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Abstract 18 

Expanded hexanucleotide repeats in C9orf72 produce toxic proteins through repeat-19 

associated non-AUG (RAN) translation, yet how repeat RNAs engage the eukaryotic 20 

initiation machinery has remained unresolved. Here we determine cryo-electron 21 

microscopy structures of human translation initiation complexes assembled on a 22 

(G4C2)₉₆ repeat mRNA. The transcript enters the canonical initiation pathway but 23 

accumulates in a normally transient 48S intermediate. A near-cognate CUG codon is 24 

decoded within a Kozak-like context in the standard decoding centre, while the repeat 25 

RNA simultaneously forms an anchoring contact with the 40S ribosomal head outside 26 

the mRNA channel. Together these features prolong the lifetime of a scanning-to-27 

recognition transition intermediate and convert it into a productive start state without 28 

bypassing canonical initiation. RAN translation therefore arises not from an alternative 29 

initiation mechanism but from stabilisation of a latent non-AUG-competent state 30 

intrinsic to the ribosome. This framework links repeats expansion pathology to 31 

modulation of initiation dynamics and provides a structural basis for selectively 32 

suppressing pathogenic protein synthesis.  33 
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Introduction 34 

Repetitive sequences are widespread in the human genome and are generally tolerated 35 

without deleterious consequences. However, pathological expansions of specific repeat 36 

elements disrupt cellular homeostasis and drive disease pathogenesis1-3. Expanded 37 

repeat RNAs interfere with multiple aspects of RNA metabolism and give rise to toxic 38 

repeat-derived proteins4-9, collectively underlying a diverse group of repeat expansion 39 

disorders with prominent neurological involvement3,10,11. 40 

A major example is amyotrophic lateral sclerosis (ALS) and frontotemporal dementia 41 

(FTD), most commonly caused by expansion of a GGGGCC (G4C2) hexanucleotide 42 

repeat within the first intron of C9orf7212-17. One hallmark consequence of this 43 

expansion is repeat-associated non-AUG (RAN) translation, which produces toxic 44 

dipeptide repeat (DPR) proteins18-20. RAN translation can initiate within or upstream of 45 

repetitive sequences on both sense and antisense transcripts without an AUG start 46 

codon, generating multiple DPR species including poly-GA, poly-GR, poly-PA, poly-47 

PR and poly-GP20-24. Although these DPRs share broadly similar anatomical 48 

distributions in patient tissue, their abundance differs markedly, with poly-GA being 49 

most prevalent, indicating that initiation efficiency varies across reading frames and 50 

transcript contexts24,25. 51 

Despite extensive work on DPR toxicity, the molecular basis of RAN translation 52 

initiation remains unclear10,22. In canonical cap-dependent eukaryotic translation 53 

initiation, the eIF4F complex engages the 5′m7G cap, together with auxiliary factors, 54 

remodels the 5′ UTR to promote recruitment of the 43S pre-initiation complex (40S 55 

subunit bound to eIF1, eIF1A, eIF3 and the eIF2-GTP-Met-tRNAi ternary complex).  56 

The resulting 48S initiation complex then scans the 5′ UTR in a 5′→3′ direction and 57 

selects the start site upon recognition of an AUG codon in a permissive sequence 58 

context26-30. Whether repeat-containing mRNAs engage this canonical machinery 59 

during RAN translation, how initiation sites are selected in the absence of AUG codons, 60 

and how expanded repeat RNAs interact with the ribosome at this stage remain 61 

unresolved, largely due to the absence of high-resolution structural information for 62 
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RAN initiation complexes. 63 

More broadly, translation initiation is often described as a scanning process in which 64 

ribosomes recognise a start codon within a favourable sequence context. Yet near-65 

cognate initiation events occur in many transcripts, indicating that start-site selection is 66 

inherently probabilistic rather than strictly deterministic31,32. How productive initiation 67 

sites are stabilised while transient scanning intermediates are rejected, and whether 68 

alternative initiation configurations exist within the canonical pathway, remain 69 

fundamental unresolved questions in translation. 70 

Repeat expansion transcripts therefore provide an opportunity to examine these 71 

principles under conditions of extreme start-site ambiguity. The continued requirement 72 

for canonical initiation factors in RAN translation suggests that repeat RNAs may not 73 

bypass the initiation pathway but instead stabilise an alternative initiation configuration 74 

that is normally too transient to observe. 75 

Here we use cryo-electron microscopy to visualise human translation initiation 76 

complexes assembled on a repeat-expanded C9orf72 mRNA containing (G4C2)96 77 

repeats. We capture both scanning-competent and start-site-engaged intermediates and 78 

find that the transcript progresses through the canonical initiation pathway but stabilises 79 

a normally transient initiation configuration. Two cooperative determinants are 80 

identified in this work that enable non-AUG start selection on repeat-expanded 81 

transcripts: a Kozak-like context that supports CUG decoding in the canonical centre, 82 

and a repeat-ribosome contact outside the mRNA channel that reinforces ribosomal 83 

engagement. Together, these features capture a scanning intermediate that is otherwise 84 

short-lived and channel it into productive initiation through the standard machinery. 85 

