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Supplementary Data 
 

Optimizing the CLASH protocol for Staphylococcus aureus 

The CLASH protocol (Supplementary Fig. 5a) has been successfully performed in 

Saccharomyces cerevisiae, Escherichia coli and cultured human cells1–4. Unfortunately, the 

cell disruption and immunoprecipitation conditions used for CLASH in these species resulted 

in poor cell lysis and significant RNA degradation in S. aureus. As a result, we further 

optimised the protocol. Briefly, cells were lysed in the presence of lysostaphin to break down 

the peptidoglycan cell wall. DNase RQ1 was included during the lysis to degrade the 

extracellular DNA and reduce viscosity of the lysate. The addition of Triton X-100, Superase-

In and EDTA after cell lysis substantially increased the recovery of cross-linked RNPs. 

Additionally, we also reduced the primary, anti-FLAG capture time from overnight to just 2 

hours and compensated by increasing the quantity of anti-FLAG beads. Collectively, these 

optimisations enhanced the solubility of the bait protein and reduced RNA degradation through 

both inactivating and reducing the contact time with endogenous RNases. To quantify the 

recovery of UV cross-linked RNA, we radiolabelled the RNA cross-linked to the bait protein 

after the purification steps and resolved the RNP complex by SDS-PAGE. The effectiveness 

of RNA capture was measured through autoradiography. Using the standard CLASH protocol, 

very long (>50 hours) exposure times were needed to detect the radiolabelled RNA cross-

linked to purified RNase III, indicating a paucity of captured RNA (Supplementary Fig. 5b). 

The optimized protocol reduced exposure times to roughly 3 hours, an almost 19-fold 

improvement. We also examined RNase III cross-linking to its target RNAs during RPMI and 

LPM stress. We observed a strong increase in the degree of RNA capture in these stresses 

in comparison to TSB, suggesting that RNase III plays an active role in the adaptation process 

(Supplementary Fig. 5c). Encouragingly, no radioactive signal was observed for a parental, 

untagged control, indicating that the cross-linking is specific to RNase III. Overall, we 

anticipate that our modifications will facilitate the application of CLASH to Gram-positive 

bacteria in general. 

 

Known interactions identified by CLASH 

 Supplementary Fig. 8 shows the structures of RNA-RNA interactions detected through 

CLASH that have been previously identified. These structures were obtained by extracting the 

corresponding reads found through CLASH and folding them in silico through RNADuplex. 

 

RsaA targets 

RsaA contains a distinctive 3’ UCCC nucleotide tract; a motif which is utilised by other 

sRNAs, e.g., RNAIII and RsaE, to bind to the Shine Dalgarno (SD) sequence of targets. RsaA 



 3 

is known to repress the translation of a global transcription factor, mgrA, in order to stimulate 

biofilm formation and inhibit capsule synthesis5. We identified this interaction in both USA300 

and JKD6009, primarily in RPMI but also in TSB. Previous structural work has elucidated that 

RsaA can interact with two regions of mgrA. The first of these involves the 3’ C-rich motif of 

RsaA binding to the SD sequence of mgrA, creating a target site for RNase III. CLASH of 

RNase III perfectly recapitulated this interaction and all the involved nucleotides. The second 

interaction site involves the fourth hairpin loop of mgrA, around 200 nucleotides within the 

coding sequence, but this is not thought to recruit RNase III5. We did not recover this site using 

RNase III CLASH, and as such, our results confirm that only the interaction around the start 

codon is an RNase III target. 

Targetome-capture of RsaA via ‘MS2 affinity purification coupled to RNA sequencing’ 

(MAPS) revealed that RsaA can bind HG001_019776 (annotated here as JKD6008_01954 

and SAUSA300_1921), a protein of unknown function. We identified this interaction in both 

JKD6008 in TSB and in USA300 in RPMI. Previous work found that mutating the 3’ C-rich 

motif of RsaA had no effect on binding to HG001_01977, we found the 5’ region of RsaA (as 

is also known to bind hairpin 4 of mgrA) as binding to HG001_01977. This is further evidence 

for a second seed sequence in RsaA at its 5’ end. 

