuring differing spatial locations in an observation region 

(29–31). These devices trade time-resolution for spatial-resolution by virtue of the continuous flow 

of the reactants. Such devices have two advantages when combined with single-molecule 

detection: first trading space for time allows long integration times at a given time point without 

sacrificing time resolution, and second the use of microfluidics reduces sample volumes (32). 

Here we develop the infrastructure required to perform non-equilibrium single-molecule 

measurements. Microfluidic mixing devices are designed and fabricated using a protocol that 
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produces long-lifetime and robust devices. We achieve this by expanding on current designs. Our 

devices use upscaled, long lasting hard materials (SU8 and glass) as opposed to soft materials 

(PDMS) (33–36). We furthermore characterize salient device parameters and properties to 

provide standard calibration curves for mixing experiments. Finally, we demonstrate the power of 

single molecule microfluidics by following the folding pathways of a model riboswitch construct. 

5.2 Single-molecule fluorescence theory 

The most popular tool used to study biomolecular conformations and dynamics is a single-

molecule fluorescence technique known as Förster resonance energy transfer (FRET) (27, 28, 37, 

38). In a FRET experiment, we label our biomolecule with two fluorescent dyes with non-

overlapping absorption spectra. One of these dyes we name the donor, the other we name the 

acceptor.  

In the absence of dye-dye interactions, emission of the donor dye can be induced through 

excitation of electrons with laser light of wavelength (λ) within the dye’s absorption spectra. These 

excited states (D*) decay to the ground state (D) through emission of a photon with characteristic 

lifetime τ (39).  Due to the presence of alternative pathways that allow excited electrons to de-

excite without the emission of a fluorescence photon, we define the fluorescence quantum yield 

φ, as the ratio of photons emitted through this characteristic pathway to the total number of 

absorbed photons. 

In the presence of a secondary dye, a process known as resonance energy transfer (RET) can occur 

if the emission spectra of the donor (𝐹𝐷) overlaps with the absorption spectra of the acceptor 

(𝜖𝐴). This process results in photon emission from both dyes in the pair, even though our 
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illumination wavelength is appropriate to only excite the donor. Critically, the rate of this process 

(kRET) is dependent on the physical distance between the dyes (R) (40): 

 𝑘𝑅𝐸𝑇 =  
1

𝜏
(
𝑅0

𝑅
)6 (5.1) 

The rate of resonant transfer is tuned by the parameter R0, which can be calculated analytically 

using the fluorescence properties of the dyes: 

 𝑅0
6 =

9000(𝑙𝑛10)𝜙𝐷𝜅

128𝜋5𝑁𝑛4

2

∫ 𝜖𝐴𝐹𝐷𝜆4𝑑𝜆 (5.2) 

Here, φD is the quantum yield of the donor, n is the refractive index of the solvent medium, N is 

Avogadro’s number. The orientation factor κ characterizes the average angle between the donor 

and acceptor electric dipoles. Typically this value is 2/3 (40–42).  

Figure 5.1: FRET is a fluorescence technique in which our biomolecule of interest is labelled with 
two spectrally distinct dyes, a donor and an acceptor. By exciting the donor dye, we populate states 
D*, which decay by fluorescence emission with characteristic lifetimes τ. An alternate pathway to 
de-excitation is through resonance transfer of energy to the acceptor, which subsequently de-
excites from A* to A through emission of a photon of differing wavelength than the donor. 
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Fortuitously, the value of R0 is generally between 50-80Å (27), matching length scales relevant for 

probing biomolecular interactions. Furthermore, the functional form of this rate being to the sixth 

power gives angstrom length scale resolution, if intermolecular dye distances are close to R0. To 

illustrate this length scale dependence, we define the efficiency of the RET process through EFRET, 

the ratio of the number of photons emitted by the acceptor (NAcc), to the total number of emitted 

photons (NAcc + NDon): 

 𝐸𝐹𝑅𝐸𝑇 =  
𝑁𝐴𝑐𝑐

𝑁𝐴𝑐𝑐 + 𝑁𝐷𝑜𝑛
 (5.3) 

 

 𝐸𝐹𝑅𝐸𝑇 =  
𝑘𝑅𝐸𝑇

𝑘𝑅𝐸𝑇 + 1
𝜏⁄

=  
1

1 + (𝑅
𝑅0

⁄ )6
 (5.4) 

Biomolecular states with small inter-dye distances give high values of EFRET, whilst large dye 

separations produce smaller values of EFRET.  

Measuring NAcc and NDon and forming the value EFRET therefore yields a quantification of 

intermolecular length scales of labelled biomolecules. This is a powerful technique in general but 

becomes even more so when applied to single biomolecules (19, 43, 44). Measuring a single 

biomolecule at a time, we can form population histograms of FRET efficiency values EFRET, and 

distinguish differing subpopulations in solution. This information is washed out in bulk 

experiments where multiple molecules are simultaneously detected, thus yielding an average EFRET 

from all visited conformations. 
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5.3 Single-molecule fluorescence instrumentation 

Measuring fluorescence emission from single-molecules is challenging, and performing these 

measurements successfully revolves around maximizing fluorescence signal from the sample of 

interest, whilst decreasing irrelevant background noise. The sources of noise in these experiments 

typically comes from Raman scattering, autofluorescence of the optical elements in the system 

and detector dark counts. The first of these is the most severe and requires careful experiment 

design to overcome.  

The problem is illustrated in Figure 5.2. Consider illuminating a sample volume consisting of 1ml 

of water containing a single molecule of fluorescent dye in solution. Background fluorescence due 

to Raman scattering from water occurs with optical cross section σ ~ 10-28cm2, while the cross 

section for absorption by a typical fluorescent dye (e.g. Rhodamine 6G) is σ ~ 10-16cm2. If we 

uniformly illuminate this sample volume, the signal to noise ratio is given by: 

 
𝐼6𝐺

𝐼𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
=  

𝑁6𝐺𝜎6𝐺

𝑁𝑤𝑎𝑡𝑒𝑟𝜎𝑅𝑎𝑚𝑎𝑛
=  

(1) ∗ 𝜎6𝐺

(3 ∗ 1022) ∗  𝜎𝑅𝑎𝑚𝑎𝑛
≈ 10−10 (5.5) 

where Nwater is the number of water, and N6G the number of fluorescent rhodamine in our 

illuminated volume. While the cross-section for Raman scattering is low, this contribution is 

overwhelmed by the number of water molecules present in the illuminated volume severely 

depreciating the signal to noise ratio. The answer to this problem is to reduce the number of water 

molecules we observe scatter from. This can be done with numerous techniques, including total 

internal reflection microscopy, zero mode wave guides or confocal microscopy (28, 45–47). Here 

we use the latter to illuminate and detect emission from a small confined volume. 
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To perform these experiments we use confocal microscopy to illuminate a femtoliter volume 

element in a solution (48). The microscope arrangement is schematically shown in Figure 5.4, CAD 

representations of the detection and illumination wings are shown in Figures 5.3 and 5.4 

respectively. The design is adapted and inspired from (18, 45, 49). In brief, laser beams from two 

Coherent OBIS laser sources (532nm and 640nm) are expanded by a 15X telescope to increase the 

beam size from sub mm to quarter inch diameter. This ensures overfilling of the back aperture of 

the objective lens. Beams are incident on a double notched dichroic mirror which sends the 

incident beams to a 1.15 numerical aperture, 40X magnification water immersion objective lens. 

Epifluorescence configuration is used to both focus the incident laser light to a diffraction limited 

volume element, and subsequently collect the emitted fluorescence. 

The collected fluorescence passes back through the dichroic mirror, before being focused by a 

180mm tube lens. The emission is split by a 660nm long pass filter that divides the fluorescence 

Figure 5.2: In practice, we use FRET to record photon counts from both donor and acceptor dyes 
using confocal microscopy. Heavily diluting our labelled samples ensures only a single entity at a 
time is present in our focal volume. Calculate an EFRET value for each fluorescence event, we can 
form population histograms that resolve individual subpopulations in solution. 
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emission of the donor and acceptor. The focused emission is spatially filtered by 30μm diameter 

pin holes before the emission is counted by two photomultiplier tubes (Hamamatsu Photonics). 

Heavily diluting our sample of interest ensures that at most, one molecule at a time is present in 

this volume. Optically sectioning the emission from the solution, and splitting the emission by 

wavelength, we can measure Nacc and Ndon with time. For every fluorescent event identified in the 

photon trace, we calculate one value for EFRET, and plot a histogram of these values for all 

fluorescence events. Accumulating statistics for roughly 5-20 minutes gives a population 

histogram. Numerous parameters from these histograms can be obtained: for example peak 

values of EFRET reporting the length scales of particular molecular states, or the ratio of peak areas 

which informs us on the relative stability of conformations in solution. 
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Figure 5.3: CAD rendering of the dual color confocal microscope designed to perform single-
molecule experiments. Colored lines show the beam path for both the green and red laser lines. 

Figure 5.4: Zoomed in view of the detection wing of confocal microscope. Orange lines show the 
path of the emission collected by the objective lens. 
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5.4 Microfluidic device design 

The basic requirement of a time-resolved device is to rapidly initiate a reaction, and either record 

live the evolution of events, or spatially separate the time-points to allow longer acquisition times. 

As the single-molecule regime often requires ~10 minutes per experimental point to accrue 

appreciable statistics, the latter is appropriate using a continuous flow device. The central idea in 

rapid mixing devices is to reduce the length scales over which mixing must occur in order to 

achieve short mixing times by diffusion. One can estimate the appropriate length scales through 

Fick’s second law of diffusion, which links the diffusion coefficient of the reactant (D), distance 

diffusion must occur over (L) and the mixing time (tmix) (50): 

 𝑡𝑚𝑖𝑥~
𝐿2

𝐷
 (5.6) 

For our purposes, mixing times of ~10ms are reasonable for mixing with divalent Mg ions, (D~10-

9m2/s). Using these numbers, we find L~3μm. Therefore, for mixing utilizing purely diffusion (e.g. 

non-chaotic flow), mixing length scales must be reduced to this size. 

The design of our microfluidic mixing device is sketched in Figure 5.5 and is illustrated by a 

computational fluidic dynamic (CFD) simulation performed in ANSYS FLUENT. In this diagram, the 

magnitude of the velocity field is shown in a color ranging from blue to green, while streamlines 

originating from the sample inlet are shown as red. This design draws on many past designs with 

some notable differences (7, 29, 31, 33–36, 42). The basic components are a sample inlet carrying 

our biomolecule of interest, flanked by two opposing buffer streams that contain a reactant trigger 

molecule. All three streams are forced through a narrow constriction region, which thins the 

sample stream to the micron length scale. This decrease in length scale enables diffusive mixing 
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of reactant from buffer streams to the sample to occur on order of milliseconds and is complete 

by the end of the mixing region (32). After mixing is complete, the flow is expanded to slow 

velocities to reasonable ranges. As we are continuously flowing, different spatial locations 

correspond to different times after mixing is complete.  

Adapting microfluidic mixing devices to operate with single-molecule detection places stringent 

requirements on the device design. The most important requirement is of slow flow: dwell times 

of ~1ms are typical to obtain sufficient photon counts from molecules transiting the confocal 

volume. Given that focal volumes are of order ~1μm3, flow velocities of around 1μm/ms or less 

are desirable. This requirement would typically benefit from a large cross-sectional area for our 

observation channel. However, this is limited by an additional constraint inherent in single-

molecule microscopy, pertaining to the objective lenses used in confocal microscopy. Objectives 

used with single-molecule detection schemes have high-numerical apertures, resulting in short 

working distances (48). In our case, a 40X, 1.15 NA objective lens with 250μm working distance is 

used. Given that ~120-200μm of this is taken up by glass, a limit to the depth of the observation 

channel is placed between 50-130μm. A shallow but wide channel is therefore necessary in the 

observation region.  

We add additional requirements that devices must be robust (resist high pressures), long lasting 

(to enable cleaning and multiple use) and furthermore operate in the 1000-4000mbar pressure 

regimes that are required for fluidic flow control. These design requirements narrow down the 

device design and geometry substantially, and lead to a solution as sketched in Fig 7. Robustness 

and reliability are ensured by fabricating from hard materials (SU8 and glass) instead of the 
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pervasive PDMS. This attempts to maximize experiment to clean room time and gives the 

possibility of performing many experiments with one device. 

5.5 Microfluidic device fabrication protocol 

This work utilizes devices made from hard materials (SU8 and glass) as opposed to well-established 

soft material approaches (33–35, 51, 52). Processing SU8 is inherently challenging, due in large 

part to the large difference in coefficient of thermal expansion between the resist and substrate 

Figure 5.5: Computational fluid dynamics simulation of the microfluidic device showing velocity 
values of the flow in shades of blue to green, and sample streamlines in red. Arrows indicate the 
direction of the flow in all channels, and a cartoon inset illustrates the principle of diffusive mixing. 
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(30ppm/K : 3ppm/K), and the infrequency this resist is used compared to more commercial 

chemistry (53). Scaling SU8 film thicknesses up to the scales required for microfluidic devices 

(~100μm) exacerbates fabrication protocols. 

Successful fabricating in SU8 emphasizes minimizing the thermal stresses in films at all steps in the 

process. The complete fabrication procedure to achieve uniform structures in SU8 and fluidic 

devices is sketched in Figure 5.6, and each step and process outlined below with critical notes. 

5.5.1 Fabrication method 

Step 1. Substrate cleaning and dehydration. Piranha clean a new borofloat wafer and dehydrate 

overnight at 90˚C. As the SU8 is to be left on as part of the final device, this step promotes adhesion 

of the resist to the wafer. Remember which side of the wafer you cleaned when you put it into the 

oven.  

! Films deposited on piranha cleaned wafers show less stress and much better adhesion than non-

cleaned substrates, don’t skip this step. 

Step 2. Spin coating. Allow borofloat wafer to cool completely from oven before spinning 

photoresist. Deposit ~2ml or a 1 inch radius puddle of resist SU82050, poured straight from the 

bottle. Spin at (100rps, 500rpm) to center the puddle, then (500rps, 1900rpm) to coat the wafer. 

This produces a layer thickness of ~100μm if the bottle is new. 

! Pay attention to the amount of SU8 left in the resist bottle each time you pour. The solvent 

evaporates with time, and spin conditions may need to change to compensate for the varying 

viscosity. Usually this involves increasing the final rpm of the coat step from 1900 to ~2000. 
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Step 3. Pre-bake. Remove the edge bead from wafer using a q- tip wet with acetone, then IPA. 

Remember to keep the wafer level during this process, as the SU8 will still flow at this point. Place 

cleaned wafer on a quarter inch thick steel plate. Heat plate/wafer on hot plate at 1˚C/min ramp 

rate to a final temperature of 55˚C and leave overnight. Let wafer slow cool to room-temperature 

over at least an hour. 

! This is the most important part of the process. Temperature plays into the protocol in two distinct 

ways. First, if the ramp rate is too high, thermal stresses will be evident in the SU8 upon 

development, leading to hairline cracks and in severe cases detachment. Second, if the final 

temperature is too high, severe craters or pitting will be observed in the film which will ruin any 

subsequent pattern formation. 

Step 4. UV Patterning. Expose wafer on ABM contact aligner. Insert I-line filter, make contact 

between mask and wafer and back off 20μm. Expose with 12, 5s exposures, leaving 10s rests in 

between exposures. The very edge of the wafer may still be a little bit sticky, this is OK. These 

Figure 5.6: Simplified workflow for the SU8 device fabrication. 
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exposure doses are higher than recommended to compensate for the non-reflective substrate 

(juxtaposed to Si substrates) and the requirement that the SU8 be part of the final device. 

Step 5. Post exposure bake. Place wafer on steel plate again. Bake at 1˚C/min ramp rate to a final 

temperature of 55˚C and leave for four hours. 

Step 6. Development. Allow wafer to cool completely over at least an hour. Place the wafer in SU8 

developer in a wafer holder and leave for at least 1 hour. Wash wafer in IPA, then water and air 

dry. If a white foam is visible after submerging into IPA, more development is required. Crucially, 

do not extend the development time to more than is minimally necessary. 

! Development time is very important to produce uniform films of SU8. Extending development 

times (for example, overnight) will cause additional stress and cracks in the SU8 film, as well as 

nibbling away at less polymerized SU8 at the bottom of the film. 

Step 7. Inspection. Optically inspect both the device geometry and the bulk film for cracks with 

CNF’s microscope. No hairline cracks should be present in the bulk film, this will manifest as a 

frosting effect. Measure device depth with the P7 profilometer, or the Zygo optical profilometer. 