We therefore propose that RAN translation exploits inherent flexibility of the 86 

ribosome’s initiation trajectory, rather than operating through an alternative mechanism. 87 

 88 

Result 89 

Repeat-expanded C9orf72 mRNA assembles a canonical human 48S initiation 90 

complex 91 

To determine how repeat-expanded C9orf72 RNA engages the translation initiation 92 
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machinery, we visualised human initiation complexes assembled on a (G4C2)96 93 

transcript using cryo-electron microscopy. Particle classification revealed discrete 94 

states along the canonical initiation pathway, including the 43S pre-initiation complex 95 

and an mRNA-engaged 48S complex (Fig. 1a; Fig. S1). Notably, the 48S population 96 

accumulated in a closed conformation characterised by pronounced head closure and 97 

stable accommodation of the mRNA within the decoding channel, consistent with a 98 

scanning-to-recognition transition intermediate rather than a transient recruitment state 99 

(Fig. 1b; Fig. S2-S3). 100 

Within this 48S complex, continuous density allowed tracing of the repeat mRNA 101 

through the decoding centre, where the backbone forms stabilising contacts with 102 

ribosomal proteins RPS2, RPS3, RPS14 and RPS26 and interacts with initiation factors 103 

eIF1A and eIF2α (Fig. 1c). The architecture includes the octameric eIF3 complex, the 104 

eIF2-GTP-Met-tRNAi ternary complex and eIF4A at the mRNA entry channel, 105 

indicating that RAN translation proceeds through a canonical initiation assembly rather 106 

than an alternative ribosomal state. 107 

To obtain structurally homogeneous complexes, we established a hybrid reconstitution 108 

strategy combining purified native human 40S subunits and recombinant initiation 109 

factors with a defined repeat transcript. The in vitro-transcribed mRNA exhibited size 110 

homogeneity and supported RAN translation, producing detectable DPR proteins in 111 

cells and in a cell-free system (Fig. 1d-h), confirming that the captured complexes 112 

correspond to a biologically competent substrate. 113 

Consistent with regulation at the initiation stage, arsenite treatment, which induces 114 

eIF2α phosphorylation, increased poly-GA production from the repeat reporter (Fig. 1i; 115 

Fig. S4), supporting a link between initiation-state stabilisation and DPR output. 116 

However, how a defined translational reading frame is established within this canonical 117 

complex in the absence of an AUG codon remained unclear. 118 

 119 

RAN initiation decodes a near-cognate CUG codon within the canonical decoding 120 

centre 121 

A key unresolved question in repeat-associated translation is how a defined reading 122 
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frame is established in the absence of an AUG codon. Inspection of the repeat mRNA-123 

bound 48S complex revealed a single registered P-site codon-anticodon interaction in 124 

which a near-cognate CUG codon, located 24 nucleotides upstream of the repeat tract, 125 

pairs with initiator Met-tRNAi (Fig. 2a). The resulting mini-helix is stabilised by 126 

canonical decoding-centre elements, including the monitoring base C1701 of 18S 127 

rRNA and A36 of the tRNA anticodon loop, indicating recognition within the standard 128 

initiation architecture rather than through a specialised decoding mode. 129 

Superposition with a canonical AUG initiation complex29 showed highly similar 130 

geometry of the P-site environment, including positioning of the tRNA anticodon loop 131 

and surrounding rRNA nucleotides (Fig. S5a,b). Together with the local-resolution 132 

features at the CUG region (Fig. S5c), these data indicate that RAN initiation proceeds 133 

through the canonical decoding centre despite the near-cognate start codon. 134 

Consistent with this structural observation, mutation of the CUG codon to CCG 135 

markedly reduced poly-GA production (Fig. 2b,c), demonstrating that the identified 136 

register functions as the dominant initiation site in the reporter context. 137 

In the repeat mRNA-engaged complex, eIF4A occupies the mRNA entry channel and 138 

contacts the transcript, consistent with a role in maintaining productive scanning and 139 

