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 34 

ABSTRACT: 35 

RNA nanotechnology seeks to create nanoscale machines by repurposing natural RNA 36 

modules. The field is slowed by the current need for human intuition during 3D structural 37 

design. Here, we demonstrate that three distinct problems in RNA nanotechnology can 38 

be reduced to a pathfinding problem and automatically solved through an algorithm 39 

called RNAMake. First, RNAMake discovers highly stable single-chain solutions to the 40 

classic problem of aligning a tetraloop and sequence-distal receptor, with experimental 41 

validation from chemical mapping, gel electrophoresis, solution X-ray scattering, and 42 

2.55 Å resolution crystallography. Second, RNAMake automatically generates structured 43 

tethers that integrate 16S and 23S ribosomal RNAs into single-chain rRNAs that remain 44 

uncleaved by ribonucleases and assemble onto mRNA. Last, RNAMake enables 45 

automated stabilization of small-molecule binding RNAs, with designed tertiary contacts 46 

improving binding affinity of the ATP aptamer and improving fluorescence and stability of 47 

the Spinach RNA in vitro and in Xenopus egg extract.  48 

 49 

  50 



 

3 

INTRODUCTION: 51 

RNA-based nanotechnology is an emerging field that harnesses RNA’s unique structural 52 

properties to create novel nanostructures and machines (1,2). Perhaps more so than for 53 

other biomolecules, RNA tertiary structure is composed of discrete and recurring 54 

components known as tertiary ‘motifs’ (3). Along with the helices that they interconnect, 55 

many of these structural motifs appear highly modular; that is, each motif folds into a 56 

well-defined three-dimensional (3D) structure in a broad range of contexts (2,4–6). By 57 

exploiting symmetry, motif repetition, and expert modeling, these motifs have been 58 

assembled into novel polyhedra, sheets, and cargo-carrying nanoparticles for biomedical 59 

use (1,7–14). Despite these advances, current methods still rely on human intuition in 60 

conjunction with simple visualization tools (15–17) and the field is far from generating 61 

RNAs as sophisticated as natural RNA machines, which are asymmetric, too large to be 62 

solved by 3D RNA structure prediction methods, and composed of vast repertoires of 63 

distinct interacting motifs, most of which are not yet well characterized (18–22).  64 

 65 

We present here a novel approach to 3D RNA design, based on the recognition that 66 

numerous recurring problems in the field can be cast into the same ‘pathfinding’ problem 67 

(Figure 1). First, a founding problem of RNA nanotechnology involves designing a 68 

compact nanostructure that aligns the two parts of the tetraloop/tetraloop-receptor (TTR) 69 

so that they can form a tertiary contact upon RNA chain folding (Figure 1a). This task 70 

requires finding RNA sequences that interconnect the 5′ and 3′ ends of the tetraloop 71 

(orange) to the 3′ and 5′ ends of the tetraloop receptor, respectively (blue, Figure 1a). 72 

The problem has previously been solved through a combination of expert manual 73 

modeling and symmetric assembly of multiple chains (5,23). In all cases, an important 74 

guiding principle – sometimes called RNA architectonics (4) – has been to design the 75 
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intermediate RNA chains so that they form RNA modules previously seen in nature, 76 

including both canonical double-stranded helices and noncanonical RNA motifs that twist 77 

and translate between two desired helical endpoints at the tetraloop and the receptor. 78 

We call this design task the ‘RNA motif pathfinding problem’. The general complexity of 79 

this pathfinding task has prevented design of asymmetric, single-chain solutions to the 80 

TTR stabilization problem. 81 

 82 

A second problem is highly analogous to the TTR stabilization problem but is more 83 

difficult. Efforts to select engineered ribosomes with mRNA decoding, polypeptide 84 

synthesis, and protein excretion functions optimized for new substrates might be 85 

dramatically accelerated through the design of integrated ribosomes. An important step 86 

towards this goal involves tethering the two 23S and 16S rRNAs of the ribosome into a 87 

single RNA strand that supports E. coli. growth (24–26). 3D designs for the tether would 88 

require solving the RNA motif pathfinding problem over >100 Å distances and avoiding 89 

steric collisions with the ribosome’s RNA and protein components (blue and orange 90 

strands, Figure 1b). Even after identification of appropriate helix endpoints, this difficult 91 

design challenge previously took more than a year to solve using trial-and-error 92 

refinement based in vivo assays (25,26) or ad hoc combination of noncanonical motifs 93 

without explicit 3D modeling (24).  94 

 95 

A third problem involves a more complex instance of two RNA motif pathfinding 96 

problems (green, purple, red, and teal lines, Figure 1c). A ubiquitous task in RNA 97 

nanotechnology is the selection of ‘aptamer’ RNAs that sense or carry target small 98 

molecules, such as adenosine 5´-triphosphate or fluorophores (27). Despite recent 99 

progress (28,29), improving aptamers require numerous rounds of tedious selections, 100 

with few design tools available to guide consistent improvements. The desired 101 
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stabilizations might be achieved by peripheral tertiary contacts that extend out of either 102 

end of an aptamer and encircle these aptamers, bracing them into their functional 3D 103 

arrangements (Figure 1c) – analogous to the tertiary contacts that ‘lock’ natural 104 

riboswitch aptamers (13). However, such rational design has not been carried out due to 105 

the difficulty of finding the required four strands that interconnect a given aptamer 106 

structure and a tertiary contact. 107 

 108 

Here we present a 3D RNA design algorithm, RNAMake, which solves all three cases of 109 

the RNA motif pathfinding problem, including aptamer stabilization tasks involving 110 

endpoints at four helices. Gauntlets of structural and functional measurements test that 111 

these computationally designed nanostructures, ribosomes, and ATP and fluorescent 112 

RNA aptamers achieve their design goals, without requiring any further rounds of trial 113 

and error. 114 

 115 

 116 
RESULTS:  117 

The RNAMake algorithm and motif library 118 

RNAMake uses a 3D motif library drawn from all unique, publicly deposited 119 

crystallographic RNA structures and an efficient algorithm to discover combinations of 120 

these motifs and helices that solve the RNA motif pathfinding problem (see Methods, 121 

Supplemental Table 1). The final set of noncanonical motifs contained 461 unique two-122 

way junctions, 61 higher-order junctions, 290 variable-length hairpins, and 89 tertiary 123 

contacts. The path-finding algorithm assembles canonical helical segments ranging from 124 

1 to 22 base pairs with these noncanonical structural motifs, step-by-step in a depth-first 125 

search (Figure 1d and Methods). The canonical helical segments are idealized and 126 

sequence invariant (30); after the completion of 3D structural design, they are filled in 127 
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with sequences that best match the target secondary structure and minimize alternative 128 

secondary structures (31). Due to its efficient algorithmic implementation, RNAMake is 129 

able to rapidly find solutions; the run time scales linearly with problem size, and 130 

discovery of exceptionally long double-stranded RNA paths that snake around the entire 131 

ribosome takes less than 3 seconds (run on a Macbook Pro 2016, 2.9 GHz Intel Core i7) 132 

(Figure 1e-f).  133 

 134 

RNAMake solutions to the TTR alignment problem achieve high stability and 135 

nucleotide resolution accuracy 136 

The problem of creating a well-folded RNA nanostructure was first solved two decades 137 

ago by repurposing the well-characterized tetraloop/receptor (TTR) tertiary contact to 138 

bring together two separate RNA chains (5), analogous to the P4-P6 domain of the 139 

Tetrahymena group I self-splicing intron and other natural functional RNAs. While later 140 

RNA nanotechnology studies used the TTR module and other structural motifs to design 141 

different nanostructures, the resulting RNAs have all been multi-chain assemblies and, 142 

for the most part, have not been amenable to high-resolution characterization by 143 

crystallization (9,10,12,15,23,30,32–34). We chose to test RNAMake on the TTR 144 

problem due to the prospect of achieving the first de novo single-chain solutions to this 145 

fundamental problem, which we hypothesized might also help crystallization. We 146 

generated 16 diverse single chain solutions with RNAMake, which we called ‘miniTTR’ 147 

designs.  148 

 149 

Standard biochemical and biophysical assays for RNA structure confirmed folding for the 150 

majority of the miniTTR designs. We tested the miniTTR RNAs for correct secondary 151 

structure and tertiary contact formation with single nucleotide resolution chemical 152 

mapping (SHAPE and DMS, Supplemental Figure 1b; Figure 2a gives DMS at tetraloop 153 
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and receptor nucleotides); for compact folds through native gel electrophoresis and 154 

mutational analysis (Figure 2b; Supplemental Figure 1c); and for tertiary stability through 155 

Mg2+ binding curves (Figure 2c-d; Supplemental Table 2). Overall, 11 of the 16 designs 156 

passed these experimental screens (details given in Supplemental Results and 157 

Supplemental Table 3). Several miniTTR constructs required less than 1 mM Mg2+ to 158 

fold stably, similar to or better than reported midpoints for natural TTR-containing RNA 159 

nanostructures like the P4-P6 domain of the group I ribozyme (35), the Azoarcus group I 160 

ribozyme (36), and the thiamine pyrophospate riboswitch (37). Indeed, miniTTR 2 and 161 

miniTTR 16 exhibited folding stabilities better than the P4-P6 RNA in side-by-side 162 

assays (Figure 2c). Furthermore, miniTTR 6 has a much sharper Mg2+ dependence than 163 

P4-P6 with an observed hill coefficient of over 10 (Figure 2c). The stability of the 164 