 

RsaE targets 

RsaE is an sRNA known to be involved in the citric acid cycle7, amino acid catabolism8, 

folate metabolism9 and oligopeptide transport7. It has been found to bind oppB, an 

oligopeptide transporter from the opp-3 operon, at the SD sequence to prevent ribosomal 

binding. CLASH perfectly recovered this interaction, showing that this RNA-RNA duplex also 

acts to recruit RNase III and so maybe also control RNA stability7,9. MAPS capture of RsaE 

also revealed purH as a target, although no detailed structural work was performed8. We 

captured this interaction in JKD6009 in TSB, although it did not utilise one of RsaE’s canonical 

UCCC motifs nor the 5’ UTR of purH. 

 

SprX - spoVG 

The translational efficiency of a protein involved in antibiotic resistance and capsule 

formation, spoVG, is known to be negatively regulated by SprX10. Again, SprX is thought to 

utilise a UCCC motif to interact with the SD sequence of spoVG10. RNase III CLASH perfectly 

recapitulated this interaction. Overexpression of SprX also led to a decrease in the stability of 

spoVG10, and so our CLASH data puts RNase III as a contributor towards this regulation. This 

interaction was found both in the JKD6009 and USA300 CLASH data and was highly 

reproducible. 
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Toxin-antitoxin systems 

Several type I toxin-antitoxin systems are well characterised in S. aureus, where an 

unstable antisense RNA represses the translation of a more stable, toxic mRNA. The most 

well characterised of these is between sprA1, encoding for the toxic PepA1 peptide, and 

SprA1AS
11. Here, the antisense SprA1AS represses the translation of SprA1 by covering the 

ribosomal binding site11. We consistently identified this interaction in both tested strains and 

in all tested conditions, and in silico folding of the CLASH reads revealed SprA1AS binding to 

the 5’ UTR and start codon, as expected. 

 

Previously linked pathways are directly connected by CLASH 

 

1. RNAIII – saeR 

The sae (‘S. aureus exoprotein expression’) locus encodes for a two-component 

system that is critical for production of virulence-related transcripts. SaeS, a sensor histidine 

kinase, autophosphorylates in response to external signals such as human neutrophil 

peptides12. Phosphorylated SaeS can then activate SaeR, a transcription factor that stimulates 

the transcription of haemolyins (including PSMs), leukocidins, superantigens, surface 

proteins and proteases13. 

The sae system has been linked to the agr quorum sensing network. Firstly, these two 

networks have similar functionalities. The effector molecule of agr, RNAIII, is a major post-

transcriptional regulator that also promotes the production of virulence-related transcripts, and 

AgrA, the transcription factor component of the agr system, can induce the transcription of 

cytolytic PSMs such as PSMs14. Additionally, deletion of the agr locus strongly diminishes 

production of the sae operonic mRNA15. We observed direct interactions between RNAIII and 

saeR and so the agr system may also regulate sae at the post-transcriptional level by 

regulating saeR translation and/or RNA stability via RNAIII. 

 

2. The agr and dlt operons 

The agr quorum sensing network has been linked to the dlt operon, which is involved 

in D-alanine modification of teichoic acids to confer resistance to human antimicrobial 

peptides16.  Deletion of the agr locus led to an increase in dlt expression in stationary phase 

(when agr is expressed most strongly). Although a role for agrA, the transcriptional regulator 

of the agr locus, was proposed, here we observed direct interactions between RNAIII and dltA 

and dltD. Thus, these two pathways may also be connected as the post-transcriptional level. 

 

RNAIII and RsaA 
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One of the most abundant interactions that we identified in the JKD6009 CLASH data 

was the interaction between RNAIII and RsaA (Supplementary Fig. 9a). This interaction was 

almost exclusively detected in the JKD6009 CLASH data (Supplementary Fig. 9b), implying it 

is strain specific or regulated differently in the strains tested. The idea that RsaA is connected 

to the agr pathway, and therefore RNAIII, has been previously suggested: RsaA is positively 

regulated by B and strains that have a fully functional B also express lower levels of RNAIII17. 

Additionally, MAPS-capture of RsaA identified RNAIII as a putative binding partner, although 

this was suggested as being due to indirect co-purification with mgrA6. 

