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 9 

Abstract 10 

The process of ribosomal recoding is generally regulated by an autonomous mRNA signal 11 

downstream of stop-codons. While structural studies have provided mechanistic insights into 12 

viral systems, no such studies exist in mammalian systems. Here we define a novel structural 13 

mechanism for the VEGF-A readthrough system and show that regulation is multifaceted and 14 

complex, requiring a multipartite set of RNA elements located at long distances that interact 15 

with each other and with hnRNP A2/B1 to synergistically enhance readthrough levels. The Ax-16 

element downstream of the stop codon adopts a unique multistem (SL-Ax1-3) architecture: SL-17 

Ax1 interacts with hnRNP A2/B1, while SL-Ax2 interacts with an RNA element (SL-Au1) located 18 

~500 nt upstream at the start of the coding sequence. SL-Au1 also independently binds to 19 

hnRNP A2/B1, which manipulates an equilibrium between alternate structures— from a 20 

sequestered bulge towards one that allows for the long-range interaction with SL-Ax2.  Overall, 21 

our study not only highlights the significance of structural organization of elements within 22 

the coding sequence of mRNA, but also provides a functional relevance of the closed-loop 23 

mRNA organization in non-canonical translation and suggests complex mechanisms allow for 24 

finer integration of many signals for a required output.  25 

 26 

Introduction 27 

Recoding during protein translation, either via programmed ribosomal frameshifting 28 

(PRF) or stop-codon readthrough (PRT), allows for production of extended proteins or 29 

polyproteins by bypassing stop codons. While these mechanisms are widely used by RNA viruses 30 



to densely pack information into their small genomes and to maintain relative protein levels1, 31 

they have also been discovered in cellular systems, including bacteria, yeast, Drosophilae, and 32 

humans1,2, to regulate a wide range of functions from transcriptional regulation to signal 33 

transduction and sub-cellular localization3-5. In viruses, ribosomal recoding is essential for 34 

maintaining critical relative ratios of proteins, for example structural (Gag) and enzymatic (Pol) 35 

in retroviruses and immunomodulatory proteins (in ORF 1a) and replicative proteins (in ORF 1b) 36 

in coronaviruses6,7. Similarly, bacterial release factor 2 expression levels are auto-regulated via 37 

recoding and in Drosophila, recoding of the headcase protein is critical for tracheal 38 

development8,9.  39 

 40 

Studies in viruses have provided some insights into structural elements that drive 41 

recoding. However, no such insights currently exist for eukaryotic recoding systems, even though 42 

over 300 genes in Drosophila and ~100 genes in humans have been identified to potentially 43 

undergo functional recoding1,10. Very recently, a new isoform of the mammalian vascular 44 

endothelial growth factor A (VEGF-A), produced via readthrough, was implicated in regulating 45 

levels of angiogenesis11,12, indicating that recoding may play a role in regulating critical cellular 46 

processes, highlighting the need to understand the underlying mechanisms.   47 

  48 

Canonical protein translation requires a complex interplay between ribosomes, mRNA 49 

and regulatory protein factors13 but, in general, is independent of structures formed in the mRNA. 50 

On the other hand, recoding mechanisms are heavily reliant upon cis-acting RNA structures, such 51 

as stem-loops, kissing loops, or pseudoknots, around stop codons14-16. However, the detailed 52 

mechanisms by which such structured elements regulate recoding remain undefined. In the case 53 

of readthrough, recoding signals are thought to stall ribosomes by acting as barriers to mRNA 54 

unwinding, thus allowing for the recognition of near-cognate tRNAs during PRT17. The strained 55 

unwinding also potentially acts as a mechanical stressor to force ribosomes into a new reading 56 

frame during PRF15,17. 57 

 58 



The cis-acting, structured, recoding signals are mostly known to function autonomously. 59 

Nevertheless, in some cases their folding can be manipulated by surrounding sequences to either 60 

attenuate or enhance activity, and in rare cases they can be influenced by interaction with distal 61 

downstream sequences. For example, potato leafroll virus (PLRV), carnation Italian ringspot 62 

virus (CIRV), and barley yellow dwarf virus (BYDV) were all found to contain 3’ elements, 63 

located 700nt, 3.5kb, and 4kb, respectively, from the frameshifting signals that enhance recoding 64 

via long-range base pairing interactions18-20. In even rarer cases, trans-acting protein factors have 65 

been implicated in recoding. For example, the encephalomyocarditis virus (EMCV) has been 66 

shown to require proteins A2 and porcine reproductive and respiratory syndrome virus (PRRSV) 67 

to require nsp1b and poly(C) binding protein for proper recoding to occur21,22. It has been 68 

suggested that these proteins, in complex with the RNA, substitute for the barriers usually 69 

provided by structured signals18. 70 

 71 

VEGF-A mRNA was shown to undergo a stop codon readthrough event to allow for a 22 72 

amino acid extension (Fig. 1a)11. While VEGF-A164, the most common isoform, acts as a key 73 

angiogenic agent23,24, the extended VEGF-Ax has been shown to be significantly less 74 

angiogenic11,12. In the VEGF system, the 63 nucleotides which code for the Ax-extension 75 

immediately downstream of the stop codon, were implicated as the signal required for ribosomal 76 

stop-codon readthrough11. Furthermore, it was reported that the event also requires the 77 

heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 as a trans-acting factor11  in that 78 

mutations to the hnRNP A2/B1 binding site on the Ax-element and siRNA knockdowns of the 79 

protein itself lead to lower levels of stop-codon readthrough. It is important to note that a 80 

subsequent study by Loughran, et al. failed to replicate the same read through capability of the 81 

Ax-element25. Here we show that efficient readthrough in VEGF-Ax mRNA requires full-length 82 

mRNA, with multiple cis-acting signals in the coding region working synergistically with each 83 

other and with the trans-acting hnRNP A2/B1 to confer readthrough activity.   84 



Results 85 

VEGF-Ax readthrough is regulated by distal RNA elements located in the coding region. 86 

To characterize the VEGF-A system, we used a dual luciferase reporter assay in which 87 

various sequences of interest were cloned between renilla and firefly luciferases to determine stop 88 

codon readthrough efficiency26. First, the natural leakiness of the UGA stop codon was 89 

determined to be ~0.05%, which is in agreement with previous studies27 (Fig. 1b). Second, we 90 

tested the full bicistronic coding sequence of the VEGF-A mRNA (VEGF-A+Ax), where we 91 

observed ~40-fold increase in readthrough levels to ~2.2%, a level similar to many functionally 92 

active recoding systems1. To ensure that the observed increase over the natural leakiness of the 93 

UGA stop codon was robust and specific, we tested Annexin A2 mRNA (Fig. 1b), a gene with no 94 

known readthrough activity. This construct also only allowed for ~0.05% basal leakiness of the 95 

stop codon, demonstrating that VEGF-A mRNA indeed has the propensity for stimulating 96 

readthrough events. Third, we tested just the 63 nucleotide Ax-element downstream of the stop 97 

codon that was previously identified as the signal being responsible for readthrough activity11. 98 