start-site positioning. Inhibition of eIF4A with rocaglamide A (RocA)33 abolished 140 

defined P-site density in cryo-EM reconstructions (Fig. 2d) and reduced poly-GA 141 

output (Fig. 2e,f), indicating that stable near-cognate decoding requires active mRNA 142 

engagement rather than passive ribosome stalling. 143 

We additionally observe ion-like density adjacent to the P site (Fig. S6), consistent with 144 

occupancy by a cation present in the reconstitution buffer (K⁺ or Mg²⁺). Although its 145 

identity cannot be assigned unambiguously, its position suggests local stabilisation of 146 

the initiation geometry. Because several near-cognate codons occur upstream of the 147 

repeat, this raised the question of how this specific CUG site is preferentially selected. 148 

 149 

A Kozak-like context licenses near-cognate start-site selection 150 

We next examined why the ribosome preferentially selects this near-cognate start site. 151 

The sequence upstream of the repeat contains a Kozak-like context surrounding the 152 
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CUG codon, with guanines at the hallmark −3 and +4 positions (Fig. 3a). Cryo-EM 153 

density resolves a continuous mRNA register spanning nucleotides −4 to +4, revealing 154 

an extensive interaction network between the flanking nucleotides, the 40S subunit and 155 

initiation factors (Fig. 3b). 156 

Upstream of the codon, −4 A packs against RPS26 H80, −3 G forms hydrogen bonds 157 

with 18S rRNA G961 and eIF2α Arg55, and −1 U contacts 18S rRNA G1207 (Fig. 3b). 158 

Downstream, the +4 G interacts with 18S rRNA A1825 and eIF1A Lys67, supported by 159 

stacking against eIF1A Trp80 (Fig. 3c). These contacts stabilise the mRNA geometry 160 

across the P-site and compensate for the reduced pairing strength of the non-AUG 161 

codon-anticodon interaction while preserving canonical decoding-centre architecture. 162 

Consistent with a context-driven mechanism, a nearby near-cognate candidate (AGG) 163 

located 15 nucleotides upstream lacks a favourable Kozak environment and is not 164 

captured in the initiation register (Fig. S7). Thus, start-site selection is governed 165 

primarily by context-dependent stabilisation of the scanning intermediate rather than 166 

by codon identity alone. This suggested that additional features of the repeat transcript 167 

might further stabilise the initiation state once a licensed register is reached. 168 

 169 

Repeat RNA anchoring stabilises a scanning-to-recognition transition initiation 170 

intermediate 171 

We therefore asked whether the repeat RNA itself interacts with the ribosome to 172 

stabilise the initiation complex. Beyond the decoding centre, the G4C2 repeat tract 173 

engages the ribosome at a site external to the canonical mRNA channel. In the repeat 174 

mRNA-bound 48S complex we resolve a prominent density extension emanating from 175 

the repeat that contacts the ES9S expansion segment of 18S rRNA on the solvent-176 

exposed side of the 40S head, adjacent to RACK1 and surrounding head-domain 177 

ribosomal proteins (Fig. 4a; Fig. S8). The positioning places the repeat RNA outside 178 

the decoding path yet mechanically coupled to head movements that accompany 179 

initiation. 180 

Local model building indicates that a GCCGGG segment within the repeat forms a 181 

short near-complementary helix with a GCAGCCC tract in ES9S (Fig. 4b). Several 182 
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positions are consistent with Watson-Crick base pairing, whereas the central region 183 

deviates from an ideal duplex and is instead stabilised by stacking interactions 184 

involving ES9S nucleotides G1420 and A1421 together with a cytidine from the repeat 185 

RNA. These mixed canonical and non-canonical contacts permit anchoring without 186 

requiring perfect complementarity and are compatible with heterogeneous repeat 187 

register while maintaining a defined attachment site. 188 

The location of this tether relative to the decoding centre links the repeat interaction to 189 

start-site selection observed upstream. Within this anchoring context, the near-cognate 190 