RNAMake designs was particularly notable given that P4-P6 and other natural TTR-165 

containing RNAs are larger than the miniTTR designs and have additional stabilizing 166 

tertiary contacts (35–38) and that other attempts to make artificial minimized TTR 167 

constructs give significantly worse stabilities (39,40). 168 

 169 

After the gel-based and chemical mapping tests above, we tested whether the 170 

RNAMake designs might allow crystallization and thereby enable high-resolution 171 

characterization of the structural accuracy of the designs. As a biophysical screen prior 172 

to crystallization, we applied size-exclusion chromatography and small-angle X-ray 173 

scattering (SAXS) to miniTTR 2 and miniTTR 6. The measurements confirmed that both 174 

designs remained primarily monomeric at high RNA concentrations (> 1 µM; 175 

Supplemental Figure 2a-b). Unbiased low-resolution reconstructions from the SAXS 176 

agreed well with the global folds of the RNAMake models (insets, Figure 2e-f). We were 177 

able to obtain crystals of miniTTR 6 that diffracted at 2.55 Å resolution (I/σ of 1.0) (Figure 178 

2g; Table 1). The crystal structure and the RNAMake model agreed with an all-heavy-179 
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atom RMSD of 4.2 Å, better than the nanometer-scale accuracy typically sought in RNA 180 

nanotechnology. The primary discrepancy between our modeled 3D structure and the 181 

crystal structure was a single motif, a triple mismatch drawn from the large ribosomal 182 

subunit (Figure 2h, right). This motif formed multiple consecutive non-canonical base 183 

pairs with high B-factors in our miniTTR 6 crystal instead of the conformation found in 184 

the ribosomal structure, which involved flipped out adenosines (residues: O2360-O2363, 185 

O2424-O2426, PDB:1S72) (Figure 2h, left). Other motifs in the design achieved near-186 

atomic accuracy, including the TTR tertiary contact (RMSD 0.45 Å; Figure 2i), a kink-turn 187 

variant drawn from the archaeal 50S ribosomal subunit (RMSD 2.0 Å; Figure 2j) (41), 188 

and a ‘right angle turn’ drawn from a viral internal ribosomal entry site domain (RMSD 189 

1.28 Å; Figure 2k) (10). For these latter motifs, the small deviations of the miniTTR 6 190 

crystal structure from the RNAMake model involved flipped out bases and crystal 191 

contacts that did not affect the relative positioning or orientation of the helices connected 192 

by the motif (Figure 2g).  193 

 194 

Automated 3D design of covalently tethered ribosomal subunits 195 

After testing RNAMake’s performance in designing compact RNA nanostructures, we 196 

evaluated whether it might solve a practical problem involving nanostructures that must 197 

traverse long distances (compare Figure 1a and 1b). The ribosome is a 198 

ribonucleoprotein machine dominated by two extensive RNA subunits, the 16S and 23S 199 

rRNAs. In previous work that we published in 2015 (conducted by authors MCJ and 200 

EDC), we successfully constructed a tethered ribosome called Ribo-T. In our design, the 201 

large and small subunit rRNAs were connected by an RNA tether to form a single 202 

subunit ribosome. Importantly, Ribo-T was capable of replacing wild-type ribosomes in 203 

growing bacteria and sustain the life of the cell (25). In that work, the major bottleneck 204 

involved a year of numerous trial-and-error iterations to identify RNA tethers that were 205 
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not cleaved by ribonucleases in vivo when introduced into the Squires strain (SQ171fg) 206 

of E. coli (26). SQ171fg cells lack chromosomal rRNA alleles, surviving off plasmids that 207 

can be exchanged using powerful positive and negative selections. Early failure rounds 208 

involving ribosomes from our and other studies are shown in Figure 3a-b, and final 209 

success with Ribo-T in Figure 3c. Nevertheless, the current tethers in Ribo-T are 210 

unstructured and unlikely to remain stable if other modules (e. g. small molecule binding 211 

aptamers) are incorporated (Figure 3c). We hypothesized that automated design by 212 

RNAMake might give the first structured tethers for this design problem. 213 

 214 

RNAMake generated 100 designs, containing either four or five noncanonical structural 215 

motifs each (see Methods for motif selections), to tether the H101 helix on a circularly 216 

permuted 23S rRNA to the h44 helix on the 16S rRNA (Figure 1b, Supplemental Figure 217 

3b). Of the nine diverse solutions we tested (RM-Tether 1 to 9), DNA templates for 218 

seven could be synthesized, and transformation of these DNA templates into SQ171fg 219 

allowed us to assay whether the RNAMake designs could replace wild type ribosomes 220 

deleted from growing bacteria. One of these seven constructs, RM-Tether 4, led to 221 

viable growth of bacterial colonies. DNA sequencing confirmed that these colonies 222 

harbored the correct RM-Tether 4 plasmid; and RNA electrophoresis confirmed the 223 

presence of a single dominant RNA species with the same length as Ribo-T, with no 224 

detectable products corresponding to separate 16S or 23S rRNA lengths or other 225 

cleavage products (Figure 3d). While the growth rate of this strain was low 226 

(Supplemental Figure 4d), we were able to independently confirm that the ribosomes 227 

loaded on message in vitro, using integrated synthesis, assembly, and translation (iSAT) 228 

in ribosome-free S150 extracts (42,43). Similar to Ribo-T (25), we detected 229 

70S/monosome (44) and polysomes (and no 30S or 50S subunits) by separation of 230 

iSAT-prepared RM-Tether 4 ribosomes on a sucrose gradient (see Methods) (Figure 231 



 

10 

3e). Electrophoresis of the polysome fraction confirmed that it contained an uncleaved 232 

rRNA the same size as Ribo-T (Figure 3f). In addition, SHAPE-Seq mapping on this 233 

rRNA confirmed that the RM-Tether 4 can be reverse transcribed from one ribosomal 234 

subunit to the other across both strands of the tether and highlights chemical reactivity 235 

mostly consistent with the design with one region of flexibility around the middle junction 236 

(Supplemental Figure 5). Taken together, these data demonstrate that tethered 237 

ribosomes with automatically designed structured tethers can replace wild type 238 

ribosomes in vivo and more than one such ribosome can be loaded onto a single 239 

message in vitro; RNAMake obviates repeated rounds of trial and error that were 240 

previously required to achieve these design goals. 241 

 242 

Automated improvement of small-molecule binding RNA aptamers  243 

As a final series of tests, we evaluated whether RNAMake could solve 3D design 244 

problems whose complexity precluded prior progress even with trial and error or large-245 

scale library selections. Small-molecules can be bound and sensed by artificially 246 

selected RNA aptamers. Unfortunately, these molecules often exhibit weakened binding 247 

affinities or instability in biological environments, and additional rounds of selection to 248 

improve aptamers typically give diminishing returns (27,45–48). By expanding RNAMake 249 

to allow design of interconnections between multiple pairs of helices (Figure 1c), we 250 

tested the hypothesis that the computational design of peripheral tertiary contacts might 251 

‘lock’ these artificial aptamers into their bound conformation even in the absence of 252 

ligand. By reducing the number of alternative structures available in the unbound state, 253 

such locking contacts would selectively increase the free energy of the unbound state 254 

and thereby improve the free energy difference to the bound state, leading to better 255 

affinity to small molecule targets. 256 

 257 
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First, we sought to stabilize a classic aptamer for adenosine 5′-triphosphate (ATP), 258 

which is in wide use in RNA nanotechnology but whose binding has not been 259 

appreciably improved since its discovery in 1993 (29,49–54). In total, we tested 10 ATP 260 

aptamers embedded by RNAMake into scaffolds with tetraloop/receptor contacts, which 261 

we called ATP-TTR designs (Figure 4a; Supplemental Figure 6). Chemical mapping 262 

confirmed that four of these RNAs formed the TTR and also retained their ability to bind 263 

to ATP, assessed by DMS protection of nucleotides A13 and A14 (Supplemental Table 264 

4; Supplemental Figure 7). Titrations of ATP read out through chemical mapping 265 

(Supplemental Table 4; Figure 4d) showed that three designs achieved better ATP 266 

dissociation constants (Kd of 1.5, 4.1, and 1.4 µM) than the isolated ATP aptamer under 267 

the same conditions (Kd = 16.2 µM), improvements by up to an order of magnitude. 268 

Three of the ATP-TTRs gave ligand-free DMS reactivity profiles in the aptamer regions 269 

similar to the ligand-bound aptamer, suggesting that they pre-form the structure needed 270 

for ATP binding, rather than requiring conformational rearrangements observed in the 271 

isolated ATP aptamer (Figure 4b-c; Supplemental Table 4) (49,50). These results 272 

demonstrate that the TTR peripheral contact efficiently couples to enhance binding of 273 

ATP in the aptameric region, as desired. As a further test of this coupling, we confirmed 274 

that the Mg2+ requirements for forming the TTR was reduced in the presence compared 275 

to the absence of the small molecule ligand in these constructs (Supplemental Results 276 

and Supplemental Figure 7b).  277 

 278 

As a second test of aptamer stabilization, we assessed whether RNAMake could 279 

stabilize the Spinach RNA, which binds an analog of the green fluorescent protein 280 

chromophore (Z)-4-(3,5-Difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-281 

one (DFHBI) within a G-quadruplex. Binding to Spinach enhances the fluorescence of 282 

DFHBI by ~1,000-fold relative to unbound ligand, making this RNA useful for biological 283 



 

12 

interrogations (46,55–57), although its binding affinity, brightness, folding efficiency and 284 

biological stability remain poor after extensive efforts to discover improvements such as 285 

the minimized Spinach and Broccoli aptamer (48,58–62). We characterized 16 ‘Spinach-286 