This region only led to a 4-fold increase over natural leakiness with a 0.2% readthrough activity 99 

(Fig. 1b), which is similar to the results obtained by Loughran, et al.25. Taken together these data 100 

indicated that sequences upstream in the coding region influence the process of readthrough in 101 

VEGF-Ax, and that the Ax-element alone is only marginally active for readthrough.  102 

 103 

In an effort to identify factors responsible for the above observations, we first probed for 104 

the presence of potential local enhancers by adding 50, 100 or 200 nucleotides upstream of the 105 

Ax-element (Extended Data Fig. 1a). This did not result in increasing the readthrough levels to 106 

that of the whole coding sequence, thus implying that there are no local enhancer sequences for 107 

the Ax-element, and that sequences very distal and upstream to the stop codon enhance 108 

readthrough. We then created truncated constructs in which nucleotides were removed from the 109 

5’ end of the mRNA. Surprisingly, deletion of the first 100 nucleotides dropped the readthrough 110 

activity by half (~0.94% readthrough), with a further drop to Ax-only levels at the 250-nucleotide 111 

deletion (Fig. 1b). Interestingly, sequence analysis of the upstream region within the first 100 nt 112 

presented another potential hnRNP A2/B1 binding sequences (A93GGAGG). Altogether, this set 113 



of data demonstrate that the full, bicistronic VEGF-A mRNA is necessary for efficient 114 

readthrough to occur and that the Ax-element is incapable of causing significant readthrough 115 

without the presence of multiple signals in the coding region: one within the first 100 nucleotides 116 

with a potential to bind hnRNP A2/B1 (SL-Au1), and the second between 200-250 nucleotides 117 

(Au2).  118 

 119 

DMS-MaPseq reveals alternate structures in SL-Au1 and multi-domain organization of the Ax-120 

element. 121 

To gain structural insights into the readthrough process, we chemically probed28 the 122 

bicistronic native mRNA from the cells used for the luciferase assay by DMS-MaPseq. Overall, 123 

the Ax-element folds into three, short stem loops (SL-Ax1-3) with five and four nucleotide linker 124 

sequences in between them, respectively. This architecture is unusual in that most recoding 125 

signals are made up of pseudoknots or single stem loops (Fig. 1c and Extended Data Fig. 1b). In 126 

addition, the first seven nucleotides of the Ax-element form an additional stem loop with ten 127 

nucleotides upstream of the stop codon. SL-Ax1 contains the previously identified hnRNP A2/B1 128 

binding site with one of the consensus A588GG motifs predicted to be positioned in the loop11.  129 

  130 

DMS mapping of the 5’ end of the mRNA showed that only residues 43-102 give rise to 131 

ensembles that converge into a defined fold, which we term SL-Au1. SL-Au1 was predicted to 132 

form a long stem loop capped with a CCA triloop and has four short helices (1a-1d) interspersed 133 

with bulges (Fig. 1c and Extended Data Fig. 1c). In some structures, helix 1c either folded into a 134 

stem with a register shift (helix 1c’) or did not form at all and instead configured into a large 135 

bulge, suggesting that helix 1c could possibly sample alternate arrangements (Extended Data Fig. 136 

1c). The potential hnRNP A2/B1 binding sequence spans both helix 1a and 1b at the 3’ end of SL-137 

Au1. Finally, characterization of Au2 (residues 200-250) also shows the potential to fold into 138 

structured elements. However, the configurations of the structures in the ensembles varied 139 

significantly, with sequences placed in a stem in one configuration ending up in a loop in the 140 

other (Extended Data Fig. 1d); for this study, we thus only focused on the roles of SL-Au1 and the 141 

Ax-element in stop codon readthrough. 142 



 143 

Ax and Au1 elements make long-range interactions. 144 

We next synthesized the individual RNA domains by in-vitro transcription.  Given that 145 

we observed an effect of the Au1 region on stop codon readthrough, we tested whether it is able 146 

to interact directly with the Ax-element. To do so, we performed Isothermal Titration Calorimetry 147 

(ITC) to check for potential long-range interactions between the elements. While titration of SL-148 

Au1 into SL-Ax3 did not give rise to any binding interactions, titration of SL-Ax2 into SL-Au1 gave 149 

rise to specific enthalpically-driven heats of binding between the two domains (Kd = 0.95 ± 0.53 150 

µM) at a 1:1 stoichiometry (n= 0.93 ± 0.1) (Fig.  1d). For comparison, a study by Vander Meulen et 151 

al. has characterized a GNRA tetraloop and receptor stem docking interaction — prevalent in 152 

maintaining long range structures in RNA molecules— to have an estimated dissociation constant 153 

of ~5.5 µM29. It is also important to note that in the Vander Meulen et al. study, the interaction 154 

was made bivalent by designing the tetraloop and receptor onto the same construct, which in all 155 

likelihood further enhanced the binding. Thus, the relatively strong affinity between SL-Au1 and 156 

SL-Ax2 suggests a model in which long-range interactions add an additional layer of complexity 157 

to the VEGF-A readthrough event. 158 

 159 

Structures of the Ax-element.  160 

 We then performed structural analysis by Nuclear Magnetic Resonance (NMR) to 161 

understand the individual motifs of the Ax-element (Extended Data Table 1). In SL-Ax1, the 5-bp 162 

stem predicted by DMS-MaPseq is extended by an additional non-canonical A587 o G592 base pair, 163 

thus resulting in a four-nucleotide A588GGA tetraloop (Fig. 1f and Extended Data Fig. 2a). The 164 

first two residues (A588 and G589) of the loop are in a stacked configuration with the 5’ nucleotides 165 

of the helix, with G589 in a syn-conformation. After chain reversal, residue G590 also adopts a syn-166 

conformation, stacking on A591, which further stacks continuously with the 3’ nucleotides of the 167 

helix. Thus, for the two consensus AGG hnRNP A2/B1 binding sequences, A584GG is completely 168 

sequestered by base pairings in the stem, while the A588GG nucleotides are structured in an 169 

unusual tetraloop.  170 

  171 



As predicted, SL-Ax2 forms a four base pair stem capped with a U607CGGG pentaloop. The 172 

first two residues of the pentaloop, U607 and C608, continue to stack on the 5’ strand of the stem 173 

base pairs, after which the chain turns with the following three residues G609GG showing 174 

continuously stacking NOES with the 3’ strand of the helix (Fig 1g and Extended Data Fig. 2b). 175 