We firstly recapitulated this interaction using EMSAs. In silico folding of the CLASH 

reads revealed that RNAIII utilised helices 9, 10 and 11 to interact with RsaA (Supplementary 

Fig. 9c; “RNAIII fragment 1”). Because the interaction between RsaA and RNAIII involved 

many base-pairs (Supplementary Fig. 9a), as a control we in vitro transcribed an RNAIII 

fragment that had a similar in silico base-pairing potential with RsaA but was not recovered in 

our chimeras (“RNA fragment 2”; Supplementary Fig. 9c). The EMSA revealed that only 

RNAIII fragment 1 could form a stable duplex with RsaA, with no significant binding observed 

between RNAIII fragment 2 and RsaA (Supplementary Fig. 9d). As such, we conclude that 

these two sRNAs interact in vivo and this interaction can be recapitulated specifically in vitro.  

To determine the biological significance of this interaction, we firstly examined if 

deletion of either RsaA or RNAIII induced stability changes in the partner RNA. Although we 

found that deletion of RNAIII resulted in reduced levels of the unprocessed RsaA transcript, 

the levels of the processed RsaA were similar to the WT. Similarly, deletion of RsaA had no 

significant effect on RNAIII levels (Supplementary Fig. 9e). We then examined if pulse-

overexpression of either RsaA or RNAIII induced stability changes in the partner. Each sRNA 

was put under the control of an anhydrotetracycline promoter18 and induced for 5 and 10 

minutes at OD600 ~3, and expression was compared to a strain carrying an empty plasmid 

control. Again, no significant expression changes were observed (Supplementary Fig. 9f). 

Interestingly, we found that the levels of RNAIII were rapidly and strongly reduced following 

the shift to RPMI (Supplementary Fig. 9g, upper panel). This led us to hypothesise that RsaA 

may bind to RNAIII during stress, marking RNAIII for degradation. As such, we compared the 

stability of RNAIII following the shift to RPMI in both USA300 WT and a rsaA strain. However, 

no differences were observed, indicating the RsaA does not play a role in regulating RNAIII 

stability  under the tested conditions. Overall, we are unsure of the directionality of this sRNA-

sRNA interaction or its functional outcome. 
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Supplementary Figures and Figure legends 

 

Supplementary Figure 1. sRNA biogenesis and functionality. 

sRNAs can stimulate or repress mRNA translation and antagonise the activity of other sRNAs 

(‘sponging’). 
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Supplementary Figure 2. Correlation of RNA-seq replicates.  

The number of reads for all transcripts in common between replicates were TPM (Transcripts 

Per Million) and log2-normalised and Pearson correlation coefficients (R) were calculated by 

comparing each individual timepoint. For TSB-TSB and TSB-RPMI, two independent 

biological replicates were used. For TSB-LPM pH 5.4 and TSB-LPM pH 7.6, three 

independent biological replicates were used. 
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Supplementary Figure 3. Transcript expression after shift to TSB, RPMI, LPM pH 5 and 

LPM pH 7.  

(a) Expression of all significantly changed transcripts (t30 vs t0) in the TSB-shifted control. 

Time indicates time (minutes) after the shift. Cluster indicates a group of genes that shows 

similar gene expression behaviour. Log2 fold-change indicate log2-fold normalised 

Transcripts Per Million (TPM) normalised read counts.  

(b) Left: expression of all significantly changed mRNAs (t30 vs t0) in RPMI, LPM pH 5 and 

LPM pH 7. Right: TSB expression of the transcripts shown on the left, in the same order. 

(c) As in (b) but for all sRNAs. 
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Supplementary Figure 4. Gene expression dynamics after the shift to RPMI and LPM.  

(a) Volcano plot showing the upregulation of genes involved in virulence and iron-acquisition, 

many of which have also been demonstrated to be upregulated during growth in human 

plasma19. Fold-changes and p-values were calculated using DESeq220.  

(b) Volcano plot showing genes upregulated in RPMI in this study that were previously 

observed to be upregulated in human blood21.  

