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Abstract 

Regulation of translation initiation is central to bacterial adaptation, but species-specific mechanisms 

remain poorly understood. We present high-resolution mapping of translation start sites in S. aureus, 

revealing distinct features of initiation alongside numerous unannotated small ORFs. Our analysis, 

combined with cryo-EM of a native mRNA-ribosome complex, shows that S. aureus relies on extended, 

start codon proximal Shine-Dalgarno (SD) interactions, creating specificity against phylogenetically 

distant bacteria. Several natural S. aureus initiation sites are not correctly decoded by E. coli ribosomes. 

We identify new and conserved non-canonical start codons, whose regulatory initiation sites contain 

these characteristic extended SD sequence motifs. Finally, we characterize a striking example of uORF-

mediated translational control in S. aureus, demonstrating that translation of a novel small leader 

peptide modulates expression of a key biofilm regulator. The described mechanism involves codon 

rarity, ribosome pausing and arginine availability, linking nutrient sensing to biofilm formation in this 

major human pathogen.  
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Introduction 

Staphylococcus aureus is a major opportunistic pathogen responsible for a wide range of community 

and hospital acquired infections. To survive in the host and ensure successful dissemination, it has 

evolved complex regulatory networks that respond to environmental cues by modulating the expression 

of numerous virulence factors (1). While transcriptional regulation and sRNA-mediated control have 

been well characterized (2, 3), alternative mechanisms acting at the level of translation remain largely 

unexplored. In bacteria, one of the key targets for regulation is the rate-limiting translation initiation step 

(4), which can be rapidly modulated in response to environmental cues and stress. Canonical translation 

initiation begins with the binding of the small ribosomal subunit (30S) to a translation initiation site (TIS) 

on a given mRNA. Within the TIS, the correct open reading frame (ORF) is defined by the presence of 

a start codon, usually AUG, GUG or UUG, which is decoded by formyl-methionyl initiator tRNAfMet in the 

ribosomal P-site. Start codon recognition represents a key step, resulting in a conformational change 

of the 30S initiation complex, enabling joining of the large ribosomal subunit and transitioning into the 

elongation phase of protein synthesis (5, 6). While both the efficiency as well as the accuracy of this 

decoding step are modulated by the presence of initiation factors (5-7), the initial ribosome recruitment 

is predominantly governed by the biophysical properties of an mRNA (8, 9). The accessibility of the TIS, 

particularly the presence of unstructured regions, plays a central role (9-11). To facilitate and enhance 

ribosome binding, many mRNAs utilize Shine-Dalgarno (SD) sequence motifs, complementary to the 3′ 

end of the 16S rRNA, designated anti-SD (aSD) (12). The SD-aSD interaction forms a short RNA helix 

at the ribosomal platform (13, 14), where several ribosomal proteins may further modulate mRNA 

binding (4). For example, Escherichia coli ribosomal protein bS1 is known to mediate affinity towards 

single-stranded mRNA regions (15, 16) and contributes to the unwinding of secondary structures near 

the TIS (10). Extensively studied in E. coli, the SD-aSD interaction is not strictly required for correct 

start site selection (17-19) but is thought to play a supportive role (17, 20), although it can influence 

start codon recognition once the TIS is determined (21, 22). While our current understanding of bacterial 

translation initiation is largely based on studies in E. coli, growing evidence points to a functional 

diversification across bacterial species. Differences in SD usage, transcriptome architecture, rRNA 

sequence and ribosomal protein composition suggest species-specific tuning of translation initiation 

mechanisms (18, 23, 24). Of particular note, differences in the nature of ribosomal binding sites (RBS) 

have been recognized (25-27), but the underlying molecular basis remains unknown. 