TTR’ molecules designed by RNAMake to embed the Spinach aptamer into scaffolds 287 

with tetraloop/receptor contacts (Figure 4e; Supplemental Figure 8). SHAPE chemical 288 

mapping confirmed that these molecules form tetraloop-receptor contacts in 13 of 15 289 

cases that could be tested (Supplemental Figure 9 and Supplemental Table 5). By 290 

carrying out fluorescence assays titrating both RNA and DFHBI concentration, we could 291 

evaluate these design’s dissociation constants, brightness, and folding efficiency (see 292 

Methods for thermodynamic framework). Seven of the 16 Spinach-TTR designs 293 

exhibited 2-fold brighter fluorescence than the original Spinach as well as the brighter 294 

Broccoli aptamer (Figure 4f; Supplemental Table 5-6; Supplemental Figure 10). Two of 295 

these constructs, Spinach-TTR 3 and 8 were not only brighter but also gave higher 296 

affinity and improved folding efficiency relative to Broccoli and a minimized Spinach 297 

construct, Spinach-min (Figure 4g). We hypothesized that these improvements to in vitro 298 

stability measures might also lead to improved stability in a harsh biological 299 

environment. When the DFHBI-bound RNAs were challenged with 20% whole cell lysate 300 

extracted from the eggs of Xenopus laevis, six of the seven Spinach-TTR constructs 301 

exhibited fluorescence longer than control Spinach and Broccoli sequences (see 302 

Methods). Spinach-TTR 3 exhibited particularly high stability (Figure 4h), giving a time to 303 

half fluorescence of 131 minutes, compared to 17.5, 9.5, and 10.5 minutes for Spinach, 304 

Spinach-min, and Broccoli, respectively (Supplemental Table 6; Supplemental Figure 305 

11) – an order-of-magnitude improvement in fluorescence lifetime. Along with the ATP 306 

aptamer results above, these results support our hypothesis that automatically designed 307 

tertiary contacts can significantly improve RNA aptamers without repeated rounds of 308 

selection. 309 
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 310 

Diversity of motifs in validated designs 311 

At the beginning of this study we hypothesized that RNAMake might enable structural 312 

designs that were previously impossible due to the limited dictionary of non-canonical 313 

motifs previously amenable to human-optimized design. Supporting this idea, RNAMake 314 

used 54 noncanonical structural motifs across all the molecules tested in this study, and 315 

43 of these appeared once or more in molecules that achieved their folding or functional 316 

design objectives (Table 2). Interestingly, each of the problems had a mostly distinct set 317 

of motifs used to solve their respective problem with little overlap between them 318 

(Supplemental Table 7). This observation suggests that it would be infeasible to solve all 319 

of these problems with a significantly smaller set of motifs. Further supporting this view, 320 

we attempted to find algorithmic solutions to these problems with a smaller list of 9 321 

‘classic’ structural motifs used previously in RNA design, including kink-turn motifs, right-322 

angle bends, and stable three-way junctions (Supplemental Table 8). Achieving 323 

solutions to the miniTTR problem required us to manually expand the length limit for 324 

RNAMake, and RNAMake was not able to find any solutions to the ribosome design or 325 

either of the two aptamer stabilization problems. Taken together, these results indicate 326 

that use of a large dictionary of noncanonical structural motifs is critical for solving 327 

complex RNA 3D design problems. 328 

 329 

DISCUSSION 330 

As RNA nanotechnology seeks to create artificial molecules closer in sophistication to 331 

natural RNA molecules, designing tertiary structures as complex, asymmetric, and 332 

diverse as natural RNAs becomes an important goal. Here, we hypothesized that 333 

several distinct tasks in designing complex RNA tertiary structure can be reduced to 334 
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instances of a single RNA motif pathfinding problem. We tested this hypothesis by 335 

developing an algorithm RNAMake to solving the pathfinding problem and 336 

experimentally interrogating design solutions produced by RNAMake on several different 337 

RNA design tasks (Table 2). For the ‘miniTTR’ nanostructure design problem, 11 of 16 338 

molecules exhibited the correct tertiary fold in nucleotide-resolution chemical mapping 339 

and electrophoresis assays, and we achieved a crystal structure of one design that 340 

confirmed its accuracy at high resolution. For the problem of tethering E. coli 16S and 341 

23S rRNAs into a single RNA molecule, 1 of 9 RNAMake-designed molecules replaced 342 

ribosomes in vivo and was confirmed to translate in polysomes in cell-free translation 343 

reactions. For the problem of stabilizing aptamers through ‘locking’ tertiary contacts, 4 of 344 

11 RNAMake-designed ATP-TTR molecules achieved improved affinity to ATP 345 

compared to the starting aptamer; and 7 of 16 Spinach-TTR designs maintained their 346 

binding affinity for the DFHBI fluorophore while achieving improvements in fluorescence 347 

and folding efficiency in vitro and in stability in extracto. In each task, the use of an 348 

automated algorithm enabled design of molecules that were asymmetric and included 349 

noncanonical structural motifs drawn from a much larger library than previously used in 350 

3D RNA design, strategies that were difficult with prior manual design approaches. In 351 

each task, RNAMake achieved its design objectives in a single round of tests involving 352 

parallel synthesis of 8 to 16 constructs, without further trial-and-error iteration. Numerous 353 

tasks in RNA design – including stabilization of specific conformational states of 354 

ribonucleoprotein machines and improvement of aptamers for small molecules, proteins, 355 

and nucleic acids – are also instances of the same RNA motif pathfinding problem and 356 

therefore should be enabled by RNAMake. 357 

  358 

As RNAMake is applied to more problems, we expect its success rate to further improve. 359 

First, we observe that the fraction of functional designs is currently lower for the 360 
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problems that required larger numbers of noncanonical structural motifs per design (e.g., 361 

ribosome tethering) – these problems are more dependent on each motif being 362 

‘modular’, i.e., stably retaining their desired structure when transplanted into a novel 363 

context. Accumulating knowledge of which structural motifs recur in successful vs. failing 364 

designs may allow for empirical scoring for the modularity of each motif; inferences for 365 

some motifs, such as A-A mismatches, are already possible (Supplemental Discussion). 366 

Second, our RM-Tether 4 ribosome SHAPE-seq data suggest that flexibility of some 367 

junctions may be important in designing RNA machines that toggle between multiple 3D 368 

states. Incorporation of motifs that are known to sample at least two conformations (e.g., 369 

the triple mismatch in miniTTR6 herein or kink turns) may allow improved design of such 370 

machines (63,64). Third, natural structured RNAs often contain multiple tertiary contacts 371 

and multibranched junctions. Extending RNAMake’s pathfinding method to design such 372 

motifs appears straightforward and may allow design of multiple locking tertiary contacts 373 

for nanostructures and aptamers, improving their folding stability and folding 374 

cooperativity. Finally, we expect RNAMake’s computational design approach to be 375 

complementary to library selection and high-throughput screening methods. For 376 

example, RNAMake can produce thousands of solutions to a given problem, and new 377 

methods allow massively parallel synthesis and testing of such large libraries (65–67). 378 

By distributing RNAMake freely as source code and a server, we hope to encourage 379 

these applications and extensions of computational RNA design. 380 

 381 
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METHODS: 409 

Software Availability. 410 

All software and source code used in this work are freely available for non-commercial 411 

use. RNAMake software and documentation are at 412 

https://github.com/EteRNAgame/RNAMake. An RNAMake server to perform scaffolding 413 

and aptamer stabilization is available at http://rnamake.stanford.edu. EteRNAbot is 414 

available at https://github.com/EteRNAgame/EteRNABot. 415 

 416 

Sequences and Primers. 417 

All sequences and primers used in this study can be found in Supplemental Material, in 418 

files Sequences.xslx and Primers.xslx, respectively. 419 

 420 

Building the Motif Library. 421 

To build a curated motif library of all RNA structural components, we obtained the set of 422 

non-redundant RNA crystal structures managed by the Leontis and Zirbel groups (68) 423 

(version 1.45: http://rna.bgsu.edu/rna3dhub/nrlist/release/1.45). This set specifically 424 

removes redundant RNA structures that are identical to previously solved structures, 425 

such as ribosomes crystallized with different antibiotics. We processed each RNA 426 

structure to extract every motif with Dissecting the Spatial Structure of RNA (DSSR) (69) 427 

with the following command: 428 

 429 

x3dna-dssr –i file.pdb –o file_dssr.out 430 

 431 

We manually checked each extracted motif to confirm that it was the correct type, as 432 

DSSR sometimes classifies tertiary contacts as higher-order junctions and vice-versa. 433 
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For each motif collected from DSSR, we ran the X3DNA find_pair and analyze 434 

programs to determine the reference frame for the first and last base pair of each motif 435 

to allow for alignment between motifs: 436 

 437 

find_pair file.pdb 2> /dev/null stdout | analyze stdin >& 438 

/dev/null  439 

  440 

The naming convention for each motif follows as the motif classification, originating PDB 441 

and a unique number to distinguish from other motifs of the same type all separated by 442 

periods. For example, TWOWAY.1GID.2, is a two-way junction from the PDB 1GID and 443 

is the third two-way junction to be found in this structure. All motifs retain their original 444 

residue numbering, chain IDs and relative position compared to their originating 445 

structure.  446 

 447 

In addition to the motifs derived from the PDB, we also utilized the make-na web server 448 

(http://structure.usc.edu/make-na/server.html) to generate idealized helices of between 2 449 

and 22 base pairs in length (30). All motifs in these generated libraries are bundled with 450 

RNAMake and are grouped together by type (junctions, hairpins, etc.) in sqlite3 451 

databases in the directory RNAMake/RNAMake/resources/motif_libraries/( 452 

https://github.com/EteRNAgame/RNAMake/tree/master/RNAMake/resources/motif_librar453 

ies_new).  454 

 455 

Automatically Building New RNA Segments. 456 

RNAMake seeks a path for RNA helices and noncanonical motifs that can connect two 457 

base pairs separated by a target translation and rotation. We developed a depth-first 458 
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search algorithm to discover such RNA paths. The algorithm is guided by a heuristic cost 459 

function f inspired by prior manual design efforts (2,10) and is composed of two terms:  460 