(c) Volcano plot showing upregulation of genes involved in amino acid biosynthesis after 

shifting to LPM pH 5.4 medium. (d) Expression of haemolysin gamma subunits after stress. 
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Supplementary Figure 5. Optimisation of CLASH for S. aureus.  

(a) Schematic representation of the CLASH methodology1. HTF: HIS6-TEV cleavage site-

3xFLAG tag. 

(b) Autoradiogram showing amount of captured RNA when using the original, published 

CLASH protocol for E. coli4 (left) and after optimisation (right) using RNase III tagged with HTF 

as bait. RNase III protein was detected using the anti-TAP antibody (see Methods for details) 

that recognizes the spacer between the HIS6 tag and the TEV protease cleavage site of the 

RNase III-HTF protein (bottom).  

(c) Degree of cross-linked RNA capture following RNase III CLASH in TSB and after the shift 

to RPMI, LPM7 or LPM5 medium. The untagged parental strain was used as a negative 

control. RNase III was detected by Western blot using the anti-TAP antibody. Images used to 

generate figures (b) and (c) are provided in the Source Data file. 
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Supplementary Figure 6. Sense-anti-sense mRNA interactions and distribution of 

mRNA fragments in protein-coding genes.  

(a) Number of mRNA-mRNAAS fragments that contain cognate mRNAs in JKD6009 and 

USA300 compared to total number of mRNA-mRNAAS chimeras identified in the CLASH data. 

(b) Top: Distribution of the mRNA fragments over coding sequences in bona fide sRNA-mRNA 

interactions. Target mRNAs were separated into 100 equally sized bins and reads were 

mapped relative to each bin. Bottom: heatmaps showing the read distribution for each 

individual interaction. The darker the colour, the higher number of chimeras that were 

detected. The interaction highlighted in red was validated in an accompanying manuscript by 

Mediati et al. 
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Supplementary Figure 7. CLASH identifies many novel bona fide sRNA-target 

interactions. sRNA interactome plots were generated after filtering the data for statistical 

significance, presence of a bona fide sRNA and MFE < -10 kcal/mol. sRNAs are coloured in 

green and toxins in red. Interactions which have already been identified are marked with a 

blue spoke. The thickness of the edges is proportional to the log2 hybrid count, and the colour 

represents the condition in which an interaction was found (minimum 1, maximum 316). Note 

that some previously described interactions are not shown, e.g. between SprA1AS-sprA1, as 

the sRNAs are not trans-acting, independent transcriptional units22. 
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Supplementary Figure 8: Experimentally verified sRNA-mRNA interactions uncovered 

through CLASH. CLASH reads were folded in silico through RNAcofold23 and the interacting 

regions extracted. The sRNAs are shown in grey and the mRNAs in black. Where appropriate, 

Shine Dalgarno sequences (SD; red) and translational start codons (AUG; green) of mRNAs 

are indicated. 
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Supplementary Figure 9. RsaA and RNAIII interact in vivo.  

(a) In silico predicted structure of RsaA-RNAIII as determined from the CLASH data. The 

CLASH reads were folded using RNAcofold23.  

(b) Overview of the number of unique RsaA-RNAIII chimeras identified in the JKD6009 and 

USA300 CLASH data.  
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(c) Secondary structure of the region containing the two RNAIII fragments 1 (blue) and 2 (grey) 

used for in vitro binding assays.  

(d) EMSA between radiolabelled RsaA, RNAIII fragment 1 (containing helix 9) and RNAIII 

fragment 2.  

(e) Northern blot analysis of RNAII and RsaA expression in USA300 RNAIII and RsaA knock-

out strains, respectively (left) and quantification of the results (right). The bar chart shows 

average signals and standard deviations generated from Northern blot results obtained from 

three independent experiments.  

(f) Over-expression of RNAIII or RsaA does not impact the expression levels of each other. 

Examination of RNAIII (top) and RsaA (bottom) expression after RsaA and RNAIII 

overexpression. Each sRNA was placed under a pTetO promoter18 and induced through 

addition of 1 µg/mL of anhydrotetracycline at OD600 ~3. Samples were taken after 5 and 10 

minutes and the expression of each sRNA was measured using qPCR. Data represents 

results from three independent biological replicates.  

(g) Top line plot: expression of RsaA and RNAIII after shifting to RPMI as measured by qPCR. 