As in the GNRA-type fold, the nucleobase of G611 stacks on the ribose of A612 leading to an 176 

expected upfield shift of the A612 H1’ proton to 4.5 ppm (Extended Data Fig. 2c). This positions 177 

the Watson-Crick faces of the three contiguous G residues outside the loop. Such a loop 178 

configuration where three stacked G residues engage in Watson-Crick interactions with 179 

contiguous cytosines present at a long-distance has been observed in the Haloarcula marismortui 180 

ribosomal RNA30. Thus, our structure of SL-Ax2 indicate that it may be poised for the long-range 181 

interactions with structures present in Au1 as evidenced by ITC analysis. 182 

 183 

Finally, the imino proton assignments of SL-Ax3 indicate that it is composed of a five base 184 

pair stem-loop with a dinucleotide A632A bulge, as predicted by DMS-MaPseq. Continuous 185 

stacking of the five base pairs was observed, indicating that the AA bulge is extruded out of the 186 

groove (Extended data Fig. 2d). However, dimerization interactions of the loop precluded us 187 

from unambiguously assigning and solving the high-resolution structure of SL-Ax3. 188 

 189 

Structure of the Au1 element. 190 

To aid in assignments of the relatively large Au1 construct and to unambiguously 191 

corroborate the presence of the equilibrium structure predicted in the SL-Au1 element, we 192 

synthesized smaller segments of Au1 (1a-1b, 1b-1c, 1b-1c’, 1c’-1d, 1c-1d and 1d; along with the 193 

full-length construct (Extended Data Fig. 3-6). Indeed, our data show that SL-Au1 forms a single 194 

stem with a CCA loop and is interspersed with bulges that divide the stem into four short helices, 195 

1a-1d (Extended Data Fig. 3). Furthermore, as predicted, two sets of signals were assigned for the 196 

region encompassing residues 56-64 and 81-90, which confirmed an equilibrium between helix 1c 197 

and 1c’ (Fig. 1c and Extended Data Fig. 6a).  198 

 199 



The structures formed by helices 1a, 1b and 1d do not change in the two configurations 200 

adopted by SL-Au1 (Extended Data Table 1). Separated by a single adenine nucleotide bulge (A50), 201 

the distal helices 1a and 1b form an almost continuous stem (Fig. 1e and Extended Data Fig. 4a, 202 

4b). A50 is part of the helix with regular stacking between residues U49 and C51. In this 203 

configuration, the two consensus hnRNP A2/B1 binding sequences, A93GG and A96GG, are all 204 

involved in base pairing interactions within helix 1b and 1a, respectively (Extended Data Fig. 3). 205 

Furthermore, the proximal helix 1d is rich in GU basepairs (U67-G79, G68-U78 and U70-G76), which 206 

make up half of the six base pairs in the helix as evidenced by the three upfield shifted GU cross-207 

peak pairs in the imino region of the NOESY spectrum (Fig. 1e and Extended Data Fig. 5b). The 208 

C72CA triloop which caps this helix is well structured, with chain reversal occurring between 209 

residues C72 and C73 and stacking with both sides of the helix (Fig. 2a).  210 

 211 

The central helix adopts two different configurations (helix 1c and 1c’) (Extended Data 212 

Fig.  6a). Helix 1c shows the formation of an 8-bp stem (residues 57-64 and 81-88) including two 213 

tandem, non-canonical C-C base pairs that are protonation dependent, making the equilibrium 214 

between helix 1c and 1c’ highly sensitive to pH (Fig. 2b and Extended Data Fig. 5b). In the 1c 215 

configuration, the junction between helices 1d and 1c also has an almost continuously stacking 216 

architecture with a single adenine nucleotide bulge (A65) stacked inside the helix. On the other 217 

end, the junction between 1c and 1b is defined by an internal loop (A56; C89A). While A56 stacks 218 

with the helix (Extended Data Fig. 4b), the opposing residue A90 is extruded out toward the minor 219 

groove. The H4’ sugar proton of residue C89 gives NOEs to the aromatic H8 proton of A92, placing 220 

it in the major groove and within hydrogen bonding distance of U54-A92 (Fig. 2c). This local triple-221 

base configuration obtained is similar to arginine sandwich motifs31. Overall, with continuous 222 

stacking of all helices in the helix 1c configuration, the structure of SL-Au1 has a linear appearance 223 

(Fig. 1e).  224 

 225 

On the other hand, due to the base pairing register shift in the helix 1c’ configuration, 226 

residues A56 to A59 and A81 to A85 form two opposing bulges separated by a 5-bp stem (residues 227 

60-65 and 86-90). These four (A56CCA) and five (A81CCCA) nucleotide bulges flanking helix 1c’ 228 



cause bent geometries between junctions with helices 1b and 1d, respectively (Fig. 2d). At the 1b-229 

1c’ junction, residues A56 and C57 stack on helix 1b, whereas residues C58 and A59 stack under helix 230 

1c’ (Fig. 2e). There are no NOEs between C57 and C58, indicating opposing orientations. At the 1c’-231 

1d junction, the A81 in the A81CCCA bulge base pairs with the A65 in the opposite strand (Fig. 2f). 232 

The following three cytosine residues show a continuous NOE walk. With only a partial stacking 233 

between C84 and A84, the triplet Cs are extruded out in way that seem poised to make long-range 234 

interaction with SL-Ax2, as indicated by the ITC data (Fig. 1d, 2d). 235 

 236 

SL-Ax2 and SL-Au1 interact via loop-bulge docking interactions 237 

  To understand the mode of the long-range interaction, we performed small angle X-ray 238 

scattering (SAXS) analysis of free SL-Au1 and in complex with SL-Ax2. Furthermore, since the 239 

C82CC motif in SL-Au1 and G609GG motif in SL-Ax2 resemble a motif found in Haloarcula 240 

marismortui ribosomal RNA where the three stacked G residues engage in Watson-Crick 241 

interactions with contiguous cytosines30, we also modeled a similar interaction between SL-Au1 242 

and SL-Ax2 (Fig. 2g). Compared to the free form, the SAXS envelop of the bound form of SL-Au1 243 

showed a clear additional density, which was able to accommodate the structural model of SL-244 

Ax2 in the complex (Fig. 2g).  245 

To unambiguously assign the docking interface, we titrated SL-Ax2 in the 1c’-1d construct, 246 

which allowed for identification of the A81-C84 bulge as the one involved in the long-range 247 

interaction (Extended Data Fig. 5b). While no global changes in the secondary structure of either 248 

1c’-1d or SL-Ax2 occurred, resonances for three new G-C Watson-Crick base pair formations were 249 

observed, supporting complex formation observed by ITC (Fig. 1d). The combination of binding 250 

heats observed by ITC, intermolecular base pairing NOEs observed by NMR, and the complex 251 

obtained by SAXS all support the formation of the long-range interaction between the SL-Au1 252 

bulge and SL-Ax2 loop. 253 

 254 

hnRNP A2/B1 binds SL-Ax1 and SL-Au1 255 

We next wanted to test if the previously identified hnRNP A2/B1 binding sites (A584GG 256 

and A588GG in SL-Ax1) and the new potential sites (A93GG and A96GG in helix 1a and 1b, 257 



respectively)11 interacted with hnRNP A2/B1. It was previously reported that mutating the 258 