The above protocol should produce channel depths of (107±2) μm. The uncertainty here pertains 

to one standard deviation across all measurements (differing wafers and positions on the same 

wafers). 

Step 8. Coverslide cleaning and dehydration. Clean #1.5 glass coverslides (22mm by 22mm) in 

acetone, then IPA with a q-tip. Dehydrate on an aluminum plate at 90˚C overnight. 
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Step 9. Sealing. Allow glass slides to cool completely. Deposit a thin layer of SU82005 on each 

device and install coverslides over each. Lightly tap each slide down onto the base layer, then fill 

in any voids that may appear around the edge of the devices. Clean up SU8 around the edge of 

each coverslide with a q-tip soaked in acetone, paying attention to the nozzle inlets. 

Step 10. Pre-bake for sealing. Place wafer on aluminum plate again. Bake at 1˚C/min ramp rate to 

a final temperature of 55˚C and leave for one hour, allow wafer to cool back to room temperature 

over an hour. 

Step 11. Coverslide bonding. On the ABM contact aligner, rotate mask 180˚ in orientation from the 

wafer pattern. Align reticules on SU8 film with marks on the mask. Gently bring mask into contact 

with the wafer, but stop before the micrometer head on the ABM stage slips. Expose with 5 5s 

exposures. 

Figure 5.7: Device base layer. SU8 film should be completely clear and free from hairline cracks in 
the bulk that give a frosted appearance. 
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Step 12. Post exposure bake for sealing. Place wafer on steel plate again. Bake at 1˚C/min ramp 

rate to a final temperature of 55˚C and leave for four hours. 

Step 13. Development. With a 40μm ID, 105μm OD glass capillary tube, flush small amounts of SU8 

developer through the inlets of devices, wetting all channels. Leave primed channels submerged 

in SU8 developer for 1hr. This will ensure SU8 developer is present everywhere in the device, and 

will at most have to eat away the SU8 in the constriction. Wash with IPA, and water, then air dry. 

The air hose in the left fume hood has more pressure than the right one. 

! Development time is very important to produce uniform sealing layers of SU8. Extending 

development times (for example, overnight) will cause flowery sealing layers, where less developed 

SU8 has been nibbled away. 

5.5.2 Packaging method 

Step 14. Device separation. Separate devices using the Versa Laser. Take multiple passes (3-4) 

across each cut to score the wafer. After scoring, break devices apart from the main wafer. 

Appropriate settings use 3.5% power, 10% speed and 1000 dpi. Set the z focus to 0.5. 

Step 15. Device cleaning. Air clean devices with compressed air from all nozzles to remove any 

debris and dust in devices. Flush 2% bleach to completely fill the device and incubate for ~20 

minutes. Flush out the bleach with water, and air dry before bonding. The bleach flush is to reduce 

the fluorescence background of devices. 

Step 16. UV bonding of inlet lines. Cut inches of 40μm ID, 105μm OD glass capillary tubing and 

clean with Hellmanex. Make lines generously long, so if they ever clog you can cleave and slice the 



130 
 

ends off and leave sufficient tubing to contact unions and recover the device. Insert marginally 

into inlets, and check for dust, dirt and the shape of the cut capillary ends.  

Wick Norland 61 UV cureable epoxy into channel, and cure with UV light centered at the end of 

the capillary tube to halt the wicking action. Make a pass over the remaining epoxy to cure. Repeat 

for all three inlet channels. Dab additional epoxy over all bonded inlets to fill in any potential cracks 

and cure with UV. A complete cure requires resting overnight; however, devices can be used 

immediately. 

! Curing the epoxy as close as possible to the end of the capillary tubing is extremely important to 

make practically useful devices. Any large gaps will cause air pockets which will need to be cleared 

before running experiments. 

Step 17. Interfacing to reservoirs. Microfluidic sleeves, ferrules and nuts (Idex-HS) can be used to 

interface the 105μm diameter supply lines to 1/16-inch microfluidic unions. Upstream lines 

delivering fluid from reservoirs can be interfaced similarly. 

5.6 Microfluidic device characterization 

5.6.1 Device and flow visualization 

A stereoscope image of a completed device is shown in the right of Figure 5.8. The labels indicate 

each of the inlets as well as the probe region, with the narrow constriction region also being visible 

in between the two. The opaque backdrop is to provide contrast to the clear device. Devices 

fabricated in this manner have many desirable features, such as excellent chemical compatibility, 

long-lifetime and a wide range of accessible time-points. Furthermore, being completely 
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transparent allows for dual illumination and imaging techniques to be used in experiments (e.g. 

epifluorescence imaging from the thin glass side, and backlight illumination from the rear.) 

We next demonstrate and visualize the flow geometry in the device by using wide-field 

fluorescence microscopy. Fluorescently labelled 10kdA dextran rhodamine (~μM concentration) 

was used as a test sample and flown through the sample inlet. Water was used for both the buffer 

inlets. A false colored fluorescence image is produced showing dye (in pink), and backlight in blue 

(non-fluorescence). The inlets and outlets are labelled equivalently as in the stereoscope image, 

with arrows indicating the direction of the flow. This image demonstrates the focusing of sample 

through the mixing region, which acts to thin the sample length scales to microns. Subsequently, 

the flow expands in the probe region as it slows. 

Figure 5.8: False colored fluorescence image showing the flow characteristics of fluorescent dye 
moving through the device. Stereoscope image of a sealed device also shown right. Arrows indicate 
the flow direction. 
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5.6.2 Mixing and diffusion characterization 

The goal of a microfluidic mixing device is to rapidly initiate a biological reaction, in our case by 

diffusive mixing. The time required for this diffusive mixing and the final mixed concentration 

depends on the diffusion coefficient of the reactant, and the width of sample stream in the mixing 

region (32). We experimentally measured the jet widths in the mixing region using wide-field 

fluorescence microscopy, using the same 10kdA Dextran rhodamine sample as used above. We 

take the full-width half maximum of gaussian fits to the fluorescence emission in the mixing region 

as representing the diameter of the sample jet in the mixing region for a variety of flow conditions, 

as shown in Figure 5.9.  

In each of these panels, we fix the flow rate of each buffer inlet, for example, in the green data 

set, we fix the buffer flow rates to 1.25μl/min each. The conserved quantity in all the flow 

conditions is the ratio of the buffer to sample flow rates (Q). For a given set of buffer flow rates, 

as we increase the value of Q the measured jet widths gradually decrease. This is obviously 

expected: as the sample flow rate is gradually decreased, the fraction of mass represented by this 

stream also decreases, and thus a thinner sample stream is obtained. This trend is true across all 

buffer flow rates. We note the differences in accessible Q values are due to the measurement 

range of the flow meters used to read out the flow rate on the sample stream: higher values of Q 

can be obtained at higher buffer flow rate conditions as the corresponding sample flow rate is in 

a reasonable measurement range. Typical flow conditions place Q>6, which gives RNA sample 

streams of <5μm. This gives diffusion lengths of 2.5μm from reactant streams to sample. 
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We use an analytical approach to model the diffusion of reactant molecules into the sample 

stream at subsequent times in the mixing region (t). One can derive an analytical form for the 

concentration of reactant molecules across the sample stream (z) at various times after inducing 

mixing (C(z,t)) from the diffusion equation: 

 𝐷
𝜕2𝐶(𝑧, 𝑡)

𝜕𝑧2
=

𝜕𝐶(𝑧, 𝑡)

𝜕𝑡
 (5.7) 

Which can be solved (42, 54), to yield, 

 𝐶(𝑧, 𝑡) =  
1

2
∗ 𝑒𝑟𝑓𝑐 (

𝑧

(2𝐷𝑡)
1
2

) +
1

2
∗ 𝑒𝑟𝑓𝑐 (

𝑊 − 𝑧

(2𝐷𝑡)
1
2

) (5.8) 

 

Figure 5.9: Jet width measurements as a function of different flow velocities. In each panel, the 
flow rate of individual buffer streams is fixed, while the sample flow rate is varied to vary Q. 
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where W sets the mixing steam width (as measured in Figure 5.9 above), and z is the spatial 

location across the sample stream. We use a representative upper estimate of the sample stream 

width of 5μm. Plotting the concentration profile across the sample jet at differing discrete elapsed 

times (t), we can visualize mixing as we progress through the mixing region, as shown in Figure 

5.10. As we progress through the mixing region, diffusion from the reactant streams (at z=0 and 

5μm) occurs into the sample stream. We demonstrate the mixing for divalent Mg2+ ions (D = 2e-

9m2/s) and a small molecule, Guanine (D = 4.44e-10m2/s) (55–57). 

Figure 5.10: a) Concentration of magnesium in mixing constriction as a function of time and 
position in jet. b) Evolution of the magnesium concentration along the central streamline in the 
mixing region. c) Concentration of guanine in mixing constriction as a function of time and position 
in jet. d) Evolution of the guanine concentration along the central streamline in the mixing region. 
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Given the use of confocal microscopy allows us to interrogate specific streamlines in the flow, the 

mixed concentration of the central streamline (z=2.5μm) is the more relevant parameter than the 

average across the whole jet. The concentration along this central stream is plotted in Figure 

5.10b.  

5.6.3 Flow speed measurements and distance-to-time conversion 

A critical part of time-resolved experiments using continuous flow microfluidics is the conversion 

of spatial coordinate in the observation region to time after mixing is complete. To perform the 

conversion, we typically use computational fluid dynamics (CFD) simulations. To gain confidence 

that the CFD simulations are reasonable, we compare measured flow velocities to those derived 

from the simulations. Given that the time on each streamline is directly related to the flow velocity, 

these values are important to check. 

We used fluorescence correlation spectroscopy (FCS) to experimentally determine the flow 

velocities at different spatial locations in the observation region (40–42, 58). The principle of FCS 

is illustrated in Figure 5.11. In brief, we use confocal microscopy to excite labelled fluorescent 

molecules in a small illumination volume, defined by a radius (w0) and length (z0). We record the 

fluorescence intensity over time (I(t)). We next assess fluctuations in the emitted intensity (dI) over 

the average intensity <I(t)>: 

 𝑑𝐼(𝑡) = 𝐼(𝑡)−< 𝐼(𝑡) >              𝑤ℎ𝑒𝑟𝑒 < 𝐼(𝑡) > =  
1

𝑇
∫ 𝐼(𝑡)𝑑𝑡

𝑇

0

 (5.9) 
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Forming the convolution of these fluctuations for different lag times, a functional form can be 

derived relating to diffusion time (tdiff) of our fluorescent sample through the focus.  

 G(τ)  =  
< dI(t)dI(t + τ) > 

< 𝐼 >2
=  𝐺(0) (

1

1 +  𝑡 tdiff
⁄

)

−1

(
1

1 +  𝑡
𝛾tdiff

⁄
)

−
1
2

 (5.11) 

where, 

 𝛾 = (
𝑧0

𝑤0
)

2

         (5.12) 

 
𝐺(0) =
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< 𝑁 >
 

      (5.13) 

 

 

 

 tdiff =
𝑤0

2

4𝐷
        (5.14) 

Figure 5.11: Cartoon illustrating the fundamental use of FCS in confocal microscopy. 
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<N> gives the average number of fluorophores in the focal volume and D is the diffusion coefficient 

of the probed molecule. This form is appropriate when flow speeds are slow compared to diffusion 

times. For diffusional motion with a drift, a modified form is obtained that can be analyzed to give 

both the diffusional time (tdiff) and flow time (tflow) of molecules transiting the focal volume: 

 G(τ)  =  
< dI(t)dI(t + τ) > 

< 𝐼 >2
=  𝐴𝐵 ∗ exp (−(

𝑡

tflow
)2𝐴𝐵) (5.15) 
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1

1 +  𝑡 tdiff
⁄

)

−1

                           𝐵 = (
1

1 +  𝑡 𝛾tdiff
⁄

)

−
1
2

               (5.16) 

The flow velocity is then derived by using: 

 vflow =  
𝑤0

tflow
 (5.17) 

The value of γ is known a prior from control measurements in static conditions using free 

fluorescent dye of known diffusion coefficient D. 

The raw FCS curves as a function of distance in the observation region are shown in Figure 5.12 

(a). These curves amplitudes have been normalized to remove a fit parameter from the expression 

of G. The characteristic decay time for each of these curves is seen to shift to longer times as we 

move down the observation region, consistent with a slowing of the flow velocity as we 

progressively move down the channel. Fitting these curves simultaneously using equation (5.15), 

with 𝛾 derived from static measurements, and allowing tflow to vary for each curve, we can obtain 
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the flow velocities as a function of distance down the observation region, as shown in the right of 

Figure 5.12.  

As expected, the flow velocities decrease with increasing distance down the observation region. 

The flow has slowed completely by between 250-500μm down the channel, which yields a flow 

velocity of ~1μm/ms. This value is comparable to diffusion time. The solid grey lines represent 

estimates derived from the CFD simulations, with the dotted lines indicating uncertainties in 

positioning z in the center of the flow channel. All flow velocities agree within error to the results 

of the simulations, and therefore we have confidence in deriving times after mixing from them.  

Having built confidence in the simulation results, we can now derive a distance in observation 

region to time after-mixing curve. This curve is shown in Figure 5.13. The red line shows the time 

on central streamline from the end of the mixing region to different spatial locations in the 

observation region. This is derived directly from the CFD simulations, while the blue is an empirical 

Figure 5.12: FCS measurements were used to estimate flow velocities in the observation region. 
Left shows the raw FCS curves at different spatial locations from the end of the mixing constriction. 
Right shows the flow velocities derived from analytical fits to this data set. Grey lines indicate 
results from the CFD simulations, ±10μm to account for uncertainties in position the focus in the 
channel. 
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extrapolated form derived from the CFD simulations required to span the whole range of space 

accessible in our devices. As the flow has completely slowed and has a constant velocity at spatial 

locations >750μm (see Figure 5.12), a straight-line functional form for this extrapolation is 

justified. With this calibration curve in place, we can now convert spatial locations in our mixing 

device to times after mixing is complete. 

The final consideration in distance to time conversion is the uncertainty on the derived time-

points. The largest contributor to this uncertainty is due to the spread of sample plugs initially 

incident into the observation region as delta-function like, spreading in space. This phenomenon 

has two regimes depending on the time-scales probed. For time-scales less than the typical 

diffusion times across the depth of the channel (t<W2/D), spatial dispersion is dominated by 

convective effects. As illustrated in Figure 5.14, spreading due to convective flow results due to 

the parabolic shape of the flow profile, being zero on the channel walls, and maximal in the center 

Figure 5.13: Distance time conversion for observation region. The red portion of the curve is derived 
from the CFD simulations, while the blue is an analytical extrapolation to give time-points over a 
larger range of distances. 
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of the channel. After a time t, this results in a broadening of X~Ut, where U is the maximum flow 

velocity. This uncertainty is dominant for bulk experiments, where the probe volume samples all 

streamlines. 

At time scales comparable to the diffusion of sample molecules across the channel geometries, 

transitions of the sample to neighboring streamlines which have differing flow velocities 

dominates. This results in a smearing effect of the concentration profile in space along the flow 

direction, which was initially incident into the observation channel at the same time t (see Figure 

5.14). This phenomenon is named Taylor dispersion, and is exacerbated in devices in which the 

sample stream is in contact with channel walls, as the no-slip condition on the sample stream 

exaggerates differences in flow velocity across neighboring streamlines (32).  

Figure 5.14: a) An initially square sample concentration plug (orange) flowing in a pipe will broaden 
due to two different effects. The first is convective growth due to variations in the velocity profile 
across the diameter of the pipe. The second is dispersive growth due to diffusion of sample 
molecules across the diameter of the pipe. This results in sample molecules sampling streamlines 
with different flow velocities. b) Calculated uncertainty in arrival times for our channel geometries 
due to the Taylor dispersion component of solute broadening. 



141 
 

As for our experiments we can optically section, and therefore can selectively probe certain 

streamlines, the only timing uncertainty we need to consider is Taylor dispersion. For rectangular 

channels as we have in our devices, an analytical estimate for the Taylor dispersion contribution 

can be obtained, using results present in the following references (59, 60). The mean squared 

deviation of a sample plug travelling down the observation region, which is initially delta like at 

t=0, is broadened in time by the following: 

 𝜎𝑥
2 = 2𝐷𝛼𝑡 (5.18) 

where the constant α is a modification to the typical diffusion time to account for sampling of 

adjacent streamlines with different flow velocities. This value is dependent on the channel 

geometry and flow velocities, 

 𝛼 = 1 +
𝑓

210
(
< 𝑢 > ℎ

𝐷
)2 (5.19) 

For our channel geometry and flow velocities, the value of α is 200. Finally, the relative 

uncertainties on the derived time-points can be computed using the diffusion equation: 

 
𝜎𝑥

2

𝑥2
=

𝜎𝑡

𝑡
 (5.20) 

These values are sketched graphically in Figure 5.14b and allow one to assign reasonable 

uncertainties in arrival times as a function of spatial position in the observation region. 
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5.7 Non-equilibrium single-molecule fluorescence measurements of RNA 

aptamers 

We use the described methodology to probe functional RNA elements called riboswitches, motifs 

that bind small molecules (61, 62) and fold intheir presence. Here, we use the PreQ1 aptamer as 

a model system to demonstrate the technique, and furthermore provide a representative example 

of a large class of regulatory RNA elements. The PreQ1 aptamer is sketched in Figure 5.15, and 

consists of a stem-loop tail structure that predominantly exists in two conformational sets (17, 63). 