 461 

𝑓(𝑝𝑎𝑡ℎ) = ℎ(𝑝𝑎𝑡ℎ) + 	𝑔(𝑝𝑎𝑡ℎ)	462 
 463 

The first term, ℎ(𝑝𝑎𝑡ℎ),	describes how close the last base pair in the path is to the target 464 

base pair; ℎ(𝑝𝑎𝑡ℎ) = 0	corresponds to a perfect overlap in translation and rotation. The 465 

functional form for ℎ(𝑝𝑎𝑡ℎ)	depends on the spatial position of each base pair’s centroid d 466 

and an orthonormal coordinate frame R defining the rotational orientation of each base 467 

pair (46): 468 

 469 

ℎ(𝑝𝑎𝑡ℎ) = |𝑑1////⃗ − 𝑑2////⃗ | + 𝑊(|𝑑1////⃗ − 𝑑2////⃗ |)3
3

4

3
3

5

𝑎𝑏𝑠(𝑅145 − 𝑅245)	470 

Here, W(d) is: 471 

 472 

Where d is measured in Angstroms. The weight W(d) reduces the importance of the 473 

current base pair and the target base pair with similar alignment when they are spatially 474 

far apart. This term conveys the intuition that aligning the two coordinate frames 475 

becomes important only as the path of the motif and helices approaches the target base 476 

pair. RNAMake readily allows for the exploration of alternative forms of the cost function 477 

terms in (2) and (3), including more standard rotationally invariant metrics to define 478 

rotation matrix differences (70) or base-pair-to-base-pair RMSDs based on quaternions 479 

(71), but these were not tested in the current study. 480 

(1) 

(2) 

(3) 
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 481 

The second term in the cost function (1) is 𝑔(𝑝𝑎𝑡ℎ), which parameterizes the properties 482 

of the non-canonical RNA motifs and helices comprising the path at each stage of the 483 

calculation  484 

 485 

𝑔(𝑝𝑎𝑡ℎ) = 	
𝑆::(𝑝𝑎𝑡ℎ)

2
+ 2𝑁<=>4?:	486 

 487 

where Sss is a secondary structure score for all the motifs and helices in the path. This Sss 488 

term favors longer canonical helices as well as motifs with frequently recurring base 489 

pairs, as follows. All base pairs found in the RNA motif are scored based on their relative 490 

occurrences in all high-resolution crystal structures; all unpaired residues receive a 491 

penalty, and Watson-Crick base pairs receive an additional bonus score (Supplemental 492 

Table 9). Values were derived based on logarithms of the frequencies of these elements 493 

in the crystallographic database, i.e. the inverse Boltzmann approximation (72), so that 494 

that frequency of the elements in RNAMake designs was similar to what is seen in 495 

natural RNA tertiary structures. In addition to the secondary structure score, Nmotifs 496 

penalizes the total number of motifs in the path, here taken as the number of non-497 

canonical motifs plus the number of helices (independent of helix length).  498 

 499 

The search adds motifs and helices to the path in a depth-first manner, while the total 500 

cost function 𝑓(𝑝𝑎𝑡ℎ) decreases, back-tracking if 𝑓(𝑝𝑎𝑡ℎ) increases. Any solutions with 501 

ℎ(𝑝𝑎𝑡ℎ) less than 5, i.e., overlap at approximately nucleotide resolution between the 502 

path’s last base pair and the target base pair, are accepted into a list of final designs. 503 

The balance between 𝑔(𝑝𝑎𝑡ℎ) and ℎ(𝑝𝑎𝑡ℎ) allows RNAMake to reduce the number of 504 

motif combinations considered, finding most solutions in a few seconds. For each 505 

(4) 
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solution, we then used EteRNAbot, a secondary structure optimization algorithm that has 506 

undergone extensive empirical tests (31), to fill in helix sequences. 507 

 508 

RNAMake design of miniTTR molecules 509 

To generate miniTTR designs, we first extracted the coordinates from the X-ray crystal 510 

structure of a TTR from the P4-P6 domain of the Tetrahymena ribozyme (residues 146-511 

157, 221-246, and 228-252 from PDB 1GID) (73). Second, we used RNAMake to build 512 

structural segments composed of two-way junctions and helices spanning the last base 513 

pair of the hairpin (A146-U157) to base pair U221-A252 of the tetraloop-receptor, thus 514 

connecting the TTR into a single continuous strand (Figure 1d). Of 200,000 RNA 515 

segments generated, sixteen were selected based on two criteria: 1) the fewest number 516 

of motifs used in the solution (i.e. only three unique tertiary motifs); and 2) the tightest 517 

predicted atom-wise alignment of the miniTTR to its target spatial and rotational 518 

orientations.. These computational designs ranged from 75 to 102 nucleotides in size 519 

(for full sequences, see Supplemental Document: Sequences.xlsx), significantly shorter 520 

than the 157 nucleotides of the natural P4-P6 domain RNA.  521 

 522 

An example RNAMake command line to discover miniTTR’s is the following: 523 

 524 

design_rna –pdb p4p6_short.pdb –start_bp A146-A157 –end_bp A221-525 

A252 –designs 1000000 526 

 527 

Here, p4p6_short.pdb is P4-P6 with residues 233 to 241 removed. This command 528 

runs the RNAMake design algorithm to build a new RNA segment between the base pair 529 

consisting of nucleotides 146 and 157 and the base pair consisting of nucleotides 221 530 

and 252, also on chain A. The design_rna application automatically removes the 531 
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nucleotides between these two ends, leaving only the two segments of the TTR 532 

remaining. This application also underlies the RNAMake server. 533 

 534 

Preparation of RNA for chemical mapping, native gels, and fluorescence 535 

experiments  536 

DNA oligonucleotides were designed with Primerize (74), ordered from IDT (Integrated 537 

DNA Technologies) and used to generate double-stranded DNA templates using PCR 538 

assembly. For a full list of sequences and primers used in this study see Supplemental 539 

Material: Sequences.xslx, Primers.xslx. DNA template and RNA transcript preparation 540 

and quality checks were carried out as previously described (75,76). For miniTTR and 541 

ATP-TTR chemical mapping, RNA transcribed with T7 RNA polymerase (New England 542 

Biolabs) was purified using the RNA Clean & Concentrator 5 kit (Zymo Research). For 543 

native gels and fluorescence experiments, RNA was transcribed using a TranscriptAid 544 

T7 High Yield Transcription Kit (Thermo Scientific) and following the manufacturer’s 545 

protocol. After DNase treatment for 30 minutes, the recovered RNA was purified using a 546 

Zymo RNA purification kit and resuspended in TE buffer (10mM Tris HCl, 1mM EDTA, 547 

pH 7.5).  548 

 549 

RNA structural probing and data analysis. 550 

Chemical mapping (DMS and SHAPE) was performed as previously described (75,76). 551 

Briefly, modification reactions were performed in a 20 µL volume containing 1.2 pmol of 552 

RNA and 50 mM Na-HEPES (pH 8.0). For the ATP-TTRs, 2 µL of 50 mM ATP (final 553 

concentration: 5 mM) was added instead of 2 µL of H2O to probe the bound 554 

conformation. For the spinach-TTRs, 2 µL of 33 µM DFHBI was added instead of 2 µL of 555 

H2O to probe the bound conformation. Before MgCl2 or the chemical modifier was 556 

added, the RNA was heated to 90 °C for 3 minutes, then left on the bench top to cool to 557 
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room temperature and then folded for 20 min in 10 mM MgCl2 and 50 mM Na-HEPES 558 

(pH 8.0). To chemically modify the RNA, either 5 µL of DMS (1% v/v in 10% ethanol) or 559 

1M7 (5 mg/mL in anhydrous DMSO) were added to each reaction to a total volume of 25 560 

µL. After 5 minutes of incubation at room temperature, the reactions were quenched with 561 

0.5 M Na-MES (pH 6.0). After quenching, poly(dT) magnetic beads (Ambion) and FAM-562 

labeled Tail2-A20 primers were added for reverse transcription. Samples were 563 

separated and purified using magnetic stands, washed twice with 70% ethanol, and air-564 

dried. The beads were resuspended in ddH2O and reverse transcription mix, then 565 

incubated at 48 °C for 30 min. RNA was degraded by adding 1 volume of 0.4 M NaOH 566 

and incubating at 90 °C for 3 minutes the sample was then cooled and neutralized with 567 

an additional volume of acid quench (prepared as 2 volumes of 5 M NaCl, 2 volumes of 568 

2 M HCl, and 3 M sodium acetate, pH 5.2). Fluorescently labeled cDNA was recovered 569 

by magnetic bead separation, rinsed twice with 70% ethanol and air-dried. The beads 570 

were resuspended in Hi-Di formamide containing ROX-350 ladder (Applied Biosystems), 571 

then loaded on a capillary electrophoresis sequencer (ABI3130, Applied Biosystems). 572 

The HiTRACE 2.0 package was used to analyze the CE data (77). Electrophoretic traces 573 

were aligned and baseline subtracted using linear and nonlinear alignment routines as 574 

previously described (77). Reactivities were determined by fitting these traces to sums of 575 

Gaussian peaks, followed by background subtraction, signal attenuation correction, and 576 

normalization to flanking reference hairpins (75).  577 

 578 

Mg2+ titrations were carried out at 8 MgCl2 concentrations (0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 579 

and 10 mM) for the miniTTRs and the P4-P6 domain, and at 32 MgCl2 concentrations (0, 580 