A588GG hnRNP A2/B1 binding site led to decreased readthrough levels11. Similar to previous 259 

hnRNP binding studies32-36, we used an hnRNP construct that consisted of the two RNA-260 

recognition motifs (RRMs), but lacked the aggregation-prone C-terminal domain, previously 261 

shown to be involved in oligomerization and nuclear localization of the protein37-39 (Fig. 3a). 262 

Titration of hnRNP A2/B1 into SL-Ax1 and SL-Au1 by ITC gave data that fit well with a single-site 263 

binding model with estimated dissociation constants of 200 ± 42 nM and 348.5 ± 22 nM, 264 

respectively (n=1.02 ± 0.34 and 1.2 ± 0.33, respectively) (Fig. 3b). These Kd’s are in accordance with 265 

previously published binding affinity of similar sequences36.  Nevertheless, a critical difference in 266 

the binding mode was observed between the two interactions: while the interaction with SL-Ax1 267 

was enthalpically driven (∆H -10.4 ± 4.7 kcal/mol and ∆S -4.4 ± 15.3 cal/mol/K), the interaction 268 

with SL-Au1 (∆H -3.6 ± 1.7 kcal/mol and ∆S 17.6 ± 5.7 cal/mol/K) was entropically driven, the latter 269 

suggesting rearrangement of RNA structure upon protein binding.  270 

 271 

Since hnRNP A2/B1 bound both SL-Au1 and SL-Ax1, and since it is able to dimerize 272 

through its C-terminal domain38, we tested if it is able to mediate the long-range interaction 273 

between SL-Au1 and SL-Ax1 via its dimerization domain. Using an in-vitro rabbit reticulocyte 274 

lysate (RLL) system, we tested the effects of full-length hnRNP A2/B1 and hnRNP A2/B1 lacking 275 

a C-terminal domain (DCTD) on VEGF-A readthrough efficiencies (Fig. 3c). Recoding was 276 

replicated in this assay, with baseline readthrough values of ~4%, which is slightly higher than 277 

those in cells. Such differences have previously been reported40, and generally arise from tighter 278 

regulation in cells. By adding either full-length hnRNP A2/B1 or hnRNP A2/B1-DCTD to VEGF-279 

A mRNA, we are able to increase readthrough by a factor of ~2.5 (Fig. 3c) to 9.6%, and further 280 

additions of hnRNP A2/B1 reproducibly reduced readthrough. These results not only confirm the 281 

stimulatory effect of hnRNP A2/B1 binding, but also point to other hnRNP A2/B1 driven 282 

mechanisms to balance required readthrough levels. Importantly, there was no observable 283 

difference in readthrough levels between the full-length and dimerization-deficient hnRNP 284 

A2/B1 constructs, indicating that hnRNP A2/B1 dimerization is not required for readthrough 285 

activity, and that another mechanism must be responsible for mediating the observed long-range 286 



interactions. As a control, using the Murine Leukemia Virus (MLV) readthrough system resulted 287 

in constant readthrough levels, showing that the effects of hnRNP A2/B1 are specific to VEGF-A 288 

(Fig 3c).  289 

 290 

 To determine the exact binding site within SL-Au1, we performed a protein titration on 291 

our NMR sample. Addition of even sub-stoichiometric (0.3 equivalents) of RRM1/2 to SL-Au1 292 

resulted in pushing the equilibrium to the 1c’ configuration, as evidenced by the disappearance 293 

of the U60-A85 and A59-U86 base pairing in helix 1c and the appearance of A64-U86 in helix 1c’ (Fig. 294 

3d). Furthermore, addition of one equivalent of protein led to chemical shift changes both in the 295 

protein and RNA and gave rise to multiple intermolecular NOEs. Interestingly, our data show 296 

that binding occurred specifically to molecules in the 1c’ configuration, as evidenced by the 297 

specific disappearance of the U60-A90 base pair, which is representative of helix 1c’. Perturbations 298 

of A93 resonances indicated that binding occurs at the consensus hnRNP A2/B1 binding site (Fig. 299 

3d). Overall, these experiments suggest that the role of hnRNP A2/B1 binding to SL-Au1 may be 300 

to modulate the equilibrium toward the 1c’ conformation, which is required for long-range 301 

interactions. 302 

 303 

Based on recent findings that it is the RRM1 that recognizes the AGG sequence36, we used 304 

a shortened hnRNP construct to determine the mode of interaction with SL-Ax1. Binding between 305 

RRM1 and SL-Ax1 resulted in perturbations of specific residues in the loop, with G590 giving clear 306 

intermolecular NOEs to an aromatic residue of RRM1, thus providing confirmation of residues 307 

A588GG sequence as the binding site (Fig. 3e). The second potential A584GG binding motif remains 308 

sequestered within the stem as unaffected by protein binding; in fact, the majority of the SL-Ax1 309 

stem structure remaining unchanged upon protein addition. Thus, at both the SL-Au1 and SL-Ax1 310 

binding sites, hnRNP A2/B1 recognizes structured loops, as recently described in viral IRES 311 

translation regulation35.  312 

 313 

The various elements synergistically regulate recoding efficiencies 314 



Given both the unusual multi-stem nature of the Ax-element, and potential unique 315 

functions of the individual stems, we wanted to first determine their contributions to recoding. 316 

We created constructs in which SL-Ax2 and SL-Ax3 elements were removed (Fig. 4a). We also 317 

checked DMS-MaPseq reactivities to ensure that in either deletion, the fold of SL-Ax1 is not 318 

perturbed (Extended Data Fig. 7a). Deletions of SL-Ax3 and both SL-Ax2 and SL-Ax3 led to 319 

significant reduction in readthrough levels by 40% and 70%, respectively, implying that the 320 

entirety of the Ax-element is required to maximize readthrough levels (Fig. 4b). Interestingly, 321 

removing the entire Ax-element decreased readthrough levels by almost 80% to a level of 0.5% 322 

(Fig. 4b). 323 

 324 

While we do not yet understand the structural mechanism by which SL-Ax3 influences 325 

readthrough, our understanding of the long-range interaction between SL-Ax2 with SL-Au1 326 

allows us to test for its contribution. We thus created mutants in which the C82CC involved in 327 

long range interaction in SL-Au1 was sequestered by either changing them to Gs along with 328 

mutating G61 to C, or by mutating the opposing C62C residues to guanosines. Both of these give 329 

rise to three contiguous G-C base pairs, which should preclude inter-domain interaction of this 330 

bulge and lead to appreciable decreases in readthrough by ~40% and ~50%, respectively (Fig. 4c). 331 

Similarly, disruption of the docking G609GG motif in SL-Ax2 by replacing the pentaloop with a 332 

GAAA tetraloop, led to an equivalent 40% decrease in readthrough activity (Fig. 4c).  333 

 334 

Next, we wanted to test the contributions of protein binding motifs to recoding 335 

efficiencies. We first tested protein binding efficiency of the previously published dinucleotide 336 

A587A to U587U mutation in SL-Ax1
11. ITC experiments on a SL-Ax1 A587A:UU mutant yielded a 337 