In the absence of its partner ligand, the aptamer exists in states where the flexible tail region is 

free to move about the secondary structure in the stem-loop region, we term these states open. 

Upon addition of its partner ligand, a conformational switch is triggered, whereby the flexible 

region is sequestered by the stem-loop, rigid region, concurrently capturing the ligand.   We term 

these states bound. 

To resolve these states in solution, we chose to position a dye pair to maximize sensitivity to the 

bound state. The donor dye is chemically attached to the end of the flexible tail, while the acceptor 

is located in the hairpin region. In solution, we resolve these states by their differing EFRET values: 

the open states have a larger inter-dye distance, and thus small values of EFRET, while the bound 

states have a short inter-dye distance, and therefore FRET values close to one. These states are 

resolved in the population histograms. 

Using this construct, we wish to investigate the role and interplay of divalent Mg ions (which are 

generally known to be pervasive in providing functional RNA folds) in RNA constructs that have 

evolved to bind ligands. To this end we performed three different mixing experiments. We mixed 
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the PreQ1 riboswitch with its cognate ligand (PreQ1) in the absence and presence of divalent Mg2+ 

ions, and furthermore with a chemically similar analogue Guanine. The structures of these 

nucleotides are shown inset in the kinetic series in Figure 5.16.  

We followed the folding in time for these three different mixing experiments (Figure 5.16), from 

30ms out to ~3s. In all three cases, conformational transitions are observed from smaller EFRET 

states (EFRET ~ 0.5) to high EFRET states (EFRET = 1) as time progresses. This corroborates with our 

expectation that in the presence of cognate ligand, increased stability of the bound state is 

induced. The promotion of this bound state is most dramatic for the PreQ1 mixing experiments.  

Figure 15.  

 

Figure 5.15: In practice, we use FRET to record photon counts from both donor and acceptor dyes 
using confocal microscopy. Heavily diluting our labelled samples ensures only a single entity at a 
time is present in our focal volume. Calculate an EFRET value for each fluorescence event, we can 
form population histograms that resolve individual subpopulations in solution. 
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To quantify the behavior observed in these histograms, we plot the bound peak height as a 

function of time. Two useful quantities can be extracted from this plot. First, the bound peak 

height at long times reveals the overall stability of the ligand bound state relative to the unbound 

state. This stability is highest for the PreQ1 ligand in the presence of divalent ions, followed closely 

by the PreQ1 ligand in the absence of ions. The Guanine bound state is least stable. This is of 

course expected, as this riboswitch has evolved to have high affinity and specificity for PreQ1 over 

other ligands; however the similarity of this molecule to guanine permits the binding to pocket of 

the riboswitch. 

Figure 5.16: Summary of the PreQ1 RNA mixing experiments showing the measured FRET efficiency 
distributions as a function of time after mixing is complete. The bound peak height is also shown 
to allow easier comparison across mixing experiments. The results are summarized by the cartoon 
free energy diagram. 
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Second, the time-scale of mono-exponential fits to this data reveals details of the transition state 

barrier height. For both PreQ1 mixing experiments, relaxation times (t1/2) are the same within 

uncertainty. Thus, while the bound state stability is increased by the presence of Mg ions, the set 

of conformational re-arrangements that lead to this state are not aided by divalent ions. This 

suggests a ligand induced or driven conformational re-arrangement, being akin to an induced fit 

pathway. For Guanine, the relaxation time is an order of magnitude slower, measuring 5s. 

Crucially, the formation of the bound state with Guanine cannot be accessed without divalent Mg 

ions. Thus, while the barrier height is extremely large for Guanine, divalent Mg ions at least make 

this conformational transition possible.  

In general, therefore, Mg ions stabilize bound-like conformations of the riboswitch, but it is not 

generally true that they are required to provide functional (ligand binding competent) RNA folds. 

Furthermore, the dependence of ions on directing transition states is either crucial (in the case of 

Guanine) or irrelevant (for PreQ1 binding). We summarize these results by the free energy diagram 

shown inset in Figure 5.16.  Results of this type underscore the power of combining microfluidic 

mixing with single molecule detection by fluorescence.  

5.8 Conclusion 

Here we have designed, developed and characterized a microfluidic mixing device to enable non-

equilibrium single-molecule fluorescence measurements. We developed a new fabrication 

protocol using hard materials (SU8 and glass), as opposed to soft material approaches (PDMS). We 

characterized salient properties of the devices to enable ligand induced reactions in RNA 

riboswitches and demonstrated the flow profiles and characteristics. We expect these innovations 
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to enable more routine kinetic measurements on RNA molecules. The next two chapters 

demonstrate how this type of information aids our understanding of dynamic RNA elements.  
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Abstract 

Functional RNA elements, like traditionally recognized protein enzymes, have evolved finely tuned 

responses to their substrates.  Here, we dissect the conformational landscape of a ligand binding 

RNA element, the SAM-II riboswitch.  A series of coordinated static and kinetic experiments reveal 

the RNA structures that facilitate molecular sensing and rapid binding, with emphasis on the 

disordered (single-stranded) domains. These experiments draw attention to the sensitivity of the 

SAM-II structure(s) to distinct partners, including mono and divalent ions as well as its natural 

ligand, SAM. Our description of the fold switching mechanism accounts for both structures and 

energetics, and highlights the distinct roles of each ion type in ordering the RNA’s flexible regions 

for ligand recognition.   

6.1 Introduction 

Riboswitches are an important class of regulatory RNA elements (1, 2). In bacteria, they sense and 

bind small molecules and cofactors to control protein expression levels. They employ a fold 

switching mechanism, where the sensed molecule triggers a conformational re-arrangement that 
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sequesters a sequence downstream of one RNA domain, either preventing ribosomal binding (for 

translational acting elements) or halting RNA synthesis (for transcriptionally acting elements) (3–

5). As these elements can suppress protein expression by reacting to simple small molecules, they  

are attractive targets for the biotechnology industry (6–9). The use of small molecule mimics to 

disable protein synthesis could potentially pave the way for new antibacterial medications (10), 

and recent advances in this field show promise (11, 12). Additionally, riboswitches can be re-

engineered to provide highly selective, sensitive sensors of biologically relevant cofactors for in 

vivo tracking of  specific molecules at cellular concentrations (13–15).  

Many common riboswitches are conserved across organisms (16), and their crystal structures have 

elucidated similarities that permit partitioning into classes (e.g. (17–21)).  For many  riboswitches, 

the sensing function is mediated by global conformational re-arrangements (22, 23). Within these 

RNAs, flexible single-stranded (ss) regions serve as transient gates.  Through direct or indirect 

action, they permit or restrict access to protein binding sites found downstream of the switch 

element. This action is modulated by the concentration of cofactors present in the cell. 

RNA architecture is just one important factor in determining the conformations accessible to these 

switches.  Ion partners also contribute, through non-specific backbone screening or specific 

interactions with divalent ions (24). Under relevant solution conditions, the interaction of, or 

mediation by, flexible regions with other RNA elements can orchestrate a rich network of hydrogen 

bonding, stacking and phosphate interactions, creating intricate pockets that sequester complex 

molecules (17, 25).  The energetics of these interactions must be finely balanced to achieve sharp 

fold switching with high specificity.  
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A number of recent investigations have begun to identify the forces that drive conformational 

switching in these RNAs. Such studies resolve short-lived intermediates that are essential to 

molecular sensing (26–28), query the role of specific regions and sequences in folding riboswitch 

domains (29–35), elucidate the operation mechanisms of larger riboswitches (36, 37) and deliver 

precise kinetic descriptions of how ions promote folded structures (38–40). The behavior of 

flexible regions in these riboswitches has been mentioned (e.g. (30, 41, 42)), but a detailed account 

of their contributions has yet to be given.  

Here, we use the SAM-II riboswitch as a model system to dissect the principles involved in ligand 

binding, with a focus on interactions in the unstructured RNA domains. SAM-II is a translationally 

acting riboswitch that binds S-adenosyl-methionine (SAM) to regulate Sulphur metabolism in 

bacteria (17, 43). It is schematically sketched in Figure 6.1. This intriguing RNA structural element 

switches from a loosely extended conformation with minimal secondary structure (left structures 

in Figures 6.1a and b), to a tightly compact form that sequesters SAM within its folds (right 

structures in Figures 6.1a and b, interactions illustrated with Leontis/Westhof notation (44)). The 

SAM bound riboswitch exploits an intricate weave of RNA elements, including triplexes, to capture 

the single stranded domain. This type of switching is exhibited by numerous RNAs, and provides 

an efficient mechanism for regulating genes (16). Unique to this RNA, the single-stranded region 

of the aptamer is the sequestered sequence, adding extra complexity to the switching behavior. 

Our goal is to provide a thermodynamic, kinetic and structural description of the pathway leading 

from extended to compact conformations of the SAM-II riboswitch. We investigate the 

contributions of the differing constituents of this process, including RNA structure, ions and 

substrate (SAM). A combination of single-molecule fluorescence, small angle X-ray scattering, 
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optical spectroscopy and microfluidic mixing elucidates how these elements cooperate to bind 

SAM. Our results suggest a structural hierarchy that links specific RNA intermediates to 

fundamental interactions with ion and small molecule partners. Each distinct interaction drives 

the RNA closer to its SAM bound fold. The tools we apply allow us to separate charge screening, 

specific interactions with divalent ions, base stacking and ligand binding.  Our findings highlight 

the importance of partner specific interactions in modulating flexible elements within the 

riboswitch. 

 

Figure 6.1: a) Secondary structure of the SAM-II riboswitch in the ligand free, unbound (left), and 
ligand bound (right) states represented using Leontis/Westhof notation (44). Fluorescent label 
positions are shown as stars. In this cartoon, different regions of interest are colored: green denotes 
secondary structure in the absence of SAM, blue denotes tertiary contacts that form upon SAM 
binding, yellow indicates the flexible region of the tail domain which is not involved in tertiary 
contacts and red designates unpaired regions of the hairpin.  b)  Schematic of the conformational 
switch induced when the SAM-II riboswitch binds SAM. The single-stranded region forms a triplex 
when coiling around the core of SAM-II. Structures are inspired by PDB ID 2qwy. Fluorescent labels 
are attached to the bases pictured as red and green colored clouds. The chemical structure of SAM 
is also shown. 
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6.2 Results 

6.2.1 Ion induced RNA folding 

Given their important and varied roles in RNA folding, we first explore how ions affect the 

conformations of riboswitches, RNAs that have evolved to bind ligands.  We are particularly 

interested in the flexible strand, which serves as the sensing platform for riboswitch action. Past 

work suggests single-stranded RNA elasticity (e.g. persistence lengths) and conformational 

landscapes are highly dependent on both the screening ability of the surrounding solution, as well 

as on ion identity (45, 46). Because single-stranded regions serve as riboswitch actuators, these 

ion-dependent effects may contribute to the activation of functional elements.  

As an initial assessment we measure the stability ions grant to folded (vs. unfolded) conformations, 

using single-molecule (sm)FRET to dynamically track RNA’s molecular conformations. A labelled 

construct was used that distinguishes compact from open SAM-II conformations (47). The donor 

fluorescent dye is placed on the construct’s 3’ terminal tail end, while the acceptor resides 

internally on the RNA hairpin, as shown in Figure 6.1. In unbound conformation(s), the inter-dye 

distance is large, resulting in small (but measurable), FRET efficiency values (EFRET). When in the 

bound or bound-like states, the inter-dye distance is very small, and the resulting EFRET value is 

close to 1. To establish the reliance of unbound conformational landscapes and the stability of the 

bound-like state on the nature of ions present, we performed titrations with monovalent Na+ or 

divalent Mg2+ ions (plus a background of 100mM NaCl). 

Within both series (shown in Figure 6.2), FRET histograms show clear signs of two states in 

exchange. For all conditions, two populations are resolved. The first locates around EFRET = 1, which 
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reflects small inter-dye distances.  We designate this population as bound-like states, as the 

saturation of EFRET values precludes sharp resolution of differing conformations with small (<10Å) 

inter-dye distances. The second set locates at smaller EFRET values, signifying larger inter-dye 

distances; we therefore designate this population as unbound states.  Differences in the FRET 

efficiency histograms are observed as salt conditions change. 

Two important parameters can be derived from these experiments. The inter-dye proximity, 

parameterized by the EFRET value, indicates the conformational landscape explored by the RNA. 

This information is particularly valuable in the unbound state, as it provides insight into single-

strand conformations and elasticity. In addition, the ratio of areas of the bound to unbound 

conformations, parameterized by KObs, provides the relative stability of these conformations in 

differing conditions.  

We first discuss the low FRET population that characterizes the unbound state. Our guiding 

assumption is that this population reflects both the conformation of the single-stranded region, 

including its distance from the stem-loop element, and electrostatic screening between backbone 

phosphates. Given that both single-stranded RNA elasticity and screening efficiency depends on 

ion identity and concentration, we first measured the changing position of this low FRET peak as 

a function of added Na+ and Mg2+ salts.   

In the NaCl series (Figure 6.2, left column), a gradual increase is observed in this peak’s FRET 

efficiency value, the values change from 0.15 to 0.27. Based on the known Ro of the dye pair (48), 

this change corresponds to a decrease of the length between the dyes of approximately 8Å.  This 

decrease in molecular dimension results from the improved screening efficacy of the bulk solution 
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with increasing salt, which enables closer contact between the free single-strand tail end and the 

hairpin element, as well as relaxation along the single stranded chain. No significant decrease in 

tail-hairpin distance is observed above 100mM Na+, indicating that screening of the single-

stranded region is complete.  

Figure 6.2: Results of the smFRET experiments on labelled SAM-II construct with increasing 
concentration of either Na+ (left) or Mg2+ (right). a) Histograms reconstructed from the FRET data 
for NaCl (left) and MgCl2 (right). b) FRET efficiency values of the unbound state as a function of 
[NaCl] and [MgCl2]. c) Equilibrium constant KObs as a function of salt. Colors in panels b) and c) are 
consistent with the concentrations displayed in a). Error bars indicate one standard deviation in 
repeat experiments across independent sample annealing’s. 
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In the MgCl2 titrations (Figure 6.2b, right), no significant differences in FRET efficiency for the low 

FRET peak are observed with increasing [Mg]. The EFRET values are comparable to those measured 

at ~100mM NaCl (0mM Mg2+ data point), where the above-described measurements suggest that 

electrostatic screening is complete. Thus, the EFRET values suggest no special role for Mg2+ in pre-

ordering or influencing the unbound conformational states (at least inferred from this length scale 

reporter). As expected, the background of 100mM NaCl is sufficient to induce screening and 

promotes complete conformational flexibility of the single-strand tail.  

How do differing ions and electrostatic screening stabilize the bound-like state?   To answer this 

question, we examine the equilibrium between the open (low FRET) and bound-like (high FRET) 

conditions, quantified by the equilibrium constant KObs.  Figure 6.2c shows the increase with added 

Na+ (left) and Mg2+ (right).  The bound-like state is strongly promoted with increasing divalent ion 

concentrations; the addition of 1mM MgCl2 results in a 5-fold increase in KObs. In Na+, though the 

increase is more gradual, promotion of the bound-like state can be as strong as in MgCl2, but 

requires high concentrations of NaCl.  

This large disparity in concentrations of Na+ vs. Mg2+ that evoke a similar response provides 

important insight into the diverse roles assumed by each type (valence) of ion. The factor required 

to achieve the same relative population is ~500:1, e.g. a bulk NaCl concentration of 550mM NaCl 

is required to achieve the same KObs as 1mM MgCl2.  In past work it has been tempting to establish 

an ‘equivalency’ factor for mono and divalent ions.  For intrastrand screening on unstructured 

single strands, these prior experiments suggest that the effect of 100mM Na+ is comparable to 

that of 1 mM Mg2+ (46), consistent with above results.  An even smaller ratio is found for 

interstrand screening, either between different single strands or between duplexes (49). This 
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result implies that the stabilization of the bound-like states in both NaCl and MgCl2 titrations 

cannot be solely attributed to increased electrostatic screening, and therefore hints at additional 

ion-specific interactions. 