Data represents results from three independent biological replicates. Bottom line plot: 

expression of RNAIII after the shift to RPMI in WT and an rsaA mutant. 

Images and raw data used to generate figures (d-g) are provided in the Source Data file. 
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Supplementary Figure 10. RsaE and RsaI interactions are abundantly detected under 

acid and nutrient stress conditions.  

(a) Number of hybrids identified for RsaE-RsaI (left) and RsaA-RNAIII (right) across tested 

experimental conditions. The number above each bar is the total number of identified 

interactions for that condition.  

(b) The RNADuplex predicted interaction between RsaI and RsaE based on the CLASH data 

The figure was generated using VARNA24.  

(c) Expression of RsaI and RsaE after shifting the cells to RPMI, LPM medium or back to TSB 

as measured by RNAseq. Samples were harvested before the shift (0) and 5, 10, 15 and 30 

minutes after the shift. The results that are plotted are averages and standard deviations from 

three independent biological replicates for the LPMs and two independent biological replicates 

for RPMI and TSB data. The raw data used to generate these plots is provided in the Source 

Data file. 
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Supplementary Figure 11: RsaE and RsaI physically interact in vitro using C- and G-

rich motifs.  

(a) EMSAs using radiolabelled RsaI and increasing amount of RsaE (mutant) transcripts. The 

location of the mutations in the RsaE mutants is indicated with a blue X in the secondary 

structures of RsaE on the right side of the EMSA results. The red regions in the secondary 

structures indicate the RsaE UCCCC motifs. RsaE values represent molar excess. 

(b) EMSAs using radiolabelled RsaE and increasing amount of RsaI (mutant) transcripts. The 

location of the mutations in the RsaI mutants is indicated with a blue X in the secondary 

structures of RsaI on the right side of the EMSA results. The red regions in the secondary 

structures indicate the RsaI G-rich motifs. RsaI values represent molar excess. 

(c) Mutations in RsaI that block base-pairing with RsaE can be restored by compensatory 

mutations in the 3’-UCCCC motifs of RsaE. Shown are of EMSAs using radiolabelled RsaI 

mut3 transcript (with both G-rich motifs mutated) and increasing amount of RsaE mut3, which 

has the C’s in the 3’UCCCC motifs mutated to G’s. RsaI values represent molar excess. 

For all the results the uncropped images are shown. 
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Supplementary Figure 12: RNase III cleaves the RsaI-RsaE duplex in vitro.  

(a) In vitro cleavage assay performed using 32P-RsaE, RsaI and 32P-RsaE-RsaI duplex in the 

presence or absence of recombinant RNase III. As RNase III does not cleave dsRNA 

substrates in the presence of Ca2+, this divalent ion was used as a negative control for non-

specific cleavage of the RNA-duplex. An uncropped image is shown. 

(b) Same as in (a) but now using 32P-labeled RsaI. An uncropped image is shown. 

(c) Secondary structure model of the RsaI-RsaE duplex that is cleaved by RNase III in vitro. 

The triangles indicate the RNase III cleavage sites in the duplex. The RsaE CCCC and RsaI 

GGGG motifs are also indicated.  
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Supplementary Figure 13. Complementary analysis of RsaI on RsaE interaction.  

(a) Northern blot analysis of USA300 parental (WT) and ΔrsaI/Δrnc double mutant grown in 

TSB and human serum. Cells were grown as previously described to exponential phase in 

TSB and then diluted to OD600 0.05 in TSB or human serum and grown for another three hours. 

Three independent biological replicate experiments were performed, with a representative 

experiment shown here. The right panel shows the expression of RsaE as measured by 

ImageQuant software from the autoradiography signal of the Northern blot. The y-axis 

represents the volume values normalised to the first sample on the blot.  

(b) Growth in human serum does not change the expression of metabolic genes targets of 

RsaE. Shown is the dCp value which represents Cp values normalised by Cp value of 5S 

used as a reference gene. ‘NS’ indicates no significant difference between samples (Student’s 

unpaired, two-tailed t-test). For the qPCR analyses RNA from five independent biological 

replicate experiments was analysed. 