~1.5-fold decrease in binding when compared to wild-type SL-Ax1 (Extended Data Fig. 7b). This 338 

correlates with an observed ~50% reduction in readthrough levels (Fig. 4c). Similarly, for 339 

experiments on a SL-Au1 A92A:UU mutant, we observed a ~2-fold increase in Kd, or 2-fold 340 

decrease in binding affinity (Extended Data Fig. 7c), which correlates to a ~40% decrease in 341 

readthrough levels for this mutation (Fig. 4c), suggesting a strong-interplay between hnRNP 342 

A2/B1 binding and readthrough of the VEGF-Ax system. Interestingly, a double mutant in which 343 



both hnRNP A2/B1 binding sites were mutated displayed higher readthrough efficiency than 344 

either single mutant (Fig. 4c). This epistatic behavior is a strong indication of direct influence of 345 

the two binding events on local RNA structure, and consequently their long-range interactions. 346 

Furthermore, it suggests that the closed-loop configuration of VEGF mRNA may place SL-Au1 347 

and SL-Ax2 in close proximity, thus allowing for the observed epistasis. Overall, these mutational 348 

studies show the importance of the various players involved in regulating readthrough levels of 349 

the VEGF mRNA.  350 



Discussion 351 

Here we have presented evidence of a complex eukaryotic translational readthrough 352 

system employing several novel mechanisms of action. Canonically, readthrough and 353 

frameshifting events only require a single cis-acting signal in the vicinity of the stop codon. In this 354 

study, we performed structural and mutational work to better understand the role of the 355 

previously identified readthrough signal, the Ax-element. In addition to the previously identified 356 

stop-codon proximal signal, we identified several new components of this readthrough event: 357 

two cis-acting elements upstream of the stop codon, an additional hnRNP A2/B1 binding site, and 358 

long-range RNA-RNA interactions spanning the length of the VEGF-A gene.  359 

 360 

The presence of a 5’ element conferring ribosomal readthrough is novel. In retroviruses, 361 

where ribosomal recoding has been studied more extensively, readthrough signals tend to be 362 

localized in the immediately vicinity of the stop codon14,16. While distant downstream elements 363 

enhancing frameshifting in Pea enation mosaic virus41 and readthrough in Potato leafroll virus20 364 

have been studied, to the best of our knowledge, there are no examples of distant upstream 365 

signals. Given that these novel cis-acting elements, located at ~250 and ~500 nucleotides upstream 366 

of the stop codon, are in the coding region, this is an even more unusual setup for ribosomal 367 

readthrough.  The dispersed, multi-domain architecture of the Ax-element is also unique in that 368 

RNA signals that cause recoding in ribosomes are generally made up of a single stem loop or 369 

pseudoknot structures. Such an organization, along with the presence of long-range interactions 370 

between signals located at the two ends of the coding sequence and multiple hnRNP A2/B1 371 

binding sites, hints towards a complex mechanism for regulation of readthrough in mammalian 372 

systems. 373 

 374 

Altogether, our study allows us to start putting together a mechanism by which 375 

readthrough frequency— and hence relative proportions of VEGF-A (angiogenic) to VEGF-Ax 376 

(less angiogenic) isoforms— may be maintained (Fig. 5).  Our model suggests that regulation 377 

takes place via modulations of alternate mRNA structures by hnRNP A2/B1 levels42.  Binding of 378 

hnRNP A2/B1 to SL-Au1 allows for a register shift in the base pairing of helix 1c to the 1c’ 379 



configuration, which is capable of making long-range interactions with SL-Ax2 near the vicinity 380 

of the stop codon. The two conformations of SL-Au1 were reproducibly observed in cells, adding 381 

another example of use of conformational equilibrium in RNA molecules to regulate critical 382 

functions in cells. Additionally, while we did not address the roles of SL-Ax3 or the Au2 element 383 

~250 nt upstream of the stop codon in this manuscript, they will further contribute to the 384 

complexity of this readthrough system.   385 

  386 

 Whereas the function of hnRNP A2/B1 binding to SL-Au1 is to modulate the equilibrium, 387 

the function of hnRNP A2/B1 binding to SL-Ax1 is unclear. However, given the spacing between 388 

the stop codon and the hnRNP A2/B1 binding site at SL-Ax1, the binding of hnRNP A2/B1 may 389 

act as a stressor upon the ribosome at the stop codon. This would be similar to EMCV and PRRSV 390 

in which binding of A2 protein and nsp1b/poly(C) binding protein, respectively, takes the place 391 

of the canonical structured element21,22. Given the apparent lack of an extended, complex 392 

secondary structure in VEGF-A mRNA, this hnRNP A2/B1-induced stress, in conjunction with 393 

the additive effects of the long-range RNA interaction, may take the place of complex secondary 394 

structural elements, such as pseudoknots, found in many other recoding events15. 395 

 396 

The long-range cross-talk interaction we have identified is a novel mechanism through 397 

which ribosomal recoding events may be regulated. While the broader concept of long-range 398 

RNA interactions is not new, it has recently been suggested that more broadly, most if not all 399 

mRNAs exhibit 5’ to 3’ communication through a combination of proximity base pairing and 400 

RNA-binding proteins43,44. For example, recent studies measuring the spacing between 5’ and 3’ 401 

ends of coding mRNA, both in-vitro and in-vivo, have found them to be much closer than would 402 

be predicted for a randomly folded RNA43,45-47. While these studies support a previously 403 

established closed-loop model of RNA in which the polyA tail and 5’ cap of mRNA are spatially 404 

close to regulate canonical translation initiation and termination, our studies show that the 405 

closed-loop model can give rise to specific long-range interactions that can have functional 406 

consequences on translational elongation.   407 



Methods 408 

In-cellulo translation assay 409 

Sequences of interest for in-cellulo dual luciferase assays were cloned between renilla 410 

luciferase (RLuc) and firefly luciferase (FLuc) using BamHI and SacI restriction sites on the p2Luc 411 

plasmid26. To normalize against differential FLuc and RLuc luminescence, mRNA degradation, 412 

and ribosome fall-off products, each construct containing a TGA stop codon was cloned in 413 

tandem with a control construct containing a GCA codon. This control construct was used to 414 

normalize for readthrough activity.  415 

 416 

Dual luciferase assays were performed in white 96-well half-area flat bottom plates 417 

(Corning). Bovine aortic endothelial cells (BAOECs), grown at 37°C in 5% CO2, were diluted to 418 

30% confluency in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Cells 419 

were then plated at 150 µL per well with 5 total replicates per construct. 1 hour post-plating, 11µL 420 

transfection mix (480 ng plasmid, 1.2 µL Fugene6 (Promega) and 46.8 µL DMEM) was added to 421 

each well. Cells were allowed to express RLuc and FLuc for 2 days prior to taking readings. 422 

 423 

Luciferase luminescence readings were collected on a SpectramaxL (Molecular Devices) 424 

plate reader at 470 nm with an integration time of 1 second using the reagents in the Dual-425 