Given the broad range of ion-RNA interactions, it is plausible that specific structural effects 

contribute to the salt-dependent conformations described above. To capture such information in 

a dynamic system requires application of a method that reports full molecular conformations in 

solution. We therefore measured riboswitch conformations using solution small angle X-ray 

scattering (SAXS) as a function of increasing [NaCl] and [MgCl2] as shown in Figure 6.3. Due to the 

high sample concentrations required for SAXS, we were limited in our solution conditions (salt 

concentrations) to those which showed no signs of aggregation.  

Although it can be challenging to interpret the full range of conformations from a series of SAXS 

profiles, two readily extractable parameters provide insight into molecular conformation(s). The 

first, radius of gyration (Rg Figure 6.3a), is a global reporter of the average compactness of the RNA 

(50). Within the NaCl series, a gradual change in Rg is measured with increasing salt. It decreases 

from ~35Å to 30Å. This change is consistent with the increased screening of the flexible region: 

with more charge screening the average size of the scattering envelope that encloses the molecule 

shrinks.  This screening appears to be complete at [Na] above 100mM, and no significant change 

in Rg is measured beyond this point. This observation is in good agreement with the trends 

observed in the EFRET measurements.  
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Turning next to the MgCl2 series, a dramatic decrease in Rg is measured, from 35Å in the absence 

of divalent ions, to 21Å upon addition of 2mM MgCl2. These Rg values are significantly smaller than 

achievable with NaCl and suggest a dramatic conformational re-arrangement in response to added 

divalent ions. This hints at specific ion interactions between RNA and MgCl2, as opposed to the 

generic electrostatic screening induced by NaCl. This change in Rg saturates at higher MgCl2 

concentrations, presumably as maximal promotion to a compact state has been achieved. 

Figure 6.3: Results of the SAXS experiments to assess conformations of SAM-II in solutions 
containing different salt ions. The left column shows the Na+ titrations. At the right Mg2+ titrations 
are presented. a) Radius of gyration (Rg) for NaCl (left) and MgCl2 (right). Error bars denote 
uncertainties in values derived from Guinier fits. In some cases, the error bars are smaller than the 
marker size. b) Kratky plots formed from the measured intensity profiles, with cartoon arrows 
pointing out trends observed with increasing concentration of the indicated salt. The curves have 
been scaled to match at q=0 to aid in comparison. Consistent colors  across the panels represent a 
given salt concentration. 
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More details of the underlying RNA conformations are gleaned from the high-q (higher resolution) 

portion of SAXS curves, emphasized in Kratky plots, q2I vs. q (Figure 6.3b). In the absence of 

divalent ions, these curves are angular and cornered below q ~ 0.125Å-1. At higher q, the profile is 

smooth and gently tips downward. These shapes are consistent with the presence of rigid 

secondary structural elements that may coexist with regions as flexible as unpaired strands (51). 

These curves suggest that, in the absence of divalent ions, the RNAs exist in a broad basin of 

flexible states. With increasing [Na], the curve peak remains roughly constant, at q = 0.125Å-1, and 

the higher q tail continues to decrease (illustrated by arrows). Past work shows that this behavior 

is consistent with non-specific collapse, attributed to charge screening (46, 51, 52).  

When divalent ions are present, a completely different picture emerges. As [Mg2+] increases, the 

peak of the Kratky curve becomes much more pronounced and moves from ~0.125Å-1 to 0.1Å-1. 

As the peak shifts, the high q tail dips (in direction of the arrows shown in Figure 6.3b). This change 

in Kratky profiles is consistent with the appearance of tightly folded conformations, in which 

electron density is localized to a confined region (on average) (50).  Therefore, a straightforward 

interpretation of SAXS data on SAM-II suggests that increasing amounts of MgCl2 promote a 

specific, electron dense fold. The measured large changes in Rg and the significant changes in the 

shape of the Kratky profiles together signal significant structuring of the riboswitch.  

6.2.2 Ligand induced RNA folding 

Unique, ion-specific structural signatures are a common theme in RNA folding, though these 

changes are rarely as pronounced in small RNAs  (52, 53). To understand how the observed MgCl2 

induced ordering of this small RNA motif supports ligand binding, we performed additional smFRET 
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experiments. The SAM ligand was titrated into a buffered solution containing the riboswitch in 

pure NaCl and in MgCl2 on a background of 100 mM NaCl (Figure 6.4). The selected salt conditions, 

the mixture of 0.25mM MgCl2 + 100mM NaCl and pure 200mM NaCl, were chosen to provide the 

same relative stability of high and low FRET states (assessed through KObs values). Figure 6.4a 

shows the measured FRET histograms. An increase in the amplitude of the high FRET peak, for 

both NaCl and MgCl2, signals promotion of the bound state with increasing [SAM]. The peak 

positions remain consistent with their salt only (no ligand) analogues. Promotion to the bound 

state occurs with only a low concentration of added SAM, 500nM, and does not change 

appreciably with additional ligand.  

Promotion to the high FRET state is greatly enhanced by divalent as opposed to monovalent ions, 

clearly indicated in Figure 6.4b (blue vs. red curves).  Quantifying the bound fraction in these 

titrations, we find that divalent MgCl2 provides ~1.5 times the promotion to the bound state, 

despite the equivalent conformational stability (KObs) of the SAM-absent states at these two salts. 

The data show that divalent Mg ions play a special role in stabilizing ligand bound conformations 

and suggests that the distinct salt-induced conformations are crucial to the ligand binding 

pathway. Structuring by Mg2+ ions appears to aid in SAM binding, leading us to ask about the 

difference between the Mg-induced and the SAM-bound states. 

The structural properties of the ligand bound state are readily explored by SAXS. For these studies, 

we fix the concentration of SAM, and add salt to resolve how ions modulate promotion into the 

bound states. In terms of global size (Rg, Figure 6.4c), the SAM bound states have a smaller Rg than 

states measured in either NaCl or MgCl2 alone (in the absence of ligand), even at the highest 

concentrations measured. In fact, the presence of SAM further compacts the riboswitch at all 
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values of MgCl2, relative to the SAM free states of Figure 6.3 (dashed lines in Figure 6.4c). Kratky 

plots, measured at the highest salt concentration in each series, (Figure 6.4d), also appear distinct 

from the bound state in MgCl2. Features of the SAM-present Kratky profiles resemble those of the 

SAM-absent high Mg2+ data, in terms of high-q tail and peak position, but are more exaggerated. 

Thus, the global shapes of the SAM bound and Mg2+ compacted (but SAM-free) states appear quite 

similar.  

It is important to note that SAXS cannot distinguish a more folded structure from that of an 

ensemble that contains a greater population of the same folded structure; though given the 

Figure 6.4: Assessing spectroscopic differences between conformational states when SAM is 
present. a) smFRET titrations of SAM in the presence of either Na or Mg ions. b) Quantification of 
the SAM-bound fraction from the smFRET histograms shown in panels a). Error bars are smaller 
than marker size and represent one standard deviation across independent measurements.  c) 
Global size of SAM-II in the presence of SAM as Mg ions are titrated. Error bars are smaller than the 
marker size in most cases and represent uncertainties in fit parameters derived from a Guinier 
analysis. d) Comparison of the average structure of the highest Na+, Mg2+ and Mg2++SAM SAXS 
conditions. e) Circular Dichroism assessment of secondary structure differences between SAM-II in 
the solution conditions close to those in d). Colors designate the same limits as in d). Dashed lines 
are drawn to display the peak positions in the +SAM (green) and no SAM (red and blue) conditions. 
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saturation of Rg values we suspect the former is true. As SAM binding induces or requires triplex 

formation, we may expect that the salt induced pre-ordering of the RNA includes triplex formation.  

To fully answer this concern, it is important to establish whether the addition of Mg2+ induces 

triplex formation.   

To assay triplex formation, we performed circular dichroism (CD) experiments on unlabeled SAM-

II in saturating Na+, Mg2+ and SAM containing conditions. In the absence of ligand, a peaked CD 

spectrum is measured, consistent with A-form or stacking interactions (54). The NaCl and MgCl2 

spectra are in good agreement; no significant differences in secondary structures are detected in 

these SAM-free states.  The presence of both SAM and Mg2+ induces a shift in the peak of the CD 

spectrum, from Λ = 265nm to 262nm. Such a change is indicative of triplex formation (55, 56). 

Both SAM and Mg2+ ions are required for formation of these additional bonds; the CD 

measurements show no spectroscopic indication of partial triplex formation induced by ions alone.  

The following picture emerges from the above-described experimental data: MgCl2 induced 

bound-like states are globally close to the SAM bound states but lack the intricate web of H bonds 

that define the tertiary fold. 

6.2.3 Mechanism of ion interactions 

The above studies suggest that Mg2+ associations to SAM-II impart significant ordering to the RNA, 

resulting in global folds that are structurally similar to, but distinct from the SAM bound 

conformations. As SAM is a chemically complex molecule, the energetic barrier to binding is likely 

high, and such pre-ordering may help overcome this penalty. Given the degree of structuring 

required for pre-ordering we expect the MgCl2 induced RNA interactions to be energetically costly. 
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To quantify this cost, we performed kinetic measurements, pairing our FRET construct with 

microfluidic mixing. These experiments probe characteristics of the transition states associated 

with this conformational re-arrangement. The mixer combines designs from references (52, 57) 

and is described extensively elsewhere (58). 

Beginning with a low salt initial state (RNA in 20mM NaCl), we rapidly added Na+ or Mg2+ ions and 

followed the structural collapse of the RNA with smFRET. In the experiments, the matching final 

concentrations of Na+ and Mg2+, 550 mM and 1 mM (with 100 mM background NaCl) respectively, 

were chosen because they give approximately the same KObs as measured in the static 

experiments. At these concentrations, a large fraction of the RNA is promoted to bound-like states 

which aids in data interpretation.  After mixing by diffusion, reaction times ranging from ms to s 

were probed in these non-equilibrium experiments, allowing us to monitor the time dependence 

of ion induced promotion to SAM-free bound states. 

Figure 6.5 shows results of the non-equilibrium smFRET (NE-FRET) mixing experiments. To follow 

the time course of these reactions, the height of the EFRET = 1 peak is plotted as a function of time 

after mixing.  We normalized the long time point amplitude of this kinetic series to remove a 

parameter from single exponential fits to the kinetic data.  Promotion from the unbound to the 

bound-like state(s) is observed in both salts.  The time-scale for this collapse, ~90ms on average, 

is independent of ion type. This result is surprising for two reasons. First, the time scale for non-

specific electrostatic relaxation is known to be fast (i.e. sub to single ms) (49, 52, 59). The Na+ 

induced bound state in SAM-II therefore appears to signal more than a non-specific collapse, 
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perhaps one that is mediated by a specific ion or structural re-arrangement. Second, Mg2+ ion 

associations which induce specific structural folds are usually slow (of order 500ms) (52, 59). The 

measured Mg2+ ion induced collapse for SAM-II thus appears to be quite fast, given our previous 

evidence that these states are specifically ordered by Mg2+ ions. In summary, the NaCl induced 

bound-like states appear to be more energetically expensive to access than simple charge-

screening induced stabilization, and the Mg2+ ion induced bound-like states appear to be less 

energetically expensive to access than in other structured RNAs.  

6.2.4 Structural implications of RNA-ion interactions 

The FRET data suggest that Na+ induced bound-like states are stable, but both FRET and SAXS data 

suggest that they differ fundamentally from the Mg2+ induced bound-like states. Furthermore, 

Figure 6.5: Microfluidic mixing enables non-equilibrium collapse experiments. These experiments 
provide the relative transition state barrier height between the unbound and bound states. The 
(normalized) bound peak height (θ) is plotted as a function of time after mixing with either Na+ or 
Mg2+ is complete. Error bars represent both uncertainties in fit parameters used to model the FRET 
histograms, and time uncertainties due to Taylor dispersion. Time constants are shown with 
associated errors estimated from jack-knife resampling mono-exponential fits to the kinetic traces. 
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they appear to be slower to populate than expected for generically electrostatically relaxed states 

(NE-FRET data). Our data further show that Mg2+ orders the RNA, and its presence is required for 

ligand binding. This ordering and stabilization by divalent Mg2+ is strong, yet it appears to be rapid 

(energetically inexpensive) as assessed from the NE-FRET experiments. Together, these data 

suggest that the Mg-induced stabilization is purely an ion dependent reorientation of the RNA, 

which does not include additional bond formation (e.g. through new base-pairs). This picture is at 

least partially corroborated through comparison with the CD spectra. 

We now provide a visualization that connects the above-reported FRET and SAXS measurements, 

yielding a picture that resolves all of our measurements. This integration has traditionally been 

challenging for such flexible RNAs (60). As in past work (46, 61, 62), we can refine molecular 

conformations consistent with the measured SAXS data. Here, we include an additional constraint 

to match the weights from the FRET data (Figure 6.6a). We first generate potential SAM-II 

conformations using an extension of a previously developed technique (61). A SAXS profile and an 

EFRET value are computed for each conformation. Next, we use a genetic algorithm to select 

minimal sets of conformations whose summed scattering profiles recapitulate the data, using a 

figure of merit that requires stuctural agreement with the SAXS data (I(q)), and thermodynamic 

agreement with the measured values of KObs, expressed as the fraction of high to low FRET states. 

This procedure is carried out independently for each experimental condition. 

Having refined sets of molecular conformations that simultaneously satisfy constraints imposed 

by both the SAXS (structures) and FRET (thermodynamics) experiments, we proceed to project the 

atomistically detailed models onto experimentally interpretable order parameters as shown in 

Figure 6.6b.  Given that both SAXS and FRET data are input to the refinement algorithm, it is 



168 
 

reasonable to project the selected structures onto axes that independently reflect each 

experiment. For the first, we choose the tail end to hairpin distance, which we represent as an 

EFRET value because it correlates with the FRET experiments. The second parameter, which 

correlates to the SAXS data, is the distance from C23 to G42, residues which base-pair upon 

addition of SAM (Figure 6.1), forming a tertiary contact (17). We denote this computed distance 

Rc. This parameter manifests in the SAXS profiles as the curvature of the high-q tail in the Kratky 

plots, as illustrated in Figure 6.6b. For this purpose Rc is preferable to Rg: it is less correlated with 

Figure 6.6: a) Structure refinements consistent with the SAXS data and with the weights of the 
conformational states derived from the FRET data. The figure of merit that balances the two is 
defined by the compound χ2 shown at the top of the figure. b) Designation of the two orthogonal 
order parameters used in this analysis: EFRET and Rc. The effects on the SAXS profiles of altering each 
of these structural parameters is shown in the panels to the right, with arrows illustrating the 
general trends. c) Refined conformational landscapes in (EFRET, Rc) space for the high Na+ and high 
Mg2+ solution conditions. Colorbars show the normalized density for each landscape. 
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EFRET and furthermore encodes sensitivity to a larger number of q-values. In the space defined by 

these order parameters, the resulting two-dimensional landscape neatly represents the 

complementary information available from our experiments. 

Given the similarity of data within a given ionic series (e.g. Na+ vs. Mg2+), we concentrate on the 

features exhibited at the highest ionic strengths (200mM NaCl and 3mM MgCl2) to maximize 

sensitivity to bound-like conformations within each salt series.  We form landscapes of the 

selected models for both experimental conditions (Figure 6.6c). In these maps, the color 

represents the density of structures selected. Unfolded structures, in which the flexible tail is far 

from the hairpin element, have large Rc and low EFRET values, and therefore locate regions in the 

bottom right of these landscapes. The SAM-bound conformation (e.g. the crystal structure), has 

tertiary contacts formed with the flexible tail wrapped around the RNA secondary structure. This 

structure has a low Rc and high EFRET value, and occupies the top left of these landscapes. 

In both landscapes (Figure 6.6c), we identify two differing sets of conformational states for each 

condition. Common to both is a low EFRET, high Rc set of conformations, which are unstructured, 

feature large tail to hairpin distances and therefore low EFRET values. The high value of Rc reflects 

Kratky profiles which are unfolded and bowed in shape. Structures selected to represent these 

states largely position the flexible region below a fictitious hemi-sphere that contains the stem-

loop. 

The high EFRET states appear distinct in the two conditions. In Mg2+, the distinctive shape of the 

Kratky plot signals a higher local electron density, requiring that the single-stranded region is close 

to the denser, stem loop element. The selected structures closely resemble the crystal structure 



170 
 

conformation (EFRET =1 and Rc =10Å) and possess both a high EFRET value and low Rc value. We note 

that even in “saturating” solutions conditions (e.g. the Rg’s do not significantly change above 3mM 

MgCl2), we cannot promote all SAM-II conformations to bound states.  

