
 

Supplementary Fig. 1. Capture and analysis of frameshift RNA interactors, related to Fig. 1. (A) Venn Diagram 

comparing the hits of the in vitro RNA antisense purification in HEK293, uninfected Calu-3 as well as SARS-CoV-2 infected 

Calu-3 cells. (B) Gene ontology (GO) term analysis of SARS-CoV-2 frameshift RNA interactions. FDR – false discovery 

rate. (C) Scatter plot of log2-transformed ratio of RNA-antisense purification in HEK293 cells. (D) Venn Diagram comparing 

the hits of the vitro RNA antisense purification of the SARS-CoV-2 frameshift site from this study with the hits of genome-

wide interactome captures from the literature 3, 20, 21, 22.  
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Supplementary Fig. 2. Effect of ZAP-S on FE of various PRF sites, related to Fig. 2 and 3. (A) In vivo dual-fluorescence 

of mutants of SARS-CoV-2 –1PRF RNA in HEK293 cells in the presence and absence of ZAP-S. Datapoints represent the 

mean ± s.d. (n = 2 independent experiments). P values were calculated using an ordinary unpaired one-sided ANOVA 

comparing values of the ECFP control. * P < 0.01 – ** P < 0.001. See also Table 2. (B) In vivo dual-fluorescence of SARS-

CoV-2 –1PRF RNA in HEK293 cells in the presence and absence of not significantly enriched proteins. Datapoints represent 

the mean ± s.d. (n = 3 independent experiments). P values were calculated using an ordinary unpaired one-sided ANOVA 

comparing values of the ECFP control. (C) Western Blot of naïve as well as ALFA-tagged ZAP-S-overexpressing Huh7 cells. 

ALFA-ZAP-S was detected using anti-ALFA antibody, ß-actin serves as a loading control (D) Coomassie-stained SDS-PAGE 

and western blot of heterologous expression of ZAP-S in E. coli as well as the purification steps. ZAP-S was detected using 

an anti-ZC3HAV1 antibody. (E) Effect of IGF2BP3 and SUMO on 1a/1b –1 frameshifting in vitro. FLAG-tagged SARS-

CoV-2 frameshift RNA was translated in RRL in the presence of increasing concentrations of respective protein ranging from 

0 to 3 µM. FLAG-tagged peptides generated by ribosomes that do not frameshift (no –1PRF) or that enter the −1 reading 

frame (−1PRF) were identified via western blotting using anti-DDDDK antibody. Changes in FE observed in the presence of 

the protein (normalized to 0 µM protein).  
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Supplementary Fig. 3. Thermophoresis raw data and interaction of IGF2BP3 and SUMO with SARS-CoV-2 FS RNA, 

related to Fig. 4. Capillary scans and thermophoretic time-traces of microscale thermophoresis (MST) measurements of 

binding between ZAP-S and (A) SARS-CoV-2 pseudoknot, (B) SL2 mutant and (C) GC-depleted scrambled (random 

structure). The grey boxes in the capillary scans mark 20% above and below the average peak fluorescence, the acceptable 

limit of deviations across the fluorescence scans. Blue and grey boxes in the time-course traces represent the temperature 

jump and MST-on time (5s), respectively. In all cases, there is no adsorption of the labeled protein to the capillaries. See Fig. 

4 for resulting binding curves. (D) Microscale thermophoresis to monitor binding of IGF2BP3 and SUMO to SARS-CoV-2 

FS PK. Unlabeled protein (0.4 nM to 15 µM) was titrated against 3’ pCp-Cy5 labeled RNA (5 nM) and thermophoresis was 

recorded at 25°C with 5% LED intensity and medium MST power. Change in fluorescence (ΔFnorm ) was measured at MST 

on-time of 5s. Data were analyzed and Kd was determined using standard functions in the MO. Affinity Analysis software. 

Data represent mean +/- SD of two measurements (n=2). 
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Supplementary Fig. 4. Optical tweezers data related to the Figure 5. (A) Example of the alternative unfolding (pink) and 

refolding (blue) force-distance curve of SARS-CoV-2 RNA sample (No ZAP-S). (B) Example of the alternative unfolding 

(pink) and refolding (blue) force-distance curve of SARS-CoV-2 RNA in presence of 400 nM ZAP-S (ZAP-S). Regardless 

the unfolding profile, the effect of ZAP-S remains. (C) Overlay of all force-distance curves used for the analysis of No ZAP-

S and ZAP-S samples. (D) A bar chart showing the number of unfolding (pink) and refolding (blue) steps per force-distance 

curve in RNA only (No ZAP-S, n=51) and RNA in the presence of 400 nM ZAP-S (ZAP-S) samples (n=45). 
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Supplementary Fig. 5. Interactions of trans-acting factors with ribosomes (A) Ribosome pelleting of infected cells. 

Uninfected and SARS-CoV-2 infected Calu-3 cells were lysed and loaded onto 1M sucrose cushions. Levels of ribosomal 

proteins, ZAP, nsp1, and B-actin in the pellets were analyzed by western blotting using anti-RPL4, anti-RPS6, anti-ZC3HAV1 

(ZAP), anti nsp1, and anti- beta actin antibodies. (B) Polysome profiling analysis for SFL protein. HEK293 cells transiently 

expressing SFL were lysed, subjected to 5-45% sucrose gradient ultracentrifugation, and subsequently fractionated. Levels of 

ribosomal proteins, as well as SFL in each fraction, were analyzed by western blotting using anti-RPL4, anti-RPS6, and anti-

RYDEN (SFL) antibodies. (C) Scatter plot of the log2-transformed ratio of ZAP co-IP (ZAP-IP) with vs. without Benzonase. 

The dotted lines mark the difference in log2 ratio by 1 above and below the line of identity (solid line). (D) GO term analysis 

of proteins enriched by more than 16-fold in the ZAP-IP.  

 