Luciferase Reporter Assay System kit (Promega). Prior to collection, cells were lysed in 35 µL of 426 

1x passive lysis buffer (Promega) for 15 minutes. Then 50 µL FLuc substrate was added and 427 

allowed to sit for 30 seconds prior to collecting luminescence readings. Similarly, 50µL RLuc 428 

substrate was added, allowed to sit, and luminescence was collected again. Readthrough 429 

percentages were calculated as previously described26. P-values were calculated using a 2-tailed 430 

T-test. 431 

 432 

In-vitro translation assay 433 

Template DNA for rabbit reticulocyte lysate (RRL) assays was prepared by PCR 434 

amplifying hnRNP A2/B1 constructs and VEGF-A sequences of interest flanked by RLuc and 435 

FLuc. 8 µL PCR product was used as a template for in-vitro transcription using the mMESSAGE 436 



mMACHINE T7 Transcription Kit (Invitrogen). RNA was diluted to 10 µg/µL in nuclease free 437 

water. 438 

 439 

8 µL RRL (Promega) master mix (100 µL reaction mixture, 17.5 µL nuclease free H2O, and 440 

2.5 µL methionine) was combined with 1 µL of each RNA (VEGF and hnRNP A2/B1) at the 441 

desired concentration. For no protein samples, 1 µL transcription reaction buffer was added 442 

instead. Reactions were then allowed to continue for 90 minutes at 30°C prior to placing on ice 443 

for 20 minutes. Lysates were then plated at 2.5 µL per well with 3 total replicates per construct in 444 

white 96-well half-area flat bottom plates (Corning). Luciferase luminescence readings were 445 

collected as described above.  446 

 447 

 448 

Preparation of hnRNP A2/B1  449 

An hnRNP A2/B1 consisting of RRM1/2 was cloned into a pGEX-6P-1 plasmid using 450 

BamHI and NotI restriction sites48.  451 

 452 

BL-21 cells containing GST-tagged hnRNP A2/B1 constructs in pGEX-6P-1 were 453 

inoculated in LB media containing 100 µg/mL ampicillin and grown overnight at 37°C with 454 

shaking at 200 rpm. In the morning, 20 mL of overnight culture were diluted into 2 L LB media 455 

containing 100 µg/mL ampicillin. Cells were allowed to grow at 37°C with shaking until reaching 456 

OD600 ~1. Cells were cooled to 20°C and subsequently induced with 100 µM IPTG for 16 hours, 457 

after which they were pelleted at 5,000g for 20 minutes. A pellet corresponding to 2 L was 458 

resuspended in 50 mL hnRNP lysis buffer (50 mM Phosphate pH 7.5, 200 mM NaCl, 40 mM 459 

MgCl2, 1 mM DTT, 0.1% Triton X-100) and sonicated (Branson Sonifier 450) at setting 7-8 with 460 

50% amplitude for 6 pulses of 60 seconds each. 5 mL of 4% polyethyleneimine (PEI) was added 461 

drop wise to the lysed cells and allowed to mix on ice for 30 minutes. The lysed cells were then 462 

spun at 27,000g for 20 minutes.  463 

 464 



Lysate supernatant was added to Pierce Glutathione Agarose Affinity Purification Media 465 

(Thermo Scientific) and allowed to bind for 2 hours on a rocker at 4°C. Following binding, beads 466 

were washed twice with 50 mL ice cold hnRNP wash buffer (50 mM Phosphate pH 7.5, 500 mM 467 

NaCl, 1 mM DTT). Subsequently, protein-bound beads were loaded onto a column and washed 468 

overnight with 2 L hnRNP wash buffer using a pump at a flow rate of 1.8 mL/minute at 4°C.  469 

Protein was eluded in 50 mL elution buffer (20 mM Phosphate pH 7.5, 15 mM KCl, 2 mM MgCl2, 470 

5% glycerol) and 2.4 mg PreScission protease. The column was allowed to rock at 4°C for 8 hours 471 

prior to collecting the first elution. hnRNP A2/B1 was concentrated in Ultra Centrifugal Filter 472 

Units (Amicon) with a 3 kDa cutoff and washed into the appropriate buffer as needed.  473 

 474 

Large-scale synthesis and purification of RNA 475 

RNA constructs were either ordered (IDT or Horizon Discovery) or synthesized in-house 476 

using T7 polymerase as previously described49. Final RNA was washed into appropriate buffer 477 

as needed using Ultra Centrifugal Filter Units (Amicon). 478 

 479 

NMR & Structure Calculations 480 

RNA samples were placed in 300 µL NMR buffer (10 mM Tris pH 5.6, 10 mM NaCl or 10 481 

mM HEPES pH 5.6, 50 mM KCl) in D2O. For assignments of exchangeable proton and nitrogen 482 

resonance NOESY and HSQC were collected on samples lyophilized and resuspended in H2O 483 

supplemented with 10-15% D2O at 280K. For non-exchangeable proton and carbon assignments 484 

spectra were collected in 99.96% D2O. Assignments were done with the use of NMRFx50. As 485 

previously described, CYANA51 was used to calculate initial structures of the SL-Au1, SL-Ax1 and 486 

SL-Ax2 with manually assigned restraints. Standard torsion-angle (±50° deviations from ideality) 487 

and cross-helix phosphate-phosphate restraints were used for a-helical regions. The structure 488 

with the lowest target function was used to create a coordinate file for refinement in xplor-nih52,53.  489 

Phosphate- phosphate distances were not used at this step. Molecular images were generated 490 

with PyMOL (http:// www.pymol.org). 491 

 492 

ITC 493 



Most ITC experiments were performed in ITC buffer (10 mM HEPES pH 8.0, 50 mM KCl, 494 

1 mM EDTA, 1 mM BME), with the exception of certain SL-Ax1 constructs (20 mM phosphate pH 495 

7.2, 15 mM KCl, 2 mM MgCl2, 5% glycerol). RNA constructs were diluted to 5 µM for and hnRNP 496 

A2/B1 constructs were diluted to 100 µM. ITC experiments were performed on an ITC-200 497 

microcalorimeter (MicroCal) by loading RNA into the cell and protein into the syringe. Protein 498 

was injected in 2 µL increments for a total of 20 injections. Baseline correction, binding curve 499 

fitting, and parameter calculation were performed using Origin (OriginLab). 500 

 501 

DMS-MaPseq 502 

In-cellulo DMS-MaPseq samples were prepared by seeding 10-cm cell culture dishes of 503 

BAOECs at 30% confluency. 1 hour post-plating, 660µL transfection mix (5 µg plasmid, 26 µL 504 

Fugene6 (Promega) and 650 µL DMEM) was added to each well and allowed to grow for 2 days. 505 

Sample processing and analysis was performed as previously described28,54.  506 

 507 

Small Angle X-Ray Scattering 508 

SAXS experiments were performed at the SIBYLS beamline (Advanced Light Source, 509 