In Na+, we also resolve a small population of high EFRET states. The density of these states is lower 

than found in the Mg2+ containing solutions, as we would expect from the concentration of NaCl 

employed (Figure 6.2 KObs values). While these states place the tail region near the hairpin, there 

appears to be less contact between the single-strand region and RNA secondary structure, 

resulting in structures with larger values of Rc. These conformations possess less localized electron 

density than the corresponding high FRET states in Mg2+, described in the previous paragraph.  

This locally lower electron density results in less dramatically bowed Kratky plots, as observed in 

the raw data (Figure 6.3b). Importantly, high EFRET states (small tail to hairpin distances) cannot 

distinguish high from low local electron densities within the molecule. Thus, the FRET and SAXS 

data are consistent with each other. 

6.3 Discussion 

6.3.1 The folding landscape of SAM-II 

Taken together, the above experiments elucidate a folding pathway that ties structural and 

spectroscopic states to specific ion and ligand induced interactions. The pathway we resolve is 

sketched in Figure 6.7. 

Common to all conditions is a collection of unfolded (small EFRET) conformational states (from FRET 

and SAXS). These structures report large hairpin to tail distances of around 70-80Å. Within these 

more extended states, the partners that form key tertiary contacts are far from their (paired) 
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positions in the SAM bound state.  These more extended conformational states are not ion 

specific; they are the same in Na+ and Mg2+. The persistent presence of these states can be 

rationalized for a translationally acting riboswitch: extended conformations allow unobstructed 

ribosomal binding to sequences downstream of the aptamer. Therefore it may be an advantage if 

these open conformations are unperturbed by ions and not subject to steric hindrances (4, 5). 

Although these unfolded states do not depend on ion identity, our data suggest that they are in 

equilibrium with states that do. In the presence of Na+ ions, high EFRET states are resolved from the 

FRET data, but SAXS profiles suggest that these states are neither compact nor well-folded.  

Furthermore, these states have no affinity for SAM. They were previously observed and attributed 

to transient triplex formation (47), though the observed heterogenous kinetics were consistent 

with multiple conformational states with the same FRET value (63). The modelling we used, 

constrained by both SAXS and FRET experiments, offers another possibility. These states have large 

EFRET values, and relatively large Rc values.  While the high FRET value implies that they are 

compact, they do not have the high electron density that reflects compact folds. 

Because they appear unstructured, e.g. lacking tertiary contacts, it is curious that these states 

would be thermodynamically stable. The NE-FRET data suggests that the barrier to reach them is 

higher than compared to generic electrostatic relaxation, which occurs rapidly, on sub ms 

timescales (49, 52, 59). Furthermore, the concentration of monovalent ions required to stabilize 

these states does not correlate with increased screening efficacy of Mg2+ relative to Na+, 

demonstrated in other experiments. It is greatly shifted when compared to the same states in 

Mg2+. While the concentration of monovalent ions required to stabilize RNA tertiary contacts is 

known to be much larger than the concentration required to achieve electrostatic screening (64), 
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the lack of functional (SAM binding) folds in the FRET data, and structure in the SAXS data, strongly 

suggests that the NaCl induced structure(s) are distinct.  

A reasonable explanation is that monovalent ions induce a unique ordering of the single-strand 

region and produce partially stable states. In other words, the flexible region gains structure by 

interaction with Na+ ions. While the structuring effects of monovalent ions have not been as widely 

considered as those of divalent ions, this mechanism has been invoked to explain increased 

stiffness of ssRNA polymers compared to DNA analogues (45, 46, 48). This hypothesis seems 

reasonable given the sequence of the SAM-II riboswitch’s single stranded region:  A-rich regions 

have a propensity to exhibit short-range ordering (46, 65). Structuring of the flexible chain may 

allow or pre-seed interactions with Mg2+ ions by relocating this region into the hemi-sphere that 

contains the stem-loop where additional interactions between RNA elements can occur.  

The addition of divalent ions produces highly compact, stable conformations with high affinity for 

SAM. These conformations resemble, but remain distinct from SAM-bound structures (assessed 

by CD and SAXS). The formation of these Mg2+ dependent, highly structured states is very rapid 

when compared to other similar, well-folded RNAs (52, 53). Considering both the rapid time-scale 

for collapse as well as the absence of triplex reported by CD, we conclude that while these states 

are well ordered in terms of a global RNA fold, the transition states leading to them are not 

energetically expensive. This is surprising, given that structural ordering imparted by Mg2+ 

interactions is usually concurrent with extensive formation of base-base tertiary contacts, which 

are typically associated with a high transition state barriers (e.g. the folding process is slow) (66–

68). 
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These observations may be explained by ion-bridging between residues in the flexible region and 

those in the stem of the stem-loop motif, placing regions in close proximity for the (future) 

formation of base-base hydrogen bonds.  Given the propensity for RNA A tracts to bind Mg2+ ions 

(46, 69–71), we suspect the interaction originates within this region. Additional support for this 

hypothesis comes from 2-aminopurine experiments, which show a decrease in order of A bases in 

the tail region upon Mg2+ ion addition (47). Some stacked ordering of the ss tail (which we 

postulate is present in the NaCl data) therefore appears to be removed upon addition Mg2+ ions. 

The lack of base-base hydrogen bonding would allow this interaction to proceed quickly (72). This 

idea is further supported by NMR spectra, which show no significant changes in the RNA chemical 

environment when SAM-II is titrated with Mg2+ ions (73).  A comparable effect is observed in the 

structurally similar PreQ1 aptamer (74). While we can achieve a highly compact fold with divalent 

ions, there appear to be minimal additional interactions between RNA bases. 

In agreement with other work (56, 73), only the presence of SAM appears to induce additional 

base-base interactions. The CD data indicate a significant shift in spectra from either the Mg2+ or 

Na+ conditions, showing that the ligand bound conformations are spectroscopically distinct. As 

these states require divalent ions, we posit that triplex formation is seeded by a progression of 

binding of the SAM ligand to the Mg-induced conformations. The SAM affinity of the bound like 

states is high, and results in highly stable, high EFRET conformations with minimal added Mg2+.  

6.3.2 The role of mixed sequence single-stranded regions  

The above results hint that the unique interactions of mixed sequence single-stranded regions 

with other RNA elements can be exploited to form highly ordered ligand bound conformations. 
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The flexible regions gate this behavior; their sequence appears important.  Base-specific 

interactions with ions results in structured states that forge a path through the folding landscape, 

eventually yielding the SAM bound conformation. 

The prevalence of A bases in the flexible regions serves multiple purposes. They stack, coordinate 

with Mg2+ ions and can participate in triplex formation.  In Na+, A-rich regions can transiently 

structure.  Mg2+ ion binding to these metastable states could stabilize or enhance interactions 

Figure 6.7: The folding map that combines all of data presented here. The riboswitch structures 
populated depends on the presence of Na+, Mg2+ or SAM. White arrows indicate a likely route 
through the folding landscape. Cartoon riboswitches summarize pertinent structural properties in 
each region of the landscape. 
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between the flexible region and existing secondary structure, such as stems.  Given the enhanced 

affinity of A bases for Mg2+ ions, it is likely that some have been captured by the A tract in the tail 

region, bridging it to the existing secondary structure. Finally, upon addition of SAM the triplex is 

invoked, sequestering bases in the ss-region. As triplex formation requires specific interactions 

and base-pairing in the major groove of the secondary structure element (75), this interaction is 

also sequence specific. 

The transient structuring of this flexible region, the ability of this flexible region to bind ions (and 

remove stacking interactions), and finally its affinity for triplex formation with other bases are 

delicately balanced. If not, such fold switching and sensitive binding would not be possible. The 

sequence of this flexible region therefore must be finely tuned to bestow the correct weight on 

each of these interactions.   These interactions are furthermore balanced and tuned by differing 

interactions with the RNA’s fundamental partners: Na+, Mg2+and SAM.  

6.4 Conclusion 

We applied numerous biophysical tools to resolve the binding landscape of the SAM-II riboswitch. 

The key to this sensor's responsiveness lies in a carefully engineered flexible region.  Our 

experiments reveal the importance of this region in SAM binding by resolving a structural hierarchy 

tied to specific interactions that drive the binding process.  Each of the energetic driving forces 

(depending on interactions with Na+, Mg2+ and SAM), stabilize a distinct motif that structures the 

RNA: stacking, ion binding and triplex formation. As this sensor must fold efficiently when 

triggered, and not indiscriminately, the balance of these forces is carefully choreographed. The 
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large disparity in concentrations of each of these fundamental elements to yield the same fraction 

of bound-like conformations underscores the evolutionary history of RNA.  
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6.7 Materials and Methods 

6.7.1 smFRET experiments and data analysis 

Synthetic SAM-II constructs incorporating a 3’ terminally labelled Cy3, and an internally modified 

amino-C6-dT nucleobase were purchased HPLC purified from Integrated DNA Technologies 

(Coralville, IA, USA). Labelling was performed using NHS ester chemistry with reactive Cy5 using 

previously described protocols (76).  

Prior to the experiments, samples were annealed at 90˚C for 3 minutes in 1 volume of 100mM 

NaCl + 20mM NaMOPS + 20μM EDTA pH 7, and subsequently snap cooled on ice. After a 10 min. 

incubation on ice, 4 volumes of 20mM NaCl + 20mM NaMOPs + 20μM EDTA were added to 
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prevent dye intercalation. Experiment buffers used the specified salt, plus 20mM NaMOPs, 20μM 

EDTA and 2mM Trolox. Fluorescence correlation spectroscopy (FCS) on diluted samples before 

every measurement ensured that concentrations were in the single-molecule regime. 

Dual color alternating laser excitation was used to perform single-molecule FRET measurements 

on freely diffusing molecules (77). Two laser lines (532nm and 660nm) were modulated at 5kHz, 

with laser powers of ~300μW measured at the objective back aperture. This light was incident on 

the back aperture of a 1.15 numerical aperture 40X water immersion objective lens and 

illuminated a small volume in solution. Emission was collected through the same objective. 

Emission from Cy3 and Cy5 was split and optically sectioned through 30um diameter pinholes. 

Two photomultiplier tubes (Hamamatsu Photonics K.K., Hamamatsu City, Japan) collected 

photons, and two photodiodes reported when each laser was on. The two photon traces (Cy3 and 

Cy5 emission), and two photodiode traces were recorded using a Flex-4kD correlator 

(Correlator.com) in photon counting mode. 

Photon traces were processed using in house written code in MATLAB (MathWorks, Natick, MA, 

USA). Burst selection was performed using thresholding while the 532nm excitation was on (IGreen). 

For each identified burst, an EFRET-S landscape was formed using: 

 𝐸𝐹𝑅𝐸𝑇 =  
𝐼𝐺𝑟𝑒𝑒𝑛

𝐶𝑦5

𝐼𝐺𝑟𝑒𝑒𝑛
𝐶𝑦3

+ 𝐼𝐺𝑟𝑒𝑒𝑛
𝐶𝑦5  (6.1) 

 𝑆 =  
𝐼𝐺𝑟𝑒𝑒𝑛

𝐶𝑦5
+ 𝐼𝐺𝑟𝑒𝑒𝑛

𝐶𝑦3

𝐼𝐺𝑟𝑒𝑒𝑛
𝐶𝑦3

+ 𝐼𝐺𝑟𝑒𝑒𝑛
𝐶𝑦5

+ 𝐼𝑅𝑒𝑑
𝐶𝑦5 (6.2) 
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Here, the subscript indicates when a specific color laser light is on, while the superscript 

corresponds to a particular dye emission. Singly labelled elements were removed by rejecting 

events with S>0.75.  

Next, for each experimental condition, the cumulative frequency distribution was formed, and a 

non-linear simultaneous fit to all concentrations in a given salt series performed to derive EFRET 

and KObs. KObs was calculated by taking the ratio of the curve areas for the EFRET = 1 population to 

the EFRET < 1 population. Uncertainties in presented values correspond to the standard deviation 

in these derived fit parameters for between 2-4 independent sample annealing’s. 

6.7.2 SAXS experiments and data analysis 

HPLC purified SAM-II was purchased deprotected from Dharmacon (Lafayette, CO, USA). RNA was 

buffer exchanged into a low salt (10mM NaCl + 20mM NaMOPS + 20μM EDTA) buffer using 

Amicon-0.5 10kdA spin filters. The RNA was diluted to 20μM, then annealed at 95˚C for 5 minutes 

before snap cooling on ice, and resting for 10 minutes. After annealing, the RNA was concentrated 

and loaded onto an AKTA FPLC purifier. Size-exclusion purification was performed on a Superdex 

HiLoad 16/600 200pg column to remove dimers which inevitably form in a sequence which has 

palindromic elements and little secondary structure. The smaller weight, monomeric fraction was 

collected and subsequently concentrated to 220μM. This RNA stock was used for the SAXS 

experiments without further annealing. 

SAXS experiments were performed at the Cornell High Energy Synchrotron Source (CHESS) 

beamline G1, using 1.25Å wavelength X-rays. A custom microfluidic sample delivery system 

performed inline titration of Na+ or Mg2+ ions to the RNA and delivered samples to the beam in a 
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sheathed flow cell environment. This arrangement improves data quality and removes concerns 

of radiation damage in the samples (78). Multiple sample concentrations were used to control for 

interparticle interference effects, zero concentration SAXS curves were extrapolated as previously 

described (46) and used for final analysis. SAXS profiles measure the scattering intensity as a 

function of scattering vector q, which equals 4πsinθ/λ, where λ is the X-ray wavelength and 2θ is 

the scattering angle. 

Initial data reduction and analysis were performed using RAW (79), while zero concentration 

extrapolation was performed with home-written scripts in MATLAB. The radius of gyration (Rg) for 

RNA in each experimental condition was calculated with a Guinier fit to the low q regime. Error 

bars in the presented values indicate uncertainties in the fit parameters used in the Guinier 

analysis. Kratky plots were formed and scaled to match at low q to aid in comparison between 

solution conditions. 

6.7.3 Circular dichroism experiments 

Monomeric SAM-II fractions were prepared as for the SAXS experiments. Three solution conditions 

for CD experiments were prepared by buffer exchange into either 200mM NaCl, 200mM NaCl + 

5mM MgCl2, 200mM NaCl + 5mM MgCl2 + 160μM SAM plus MOPS and EDTA as previously 

specified. Spectra were acquired using a BioLogic MOS 450 in CD mode. Three scans from 220nm 

to 300nm in 0.5nm steps with 1s integration time were performed for each condition (RNA 

containing sample and matching buffer). CD spectra were formed for each condition by 

subtracting buffer blank from the RNA containing spectra. The CD curves were normalized to 

match peak heights to aid in visualizing peak position differences between conditions. 
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6.7.4 Microfluidic mixing experiments 

Microfluidic mixing devices were fabricated with SU8 and borofloat glass using a protocol and 

design described elsewhere (58). Devices were fabricated at the Cornell Nanoscale Facility (CNF), 

and were inspired by previous designs (57, 80). On the microscope, the devices were interfaced 

using standard HPLC fittings (IDEX-HS) and custom machined components. SAM-II was annealed 

as described above.  To maintain sample stability over the time-scales required to perform these 

experiments the initial state for mixing experiments was a low salt buffer solution (20mM NaCl + 

MOPs and EDTA as described above). FCS measurements, performed at each time-point, were 

used to monitor sample concentration and flow stability. Measurements of the bound fraction as 

a function of time was monitored through the height of the EFRET=1 peak. The bound peak height 

as a function of time was normalized by dividing the series by the amplitude of the long time point, 

and fit with a single exponential to derive t1/2.  Uncertainties on these values were assessed 

through jackknife resampling the kinetic data (81). Error bars represent uncertainties in fit 

parameters used to model the FRET histograms, and in time uncertainties due to Taylor dispersion 

(82). 