0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 581 

0.9, 0.95, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 3.5, 4, 5, 7.5, 10 mM) for the ATP-TTR 582 
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experiments. To estimate Mg2+ titration midpoints, the relative protection values (fji) for 583 

each residue j in the TTR at each Mg2+ concentration i were calculated. The quantitative 584 

DMS reactivity of the folded and unfolded state of each TTR residue was taken from P4-585 

P6. 586 

 587 

These values were then fit to the Hill equation: 588 

 589 

For each data set, global Hill fits were generated using scipy’s curve_fit function, and 590 

errors were estimated through bootstrapping. 591 

 592 

ATP 32 point titrations where performed at ATP concentrations of 0, 0.5, 1, 1.5, 2, 2.5, 3, 593 

3.5, 4, 4.5, 5, 6, 6.5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 50, 75, 100, 150, 200, 250, 300, 500, 594 

750, 1000, 2500, 5000 uM. Dissociation constants were fit in MATLAB using LIFFT (78) 595 

using the following commands: 596 

gp = [1:32]; 597 
N = size(area_peak, 1); 598 
whichres = [33 34]; 599 
plotres = whichres; 600 
conc = [0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 6.5, 7.5, 601 
10, 12.5, 15, 17.5, 20, 25, 50, 75, 100, 150, 200, 250, 300, 500, 602 
750, 1000, 2500, 5000]; 603 
lifft( area_peak( :, gp ), conc( gp ), [N: -1 : 1], K, n, 604 
whichres, 'hill', [], plotres, 1, [], 0.01 ); 605 
 606 

Here gp gives which columns to include in the fit (here, there are 32 conditions); N is 607 

the size of the data matrix; whichres gives the residues used in the fit; and conc is the 608 

ATP concentration in µM at each column.  609 

 610 
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All chemical mapping data are available to download from rmdb.stanford.edu at the 611 

following accession IDs: 612 

Accession ID Data 
MTTR1_DMS_0001 miniTTR 1 DMS/SHAPE 
MTTR2_DMS_0001 miniTTR 2 DMS/SHAPE 
MTTR3_DMS_0001 miniTTR 3 DMS/SHAPE 
MTTR4_DMS_0001 miniTTR 4 DMS/SHAPE 
MTTR5_DMS_0001 miniTTR 5 DMS/SHAPE 
MTTR6_DMS_0001 miniTTR 6 DMS/SHAPE 
MTTR7_DMS_0001 miniTTR 7 DMS/SHAPE 
MTTR8_DMS_0001 miniTTR 8 DMS/SHAPE 
MTTR9_DMS_0001 miniTTR 9 DMS/SHAPE 
MTTR10_DMS_0001 miniTTR 10 DMS/SHAPE 
MTTR11_DMS_0001 miniTTR 11 DMS/SHAPE 
MTTR12_DMS_0001 miniTTR 12 DMS/SHAPE 
MTTR13_DMS_0001 miniTTR 13 DMS/SHAPE 
MTTR14_DMS_0001 miniTTR 14 DMS/SHAPE 
MTTR15_DMS_0001 miniTTR 15 DMS/SHAPE 
MTTR16_DMS_0001 miniTTR 16 DMS/SHAPE 
MTTR1_MGTI_0001 miniTTR 1 Mg2+ Titration 
MTTR2_MGTI_0001 miniTTR 2 Mg2+ Titration 
MTTR3_MGTI_0001 miniTTR 3 Mg2+ Titration 
MTTR4_MGTI_0001 miniTTR 4 Mg2+ Titration 
MTTR5_MGTI_0001 miniTTR 5 Mg2+ Titration 
MTTR6_MGTI_0001 miniTTR 6 Mg2+ Titration 
MTTR7_MGTI_0001 miniTTR 7 Mg2+ Titration 
MTTR8_MGTI_0001 miniTTR 8 Mg2+ Titration 
MTTR9_MGTI_0001 miniTTR 9 Mg2+ Titration 
MTTR10_MGTI_0001 miniTTR 10 Mg2+ Titration 
MTTR11_MGTI_0001 miniTTR 11 Mg2+ Titration 
MTTR12_MGTI_0001 miniTTR 12 Mg2+ Titration 
MTTR13_MGTI_0001 miniTTR 13 Mg2+ Titration 
MTTR14_MGTI_0001 miniTTR 14 Mg2+ Titration 
MTTR15_MGTI_0001 miniTTR 15 Mg2+ Titration 
P4P61_MGTI_0001 P4-P6 Mg2+ Titration 
ATPCON_DMS_0001 ATP aptamer DMS 
ATTR03_DMS_0001 ATP-TTR 3 DMS 
ATTR04_DMS_0001 ATP-TTR 4 DMS 
ATTR05_DMS_0001 ATP-TTR 5 DMS 
ATTR06_DMS_0001 ATP-TTR 6 DMS 
ATTR07_DMS_0001 ATP-TTR 7 DMS 
ATTR09_DMS_0001 ATP-TTR 9 DMS 
ATPCON_TITR_0001 ATP aptamer ATP Titration 
ATTR03_TITR_0001 ATP-TTR 3 ATP Titration 
ATTR04_TITR_0001 ATP-TTR 4 ATP Titration 
ATTR05_TITR_0001 ATP-TTR 5 ATP Titration 
AMGNA3_DMS_0001 ATP-TTR 3 Mg2+Titration no ATP 
AMGA3_DMS_0001 ATP-TTR 3 Mg2+Titration 50 uM ATP 
SCONTR_1M7_0001 Spinach aptamer SHAPE 
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STTR01_1M7_0001 Spinach-TTR 6 SHAPE 
STTR02_1M7_0001 Spinach-TTR 10 SHAPE 
STTR03_1M7_0001 Spinach-TTR 11 SHAPE 
STTR04_1M7_0001 Spinach-TTR 13 SHAPE 
STTR06_1M7_0001 Spinach-TTR 6 SHAPE 
STTR07_1M7_0001 Spinach-TTR 10 SHAPE 
STTR08_1M7_0001 Spinach-TTR 11 SHAPE 
STTR09_1M7_0001 Spinach-TTR 13 SHAPE 
STTR10_1M7_0001 Spinach-TTR 6 SHAPE 
STTR11_1M7_0001 Spinach-TTR 10 SHAPE 
STTR12_1M7_0001 Spinach-TTR 11 SHAPE 
STTR13_1M7_0001 Spinach-TTR 13 SHAPE 
23SRRNA_H101_0001 23S H101, iSAT SHAPE-Seq 
16SRRNA_H44_0001 16S h44, iSAT SHAPE-Seq 
RIBOT_TE1_0001  Ribo-T v1.0 strand #1, iSAT SHAPE-Seq 
RIBOT_TE2_0001 Ribo-T v1.0 strand #2, iSAT SHAPE-Seq 
RNAMKT4_TE1_0001 RM-Tether 4, strand #1, iSAT SHAPE-Seq 
RNAMKT4_TE2_0001 RM-Tether 4, strand #2, iSAT SHAPE-Seq 
   613 
    614 
Native Gel Shift Assays. 615 

Native gel shift assays were conducted using a BioRad CriterionTM Cell gel cassette. 616 

Gels were cast using 11% acrylamide and 1X THEM buffer (pH 7.2) (10 mM MgCl2) and 617 

polymerized by adding 10% ammonium persulfate (300 ìL) and TEMED (30 ìL) to 30 618 

mL of gel mix. Following polymerization, the gel apparatus was set up in a 4 °C cold 619 

room and fully immersed in an ice bath until the gel and buffer apparatus were cooled to 620 

4 °C. Then, RNA constructs were prepared for folding by incubating them in folding 621 

buffer consisting of 100 mM Na-HEPES (pH 7.5), 10 mM MgCl2, and 0.5 mM 622 

spermidine. 100 μg of RNA was mixed with folding buffer in the absence of 623 

spermidine and incubated at 65 °C for 3 min. The solution was cooled at room 624 

temperature for 10 min, and then 0.5 mM spermidine was added. The RNAs were then 625 

vortexed for 10 seconds and centrifuged at 4,000 rpm for 10 min. Immediately following 626 

folding, loading dye was added to the RNA solutions, and the samples were directly 627 

loaded onto the cooled gel apparatus. The gel was run at 15 watts for 1.5 hours, and 628 

the temperature of the gel apparatus was strictly monitored to avoid overheating. After 629 
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electrophoresis, the gel was removed from the cassette, carefully placed in a glass pan 630 

and incubated with 150 mL of Stains-All on an orbital shaker for 15 min. For de-staining, 631 

the Stains-All was removed, and the gel was rinsed with deionized water and 632 

subsequently incubated in fresh deionized water on an orbital shaker for 20 min; the gel 633 

was then immediately imaged on a document scanner. 634 

 635 

Preparation of RNA for SAXS and x-ray crystallography.  636 

RNA used for crystallization was transcribed with T7 RNA polymerase from PCR-637 

generated double-stranded DNA templates as described in (79). These templates were 638 

ordered from IDT as gBlocks with, in the 5´ to 3´ direction, a T7 promoter sequence, 639 

hammerhead ribozyme, miniTTR sequence of interest, and HDV ribozyme. RNA 640 

transcripts were ethanol precipitated overnight, washed with 70% ethanol and dissolved 641 

in water. RNA transcripts were purified from ribozymes and uncleaved products using 642 

PAGE purification. RNAs were eluted overnight at 4 °C, concentrated, and buffer-643 

exchanged three times into water using Amicon Ultra concentrators (10K cutoff, 644 

Millipore). RNA was quantified and then stored at −20 °C until use.   645 

 646 

SAXS Measurements, Analysis and Modeling.  647 

RNA transcripts were purified using an Agilent 1260 Infinity HPLC using a gradient of 648 