Lawrence Berkeley National Laboratory)55. Samples were prepared in NMR buffer (10 mM Tris 510 

pH 5.6, 10 mM NaCl) supplemented with 2% glycerol. Data analysis and ab initio envelope 511 

reconstruction were done using ScÅtter software56.   512 



Figures/Tables  513 



 514 
Figure 1: Identification and structures of the elements involved in mediating VEGF-A readthrough. 515 
(a) Schematic diagram of the VEGF-A mRNA without (top) and with (bottom) the Ax-element. (b) 516 
Functional readthrough levels show that only the full-length VEGF-A + Ax mRNA leads to substantial 517 
readthrough levels. Error bars indicate standard error (n=3) and statistical tests were performed using a 2-518 
tailed t-test (* p < 0.05, ** p < 0.005). (c) The secondary structure reveals an extended stem-loop for SL-519 
Au1, including an alternate conformation (bases shown in orange and blue for simplicity), as well as 520 
shorter stem-loops SL-Ax1-3 within the Ax-element. hnRNP binding sites are indicated in purple, stop 521 
codons are shown in red, and bases involved in the long-range interaction are shown in green. (d) ITC 522 
data show that SL-Au1 is able to specifically interact with SL-Ax2 (black squares), but not with SL-Ax3 523 
(white squares). Tertiary folds are shown for SL-Au1 (PDB 7KUB) (e), SL-Ax1 (PDB 7KUC) (f), and SL-524 
Ax2 (PDB 7KUD) (g) with the same base coloring as in (c). (h) A model was created showing the docking 525 
interaction between SL-Au1 and SL-Ax2.  526 



 527 

Figure 2: Structural features of SL-Au1. (a) Molecular detail of the C72CA triloop that caps SL-Au1. (b) 528 
Helix 1c of SL-Au1 contains 2 tandem C-C non-canonical basepairs. (c) SL-Au1 is able to form a triple 529 
base-pair interaction between C89 and the A92-U54 base-pair. (d) Helix 1c’ assumes a kinked conformation 530 
and is flanked by an A56CCA bulge at the junction with helix 1b (e) and an A81CCCA bulge at the 531 
junction with helix 1d (f). (g) The density, as determined by SAXS, of free SL-Au1 in the 1c’ 532 
conformation (blue) shows the bend described above. It also overlays with a model envelope (grey) of the 533 
SL-Au1:SL-Ax2 long-range interaction complex. Base coloring is as in Figure 1.  534 



Figure 3: hnRNP A2/B1 binds to VEGF-A mRNA to help mediate readthrough. (a) Schematic of the 535 
hnRNP A2/B1 domain architecture showing its RNA-recognition motifs (RRM1 and RRM2) and C-536 
terminal domain (CTD), consisting of an Arg-Gly-Gly box (RGG), prion-like domain (PrLD), and M9 537 
transport sequence. (b) ITC binding studies of RRM1/2 to SL-Au1 (left) or SL-Ax1 (right) show tight and 538 
specific binding. Representative curves of 2 trials are shown. (c) Rabbit reticulocyte lysate assays to 539 
which either full length hnRNP A2/B1 (dark grey) mRNA or RRM1/2 (light grey) was added show no 540 
difference in readthrough activity for an MLV control construct (top) or a VEGF-A construct (bottom). 541 
Error bars indicate standard error (n=3) and statistical tests were performed using a 2-tailed t-test (* p < 542 
0.05). (d) Titration of RRM1/2 (black, 0 molar equivalents; blue, 0.3 molar equivalents; pink, 1 molar 543 
equivalent) into SL-Au1 at 280 K shows the shifting of several 1H-1H NMR peaks of base pairs disrupted 544 
by protein binding. (e) Titration of RRM1 into SL-Ax1 at 311K results in 1H-1H NOE cross-peaks 545 
between G590 and aromatic ring hydrogens of the protein.  546 



 547 
Figure 4: Each element of the VEGF-mRNA separately contributes toward readthrough activity. 548 
(a) Schematic indicating mutations made to the VEGF-A mRNA. Mutations are labeled and shown in red. 549 
For truncated products, the maximal extent of the VEGF-A mRNA is indicated underneath the schematic. 550 
(b) Functional readthrough experiments show that each stem-loop within the Ax-element contributes 551 
toward readthrough. (c) Each tested mutation led to a decrease in readthrough levels, highlighting the 552 
importance of each region in mediating ribosomal readthrough. Error bars indicate standard error (n=3) 553 
and statistical tests were performed using a 2-tailed t-test (* p < 0.05, ** p < 0.005).  554 



 555 
Figure 5: RNA alternate conformations mechanism of VEGF-A readthrough. A mechanistic model 556 
of the VEGF-A coding mRNA shows the formation of a linear SL-Au1 element at the 5’ end of the RNA 557 
and three stem loops (SL-Ax1-3) at the 3’ end of the RNA in the absence of hnRNP A2/B1. In the presence 558 
of hnRNP A2/B1, SL-Au1 undergoes a register shift, exposing three cytosine residues. These three 559 
cytosine residues are able to partake in long-range Watson-Crick base pairing with SL-Ax2, thereby 560 
promoting translational stop-codon readthrough.  561 



 562 
Extended Data Figure 1: VEGF-A readthrough does not rely on local enhancers and DMS 563 
reactivities of the readthrough elements (a) Readthrough experiments indicate that the addition of 564 
sequences upstream of the Ax-element did not lead to increased levels in readthrough, ruling out the 565 
potential effects of local enhancers. Error bars indicate standard error (n=3). DMS-MaPseq data show the 566 
predicted secondary structures of the Ax-element (b), the alternate conformations of SL-Au1 (c), and the 567 
alternate conformations of the second upstream signal, Au2 (d).   568 



 569 
Extended Data Figure 2: NMR data confirm the predicted secondary structure of SL-Ax1-3.  570 
(a) 1H-1H NMR data at 311K show that SL-Ax1 assumes the fold predicted by DMS-MaPseq. (b) 1H-1H 571 
NMR data (311 K) show that G609GG in SL-Ax2 stack on top of each other and (c) HMQC data (311 K) 572 
show the upfield shift of the A612 H1' due to stacking on the ribose ring of G611. (d) Imino proton NMR 573 
assignments at 280 K for SL-Ax3were obtained and confirm the secondary structure prediction and show 574 
that the A632A dinucleotide is extruded out from the stem.  575 



 576 
Extended Data Figure 3: NMR imino data confirm the predicted secondary structure of SL-Au1. 577 
The complete imino proton NMR assignments (280 K) for SL-Au1 in the 1c conformation were obtained. 578 
Imino assignments are colored to match the schematic of the secondary structure, which was subdivided 579 
into helices 1a (blue), 1b (red), 1c (grey), and 1d (green).  580 



 581 
Extended Data Figure 4: NMR data confirm the predicted structures of SL-Au1 helices. Shortened 582 
RNA constructs were used to ascertain the structure of the full SL-Au1 element. 1H-1H NMR data (311 K) 583 
were collected to assign the peaks for helices (a) 1a-1b and (b) 1b-1c.  584 