CUG codon is licensed within a Kozak-like context and decoded in a canonical P-site 191 

geometry, indicating that start-site recognition proceeds through standard initiation 192 

architecture rather than an alternative decoding mode. The ES9S contact therefore does 193 

not create a new initiation pathway but instead constrains transcript positioning once 194 

the ribosome reaches a competent register. 195 

The repeat-ES9S tether provides a structural basis for repeat-dependent stabilisation of 196 

a scanning-paused 48S intermediate, which may constitute a kinetically gated step 197 

within canonical initiation. In line with this kinetic interpretation, DPR output is 198 

modulated by perturbations of canonical initiation reported earlier. Under RocA 199 

treatment, which clamps eIF4A onto mRNA and disrupts productive recruitment and 200 

scanning, P-site mRNA density is not resolved in our reconstructions and poly-GA 201 

production is reduced. Conversely, conditions associated with increased eIF2α 202 

phosphorylation correlate with elevated DPR output (Fig. 4c). Together, these 203 

observations suggest that RAN efficiency is set by the stability and occupancy of a 204 

specific intermediate within the canonical initiation pathway.  205 

Integrating these findings with the preceding sections, the data support a model in 206 

which two cooperative features stabilise a productive initiation state: a Kozak-licensed 207 

near-cognate CUG codon establishes a canonical decoding-centre configuration, while 208 

repeat-dependent ES9S anchoring restricts transcript mobility and biases the ribosome 209 

towards a scanning-to-recognition transition 48S intermediate. In this framework, RAN 210 

translation arises from stabilisation of a normally transient initiation configuration 211 

inherent to the ribosome, rather than from engagement of a distinct initiation 212 
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mechanism. 213 

 214 

Discussion 215 

Repeat-associated non-AUG (RAN) translation has been widely invoked to explain 216 

how expanded repeat RNAs generate toxic proteins in neurodegenerative disease, yet 217 

its relationship to canonical translation initiation has remained unclear. The prevailing 218 

view has implicitly assumed that RAN translation represents a specialised or aberrant 219 

initiation pathway. Our structural and functional analyses instead indicate that the 220 

ribosome does not bypass canonical initiation rules on repeat transcripts. Rather, repeat-221 

expanded C9orf72 mRNA exploits intrinsic flexibility within the normal initiation 222 

pathway to stabilise a productive non-AUG initiation state. 223 

At the decoding centre, the near-cognate CUG codon is accommodated within an 224 

otherwise standard initiation architecture. The codon-anticodon helix, monitoring 225 

rRNA nucleotides and initiator tRNA adopt geometries closely resembling AUG 226 

recognition, demonstrating that start-site specification does not require a dedicated 227 

decoding mode. Instead, initiation fidelity is modulated quantitatively: a Kozak-like 228 

context compensates for the reduced pairing optimality of the non-AUG codon, 229 

licensing entry into the initiation pathway while preserving its structural logic. This 230 

supports a model in which non-AUG initiation is not categorically distinct from 231 

canonical initiation but represents an energetically marginal state normally disfavoured 232 

during scanning. 233 

The repeat tract introduces a second, orthogonal influence on initiation dynamics. By 234 

forming an anchoring interaction with ES9S on the 40S head, the transcript becomes 235 

mechanically coupled to ribosomal movements while remaining outside the mRNA 236 

channel. This interaction is positioned to restrict transcript mobility after start-site 237 

recognition, thereby prolonging the lifetime of a scanning-to-recognition transition 48S 238 

intermediate. In this framework, RAN translation arises when a licensed but normally 239 

transient near-cognate initiation configuration is kinetically stabilised. The ribosome 240 

therefore does not mis-recognise the start codon; rather, it fails to disengage from a 241 

permissible but weakly favoured initiation state. 242 
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This mechanism reconciles several puzzling properties of repeat translation. Frame-243 

biased DPR production can emerge from differential stabilisation of nearby near-244 

cognate registers rather than from frame-specific decoding mechanisms. Sensitivity to 245 

eIF4A inhibition and enhancement under conditions associated with eIF2α 246 

phosphorylation follow naturally from modulation of initiation dwell time rather than 247 

activation of a dedicated RAN machinery. More broadly, the data suggest that repeat 248 

RNAs act as kinetic modulators of initiation rather than alternative templates 249 

interpreted by specialised ribosomes. 250 

The principle revealed here may extend beyond C9orf72. Many repeat expansion 251 

transcripts form structured elements or engage ribosomal surfaces outside the decoding 252 

channel, features that could similarly stabilise marginal initiation states. RAN 253 

translation can therefore be understood as an emergent property of the normal initiation 254 

landscape when RNA-encoded interactions reshape its energy barriers. This view 255 

places repeat expansion disorders within a continuum of translational control 256 

mechanisms rather than in a mechanistically isolated category. 257 

Finally, the ribosome-repeat interface defined here provides a conceptual and practical 258 

target for therapeutic intervention. Because the mechanism depends on stabilisation of 259 

a specific initiation intermediate rather than global translation, selectively destabilising 260 

this state may suppress DPR production while preserving bulk protein synthesis. More 261 