13–23% buffer B (100 mM TEAA (pH 7.0) and 50% acetonitrile) in buffer A (100 mM 649 
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TEAA (pH 7.0) and 0.2% sodium azide) over a Varian PLRP-S 1000 Å 8 μm 150 × 7.5 650 

mm column. Fractions containing miniTTR constructs were pooled, concentrated, and 651 

buffer-exchanged three times into water using Amicon Ultra concentrators (Millipore). 652 

The RNA was then quantified and stored at −20 °C until use. 653 

 654 

Small-angle X-ray scattering measurements were carried out at Bio-SAXS beamline 655 

BL4-2 at the Stanford Synchrotron Radiation Lightsource (SSRL). Scattering data were 656 

collected with a 1.7 m sample-to-detector distance and a beam energy of 11 keV 657 

(wavelength of 1.127 Å). RNA samples were first buffer-exchanged into running 658 

measurement buffer solution consisting of 70 mM Tris-HCl (pH 7.4), 160 mM NaCl, 10 659 

mM MgCl2 and 5 mM DTT using Amicon Ultra centrifugal filters (10K cutoff, Millipore). 660 

Approximately 50 μL of the buffer-exchanged RNA (5 mg/mL) was then loaded onto a 24 661 

mL Superdex 200 size-exclusion column (GE Healthcare) that had been pre-equilibrated 662 

with the running measurement buffer solution, then run at a flow rate of 0.05 mL/min 663 

using an AKTA Ettan FPLC (GE Healthcare). The elution was directed to the sample 664 

flow path for immediate SAXS data collection every 5 seconds, with a 2 second 665 

exposure time. The SAXS images were processed using the SASTOOL program. The 666 

first 100 images were used to create the buffer scattering profiles. The segment of the 667 

main elution peak with constant, scale-independent scattering profiles was used to 668 

calculate the sample scattering profiles. 669 

 670 

The SAXS profiles of the miniTTR 2 and 6 RNAMake models were predicted and 671 

compared with the experimental profiles (Figure 2e-f) using FoXS (80). 3D bead models 672 
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of miniTTR 2 and 6 were generated using DAMMIF and DAMMIN (81) and overlaid with 673 

their corresponding RNAMake models in PyMOL. 674 

 675 

MiniTTR crystallization.  676 

Purified miniTTR 6 RNA diluted in buffer A (30 mM HEPES (pH 7.5), 20 mM MgCl2, and 677 

100 mM KCl) was incubated at 65 °C for 2 min, centrifuged at 13,000 rpm for 2 min, and 678 

snap-cooled on ice for approximately 5 min before moving to 25 °C to set up 679 

crystallization trays. Within 2-4 weeks, miniTTR 6 crystallized at 25 °C as plates or 680 

clusters of plates via sitting-drop vapor diffusion by mixing 2 µL of miniTTR 6 at a 681 

concentration of 100 µM with 3 µL of crystallization solution containing 40 mM sodium 682 

cacodylate (pH 5.5), 20 mM MgCl2, 2 mM cobalt hexammine, and 40% 2-methyl-2,4-683 

pentanediol (MPD). Crystals of miniTTR 6 grew to maximum dimensions of 700 x 700 x 684 

20 µm and were stabilized and cryogenically protected by increasing the MPD to a final 685 

concentration of 44%. Crystals were flash-frozen by plunging into liquid nitrogen. 686 

 687 

Diffraction data were collected at 100 K using synchrotron X-ray radiation at beamline 688 

4.2.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory (Berkeley, 689 

CA). The data were processed and scaled using X-ray Detector Software (XDS) (82). 690 

The scaled data were handled using Collaborative Computational Project programs (79). 691 

 692 

Structure determination and refinement. 693 

The initial structural determination of the miniTTR 6 in the C2 space group was carried 694 

out from molecular replacement (MR) in Phaser (CCP4) searching for one copy of a 31-695 

nucleotide model of only the tetraloop and receptor with the identical sequence (83). The 696 

rotational and translational Z-scores were somewhat low, 4.6 and 5.9 respectively, but 697 

the maps were of sufficient quality to enable the iterative building of all the residues into 698 
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the 2Fo-Fc and Fo-Fc maps. Composite omit maps in PHENIX were used to help confirm 699 

the model and reduce model bias from the initial MR solution. The models were built 700 

using COOT (83) and refined using REFMAC5 and PHENIX (79). The final model was 701 

refined in REFMAC5 and ERRASER (79,84), and the overall Rwork and Rfree were refined 702 

to 22.9% and 27.4%, respectively. The structure derived from the miniTTR was refined 703 

to 2.55 Å against a data set scaled to an overall I/σ of 1.0 at the highest resolution shell 704 

with 98.5% completeness. Final crystallographic statistics can be found in Table 1. The 705 

crystal structures of miniTTR 6 have been deposited in the PDB, ID 6DVK. All structural 706 

figures were prepared using PyMOL (http://www.pymol.org/). 707 

 708 

Design of RNAMake generated tethers for ribosome RNAs. 709 

We used PDB coordinates 3R8T and 4GD2 for the 50S and 30S ribosomal subunit 710 

structures respectively. From the 50S we removed residues A2854-A2863 and from the 711 

30S we removed residues A1445-A1457. Due to the large size we had to generate an 712 

RNAMake motif graph file to parse the structures into a format easier for RNAMake to 713 

read on command line. The script to do this is supplied in a supplemental file. This 714 

generated file we called ‘start_pose.mg’. To generate the designs, we then ran 715 

 716 

design_rna -mg start_pose.mg -designs 10000 717 

 718 

Over 100 designs were generated and 9 were selected to maximize the number of 719 

unique motifs utilized.  720 

 721 

Design and cloning of novel tethers for a ribosome with tethered subunits. 722 

The designed tethers were cloned into plasmid pRibo-T-A2058G (25). The backbone 723 

was generated for each design using forward (f) and reverse (r) primer pairs (noted with 724 
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“bb”) in Primers.xslx in separate PCR reactions using plasmid pRibo-T as a template 725 

(25), Phusion polymerase (NEB), and 3% DMSO. PCR cycling was as follows: 98 °C for 726 

3 min; 25 cycles of 98 °C for 30 sec, 55 °C for 30 sec, 72 °C for 2 min; and 72 °C for 10 727 

min. Circularly permuted 23S ribosomal RNA (rRNA) was generated with forward and 728 

reverse primer pairs (noted with “23S” in Supplemental Document: Primers.xslx), the 729 

pRibo-T template, and the same PCR conditions as described above. Each PCR 730 

reaction was purified by gel extraction from a 0.7% agarose gel with an E.Z.N.A. gel 731 

extraction kit (Omega). Each purified backbone (50 ng) was assembled with the 732 

respective 23S insert in 3-fold molar excess using Gibson assembly (85). Assembly 733 

reactions were transformed into POP2136 cells, and the cells were grown at 30 °C 734 

overnight. Colonies were picked and plasmids were isolated using an E.Z.N.A. miniprep 735 

kit (Omega) and confirmed with full plasmid sequencing by ACGT, Inc.  736 

 737 

Replacement of wild-type ribosomes with RNAMake tethered ribosomes. 738 

Each purified plasmid (100 ng) was separately transformed into electrocompetent 739 

SQ171fg cells containing pCSacB (25). Cells were recovered in 1 mL of SOC media at 740 

37 °C with shaking for 1 hour. Fresh SOC (1.85 mL) supplemented with 50 μg/mL 741 

carbenicillin and 0.25% sucrose was inoculated with 250 μL of recovered cells and 742 

incubated overnight at 37 °C with shaking. Cultures (10% and 90%) were plated on LB 743 

agar plates supplemented with 50 μg/mL carbenicillin, 5% sucrose and 1 mg/mL 744 

erythromycin and incubated at 37 °C.  745 

 746 

After 48 hours with no visible colonies, the plates were replica plated onto fresh LB agar 747 

plates supplemented with 50 μg/mL carbenicillin, 5% sucrose and 1 mg/mL erythromycin 748 

and incubated at 37 °C. After 72 additional hours, colonies appeared on the plate 749 

containing RM-Tether design 4. Eight colonies were streaked onto LB agar 750 
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supplemented with 50 μg/mL carbenicillin and 1 mg/mL erythromycin and LB agar 751 

supplemented with 30 μg/mL kanamycin (to confirm loss of the pCSacB plasmid) and 752 

were also used to inoculate 5 mL of LB supplemented with 50 μg/mL carbenicillin and 1 753 

mg/mL erythromycin. Plates were incubated at 37 °C, and cultures were incubated at 37 754 

°C with shaking. The OD600 of the cultures was tracked to generate growth curves 755 

(Biochrom Libra S4 spectrophotometer). After 5 days at 37 °C, total RNA was extracted 756 

using an RNA extraction kit from Qiagen. Total RNA was analyzed by gel 757 

electrophoresis on a 1% agarose gel with GelRed. Total plasmid was extracted from 758 

saturated 5 mL cultures with an E.Z.N.A. miniprep kit (Omega) and sequenced to 759 

confirm the correct RM-Tether design 4 sequence.  760 

 761 

In vitro construction, testing, and characterization of ribosomes. 762 

All constructs (wild type, Ribo-T v1.0, and RM-Tether 4) were cloned to be under control 763 

of a T7 promoter. The T7 promoter was introduced into primers, and amplified using the 764 

wild type, Ribo-T v1.0, and RM-Tether 4 plasmids as templates for PCR amplification. 765 

PCR products were blunt end ligated, transformed into DH5α using electroporation, and 766 

plated onto LB-agar/ampicillin plates at 37°C. Plasmid was recovered from resulting 767 

clones and sequence confirmed.  768 

 769 

In vitro ribosome synthesis, assembly, and translation reactions were set-up as 770 

previously described (42). Briefly, eight 15 µL reactions were prepared and incubated for 771 