(c) Northern blot analysis of USA300 parental (WT), WT with pICS3::RsaE expression under 

the pAmiA promoter, rsaE and rsaE with pICS3::RsaE grown in TSB and human serum. Cells 

were grown as in (a). Two independent replicate experiments were performed, with a 

representative experiment shown here. Below are shown the expression of RsaI and RsaE 

overexpression from pICS3 vector as quantified from the above Northern blot.  

(d) Northern blot analysis of USA300 parental (WT), WT with pRMC2::RsaE expression under 

the Pxyl/tetO promoter, rnc and rnc with pRMC2::RsaE grown in TSB and human serum. Cells 

were grown as in (a) and RsaE expression from the plasmid was induced by addition of 

anhydrotetracycline (aTc,1µM) to the culture media for 15 minutes. Three independent 

replicate experiments were performed, with a representative experiment shown here. Below 

are shown the expression of RsaI and RsaE overexpression from pRMC2 as quantified from 

the above Northern blot. No significant difference was detected between samples in the 

quantification of Northern blots (a), (c) and (d). 

(e) Expression of RsaE targets in TSB in the WT strain with induced expression of RsaE from 

pRMC2 as described in (d) relative to the parental USA300 (WT) strain and measured by 

qPCR. The mean and standard deviation were calculated from three independent 

experimental replicates (shown as black dots) and three technical replicates. The value in the 

plot displays a p-value (RsaE over-expression vs WT), obtained using Student’s unpaired, 

two-tailed t-test. 

Images and raw data used to generate figures (a-e) are provided in the Source Data file. 
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Supplementary Figure 14: The sRNA-toxin interactions identified with RNase III CLASH.  

(a) In silico predicted interactions between RsaE and /PSM transcripts. Chimeras identified 

in the CLASH data were folded using RNADuplex23. The UCCC motifs indicate the known 

seed sequences of RsaE. The red coloured nucleotides in psm mRNA transcripts are the 

Shine-Dalgarno sequences. The translational start codon is highlighted in green.  

(b) As in (a), but now for RNAIII interactions with toxin mRNAs. The bottom structure shows 

where RNAIII base-pairs in the PSM operon.  

(c) Interaction between RsaX28 and the haemolysin  mRNA based predicted by the CLASH 

data. 
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Supplementary Figure 15. Mass spectroscopy of culture supernatants from WT, rsaE 

and rsaE complemented with pICS3-RsaE.  

(a) Pearson correlation coefficients between experiments and biological replicates. Note the 

strong correlation between individual replicates of one experiment, indicating reproducibility. 

When RsaE is deleted, the correlation with WT decreases substantially. This effect is reversed 

when RsaE expression is restored with a plasmid.  

(b) Protein levels of indicated toxins in the rsaE strain versus the WT. Note the decreased 

levels of PSM1 and PSM4 upon RsaE deletion.  

(c) As in (b). but for rsaE versus rsaE pICS3:RsaE. Note how PSM1 and PSM4 levels 

are largely restored.  

(d) As in (b). but for rsaE pICS3:RsaE versus the WT. Note that there are no significant 

changes in protein expression, indicating that RsaE expression is effectively restored by the 

plasmid. The p-values were generated by empirical Bayes moderated t-test in limma and 

adjusted by Benjamini-Hochberg method. Only proteins with a log-fold change > 1.5 and log10 

adjusted p-values of 1.3 or higher (indicated with dashed lines) were considered. 
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Supplementary Figure 16. Control for FACS analysis. GFP fluorescence is unaffected by 

RNAIII expression and RNAIII control of esxA-GFP is specific, as RNAIII has no effect on an 

unrelated mRNA-GFP fusion, gyrB-GFP. Significant differences between the samples were 

calculated using a student’s two-tailed, unpaired t-test. ’NS’ indicates no significant difference 

(p-value > 0.05). The raw data and representative FACS images are provided in the Source 

Data File (Figure 7d). 
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Supplementary Figure 17. Predicted secondary structure of the psma operon transcript. 

This structure was generated using RNAfold23. The red nucleotides indicate Shine-Dalgarno 

(SD) sequences, whereas the green nucleotides indicate translation start codons. 
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