generally, our findings reveal that the fidelity of eukaryotic translation initiation is 262 

governed not only by decoding accuracy but also by the lifetime of intermediate states, 263 

which structured RNAs can tune to redirect proteome output in disease. 264 

 265 

 266 

  267 
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Methods 268 

Plasmids 269 

The CMV or T7 promoter-driven (G4C2)96 repeat reporters were built without ATG 270 

start codon and G4C2 repeats were preceded by triple stop codons. GFP or Flag were 271 

downstream of the (GGGGCC)96 repeats in frame with GA. The DNA sequence was 272 

confirmed by Sanger sequencing. 273 

RNA synthesis and purification  274 

Plasmids were linearized with XhoI (NEB) and used as templates for in vitro 275 

transcription using the HiScribe T7 High Yield RNA Synthesis Kit (NEB). The anti-276 

reverse cap analogue 3′-O-Me-m7GpppG (ARCA) was added at a fourfold molar 277 

excess over GTP. Reactions were incubated at 37 °C for 2 h, followed by DNase I 278 

treatment at 37 °C for 15 min. mRNAs were purified using the RNA Clean & 279 

Concentrator Kit (Zymo Research). RNA concentration was measured by NanoDrop, 280 

and integrity was verified on a denaturing formaldehyde agarose gel. 281 

In Vitro translation assay 282 

Preparation of HEK293T cell extracts: HEK293T cells were harvested by 283 

trypsinization and washed in 5 packed cell volumes (PCV) PBS, followed by 5 PCV 284 

hypotonic buffer. Cells were resuspended in 3 PCV RNase-free hypotonic buffers. 285 

Cells were lysed by 10 passages through a 27-gauge needle and clarified by 286 

centrifugation (4 °C, 10 min). The supernatant was supplemented to final buffer 287 

containing potassium acetate, magnesium acetate, creatine phosphate, creatine kinase, 288 

spermidine, DTT and 1 U/μL RNaseOUT. 289 

In Vitro translation reactions: Reactions were programmed with 5 nM in vitro–290 

transcribed RNA. RNAs were heated at 65 °C for 5 min and chilled on ice before 291 

addition. Translation was performed at 33 °C for 90 min and stopped on ice. Samples 292 

were mixed with SDS loading buffer, heated at 98 °C for 10 min, and analyzed by 293 

western blotting. 294 

Cell culture, transfection, and stress treatment 295 

HEK293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 296 

supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 297 
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μg/mL streptomycin. Cells were transiently transfected with C9orf72 plasmid DNA 298 

using Lipo8000® transfection reagent according to the manufacturer’s instructions and 299 

incubated for 48 h post-transfection. For sodium arsenite treatment, cells were treated 300 

with 250 μM sodium arsenite for 2 h, followed by 6 h recovery period under standard 301 

culture conditions. Cells were then harvested, and whole-cell lysates were prepared in 302 

RIPA buffer supplemented with protease and phosphatase inhibitors for subsequent 303 

Western blot analysis. For Rocaglamide (RocA) treatment, cells were treated with 4 304 

μM RocA or vehicle for 3 h, followed by 6h recover period under standard DMEM. 305 

Western blot 306 

HEK293T cells were lysed in RIPA buffer supplemented with 6 M urea and a cOmplete 307 

protease inhibitor cocktail (Roche). Cell lysates were mixed with SDS loading buffer 308 

and denatured at 98°C for 10 min. Proteins were resolved by 10% SDS-PAGE and 309 

transferred onto nitrocellulose membranes (Cytiva). Membranes were blocked with 5% 310 

non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room 311 

temperature and subsequently probed with primary antibodies (Proteintech, 1:1,000) 312 

overnight at 4°C. After washing with TBST, membranes were incubated with HRP-313 

linked secondary antibodies (Proteintech, 1:10,000) or fluorescent secondary antibodies 314 

(IRDye 800CW, LI-COR Biosciences) for 2 h at room temperature. Immunoreactive 315 

bands were visualized using ECL Plus Reagent (Lablead) on a ChemiDoc Imager (Bio-316 