6.7.5 Structure refinements 

Atomistic conformations of SAM-II were constructed using an extension of a chain building routine 

previously applied to homopolymeric ssRNA (46, 61). The previous protocol was modified to allow 

mixed sequence chains to be built, and to allow flexible regions to be joined with rigid secondary 

structural elements derived from the SAM-II crystal structure (17).  
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A pool of 10,000 atomistic SAM-II conformations was built using this procedure, and the crystal 

structure was added to the final pool of potential conformations. Each state was labelled with its 

SAXS profile (calculated using CRYSOL (83)) and EFRET value, using an R0 value appropriate for the 

Cy3 Cy5 dye pair (55Å) (48). A custom genetic algorithm was written in Python and used to select 

structures from this pool, optimizing a figure of merit devised to match the SAXS and FRET data: 

 𝜒2 = (1 − 𝑓)𝜒2
𝑆𝐴𝑋𝑆

+ 𝑓 𝜒2
𝐹𝑅𝐸𝑇

 (6.3) 

where χ2
SAXS assesses the goodness of fit of the selected models (IEns) to the experimental SAXS 

data (IExp) with experimental uncertainties (σSAXS), 

 𝜒2
𝑆𝐴𝑋𝑆

=
1

𝐾 − 1
∑ (

𝐼𝐸𝑥𝑝(𝑞𝑖) − 𝑐𝐼𝐸𝑛𝑠(𝑞𝑖)

𝜎𝑆𝐴𝑋𝑆(𝑞𝑖)
)

2𝐾

𝑖=1

 (6.4) 

and χ2
FRET assess the goodness of fit of weights of the selected models to the experimental FRET 

data (KObs) with experimental uncertainties (σFRET), 

  𝜒2
𝐹𝑅𝐸𝑇

= (
𝐾𝑂𝑏𝑠𝐸𝑥𝑝 −  𝐾𝑂𝑏𝑠𝐸𝑛𝑠 

𝜎𝐹𝑅𝐸𝑇
)

2

 (6.5) 

The parameter 𝑓 tunes the relative confidence in the SAXS to the FRET data. As the information 

content of the SAXS data is higher than the FRET data, we choose a value of f<0.5. We set this 

value arbitrarily to 0.25, as higher values did not significantly change the results. Relevant KObs 

values were either extracted directly from the experimental data (NaCl condition) or extrapolated 

from the experimental data (MgCl2 condition). 

Projection of the atomistic conformations onto two parameters: EFRET and Rc, was validated 

through training a random forest model (84) on SAXS profiles from a subset of the 10,000 
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conformations with these labels and assessing the percent error in prediction of this model applied 

to the remaining structures in a validation set.  
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CHAPTER 7 

7 Design principles to re-engineer functional RNA elements  
 

Alex Plumridge1 and Lois Pollack1 

1. School of Applied and Engineering Physics, Cornell University, Ithaca, NY, 14853, USA 

Abstract 

Riboswitches are ligand sensing RNA elements that undergo conformational re-arrangements 

upon binding their target metabolite. This conformational change occurs with high specificity and 

affinity. These privileged elements are key targets for RNA directed design as in vivo biosensors to 

read out the cellular concentrations of small molecules. For this purpose, an engineered sensitivity 

is required. Here we investigate how the ligand binding affinity of these RNA elements can be re-

engineer to achieve this goal. Using a combination of single-molecule fluorescence and 

microfluidic mixing, we measure how distinct mutational types within the RNA domain effect 

salient kinetic parameters. Our results suggest a strategy for modulating the binding affinity of 

RNA elements by making certain mutations in key regions in the RNA. 

7.1 Introduction 

RNA is central to molecular biology: carrying the genetic content of DNA through numerous 

regulation steps to ultimately yield proteins (1–4). This delicate locale linking code and function 

gives RNA level engineering numerous potentials. As RNA is both catalytically component and 

coding, a plethora of opportunities exist for manipulating biology at the RNA level. For example, 
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we could edit the sequence arriving from DNA, change splicing behavior to alter the identity of 

synthesized proteins, or adjust the RNA regulation processes to switch off synthesis altogether.  

An all-encompassing goal of RNA directed design is to re-engineer natural RNA elements to 

achieve a catalytic response to a given stimulus. We would ideally like to trigger with a cofactor of 

our choosing (e.g. small molecule or ion), a reaction that proceeds with a given catalytic rate. There 

are numerous design axis through which we can interact with the RNA to achieve this: adjusting 

the sequence (5, 6), small molecule mimicry (7–10) or forming higher order structures from 

constituent elements (11, 12). The goal is to achieve the required response by prediction. 

The burgeoning field of RNA design has gained traction over the past decade and knits deep 

knowledge of RNA folding and energetics with biological insights (13). Past works have tackled this 

problem from numerous angles. By making incisive mutations and elucidating these effects 

implanted into differing constructs (14–16), have mapped the mutational spaces of catalytic RNAs 

(5, 17), engineered aptamers based on fusing distinct RNA motifs (18–20) and designed small 

molecule mimics to trigger RNA folding (21–23). Computational modelling and predictions of RNA 

structure function relationships also continue to advance (24–27). Despite this, the vast richness 

and potential of RNA directed design leaves much room for exploration and investigation. 

Our goal is to design RNA elements for in vivo biosensors: reporters on the local concentration of 

ligands present in the cell (19, 28–30). To achieve this, an engineered sensitivity is required to span 

a concentration range relevant to a given small molecule and problem. By repurposing an existing 

RNA that binds the small molecule of interest, we need only re-engineer the binding affinity. This 

can be done by making incisive mutations in the RNA to shift the sensitivity in the direction we 
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require (31–33). However, this necessitates knowledge of how differing regions of the RNA 

interact to sense and bind the small molecule. This could be achieved by directly targeting the 

binding pocket of the RNA, where ligand contacts are made; however, leaving these contacts 

unchanged ensures specificity to our target (34). Instead we propose making mutations in regions 

adjacent to the binding pocket that affect bound state stability in differing ways. 

We begin down this road by investigating the effects of various mutational types on ligand binding 

in the PreQ1 riboswitch. The wildtype (WT) PreQ1 aptamer is a stem-loop tail RNA element that 

Figure 7.1: a) The PreQ1 aptamer exists in two main conformational states. In the absence of 
PreQ1, the aptamer consists of a stem-loop region, with a flexible single-stranded domain unpaired 
downstream. Upon addition of PreQ1, a conformational re-arrangement is triggered. A triplex 
forms between the A-tract (yellow) and stem structure (green), tertiary contacts form between the 
hairpin and tail end (blue) and the ligand is captured in a binding pocket (red). This interaction is 
mediated by a flexible hinge base in the tail domain (purple). Three dimensional and secondary 
structure diagrams are shown to illustrate this transition. b) Our proposed mutational set consist 
of point (allosteric) mutations in regions which are not involved in hydrogen bonding, and energetic 
mutations that keep the interconnecting regions the same but alter bonding partners. 
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senses and binds the PreQ1 metabolite (35). It exists in two main conformations, and binds 

cofactors through utilizing a single-stranded (ss) actuator (Figure 7.1a). In the absence of PreQ1, 

the RNA exists in an extended conformation, where the single-stranded tail (yellow bases) 

downstream of the stem-loop is free to sample space about the secondary structure (green bases). 

In the presence of PreQ1, a conformational re-arrangement is triggered to a bound RNA state: a 

triplex is induced between the single-stranded region and existing duplex secondary structure, and 

tertiary contacts form between the tail end and bases in the hairpin (blue bases). This re-

arrangement captures PreQ1 within the hairpin region (red bases). This conformational switch is 

mediated by a conserved hinge base (U24, circled in magenta), which punctuates the A-tract 

downstream of the stem-loop. 

For our first design project, this aptamer is exemplary due to its many desirable features. It is a 

small RNA element, which gives it a trackable size and economy in synthesizing numerous mutants. 

Despite its small size, the PreQ1 aptamer contains many signatures of RNA folding: secondary 

structure, triplex formation, base-stacking interactions, unique ion energetics and tertiary contact 

formation, giving us the opportunity to investigate many differing design axes (36). The RNA is 

representative of a larger class of riboswitch variants that use stem-loop regions coupled to triplex 

formation to bind small molecules, and thus themes would likely be applicable within this group 

(37). Finally, the PreQ1 aptamer has sensitivity to pertinent cell cofactors (adenine and guanine) 

that it would be of interest to monitor. Given these attractive properties, numerous structural, 

mechanistic and small-molecule directed engineering endeavors have investigated this RNA 

element (21–23, 35, 38–44).   
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Here, we add to this body of knowledge by re-engineering the PreQ1 aptamer to shift the binding 

affinity for the cognate ligand. Distinct mutational types are designed and investigated, using a 

combination of static single-molecule fluorescence and non-equilibrium single-molecule kinetics 

using fabricated microfluidic mixers. We show how incisive point mutations, far from the ligand 

binding site, modulate the RNA’s flexibility, and correlate with binding affinity. Our mutational 

studies suggest general rules for shifting the binding affinity of similar aptamers. 

7.2 Results 

7.2.1 Proposing mutants 

Our overall goal is to re-engineer the PreQ1 aptamer to shift its binding affinity to smaller and 

higher ligand concentrations. For this to occur we require the bound state of the RNA to be 

stabilized or de-stabilized relative to the unbound state. We could achieve this either by permuting 

the kinetic on (kon) or kinetic off (koff) rates for the unbound to bound transition (Figure 7.1a). The 

question therefore arises as to how we can rationally permute these parameters. 

A powerful way of thinking about RNA folding is through a diffusional collision model (15, 16, 45). 

In this model, we visualize RNA as a modular molecular system, consisting of regions that form 

tertiary contacts with each other, interlinked by flexible regions that allow these contacts to come 

together. Within this framework, we can think of the kinetic on rate (kon) as a product of the flux 

at which tertiary contacts collide and the probability that the tertiary contacts form. Similarly, the 

kinetic off rate (koff) can be thought of as being related to the probability for tertiary contacts to 

dissociate. While this model is oversimplified, being complicated by orthogonal degrees of 
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freedom (ions, small molecules and orientation of tertiary contacts), it provides a useful 

framework from which we can propose mutants. 

From examining the sequence and structure of the PreQ1 riboswitch (Figure 7.1a), we speculate 

that we can construct two differing mutational types to shift the RNA’s ligand binding aptitude. 

The first type we term allosteric mutants (34). These mutations target the regions between 

secondary structure and tertiary contact forming elements (the flexible, unpaired regions in this 

construct). These mutations conserve bases involved in base-pairing or tertiary contact formation. 

We expect that by permuting the flexibility of regions in between tertiary contact partners, we can 

adjust the flux at which these contacts collide, and therefore permute the bound state stability by 

modulating kon. The second type we term energetic mutants. These mutants directly target bases 

that hydrogen bond in the bound state, not the flexible interlinking regions. We speculate these 

mutants will have a larger effect on the kinetic off rate koff, due to the ablation of key bases 

involved in tertiary contacts adjusting the probability that these contacts will dissociate. 

With this in mind, we propose two differing pairs of mutants to investigate these proposed effects. 

The allosteric set attacks a single base in the RNA between the stem loop and triplex forming 

architecture, the hinge base (Figure 7.1a, circled purple). This base is not obviously involved 

energetically, and presumably this regions flexibility is a determinant in guiding the RNA to the 

ligand bound conformation. Using the known properties of homo-polymeric ssRNA (46–51), we 

stiffen this region over the WT by mutating U24 to an A, this gives an un-interrupted string of eight 

A bases that we term the A-tail mutation (A-tail). Similarly, we loosen this region over the WT, 

permuting A23 to a U, placing two (presumed flexible) U bases in between the secondary structure 

and A-tract, we term this the flexible wildtype (Flex-WT). If our diffusional collision visualization is 
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correct, we would expect a decrease and increase in ligand bound state stability respectively for 

these mutants, compliments of varying kon. 

The energetic set aims to resolve and isolate the effects of the two-differing energetics at play in 

the PreQ1 bound state: the triplex and the tertiary contacts. We therefore propose two mutants 

that remove each of these effects. The tertiary knockout (3‘KO) mutates bases at the end of the 

RNA single-strand (C31 through A34), ablating the ability of the RNA to form base pairs with the 

loop region (C8 through G11). The second mutant keeps the tertiary contact forming elements but 

removes the A-tract which is involved in triplex forming interactions. This mutation we term the 

U-tail mutant (U-tail). Depending on the relative importance of each constituent (triplex and 

tertiary contacts) to bound state stability, we would expect an increase in koff for these mutants 

relative to the WT. 

This set of mutations provides a benchmark set to investigate energetic and flexibility effects on 

ligand binding.  

7.2.2 Tracking RNA flexibility and bound state stability 

We use single-molecule (sm)FRET to track the dynamics and flexibility of our mutant aptamers in 

solution (Figure 7.2a) (52–54). Dye positions in the PreQ1 riboswitch were chosen that provide 

resolution of the bound (folded) RNA states and unbound (unfolded) conformational states, and 

were inspired by previous work (39, 41). One dye locates the end of flexible tail, while the other is 

placed internally in the hairpin region (Figure 7.1a). To check our dye positions provide sensitivity 

to the bound and unbound states in our mutants, we performed two different equilibrium 

measurements. We tracked RNA conformations in presence (blue) and absence (red) of divalent 
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Mg ions (Figure 7.2b). As divalent ions are known to modulate ssRNA flexibility, and have been 

shown to induce bound-like conformations in the PreQ1 aptamer without the presence of 

metabolite (41, 55), these experiments provide a salient check of our system.  

For each mutant, we observe two conformational states: a high FRET (EFRET ~1) state, which we 

rationalize as short hairpin to tail distances, and therefore label as bound states, and a low FRET 

(EFRET <1) state that has a larger hairpin to tail distance, and therefore we label as unbound states. 

With these dye positions we can monitor the fraction of bound to unbound conformational states 

and extract the equilibrium constant KObs, quantifying the relative stability of the bound to 

unbound folds. This allows us to track the impact of our mutations on inducing bound states in 

different solution conditions. Additionally, the EFRET value of the low FRET states informs us on the 

inter-dye distance between the stem loop and the tail end. This metric relates to the flexibility of 

Figure 7.2: a) We use smFRET to track molecular populations of our PreQ1 mutants in solution. Our 

two figures of merit are the EFRET value of the unbound conformational state, that informs us on RNA 

elasticity, and the equilibrium constant KObs that defines the bound state stability. Both these 

parameters are sketched in cartoon form. b) Result of smFRET experiments for each of our mutants 

in the absence (red) and presence (blue) of divalent Mg ions. These measurements provide a check 

on whether our dye positions are reasonable. 
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the single-stranded region in differing mutants and solution conditions (46, 56, 57). We can 

therefore validate our assumptions on the effect of mutations on RNA flexibility, and the average 

proximity of the tertiary contacts to each other. 

In the presence of divalent ions, we observe two general trends across all mutants. First, we see 

the population of bound states increase for all the mutants, whilst the lower FRET states decrease 

in population. In the presence of divalent ions therefore, bound like states are stabilized, in 

agreement with previous ion induced stabilization of the WT RNA (41). Second, we see the EFRET 

value of the unbound states shift to higher values (smaller hairpin to tail distances). As we increase 

ionic strength of the bulk solution, screening between the stem-loop and tail region increases, 

permitting closer contact between these elements. We thus have a system that allows monitoring 

of the bound state stability and RNA flexibility. 

7.2.3 Effect of mutations on RNA flexibility 

As a first assessment of our designed aptamers, we checked whether our allosteric and energetic 

mutations alter the RNAs flexibility as we designed. If this is true, there should be an effect in the 

measured EFRET values of the unbound populations, from which we can infer the impact of 

sequence on RNA elasticity. An increase in EFRET between mutants would signify a closer average 

proximity between the tertiary contacts, and therefore implies increased flexibility of 

interconnecting region. To elucidate the elastic properties of the ss region, we vary the screening 

efficacy of the bulk solution by titrating divalent magnesium ions on a 100mM NaCl background. 

This elucidates differences in the flexible unbound regions due to sequence variations. 
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The EFRET values for differing concentrations of Mg are shown in Figure 7.3a. In all the mutants, we 

see a significant increase in EFRET (a decrease in average interdye distance) as we titrate up Mg 

ions. As expected, increased bulk screening permits closer contact between hairpin and tail 

elements universally. However, both the relative effectiveness of divalent ions, and the base 

flexibility of the strand element is disparate amongst mutants. In equivalent solution conditions, 

the A-tail (green) and Flex-WT (orange) result in a stiffening and loosening of the hinge region 

(relative to the WT) respectively, as we designed. The shifts in these constructs relative to the WT 

underscore the importance of the hinge base region to the average proximity of the tertiary 

contacts.  

Figure 7.3: a) EFRET values of the unbound states in our mutants as a function of Mg concentration 
b) KObs values or the bound state as a function of Mg for our mutants. c) Mean p-value for each 
mutant KObs value relative to the WT. d) Mean difference in K between mutant and the WT. e) 
Cartoon illustrating regions involved in the RNA bound state. Uncertainties denote the standard 
deviation in at least 3 independent sample annealings. 
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This of course is also true of the U-tail (blue) construct, whose mutation naturally results in a large 

increase of RNA flexibility. The 3’KO (turquoise) and WT (red) EFRET values are equivalent across all 

Mg concentrations. Conserving the flexible interlinking region between tertiary contacts and 

duplex region results in an equivalent RNA elasticity, again in line with our design goal. Thus, from 

the EFRET values of the unbound states, our assumptions on which regions of the RNA impart 

flexibility to the tertiary contact forming pairs are correct. 