 585 
Extended Data Figure 5: NMR data reveal the existence of alternate structures of SL-Au1 helices 586 
that allow for long-range interactions. (a) 1H-1H NMR data (311 K) were collected to assign the peaks 587 
for the alternate conformation of helix 1c using a shortened helices 1b-1c’ construct. (b) Imino proton 588 
NMR assignments (298 K) for helices 1c’-1d (black) along with overlays of free SL-Ax2 (green) and the 589 
SL-Ax2:1c’-1d complex (red) shows the formation of long-range basepairing involving G609GG of SL-Ax2. 590 



 591 
Extended Data Figure 6: NMR data confirm the presence of an equilibrium between helices 1c and 592 
1c’ of SL-Au1 (a) Multiple sets of signals are present in 1H-1H NMR data (280 K) at 15 mM KCl (black) 593 
and 50 mM KCl (blue), showing the salt dependence of the 1c to 1c’ equilibrium. Overlays with 594 
shortened constructs 1b-1c’ (purple) and 1c’-1d (green) show that the 50 mM KCl condition favors the 595 
1c’ conformation. (b) The 1c to 1c’ equilibrium (280 K) is also pH dependent, showing distinct peaks at 596 
pH 5.6 (black) and pH 7.3 (red).  597 



 598 
Extended Data Figure 7: Manipulations to the VEGF-A coding sequence maintain global mRNA 599 
structure and reduce hnRNP A2/B1 affinity. (a) DMS reactivities for SL-Au1 and the Ax-element were 600 
collected for various VEGF-A mutant constructs to show there was no major changes in global fold. 601 
Mutations are indicated in red boxes while truncations are indicated by omitted nucleotides. U and G 602 
bases (grey) show no DMS reactivity while A and C bases may have low (black), medium (orange), or 603 
high (red) DMS reactivity. (b) ITC was used to determine a difference in binding affinity for RRM1/2 to 604 
native SL-Ax1 and SL-Ax1 with an A587A:UU mutation. To obtain a monophasic binding curve for the 605 
mutant, a phosphate buffer was used for this comparison. (c) An ITC binding curve was collected for 606 
RRM1/2 binding to SL-Au1 with an A92A:UU mutation in the same HEPES buffer as in Figure 3b. For 607 
these ITC experiments, representative curves of 3 trials are shown.  608 
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Figures

Figure 1

Identi�cation and structures of the elements involved in mediating VEGF-A readthrough. (a) Schematic
diagram of the VEGF-A mRNA without (top) and with (bottom) the Ax-element. (b) Functional readthrough
levels show that only the full-length VEGF-A + Ax mRNA leads to substantial readthrough levels. Error



bars indicate standard error (n=3) and statistical tests were performed using a 2- tailed t-test (* p < 0.05,
** p < 0.005). (c) The secondary structure reveals an extended stem-loop for SLAu 1 , including an
alternate conformation (bases shown in orange and blue for simplicity), as well as shorter stem-loops SL-
Ax1-3 within the Ax-element. hnRNP binding sites are indicated in purple, stop codons are shown in red,
and bases involved in the long-range interaction are shown in green. (d) ITC data show that SL-Au1 is
able to speci�cally interact with SL-Ax2 (black squares), but not with SL-Ax3 (white squares). Tertiary
folds are shown for SL-Au1 (PDB 7KUB) (e), SL-Ax1 (PDB 7KUC) (f), and SLAx 2 (PDB 7KUD) (g) with the
same base coloring as in (c). (h) A model was created showing the docking interaction between SL-Au1
and SL-Ax2 .



Figure 2

Structural features of SL-Au1. (a) Molecular detail of the C72CA triloop that caps SL-Au1 . (b) Helix 1c of
SL-Au1 contains 2 tandem C-C non-canonical basepairs. (c) SL-Au1 is able to form a triple base-pair
interaction between C89 and the A92-U54 base-pair. (d) Helix 1c’ assumes a kinked conformation and is
�anked by an A56CCA bulge at the junction with helix 1b (e) and an A81CCCA bulge at the junction with
helix 1d (f). (g) The density, as determined by SAXS, of free SL-Au1 in the 1c’ conformation (blue) shows



the bend described above. It also overlays with a model envelope (grey) of the SL-Au1:SL-Ax2 long-range
interaction complex. Base coloring is as in Figure 1.

Figure 3

hnRNP A2/B1 binds to VEGF-A mRNA to help mediate readthrough. (a) Schematic of the hnRNP A2/B1
domain architecture showing its RNA-recognition motifs (RRM1 and RRM2) and C terminal domain
(CTD), consisting of an Arg-Gly-Gly box (RGG), prion-like domain (PrLD), and M9 transport sequence. (b)



ITC binding studies of RRM1/2 to SL-Au1 (left) or SL-Ax1 (right) show tight and speci�c binding.
Representative curves of 2 trials are shown. (c) Rabbit reticulocyte lysate assays to which either full
length hnRNP A2/B1 (dark grey) mRNA or RRM1/2 (light grey) was added show no difference in
readthrough activity for an MLV control construct (top) or a VEGF-A construct (bottom). Error bars
indicate standard error (n=3) and statistical tests were performed using a 2-tailed t-test (* p < 0.05). (d)
Titration of RRM1/2 (black, 0 molar equivalents; blue, 0.3 molar equivalents; pink, 1 molar equivalent)
into SL-Au1 at 280 K shows the shifting of several 1H-1H NMR peaks of base pairs disrupted by protein
binding. (e) Titration of RRM1 into SL-Ax1 at 311K results in 1H-1H NOE cross-peaks between G590 and
aromatic ring hydrogens of the protein.

Figure 4

Each element of the VEGF-mRNA separately contributes toward readthrough activity. (a) Schematic
indicating mutations made to the VEGF-A mRNA. Mutations are labeled and shown in red. For truncated
products, the maximal extent of the VEGF-A mRNA is indicated underneath the schematic. (b) Functional
readthrough experiments show that each stem-loop within the Ax-element contributes toward
readthrough. (c) Each tested mutation led to a decrease in readthrough levels, highlighting the importance
of each region in mediating ribosomal readthrough. Error bars indicate standard error (n=3) and
statistical tests were performed using a 2-tailed t-test (* p < 0.05, ** p < 0.005).



Figure 5

RNA alternate conformations mechanism of VEGF-A readthrough. A mechanistic model of the VEGF-A
coding mRNA shows the formation of a linear SL-Au1 element at the 5’ end of the RNA and three stem
loops (SL-Ax1-3) at the 3’ end of the RNA in the absence of hnRNP A2/B1. In the presence of hnRNP
A2/B1, SL-Au1 undergoes a register shift, exposing three cytosine residues. These three cytosine residues
are able to partake in long-range Watson-Crick base pairing with SL-Ax2, thereby promoting translational
stop-codon readthrough.