Rad) or detected via a dual-mode infrared imaging system (LI-COR). Densitometric 317 

analysis was performed using FIJI software, with target protein levels normalized to 318 

the corresponding loading controls. 319 

In vitro reconstitution of human 48S complexes for cryo-EM 320 

Initially, eIF2, tRNAiMet, and GMPPCP were mixed to form the ternary complex (TC) 321 

mixture. The TC mixture was then incubated with eIF1, eIF1A, eIF3, AMPPNP, and 322 

the 40S ribosomal subunit at 32 °C for 10 min to assemble the 43S PIC in buffer 323 

containing 20 mM HEPES–KOH (pH 7.5), 97 mM potassium acetate, 2.5 mM 324 

magnesium acetate, 0.3% glycerol, 0.1 mM spermidine, and 1 mM dithiothreitol. The 325 
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48S initiation complex was reconstituted by mixing the 43S PIC with eIF4A, eIF4B, 326 

eIF4E, eIF4G (557-1599) and (G4C2)96 mRNA, and incubate at 37 °C. For preparation 327 

of RocA-treated samples, RocA was added simultaneously with eIF4A to a final 328 

concentration of 0.5 mM. 329 

Cryo-EM sample preparation 330 

A total of 3.3 µl of the Assembled 48S initiation complex sample was applied to 331 

UltrAuFoil R1.2/1.3 300-mesh gold grids pre-coated with graphene oxide (Sigma) 332 

prepared in house. Grids were glow-discharged prior to sample application, followed 333 

by blotting for 5 or 5.5 s using a Vitrobot (Thermo Fisher Scientific). 334 

Cryo-EM data collection  335 

Cryo-EM datasets were collected on Titan Krios G4 cryo-electron microscope operated 336 

at 300 kV, equipped with a Falcon 4i Direct Electron Detector and a Selectris X energy 337 

filter (Thermo Fisher Scientific). Movie stacks were automatically collected using EPU 338 

at a magnification of 130,000× with a pixel size of 0.959 Å for a total dose per EER 339 

(electron event representation) movie of 50 e–/Å2. The defocus range was set between 340 

-1.0 to -1.6 μm. 341 

Cryo-EM data processing 342 

All datasets were processed in cryoSPARC (v4.5.3). For the untreated condition, a total 343 

of ~8,000 micrographs were collected. Movie frames were motion-corrected using 344 

MotionCor2 with 5 × 5 patch alignment, and CTF parameters were estimated for each 345 

micrograph using Gctf (v1.18). Particles were picked using Gautomatch (v0.56; 346 

https://github.com/JackZhang-Lab/Gautmatch), and the motion-corrected micrographs 347 

together with particle coordinates were imported into cryoSPARC for downstream 348 

processing. Particles were extracted and subjected to an initial round of 2D 349 

classification to remove non-particle features and enrich a 40S-dominated particle set. 350 

Masks were then generated and used for 3D classification to separate 40S, 43S, and 351 

48S classes. Selected particle subsets were refined by homogeneous refinement, 352 

followed by local refinement, to obtain the final high-resolution reconstructions. 353 

For the RocA-treated dataset, an analogous workflow was applied, including 2D 354 

classification, mask-guided 3D classification to separate 40S/43S/48S classes, and 355 
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subsequent homogeneous and local refinements to obtain detailed maps. 356 

Model building, refinement and validation 357 

Models were built using PDB 8OZ0 as the starting template. Coot was used for manual 358 

model adjustment and mutation, followed by real-space refinement with 359 

phenix.real_space_refine in PHENIX. 360 
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 483 