7.2.4 Effect of mutations on Mg induced bound state stability 

Having established the effect of our mutations on RNA flexibility, we wish to see how these 

changes correlate with the stability of bound states. This is quantified by KObs (Figure 7.3b) and 

represents our major design goal: shifting the stability in response to cofactors. To simplify the 

problem, we initially restrict our attention to the action of Mg ions, which are known to induce 

bound-like folds in this aptamer (41). This allows us to remove exotic ligand driven effects that 

may not be adequately captured by our diffusional collision model (such as stacking induced 

structural ripples) that promote RNA folds by permuting the accessible conformational space of 

the RNA (58). To aid in comparing across mutants in a compact and statistically sound way, we 

compute the average p value across [Mg] using a t-test, and the mean difference in KObs for each 

mutant relative to the wild type (59).    

For all but one of the mutants, increasing divalent ion concentrations increases bound state 

stability, in line with our expectations about Mg induced RNA folding (60, 61). The conservative 

allosteric mutations appear significantly different from the WT (mean p values Figure 7.3c) and 

have the effect on bound state stability that qualitatively correlates with the previously observed 
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flexibility: the Flex-WT has a higher population of bound state with increasing Mg, while the A-tail 

has lower population (Figure 7.3d) across all [Mg] (relative to the WT). Presumably contacts that 

are present in the Mg induced bound states are mediated by the hinge region of the aptamer, as 

was our initial thought. 

Surprisingly, we find that the U-tail mutant appears to be incapable of promoting the bound like 

conformational states. As this mutant retains the tertiary contacting forming pairs, and increases 

the flexibility of the interconnecting region between them, we may have suspected enhanced 

promotion to this bound state, as in other work on model RNA systems (14, 32). However, this 

requires our basic diffusional collision model, and inference about which contacts are involved in 

the bound states, to be correct. Conversely, the 3’KO bound states are equivalently stable to the 

WT at all [Mg] (p values and ΔK values). The ablation of tertiary contacts has no energetic effect 

on the stabilization of the Mg induced bound states. 

Taken together, this suggests that: bound states in Mg are affected by the allosteric mutations, 

and thus sequences downstream of the hinge base are involved, and that the A-rich region (not 

the tertiary contacts) are involved in forming bound like states in Mg (Figure 7.3e). Importantly, in 

the allosteric mutations, permuting flexibility correlates with the stability of bound states that our 

simple diffusional collision visualization predicts. 

7.2.5 Effect of mutations on ligand induced bound state stability 

Having assessed the role of our mutations on RNA flexibility, and seen these effects correlate to 

Mg bound state stability, we now investigate how ligand binding plays into this landscape. We are 

curious to see if the effects of our mutants on bound state stability carry over to ligand induced 
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interactions. This is not self-evident, as ligand binding can adjust the accessible tertiary contacts, 

secondary structure and permute conformational flexibility (58, 62–64). Especially as ligand 

induced folding (induced fit pathways) act by influencing the accessible conformational landscape 

available to the unliganded RNA fold. As a first assessment we look at the ligand induced ordering 

of these RNA aptamers by titrating varying concentrations of PreQ1 into RNA mutants on a NaCl 

background. We calculate the bound fraction at each concentration of PreQ1 and summarize the 

mutants through the mean p-value compared to the WT as we used previously (Figure 7.4a and 

Figure 7.4: a) Bound state fraction as a function of PreQ1 concentration for our mutants in the absence 
of divalent Mg ions. b) Bound state fraction as a function of PreQ1 concentration for our mutants in 
the presence of divalent Mg ions. Numbers in each panel give the sensitivity of RNA to ligand through 
K1/2 values derived from a non-cooperative Hill fit to the data in each panel.  c) Mean p-value for each 
mutant bound fraction in the absence of Mg ions relative to the WT. d) Mean p-value for each mutant 
bound fraction in the presence of Mg ions relative to the WT. e) Cartoon illustrating regions involved in 
the RNA bound state when ligand is present. Uncertainties denote the standard deviation in at least 3 
independent sample annealings. 
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7.4c). Furthermore, we assess the sensitivity of each construct to ligand through the K1/2 values of 

a non-cooperative Hill fit to the ligand data (values in panels Figure 7.4). 

Beginning with the WT (red), strong promotion of bound like states is observed with low (100nM) 

concentrations of ligand. In agreement with prior works (39, 41), the induction of bound states 

occurs with both high affinity and sensitivity: requiring ~30nM to populate a substantial amount 

of the bound state. The promotion to the bound state saturates by 500nM, presumably as maximal 

promotion is achieved. The disparity in bound state population from the no ligand solution 

condition is also large, granting this RNA significant discriminatory power. In sum, the WT fold 

provides sensitivity to PreQ1 ligand in a range under 100nM. 

Turning next to the mutants, we see binding as we increase [PreQ1] in all aptamers except for the 

U-tail mutant, which is catalytically incompetent. No promotion of bound states is observed even 

for large (50μM) concentrations of PreQ1. This suggests there is a crucial role of the A-tract in 

forming ligand bound states. Meanwhile, the 3’KO maintains competency, and is distinct from the 

WT (mean p-values). As expected, ablating tertiary contact forming partners negatively impacts 

the bound state stability: a higher concentration of PreQ1 is required to populate the same 

fraction of bound state as in the WT (K1/2 = 235nM). Therefore, our energetic mutations, which we 

designed to attack key bases in the aptamer domain, have dramatic effects on bound state 

stabilities as we anticipated. The 3’KO has the desired effect of maintaining binding efficacy, 

though requires a higher concentration of ligand to populate the same fraction of bound state. 

In the allosteric mutations, the Flex-WT appears equivalent to the WT (mean p-values Figure 7.4c). 

This mutation exhibits high binding affinity with small concentrations of added PreQ1, and 
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saturating behavior is observed at low (500nM) concentrations of ligand. Though the 

discrimination is lower in the Flex-WT compared to the WT (0nM ligand point). The A-tail mutation 

is also distinct from the WT (mean p-values) and shows a more gradual promotion to bound states 

as we increase the concentration of ligand. The effect of this mutation appears to negatively 

impact ligand bound state stability and sensitivity. Approximately μM concentrations of PreQ1 are 

required for saturating behavior to be observed, and the measured affinity is an order of 

magnitude higher than the WT (K1/2 = 320nM). The contacts that form during ligand binding appear 

to be impeded by a stiffening of the hinge region. These mutants show that conservative point 

mutations in flexible regions can have a significant effect on bound state stability, and shift the 

sensitivity to ligand to ranges disparate from the WT. 

Surprisingly, if we compare across mutational types, the A-tail variant is significantly more de-

stabilized than the 3’KO. Despite greatly varying in the number and nature of their mutational 

types, a single point mutation in a flexible region of the RNA, not involved in H-bonding within the 

bound state has an equivalent effect to the removal of 7 hydrogen bonds in terms of stabilizing 

ligand bound conformations. Taken together, we infer that bound states (EFRET = 1 states) in ligand 

titrations critically involve the triplex forming A-tract, are impacted by ablation of the tertiary 

contacts and modulation of the flexibility of the hinge base region (Figure 7.4e). Our designed 

mutations qualitatively have the effects we predicted even in the context of ligand driven folding, 

though the extent of their effect is surprising. 
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7.2.6 Effect of Mg ions on ligand bound state stability 

Having elucidated the effects of mutations on ligand binding and seen effects of our mutations on 

ligand sensitivity, we wondered whether the presence of divalent Mg ions would convolute the 

design process. Previous work on this aptamer has found divalent ions can increase the flux 

through adjacent binding pathways (39), and therefore our mutants effect on bound state stability 

may not align with the predictions from our simple diffusional collision model. This information 

further provides a deeper mechanistic understanding of the ligand binding process for each 

construct. We therefore repeated our previous ligand titrations in the presence of 1mM Mg 

(Figure 7.4b). 

As in our initial experiments, saturating behavior of WT and Flex-WT is observed with low 

concentrations (100nM) of added PreQ1. The high binding affinity of these two constructs belies 

resolution of any significant differences with added Mg (mean p-values Figure 7.4b). For the other 

allosteric mutant, the A-tail, we observe a greatly improved bound state stability in the presence 

of divalent ions. The ligand sensitivity furthermore shifts to lower concentrations (K1/2 = 30nM), 

speaking to the increased affinity of this RNA to ligand when divalent Mg ions are present.  

For the 3’KO, the effect of ions appears to be more subtle. There is a slight increase in bound state 

stability and ligand affinity, though this is much less dramatic than in the A-tail mutant. In fact, the 

increased stability granted by Mg ions to A-tail folds gives the bound state equivalent stability to 

the tertiary knockout. In a sense, addition of Mg ions can “rescue” the A-tail mutation. In summary, 

the mutational effects and themes we have previously observed persist in the presence of divalent 
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ions, though there are subtleties depending on the mutant. The effect of Mg ions on bound state 

stabilities is a non-trivial design axis which needs consideration when proposing mutants. 

7.2.7 Effect of mutations on ligand binding kinetics 

Up to this point we have measured the equilibrium stability our mutations impart on bound states 

in Mg and ligands and correlated this behavior to mutation location and identity. While this is 

informative, equilibrium measurements do not allow separation of the effects of our mutants on 

kinetic on and off rates. Given our design rationale centered around permuting each of these 

factors independently, we would like to directly measure these rates, and validate our design 

rationale. 

To provide this insight, we perform non-equilibrium smFRET to track population changes in time 

after inducing folding with PreQ1. These experiments allow the relaxation time (τ) and kinetic on 

rate (kon) for the binding event to be measured, from which we can infer properties of the 

transition states leading from the unbound to bound RNA conformations. These non-equilibrium 

experiments are also relevant biologically, as this PreQ1 aptamer regulates transcriptionally, 

having evolved to bind ligands in a short period of time while being synthesized (kinetically 

controlled) (65). 

To perform these experiments, we use silicon fabricated microfluidic mixers to initiate folding by 

combining RNA aptamers into a ligand containing buffer (66). After mixing is complete (tmix~10ms), 

we spatially separate the flow to probe times from (30-2000)ms after triggering the folding 

reaction. Plotting the bound peak height as a function of time, we can resolve how our mutants 

affect the conformational re-arrangements leading to the bound state. Mono-exponential fits to 
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the data allow the extraction of the relaxation time (τ), which quantifies the energetic cost of the 

transition states in ligand binding.  

The normalized results are shown in Figure 7.5a, with the calculated relaxation times shown in 

Figure 7.5b. In all competent mutants, we observe promotion of bound states after mixing is 

complete. The WT aptamer (red circles) binds the PreQ1 ligand with a measured τ  of (390±50)ms, 

in agreement with previous measurements at this ligand concentration (39). This reaction is fast 

compared to other ligand binding RNAs (e.g. the SAM-II aptamer (67) where τ ~ 28s) presumably 

as ligand binding in the PreQ1 aptamer proceeds through an induced fit (ligand driven) 

Figure 7.5: Non-equilibrium smFRET measurements for each of the mutants mixed with PreQ1 a) 
and PreQ1+1mM MgCl2 c). The normalized bound peak height as a function of time is used to 
compare the relaxation time (τ) across differing mutants. Uncertainties denote time-smearing due 
to Taylor Dispersion, with error bars often being smaller than the marker size. The relaxation time τ 
from mono-exponential fits to the data in panel a and c are given in panels b) and d) respectively. 
The ratio of these relaxation times, representing the Mg induced enhancement in rate, is given in e). 
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conformational re-arrangement. The other mutants in our set appear to be kinetically distinct from 

the WT. 

We first turn to the allosteric constructs. When we initially postulated our mutational set, we 

predicted that these mutants would impact the kinetic on rate, as we targeted inter-connecting 

regions between tertiary contact forming partners. This is borne out in these experiments: both 

the Flex-WT (orange triangles) and A-tail (green squares) mutants have significantly different 

relaxation times compared to the WT. The Flex-WT binding reaction occurs rapidly, with τ = 

(30±20)ms before equilibration is achieved. Meanwhile, the A-tail mutant reaction is slower than 

the WT, τ= (590±70)ms. As we postulated, increasing or decreasing the flexibility of 

interconnecting regions respectively decreases or increases the relaxation times.  

Turning next to our single competent energetic mutation the 3‘KO. When we initially conceived 

the energetic mutants, we postulated that the kinetic off rate would be more greatly impacted 

than the on rate (which ideally would remain equivalent to the WT), as the RNA bases that form 

tertiary partners are modulated, not the interconnecting regions mediating their contact. Our 

results show that the 3’KO is closest in terms of relaxation time to the WT but is slightly faster τ = 

(240±40)ms. While the effect on τ is least for the 3’KO, in line with our expectations, the measured 

difference is significant. This energetic mutant does not solely affect the off rate as we predicted. 

7.2.8 Effect of Mg ions on time for ligand binding 

Finally, we would like to investigate how divalent ions aid in ligand induced RNA transition states. 

For this, we repeated the non-equilibrium mixing experiments, but mixed into a final buffering 

condition containing ligand and 1mM MgCl2. We tracked the bound peak height as function of 
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time, and calculated τ as previously. Additionally, we calculate the ratio of the relaxation times to 

provide an estimate of Mg enhancement granted to transition states. We note that in these 

experiments, mixing of the RNA into two differing conditions is performed simultaneously (MgCl2 

and PreQ1). However, the measured Mg induced folding of all mutants is much more rapid than 

ligand induced binding and occurs in less than 30ms. The kinetics are still described by mono-

exponentials. 

The kinetic traces are shown in Figure 7.5c, with salient fit parameters presented in Figures 7.5d 

and 7.5e. As in the absence of Mg, promotion to bound like states is observed in time after 

initiating folding with PreQ1. The effect of Mg ions is most clearly demonstrated in the relaxation 

times, and their ratios. For all mutants, except the Flex-WT, the relaxation times are decreased 

relative to the absence of Mg ions: the presence of Mg ions reduces the transition state barrier 

height. The rapidity of the Flex-WT ligand binding belies resolution with our technique.  

The magnitude of this effect (or the enhancement due to Mg ions) is summarized in the ratio of 

relaxation times without and with ions. This metric shows that the relative effect of divalent ions 

on relaxation times is equivalent for both the WT and 3’KO. This suggests that the hinge interaction 

and triplex forming regions are identically influenced by ions irrespective of tertiary contact 

context. Surprisingly, the enhancement is largest for the A-tail, which is granted approximately a 

2.5 fold decrease in relaxation time. The decrease in transition state barrier height for the A-tail is 

enhanced most by Mg ions, suggesting a unique role of ion induced ordering in the hinge 

interaction region. 
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7.3 Discussion 

We summarize the effect of our mutations in terms of the free energy diagrams shown in Figure 

7.6. 

7.3.1 Effect of mutational types on ligand binding 

We initially used a simple diffusional collision model to propose mutational types in the PreQ1 

aptamer, with the goal of shifting the affinity of the PreQ1 aptamer for its cognate ligand. Our 

guiding assumption was that we could separately target kon and koff by either modulating flexible 

regions that mediate interactions between tertiary contact forming elements or altering the 

stability of the tertiary contacts directly. 

In general, our results have shown that increasing the flexibility of interconnecting regions (Flex-

WT) increases kon, whilst stiffening these regions decreases kon (A-tail). In juxtaposition, ablating 

tertiary contacts (3‘KO) has the smallest effect on kon compared to the WT, though there is still a 

significant difference (the 3’KO is slightly faster to bind). This is counter intuitive in relation to our 

simple diffusional collision model, as the 3’KO leaves flexible regions invariant. However, such 

effects have been observed in other RNA constructs. For example, model tetra-loop receptor 

systems show significant changes in kinetic on rates across mutations that alter bases involved in 

the tertiary contact elements (14, 68). This points to rate-limiting steps in formation of tertiary 

contacts that involve re-alignment or interactions of bases involved, in addition to their initial 

collision. Therefore, our interpretation of the diffusional collision model for the PreQ1 aptamer 

(where the rate limiting step is the initial collision of the tertiary contacts) is somewhat 

oversimplified. 
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Despite this, our designed mutants’ kinetics had nebulously anticipated results. Therefore, it 

appears predictions of the diffusional collision model do carry over to RNA induced folding due to 

ligands. However, there does not appear to be a sharp binning of energetic and allosteric 

mutational types, at least from our investigated mutants in this RNA. This is the case for the 

previously discussed 3’KO and is also noticeable for the A-tail mutant. Calculation of the effects of 

on and off rates show that this mutation, while substantially influencing on rates as we engineered, 

also has substantial effect on the off rate. Thus, our mutations appear to be a mix of both allosteric 

and energetic types, a theme that is likely true in systems such as the PreQ1 aptamer where almost 

every base is tightly coupled and utilized in the folding process. 