2 hours at 37°C, then pooled together. 772 

 773 

Sucrose gradients were prepared from buffer C (10 mM Tris-OAc (pH = 7.5 at 4°C), 60 774 

mM NH4Cl, 7.5 mM Mg(OAc)2, 0.5 mM EDTA, 2 mM DTT) with 10 and 40% sucrose in 775 

SW41 polycarbonate tubes using a Biocomp Gradient Master. Gradients were placed in 776 
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SW41 buckets and chilled to 4°C. 120 µL of pooled iSAT reactions were loaded onto the 777 

gradients. The gradients were ultra-centrifuged at 22,500 rpm for 17 hours at 4°C, using 778 

an Optima L-80 XP ultracentrifuge (Beckman-Coulter) at medium acceleration and 779 

braking (setting of 5 for each). Gradients were analyzed with a BR-188 density gradient 780 

fractionation system (Brandel) by pushing 60% sucrose into the gradient at 0.75 ml/min 781 

(at normal speed). Traces of A254 readings versus elution volumes were obtained for 782 

each gradient. Gradient fractions were collected and analysed for rRNA content by gel 783 

electrophoresis in 1% agarose and imaged in a GelDoc Imager (Bio-Rad). Ribosome 784 

profile peaks were identified based on the rRNA content as representing 30S or 50S 785 

subunits, 70S ribosomes, or polysomes. 786 

 787 

Fractions containing 70S ribosomes and polysomes were collected and pooled. These 788 

fractions were recovered as previously described (42), with pelleted iSAT ribosomes 789 

resuspended in iSAT buffer, aliquoted, and flash-frozen. These pelleted fractions were 790 

re-run on a 1% agarose gel and imaged in a GelDoc Imager to confirm tethering in 791 

monosome and polysome peaks. 792 

 793 

in vitro SHAPE-seq chemical mapping on tethered ribosomes. 794 

In vitro ribosome synthesis, assembly, and translation reactions were set-up as 795 

previously described (42,43). Briefly, 15 µL iSAT reactions each possessing wild type, 796 

Ribo-T, or RM-40 were prepared in triplicate, incubated for 2 hours at 37 °C, then placed 797 

on ice. To perform SHAPE modification, samples were warmed to 37 °C for 5 minutes, 798 

and 7.5 µL of each sample was added to 0.83 µL of 65 mM 1-methyl-7-nitroisatoic 799 

anhydride (1M7) or 0.83 µL DMSO (control solvent). Reactions were incubated for 2 800 

minutes, then all samples were Trizol extracted, ethanol precipitated, washed twice with 801 

70% ethanol, and resuspended in 10 µL water. Subsequent library preparation steps 802 
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were performed as described previously (86) with one exception: 2 custom reverse 803 

transcription primers were used to simultaneously probe the regions containing T1 (5′ – 804 

GGTTAAGCCTCACGG – 3′) and T2 (5′ –CCCTACGGTTACCTTGTTACGAC – 3′). 805 

Following 2 x 75bp paired-end Illumina sequencing, SHAPE reactivities were calculated 806 

as described by Yu et al. (87), mapping both modification-induced stops and mutations. 807 

Raw reactivities were calculated using Spats v1.9.8 (https://github.com/LucksLab/spats), 808 

and were then linearly re-scaled to account for estimated differences in SHAPE probe 809 

concentration between replicates. Specifically, one replicate was first selected as the 810 

reference. Reactivities for the other datasets were divided by the reference at each 811 

position, then the median value of this ratio was taken as the scale factor. Reactivities 812 

across each dataset were divided by their scale factor. The same experimental replicate 813 

was used to scale reactivities, and reactivities are presented as the average value over 814 

these re-scaled replicates. 815 

 816 

Modeling existing ribosome tethers 817 

For Umbilical 3 (U3), removed residues A1448-A1452 and A1455-A1456 (PDB: 3R8T), 818 

and A2853-A2855 and A2858-A2864 (PDB: 4GD2). We combined these residues and 819 

renumbered them into a start pdb U3_template.pdb. We also generated a fasta file 820 

U3.fasta with the residues in the start pdb and the tether sequence: 821 

  > tether strand 1 822 
 ccuucgaaaaaagcgaugcg 823 
  824 
 > tether strand 2 825 
 cgcaaaaaaagga                                               826 
 827 

and ran the following command using FARFAR to generate the U3 model: 828 

 rna_denovo -s U3_template.pdb -fasta U3.fasta -minimize_rna  829 
true 830 
 831 
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Similarly for the stapled design construct we removed residues A1447-A1449, A1454-832 

A1457 from the 30S ribosome pdb coordinates in 3R8T and A2861-A2865, A2853-833 

A2856 from the 50S ribosome pdb coordinates in 4GD2 into a common start pdb we 834 

denoted stapled_template.pdb. We also generated a fasta file stapled.fasta with the 835 

residues in the start pdb and the tether sequence: 836 

 > tether strand 1 837 
 accggggucaacagccguucagugcgu 838 
  839 
 > tether strand 2 840 
 cgcacugacggacaugguccuggag                                                 841 
 842 

And ran the corresponding FARFAR command: 843 

 rna_denovo -s stapled_template.pdb -fasta stapled.fasta  844 
-minimize_rna true 845 

 846 

Lastly for the Ribo-T construct we removed residues A1454-A1455, A1449-A1453 from 847 

3R8T and residues A2855-A2857, A2858-A2862 from 4GD2 and combined them into a 848 

common start pdb we denoted ribo_t_template.pdb. We also generated a fasta file 849 

ribo_t.fasta with the residues in the start pdb and the tether sequence: 850 

 > tether strand 1 851 
 cuucgaaaaaaaacgaug 852 
  853 
 > tether strand 2 854 
 cagaaaaaaaaagg  855 
 856 
And ran the corresponding FARFAR command: 857 

 rna_denovo -s ribo_t_template.pdb -fasta ribo_t.fasta  858 
-minimize_rna true 859 

 860 
 861 

Generation of RNAMake aptamer stabilization designs. 862 

Although our original RNAMake algorithm produced solutions for both the ATP and 863 

DFHBI stabilization, these simulations exhibited low motif diversity. To produce more 864 

solutions, we added more helix ‘motifs’. Instead of having a single idealized helix for 865 
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each base pair length, we produced 100 diversified helices for given base pair length. 866 

We prepared these models by generating ensembles for each base pair step from 867 

crystallographic models and generating random helices of a given length, we 868 

took conformations that were most divergent from the idealized structure (for more 869 

details: (67) ).  870 

 871 

Starting with PDB 1AM0 we removed residues A6-A18 and A33-A35 to achieve an  872 

minimal ATP aptamer flanked by single Watson-Crick base pairs. We moved these 873 

residues into a new PDB ‘ATP_min.pdb’. We then ran apt_stablization, an 874 

executable in RNAMake to generate stabilized aptamers given a pdb of the aptamer.  875 

 876 

apt_stablization –pdb ATP_min.pdb –designs 1000000 877 

 878 

In all 5210 designs were generated. As with previous construct designs, designs were 879 

selected that maximized motif usage and minimized the chain closure score or how 880 

close the optimized sequence is to the target base pair. 881 

 882 

Starting with PDB 6B14 we removed residues R19-R31 and R49-R66 to achieve the 883 

minimal DFHBI binding aptamer (Spinach_min.pdb). We then ran apt_stablization, 884 

as follows.  885 

 886 

apt_stablization –pdb Spinach_min.pdb –designs 1000000 887 

 888 

In all 697 designs were generated, and a subset were again chosen to maximize number 889 

of motifs tested and the chain closure score (how close the designed RNA sequence is 890 

to overlay with its target base pair).  891 
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 892 

Fluorescence characterization of spinach-TTRs. 893 

A stock of DFHBI (Sigma) was prepared in PBSMKT (1X phosphate buffered saline, 5 894 

mM MgCl2, 100 mM KCl, 0.01% Tween-20, pH 7.2) and its absorbance measured using 895 

a UV spectrophotometer (NanoDrop, Thermo Scientific). The DFHBI concentration was 896 

calculated using an extinction coefficient of 30,100 cm-1/M at 423 nm as previously 897 

reported (62). A DFHBI titration was performed in half area, flat-bottomed black 96-well 898 

plates (Corning) at a final RNA concentration of 200 nM with DFHBI concentration 899 

ranging from 10 uM to 10 nM prepared in a 1:2 dilution series. After mixing, the plates 900 

were covered with an adhesive film to prevent evaporation and temperature-cycled from 901 

RT to 4 ˚C twice over the course of 1 hour to allow aptamer-target equilibration while 902 

minimizing magnesium-dependent self-cleavage. Measurements were acquired at room 903 

temperature (29 ˚C) and wells were excited at 462±10 nm and emission was measured 904 

at 504±15 nm using a Tecan M1000 plate reader. A fluorescence background was 905 

obtained at each DFHBI concentration in the absence of RNA and subtracted from the 906 

corresponding wells. The corrected signal for each aptamer at every DFHBI 907 

concentration was then least-squares fit using a custom MATLAB script using a 1:1 908 

complexation model according to the following equation: 909 

𝐹 = 𝐵<BC ∗
[𝑇]