Figure 1. Reconstitution and structural characterization of a G4C2 repeat mRNA-bound 484 
human 48S RAN initiation complex 485 
a, Cryo-EM structure of the human 48S initiation complex (IC) assembled on G4C2 repeat 486 
mRNA. The reconstruction resolves the 40S subunit, the octameric eIF3 complex, the ternary 487 
complex (eIF2-GTP-Met-tRNAi) and eIF4A positioned at the mRNA entry channel, together 488 
defining the architecture of the repeat mRNA-bound IC. b, Conformational transition from the 489 
43S pre-initiation complex (PIC) to the 48S IC upon mRNA recruitment. Comparison of the 490 
two states reveals a swivel of the 40S head domain associated with mRNA and eIF4A 491 
engagement, consistent with a shift from an open recruitment state to a more closed initiation 492 
state. c, Interactions stabilizing the repeat mRNA within the 48S IC. Left, Overview of the 493 
resolved mRNA density (cyan) traversing the mRNA channel. Right, Close-up views 494 
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highlighting contacts between the mRNA backbone and ribosomal proteins (RPS2, RPS3, 495 
RPS14 and RPS26), as well as initiation factors eIF1A and eIF2α. d, Schematic of the C9orf72 496 
locus containing the G4C2 repeat expansion and design of RAN translation reporters. The 497 
cellular reporter (RAN-GFP) and the in vitro reporter (RAN-Flag) contain G4C2 repeats 498 
preceded by triple stop codons to minimize canonical upstream translation. e, Quality 499 
assessment of in vitro-transcribed RAN-Flag mRNA by gel electrophoresis, showing the 500 
expected transcript size and integrity. f, Cell-free translation of in vitro-transcribed RAN-FLAG 501 
mRNA yields FLAG-immunoreactive products in cell lysates. Vehicle buffer was added as 502 
indicated Tubulin, loading control. g, Representative immunoblot showing poly(GA) 503 
production in HEK293T cells transfected with the RAN-GFP reporter compared with non-504 
transfected (NT) controls. Tubulin was used as a loading control. h, Formation of poly(GA) 505 
aggregates derived from G4C2 repeat expansions. Representative fluorescence images of 506 
HEK293T cells. Top: Non-transfected control cells. Bottom: Cells transfected with a RAN-GFP 507 
reporter. White dashed lines outline poly(GA) inclusions. Scale bar = 40 μm. i, Quantification 508 
confirms increased CTG-dependent poly(GA) upon arsenite treatment. Densitometric analysis 509 
normalized to tubulin and expressed relative to the untreated condition. Dots represent 510 
independent biological replicates; bars show mean ± s.e.m. Statistical significance was assessed 511 
using a two-sided unpaired t-test. **P < 0.01; ***P < 0.001. 512 
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 514 
Figure 2. RAN translation initiates at a near-cognate CUG codon 515 
a, Cryo-EM density at the 40S decoding centre showing a defined register in which a near-516 
cognate CUG codon (cyan) is engaged by the initiator Met-tRNAi anticodon (gold) in the P site 517 
(peptidyl site). The codon–anticodon interaction is further stabilized by surrounding 518 
nucleotides, including C1701 of 18S rRNA (purple) and A36 of the tRNA. b,c, Mutation of the 519 
near-cognate start codon (CTG to CCG) markedly reduces poly (GA) production. b, 520 
representative immunoblot; c, quantification normalized to tubulin and to the CTG condition. 521 
d, Rocaglamide A (RocA) perturbs stable decoding-centre engagement. In the RocA-treated 522 
reconstruction, mRNA density at the P site is no longer resolved. e,f, RocA suppresses CTG-523 
dependent poly (GA) production. e, Representative immunoblot of poly (GA) expression 524 
following RocA treatment. f, Quantification of poly (GA) levels normalized to tubulin and 525 
relative to vehicle control. For c,f, dots represent independent biological replicates; bars show 526 
mean ± s.e.m. Statistical significance was assessed using a two-sided unpaired t-test. **P < 527 
0.01; ***P < 0.001. 528 
 529 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.01.000147. This version posted March 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 530 

Figure 3. An endogenous Kozak-like context licenses non-AUG initiation 531 
a, Sequence context of the C9ORF72 intronic repeat reporter showing a Kozak-like element 532 
upstream of the (G4C2)n tract. The near-cognate start codon CUG (cyan highlighted) is 533 
annotated by position relative to the first codon nucleotide (+1), with the hallmark Kozak 534 
positions -3 and +4 indicated. b, Cryo-EM density at the 40S decoding centre from the repeat 535 
mRNA-bound 48S initiation complex, revealing a defined mRNA register spanning nucleotides 536 
-4 to +4 around the CUG codon. Flanking nucleotides engage the 18S rRNA and ribosomal 537 
protein S26 (RPS26) and contact initiation factors eIF2α and eIF1A. Right Top, close-up view 538 
showing stabilizing hydrogen-bonding interactions of the -3 nucleotide with 18S rRNA G961 539 
and eIF2α R55. c, Schematic summary of the interaction network that stabilizes the Kozak-like 540 
context and the CUG codon in the Peptidyl site, including contacts with 18S rRNA (G961, 541 
G1207, C1701 and A1825), RPS26 (H80), eIF2α (Arg55), eIF1A (K67 and W80) and pairing 542 
with the initiator Met-tRNAi anticodon. 543 
 544 
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 545 