Finally, we note that point mutations in allosteric regions can have profound effects on ligand 

binding RNAs, as is evident from both the Flex-WT and A-tail on rates. Both constructs result in a 

significant difference in kinetic on-rate compared to the WT, despite their distal location from both 

the binding pocket and tertiary contact forming elements. Furthermore, the A-tail mutant has an 

equivalent effect on bound state stability to the 3’KO that ablates 7 key hydrogen bonding partners 

Figure 7.6: Summary landscape for each of our mutants binding ligands in the presence or absence 

of divalent ions. Dotted lines are intended to illustrate the relative heights of transition states and 

bound state stability between the mutants. 
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in the bound state. Inferring bound state stability therefore requires consideration of RNA 

energetics that encompass more than pure hydrogen bonding, and targeting bases that mediate 

the contact of tertiary forming partners is an effective strategy to permute kinetic parameters. 

7.3.2 Structural consequences of mutational types on ligand binding 

Our set of mutants allow us to answer structural questions surrounding this RNA. As the PreQ1 

aptamer is representative of a ubiquitous riboswitch fold, structural insights herein may provide 

generalizable principles to help re-engineer similar RNAs (e.g. the SAM-II riboswitch). 

An intriguing finding from our results is the role of the conserved hinge base U24. This can be 

elucidated by comparing the WT to the allosteric mutants. This base is non-obviously involved in 

the bound state energetics. However, previous NMR investigations of the PreQ1 aptamer found 

that the first A base (A23) that constitutes the flexible ss tail transiently stacks on the pre-existing 

duplex elements, this mechanism also occurs in other RNA’s which have flexible elements adjacent 

to duplex regions (40, 42, 57). Our data suggests a role of this stacking interaction. 

The Flex-WT variant features a U in place of the A base at position 23. This removes (or weakens) 

the stacking interaction between the tail and duplex region, as we can infer from the 

measurements of ss flexibility with ions (EFRET values in Figure 7.2). While this mutation appears to 

drastically increase the on rate, the overall discriminatory behavior of this construct (the 

difference between bound state fraction with and without PreQ1 ligand, Figure 7.4) is lower than 

the WT. Conversely, the A-tail mutant strengthens this stacking interaction due to the cooperative 

nature of RNA A-form stacking interactions (49, 69). While the A-tail mutant results in an overall 

decrease in stability of bound state, its bound state fraction in the absence of ligand is low, as in 
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the WT. Therefore, the composition of the hinge region in the WT may be very specific. A single A 

base adjacent to the duplex region adds a stacking interaction on top of this structure which needs 

to be overcome to induce the bound states. This balance is tuned such that the presence of a small 

concentration of ligand can overcome this penalty, but ions alone cannot. The WT is granted high 

sensitivity and discriminatory power through this stacking gated mechanism. This observation may 

provide a useful theme for engineering other riboswitches that have flexible elements seeded 

from duplex architecture.  

While the strengthening of the stacking interaction on the native duplex is one mechanism that 

appears to be at play in the A-tail, a second effect can be resolved. There seems to be an increase 

in the off rate. Given this is usually associated with a decrease in the bound state stability, and the 

A-tail mutant does not alter base-pairing elements, we wonder why. From examining the crystal 

structure, it appears that replacement of U24 with an A may be sterically hindered by the pre-

existing stem secondary structure. Steric hindrances due to mutations are not well captured in 

secondary structure diagrams and lead to a penalty in bound state stability that is not associated 

with the modulation of flexibility or altering of H-bonding networks. Never-the-less, this would 

significantly de-stabilize the compact tertiary fold that captures PreQ1. 

The U-tail and 3’KO speak to relative importance of given energetic interactions in forming the 

bound states. While the 3’KO ablates bases that are highly conserved in the PreQ1 aptamer, we 

note that the receptor in the hairpin is not well conserved (C8-G11). Indeed, ablation of these 

interactions is found to not have as dramatic an effect as we initially expected, and has no effect 

on ion induced bound states. Meanwhile, the triplex forming elements are crucial to both ligand 

binding and Mg induced bound states. Given RNA secondary structure is often illustrated 
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highlighting the tertiary contacts (rather than the triplex forming elements) this can mislead the 

RNA designer. Assuming these canonical base-pairs are the key energetic stabilizer to ligand bound 

conformations, and trying to increase the flexibility of the interconnecting region (e.g. reducing 

the construct to a model tetraloop receptor) in fact is inappropriate. 

7.3.3 Effect of Mg ions on ligand binding 

While our goal was to re-engineer PreQ1 aptamers with modulated sensitivity to ligand for use as 

in vivo biosensors, the pivotal role of Mg ions in RNA folding cannot be overlooked. In particular, 

as divalent ions have such strong effects in ordering and mediating RNA folds, we felt compelled 

to validate whether our proposed mutational strategy persists even in the presence of this 

complicating factor (27, 60, 61, 70). 

Qualitatively the bound state stability and transition state energy are affected by Mg ions in the 

same way for all mutants. Mg ions both lower the TS energy and stabilize bound states. 

Quantitively, the effect of Mg ions appears disparate for differing mutations. There appears to be 

an equivalent enhancement in lifetimes for the 3’KO and WT. This may suggest a similar set of 

transition states for both these constructs, which are enhanced similarly by divalent ions. This 

could mean that the relative stabilization of the transition states is independent of tertiary contact 

context. This result has been extensively described and measured in a range of model RNAs (15). 

Meanwhile the A-tail has the greatest enhancement of all mutants, decreasing both the transition 

state lifetime and increasing the sensitivity to ligands. This suggests some unique interaction 

between Mg ions and the A-tail mutant that significantly stabilizes the TS in this construct. A 

potential mechanism to describe this relies on the interaction of Mg ions with A bases. As 
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previously described, the A-tail mutant likely features a high degree of stacking due to the 

uninterrupted string of A-bases seeded from duplex architecture. The large enhancement due to 

divalent ions may be due to the ability of these ions to interrupt A-form stacking interactions, as 

previously measured (48, 51). This would help break the A-form stacking arrangement in the hinge 

region, overcoming the conformational restriction of stacking in its absence. This effect would 

provide non-trivial enhancement to kinetics, and not simply be related to increasing screening 

efficacy of bulk solution. The effect of Mg ions on inducing RNA folds in this particular system is 

hard to predict, and adds an extra layer of complexity to the design process. 

7.3.4 Summary of implications for RNA design 

We have shown that the binning of mutational types is qualitatively predictable in terms of the 

effect on kinetic parameters, and that targeting flexible and tertiary contact forming regions is an 

effective strategy to modulate ligand binding, by either permuting kon or koff. We caveat this with 

the fact that it is hard to identify exactly where these mutations should be made. There are often 

many interpretations of where flexible regions could be, especially in tightly coupled systems such 

as triplex forming elements, and it may be unclear which regions of the RNA are critical to a given 

fold (in our case, the U-tail vs the 3’KO).  

Furthermore, there is a failure of secondary structure diagrams to elucidate energetic effects of 

mutations that do not H-bond, such as steric hindrances, enhanced stacking and Mg ion 

interactions. Such considerations have been extensively documented for topological constraints 

in RNA systems (71–73), though our work expands upon this by highlighting additional 

complexities inherent in riboswitches. The added action of interwoven secondary and tertiary 
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structure, ligand driven folding and ion interactions significantly complicate the design process, 

though base guiding principles do appear to exist. 

7.4 Conclusion 

In this work we used a model ligand binding RNA system to investigate the effects of differing 

mutational types on inducing bound RNA conformations. We investigated how to permute ligand 

binding affinity by making differing mutational types in the RNA domain. We found that mutations 

in distill regions of the RNA that modulate the flexibility of the regions interconnecting tertiary 

contact forming partners is an effective way to modulate ligand binding affinity, and largely adjusts 

binding affinity through targeting the kinetic on rate. Furthermore, mutating regions that are 

directly involved in energetic interactions modulate bound state stability by largely impacting the 

kinetic off rate. The themes we have elucidated likely are applicable to similar riboswitch elements 

and represent a general strategy to re-engineer RNAs with varying ligand binding affinity. 
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7.7 Materials and Methods  

7.7.1 Equilibrium smFRET measurements 

Synthetic PreQ1 constructs incorporating a 3’ terminally labelled Cy3, and an internally modified 

amino-C6-dT nucleobase were purchased HPLC purified from Integrated DNA Technologies 

(Coralville, IA, USA). Labelling was performed using NHS ester chemistry with reactive Cy5 using 

previously described protocols (74).  

Prior to the experiments, samples were annealed at 90˚C for 3 minutes in 1 volume of 100mM 

NaCl + 20mM NaMOPS + 20μM EDTA pH 7, and subsequently snap cooled on ice. After a 10 min. 

incubation on ice, 4 volumes of 20mM NaCl + 20mM NaMOPs + 20μM EDTA were added to 

prevent dye intercalation. Experiment buffers used the specified salt, plus 20mM NaMOPs, 20μM 

EDTA and 2mM Trolox. Fluorescence correlation spectroscopy (FCS) on diluted samples before 

every measurement ensured that concentrations were in the single-molecule regime. 

Dual color smFRET measurements were performed as previously described (75). 

Fluorescence traces were analyzed for bursts using a simple thresholding protocol written in 

MATLAB (MathWorks, Natick, MA, USA). Histograms of fluorescence events were then formed, 

and a Gaussian mixture model used in E-S space to identify subpopulations of RNA conformations 

in solution in Python. The number of events in each of the folded or unfolded RNA conformations 

were used to calculate KObs. Uncertainties in EFRET and KObs pertain to the standard deviation across 

independent sample annealing’s. 

The affinity of mutant RNAs for ligand (K1/2) were derived by fitting the bound fraction (θ) as a 

function of ligand concentration ([PreQ1]) in Figure 7.4 with a non-cooperative Hill model: 
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 𝜃 =  
1

1 +
𝐾1/2

[𝑃𝑟𝑒𝑄1]⁄
 (7.1) 

Uncertainties were assessed through Jack-Knife resampling the ligand titration data. 

7.7.2 Non-equilibrium smFRET measurements 

Microfluidic mixing devices were fabricated with etched silicon and borofloat glass using a protocol 

and design described elsewhere (66). Devices were fabricated at the Cornell Nanoscale Facility 

(CNF), and were inspired by previous designs (76, 77). Other details of the experiments are as 

previously described (75). 
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CHAPTER 8 

8 Conclusions 
 

We set out with the goal of discovering general RNA folding principles to gain predictive structure-

function relationships for RNA directed therapeutics and design. Our strategy was to design, build 

and implement new biophysical tools, and apply these to model systems which we hoped would 

allow us to uncover general rules about RNA folding.  

We developed a new iteratively refining structure building routine to model flexible nucleic acids 

from experimental SAXS data. The modelling approach is versatile, self-refining and is 

benchmarked against experimentally measured data. Pairing this new computational tool with ion 

counting measurements, we were able to elucidate and explain divalent ion specific effects in the 

fundamental units of RNA structure: the constituent bases. We resolved unique ionic and 

conformational signatures in these bases, which are the driving force for all RNA function. 

Having elucidated ionic specific effects in the constituent RNA bases, we next measured how 

folded RNA’s utilize such interactions to guide them to native folds. A combination of SAXS-

coupled microfluidic mixing and molecular dynamics simulations allowed us to uncover structural 

and kinetic signatures of this process. We found that Mg specific RNA interactions can occur across 

differing time-scales, with short time processes guiding the RNA to folds that generate regions of 

high electrostatic potential for more energetically expense Mg-RNA interactions to take place at 

later times.  
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With this understanding of ion induced RNA folding, we then measured the structure and 

thermodynamics of ligand binding RNAs. To this end, a new microfluidic mixing device process was 

developed by utilizing SU8, and optical infrastructure built to allow measurement of single-

molecule kinetics. We also extended the previously applied chain building routine to allow 

modelling of flexible regions within structured RNA domains. Combining these experiments 

together, we resolved an ion dependent structural hierarchy that orders a disordered RNA 

domain, pre-forming the binding pocket for ligand capture. 

Finally, we moved towards investigating how differing bases in RNA structure play into ligand 

binding. A high-scale microfluidic mixing device fabrication protocol based around silicon and 

anodically bonded glass was developed to allow higher-throughput, more robust microfluidic 

mixing experiments. These devices essentially remove all previous challenges associated with 

microfluidic mixing experiments. We applied these mixers to measure single-molecule kinetics on 

a benchmark set of RNA mutants. The results show how distill bases in RNA elements can have 

profound effects on ligand binding affinity. This suggests a strategy for in vivo biosensors where 

the ligand contacts in the RNA remain conserved, but the affinity is permuted by mutating far off 

RNA bases. 

In summary, we developed an understanding of RNA structure and thermodynamics, and 

developed necessary experimental and modelling tools which are powerful ways of tracking RNA’s 

stability, folding pathways and structure. These tools are particularly empowering in the study of 

flexible, disordered RNAs, which often happen to regulate biological processes. Given this, we are 

in a position to move towards RNA design focused on disordered RNA domains that bind small 
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molecules. Two areas of investigation appear immediately fruitful and would provide incisive 

information on RNA folding whilst utilizing the strengths of our developed techniques.  

The first area is a sensible extension of the work presented. We would assess the role of the same 

types of mutations used in the PreQ1 aptamer (Chapter 7), in the context of the similar SAM-II 

RNA (Chapter 6). One could imagine performing the same kinetic and microfluidic mixing 

experiments as performed in Chapter 7, paired with the structure modelling approach given in 

Chapters 2 and 6 to build a complete structural and thermodynamic depiction of the effect of 

mutations on this RNA fold. This of course would also provide a crucial next step in assessing how 

transferable our self-proclaimed RNA principles are in other contexts. Should the conclusions of 

the effect of mutational types transfer between the PreQ1 and SAM-II aptamers, powerful new 

insight into strategies for RNA directed design would be arrived upon, thus pushing us closer to 

general design rules. 

The second area would probe an important RNA therapeutic application, which is to identify small 

molecule mimics to artificially induced RNA folding. One could apply exactly the same 

experimental procedure as used in Chapters 6 or 7, but use mutated small molecules as the design 

axis. Whilst being extremely relevant to the field, these experiments would also be rather 

economical: small molecule libraries are plentiful, and the same experimental setups could be 

utilized. This would elucidate themes and variations in the binding pocket, and hopefully uncover 

rules that we could use to design small-molecule mimics without the need for high-throughput 

screening approaches. 
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With these investigations complete, a thorough picture of RNA folding, and design based around 

ions and small molecules would be gleaned. The next frontiers of the field would be the in vivo 

action of RNA’s for biosensing applications and designing small molecule mimics to target true 

biological pathways. Both directions are equally formidable to the future RNA designer.  

Good luck! 
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A. High-scale microfluidic device fabrication protocol 
 

The following outlines the main steps in fabricating microfluidic devices using etched 

silicon and anodically bonded glass. The procedure is illustrated in Figure A.1 and the 

expected result in Figure A.2. 

1. Dehydrate a new silicon wafer at 90˚C overnight. 

2. Liquid prime a silicon wafer and spin a 4μm thick layer of Shipley S1800 microposit 

photoresist. 

3. Bake resist for 90s and allow wafer to cool. Check thickness of photoresist on ellipsometer. 

4. Expose with 5*1s exposures on the ABM contact aligner. 

5. Post bake the resist at 90˚C for 2 minutes. 

6. Remove the edge bead on the wafer using the edge bead removal tool. 

7. Etch silicon to 105μm depth in thickness using either the Versaline or the Unaxis deep Si 

etchers. 

8. Check the depth of the etched channels using the profilometer. 

9. Strip the resist thoroughly. 

10. Piranha clean the etched silicon piece and the borofloat. 

11. Anodically bond the two pieces together using the substrate bonder. The bonding step 

should use 350˚C degrees temperature, 1500V applied voltage and 300bar of pressure. 
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12. Inspect the bond quality visually (interference fringes will tell you that there is a gap 

between the silicon and the glass). 

13. Dice the individual devices apart using the dicing saw. Keep the blade height 25μm above 

the bottom of the silicon. 
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Figure A.1: Fabrication workflow to make etched silicon microfluidic devices. 
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Figure A.2: Expected results from the fabrication protocol outlined above. 

 