[𝑇] 	+	𝐾I
 910 

Here, [T] is the concentration of DFHBI, Kd is the dissociation constant of the given 911 

aptamer, and Bmax is the maximum brightness obtained for the given concentration of 912 

aptamer.  913 

Next, we prepared an RNA titration assay using identical measurement, equilibration, 914 

and buffer conditions, except with the amount of DFHBI constant at 400 nM and RNA 915 

concentrations ranging from 5 µM down to 5 nM prepared in a 1:2 dilution series. A 916 
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background fluorescence was obtained at 400 nM DFHBI in the absence of RNA and 917 

subtracted from each well. The corrected signal was then least-squares fit using a 918 

custom MATLAB script using a 1:1 complexation model according to the following 919 

equation: 920 

𝐹	 = 	𝐹<BC J
[𝐴] ∗ 𝑓 + 𝐷𝑇 + 𝐾I 	− M([𝐴] ∗ 𝑓 + 𝐷𝑇 + 𝐾I	)2 − 	4 ∗ [𝐴] ∗ 𝑓 ∗ 𝐷𝑇

2 ∗ 𝐷𝑇
	N  921 

Where [A] was the concentration of aptamer, f is the folding efficiency, DT is the DFHBI 922 

concentration (400 nM), Kd is the dissociation constant calculated for each sequence 923 

above, and Fmax is the maximum fluorescence signal at dye-binding saturation. Quantum 924 

yields were obtained through direct comparison of Fmax with the literature value for 925 

Broccoli (QY = 0.72; Supplemental Table 6) (46). 926 

 927 

Lysate stability assay for spinach-TTRs. 928 

Each TTR Spinach aptamer was prepared in 60 µL PBSMKT containing 1.66 µM total 929 

RNA and 30 µL of this was added to 50 µL of 5 µM DFHBI in PBSMKT in two wells per 930 

aptamer. Next, 20 µL of PBSMKT was added to one well per aptamer to give a final 931 

concentration of 500 nM RNA and 2.5 µM DFHBI in order to provide a baseline 932 

fluorescence. Next, 20 µL of 100% frog egg lysate prepared 4 hours earlier (88) and 933 

stored at 4 ˚C, was added to each well and pipet mixed. (Higher lysate concentrations 934 

were too optically absorbent to allow fluorescence measurements). Fluorescence 935 

measurements were then obtained for every well every 1 minute for 30 minutes, then 936 

every 3 minutes for 1 hour, and after every 5 minutes for an additional hour. For 937 

evaluation of times to half-fluorescence, the fluorescence of each aptamer in wells 938 

containing lysate was normalized to the same aptamer’s fluorescence in PBSMKT at 939 

every time point in order to account for photobleaching.  940 
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FIGURES: 941 

 942 
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Figure 1: Problems in RNA nanotechnology reduced to RNA motif pathfinding 943 

problems and solved by RNAMake. (a) ‘miniTTRs’ require two strands (green, purple) 944 

between tetraloop (orange) and tetraloop-receptor (blue); (b) tethered ribosomes require 945 

two strands (green, purple) to link the small subunit (orange) to the large subunit (blue). 946 

c) ‘Locking’ a small-molecule binding aptamer (cyan; ATP molecule in pink spheres) by 947 

designing four strands (green, purple, teal, magenta) to a peripheral tertiary contact 948 

(orange, blue). d) Demonstration of RNAMake design algorithm, which builds an RNA 949 

path via the successive addition of motifs and helices from a starting base pair to the 950 

ending base pair. e-f) computational efficiency for RNAMake to design connections 951 

between each pair of hairpins on the 50S E. coli ribosome. Run time scales linearly with 952 

problem size, as measured by (e) translational distance between helical endpoints or (f) 953 

number of residues required for segments. 954 

  955 
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 956 
 957 

Figure 2: Solving the MiniTTR design problem. 958 

a) Quantification of DMS reactivity in the absence of Mg2+ (red) and with 10 mM Mg2+ 959 

(blue) for RNAMake-designed miniTTR constructs and the P4-P6 domain of the 960 

Tetrahymena ribozyme as a large natural RNA comparison. Diagram (inset) shows the 961 

four adenosines in the tetraloop/tetraloop-receptor (red) that undergo protection upon 962 

Mg2+-dependent folding. b) Native gel assays testing whether mutation of GAAA 963 

tetraloop (left lane) to UUCG mutant (right lane) disrupts the miniTTR tertiary fold and 964 
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slows its mobility. ‘MedLoop’ lanes are a control RNA with similar size (89). 965 

Supplemental Figure 3b gives other remaining constructs. c) Quantification of the 966 

miniTTR folding stability based on Mg2+ binding curves read out by DMS mapping for 967 

miniTTR 6 (blue), miniTTR 2 (red) and P4-P6 (black). d) Raw data from the Mg2+ titration 968 

of miniTTR 2, highlighting the change in DMS reactivity in the TTR and the motifs used 969 

in the design. e-f) SAXS analysis: Experimental intensity versus scattering amplitude 970 

and low-resolution reconstruction derived from experimental scattering profiles (blue 971 

beads, inset) overlaid on RNAMake-designed model (cartoon, inset) for (e) miniTTR 2 972 

and (f) miniTTR 6. In (f), SAXS prediction from miniTTR crystal structure is also shown 973 

(blue). g-l) X-ray crystal structure of MiniTTR 6 tests accuracy of RNAMake model at 974 

atomic resolution: (g) overall RNAMake and X-ray structure, and magnified views of (h) 975 

triple mismatch motif from ribosome, (i) tetraloop/tetraloop-receptor, (j) kink-turn motif, 976 

and (k) right angle turn. In (h-k), crystal structures are white. 977 

 978 
  979 
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 980 

 981 
 982 
Figure 3: The ribosome tethering problem 983 

a-d) Modeling (top panel) of tethers (green and magenta strands) connecting 16S and 984 

23S rRNA into a single ribosomal RNA; and agarose gel electrophoresis (bottom panel) 985 

of RNA extracted from E. coli (Squires strain SQ171fg) in which wild type ribosomes 986 

were completely replaced with the following designed molecules: (a) an early U3 tether 987 

(Umbilical 3) designed by the Jewett lab, cleaved into two bands in vivo, (b) (top) 988 

Stapled ribosomes developed by a separate group (24) (three replicates shown), also 989 

cleaved in this plasmid context and strain in vivo, (c) successful Ribo-T design, 990 
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developed after a year of manual trial-and-error to withstand cleavage in vivo, (d) RM-991 

Tether 4, design automatically generated by RNAMake, which also presents as a single 992 

band in vivo. e) Sucrose gradient fractionation prepared from in vitro ISAT reactions 993 

expressing wild-type ribosomes (black), Ribo-T v1.0 (blue), and RM-Tether 4 (green). 994 

Peaks corresponding to small subunits (30S), large subunits (50S), monosomes/70S, 995 

and polysomes are indicated; see, e.g., ref. (44) for standard assignment of peaks. f) 996 

Agarose electrophoresis analysis confirms that the polysome fraction of (e) is composed 997 

of tethered ribosomes. Full gels can be found in Supplemental Figure 5 and 6. 998 

 999 
  1000 
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 1001 
 1002 



 

46 

Figure 4: Stabilizing aptamers for ATP and light-up fluorophores through designer 1003 

tertiary contacts.  1004 

a) 3D models of the ATP aptamer alone and ATP-TTRs 3, 4, and 5. b) DMS probing of 1005 

ATP titration of the ATP aptamer, red box denotes the two adenines that become 1006 

protected upon addition of ATP. c) DMS probing of ATP titration of ATP-TTR 4, red box 1007 

denotes the two adenines that become protected upon addition of ATP. d) Quantified 1008 

DMS protection as a function of ATP concentration for the ATP aptamer compared to 1009 

ATP-TTRs 3, 4 and 5. e) The crystal structure of the spinach aptamer bound to DFHBI 1010 

(left), 3D models of Spinach-TTRs 3, 8, and 10 (right). f) Fluorescence measurements of 1011 

a DFHBI titration at constant RNA concentration of Spinach, Broccoli and Spinach-TTR 1012 

3, 8 and 10. g) Fluorescence measurements of an RNA titration with constant DFHBI 1013 

concentration of Spinach, Broccoli and Spinach-TTR 3, 8 and 10. h) Fluorescence in 1014 

20% lysate as compared to the construct in buffer for Spinach, Broccoli and Spinach-1015 

TTR 3, 8 and 10. 1016 

 1017 
  1018 
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TABLES: 1019 

 1020 
  1021 

 Native 
  
Space group C2 
Cell dimensions   
    a, b, c (Å) 233.372, 25.358, 

42.861 
    α, β, γ  (°) 90.0, 99.7, 90.0 
  
Wavelength 1.58954 
Resolution (Å) 2.55-115 (2.55-2.75) 
Rsym or Rmerge 13.5(72.7) 
I / σI 6.445(1.0) 
Completeness (%) 94.3(88.9) 
Redundancy 1.555(1.376) 
  
Refinement  
Resolution (Å) 2.55-50.0 
No. reflections 8467 
Rwork / Rfree 23.2/26.9 
No. atoms 2025 
    RNA 2008 
    Ligand/ion 15 
    Water 2 
B-factors  
    RNA 41.0 
    Ligand/ion 32.8 
    Water 5.9 
R.m.s deviations  
    Bond lengths 
(Å) 

0.0056 

    Bond angles (°) 1.367 
  

 1022 
Table 1: 1023 

Data collection, phasing and refinement statistics for miniTTR 6. 1024 

 1025 

   1026 
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 1027 

Design problem Designs Successful 
Designs Motifs Used Experimentally 

Validated Motifs 
MiniTTR 16 11 23 20 
Ribosome tether 9 1 14 3 
ATP-TTR 10 3 16 6 
Spinach-TTR 16 13 26 20 
All 51 28 56* 41* 
 1028 
*Some motifs were used in multiple design problems. 1029 

 1030 
Table 2:  1031 

Summary of RNAMake designs generated for all 4 design problems as well as the 1032 

number of motifs used and were experimentally validated. 1033 
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