Figure 4. Repeat mRNA directly engages the ribosome and arrests the pre-initiation 546 
complex 547 
a, Cryo-EM density and structure of the repeat mRNA-bound human 48S IC highlighting a 548 
contact between the G4C2 repeat mRNA (orange) and ES9S region of 18S rRNA on the 40S 549 
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head (purple). Ribosomal proteins surrounding this site (RPS2, RPS5, RPS16, RPS17, RPS18, 550 
RPS19, RPS20 and RPS25) and RACK1 are indicated as in the colour key. b, Structural basis 551 
for mRNA-rRNA anchoring. Centre, schematic of a short RNA-RNA helix formed by a near-552 
complementary base pairing between a GCCGGG segment of the G4C2 repeat mRNA and 553 
GCAGCCC tract within the ES9S region of 18S rRNA. Insets, atomic model fitted into the 554 
corresponding cryo-EM density, highlighting Watson-Crick base pairs (C1417-C1419 and 555 
G1422-C1423) and stabilizing stacking interactions involving among G1420 and A1421 of 18S 556 
rRNA and C from G4C2 repeat mRNA. c, Purposed model linking rRNA anchoring to 557 
initiation-site selection and RAN translation output. A Kozak-like sequence upstream and a 558 
near-cognate CUG codon stabilizes mRNA engagement in the 48S IC. In addition, the G4C2 559 
repeat can anchor the transcript through interact with the ES9S region of 18S rRNA, thereby 560 
stabilizing a trapped RAN initiation state conducive to DPR production. RocA reduces DPR 561 
output, consistent with disruption of eIF4A-dependent mRNA engagement, whereas eIF2α 562 
phosphorylation correlates with increased DPR production. 563 
 564 
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 565 
Figure S1. Hybrid reconstitution and cryo-EM classification of human RAN initiation 566 
complexes 567 
a, Biochemical validation of the hybrid reconstitution system. Coomassie-stained SDS–PAGE 568 
of purified human initiation factors, native 40S subunits and reconstituted initiation complexes. 569 
b, Schematic of stepwise assembly of human initiation complexes on capped (G4C2)96 repeat 570 
mRNA, from 43S pre-initiation complex (PIC) formation to repeat mRNA–bound 48S 571 
initiation complex (IC). c, Cryo-EM data-processing workflow used to resolve distinct 572 
initiation-complex states. d, Representative cryo-EM reconstructions and fitted models for the 573 
major classes, including free 40S, the 40S–eIF3 complex, the 43S PIC and the repeat mRNA–574 
bound 48S IC. Key components are labelled. 575 
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 576 
Figure S2. Cryo-EM density comparison of 43S PIC and 48S IC 577 
a,b, Two orthogonal views of the superposed 43S PIC (yellow) and 48S IC (grey) highlight 578 
similar positioning of the 40S body but a pronounced conformational difference in the 40S head 579 
(zoomed views, right). 580 
 581 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.01.000147. This version posted March 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 582 
Figure S3. Comparison of the 43S PIC and 48S IC at the mRNA channel. 583 
a,b, Two views of the superposed 40S heads from the 43S PIC (purple) and 48S IC (green) 584 
reveal distinct head conformations that alter the geometry of the mRNA channel. 585 
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 587 
Figure S4. Arsenite enhances CTG-dependent poly(GA) production 588 
a, Arsenite treatment increases CTG-dependent poly(GA) levels in cells expressing the reporter. 589 
Representative immunoblot showing poly(GA) and tubulin (loading control) ± sodium arsenite. 590 
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 592 
Figure S5. Comparison of P-site decoding with a canonical AUG codon and a RAN CUG 593 
codon. 594 
a, Superposition of structures containing an AUG P-site codon and a CUG P-site codon. b, 595 
Zoomed views of the P-site region from a, showing the AUG (left) and CUG (right) codon–596 
anticodon interactions. c, Local-resolution map of the CUG P-site region. 597 
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 599 
Figure S6. Model fit at the peptidyl site reveals an ion-like density. 600 
a, Left, overall view of the 48S IC. Right, zoomed view of the peptidyl site showing the fitted 601 
atomic model and an ion-like density adjacent to the peptidyl site. 602 
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 604 

Figure S7. Co Comparison of two AUG-cognate initiation contexts upstream of the G4C2 605 
repeat. Sequence alignment of the regions upstream of the G4C2 repeat showing the CTG 606 
context (24 nt upstream) and the AGG context (15 nt upstream). 607 
 608 
 609 
 610 
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 612 

Figure S8. Alternative overall view of the G4C2 repeat mRNA-ES9S interaction 613 
a, Cryo-EM density of the repeat mRNA-bound human 48S initiation complex (IC) 614 
highlighting the G4C2 repeat mRNA (orange) engaging the ES9S region of 18S rRNA on the 615 
40S head (purple). b, Corresponding atomic model of the repeat mRNA-bound human 48S IC 616 
showing the same interaction between the G4C2 repeat mRNA (orange) and 18S rRNA ES9S 617 
(purple). Surrounding ribosomal proteins and RACK1 are coloured as indicated. 618 
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