Precise mapping of translation initiation sites is vital to decipher the mechanistic divergence across 

bacteria, and to uncover the full coding potential of their genomes. However, small ORFs (sORFs) can 

elude conventional annotations and detection by proteomics (28-30). Ribosome profiling (Ribo-seq) is 

the state-of-the-art technique to monitor translation dynamics globally (31), but its resolution in bacteria 

has historically lagged behind that achieved in eukaryotes. In eukaryotic systems, the use of RNase 1 

for the generation of ribosome protected fragments (RPFs), in combination with harringtonine, enabled 

high-resolution mapping of initiation sites (32). This approach has led to key discoveries such as the 

widespread translation of upstream ORFs (uORFs) functioning as regulators, which respond to stress 

and signaling pathways (32, 33). Furthermore, it led to the identification of several start sites utilizing 

non-canonical initiation triplets (34, 35) and provided valuable insights into alternative initiation 
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mechanisms and isoform diversity (36). In bacteria, the main limitations stem in part from technical 

constraints in RPF generation. In comparison, RNase 1 has been underused due to its inactivity in E. 

coli extracts (37) and is typically replaced by micrococcal nuclease (MNase) (20, 38-44), whose strong 

sequence bias limits obtainable resolution (45, 46). However, a recent study has shown that RNase 1 

can generate high-resolution RPFs in Listeria and Salmonella (47). Therefore, we employed RNase 1 

in Staphylococcus aureus, significantly enhancing reading frame resolution. We further coupled its use 

with the initiation-specific inhibitor Retapamulin (Ribo-Ret), which has been used for global mapping of 

initiation sites in E. coli (48).  

Our study now analyzes precise start codon selection on a translatome-wide scale in S. aureus, 

revealing accurate decoding of multiple sites, which could not be rationalized by the current 

understanding of bacterial translation initiation. Functional analysis shows that E. coli ribosomes fail to 

recognize the correct start codon when presented with specific natural S. aureus mRNAs, underscoring 

mechanistic differences in start site selection. A structural analysis by cryo electron microscopy (cryo-

EM) of the S. aureus ribosome in complex with a native S. aureus mRNA reveals start-codon proximal 

extended SD-aSD interactions. Such rigid SD-aSD helix formation on the platform of the 30S ribosomal 

subunit limits the flexibility observed in E. coli ribosomes, directly influencing start codon recognition. 

This new mechanistic understanding led us to assess novel candidate initiation sites in S. aureus with 

greater confidence and uncovered a diverse set of previously unrecognized regulators. Among these is 

the use of broadly conserved non-canonical start codons, which reduce initiation efficiency. The 

corresponding mRNAs all feature extended SD sequences, which aid recognition of the weak start 

codons. We also present the first comprehensive mapping of sORFs, including putative regulatory 

uORFs in S. aureus, and uncover a striking example of conditional regulation mediated by an 

unannotated leader peptide. Translation of this peptide directly influences the expression of the 

downstream transcription factor Rbf, a key regulator of biofilm formation (49). Its uORF-dependent 

regulation is driven by a combination of codon rarity and arginine availability, leading to ribosome 

pausing, consequent occlusion of the rbf ribosome binding site, and inhibition of translation initiation 

under arginine-limiting conditions. Collectively, our findings offer a precise mechanistic understanding 

of the pronounced differences in translation initiation, driven by the evolution of alternative RBS 

architectures across bacteria, and offer a broad perspective on translational control in a clinically 

relevant pathogen.   
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Results 

RNase 1 Ribo-Ret reveals global S. aureus translation initiation at high resolution 

To capture a comprehensive snapshot of the S. aureus translatome, cells were grown towards the mid- 

to late exponential growth phase in rich medium, where virulence factors are highly expressed. Brief 

treatment of the cultures with Retapamulin (Ret) resulted in a pronounced arrest of initiating ribosomes 

(Figure 1A, B). This was carefully monitored with non-digested controls, whose polysome profiles were 

analyzed in parallel (Figure 1B). The addition of Ret resulted in a stark shift in the sucrose gradient from 

the polysome- towards the 70S fraction, indicating stalling during the initiation step. Likewise, treatment 

of the cell extracts with either MNase or RNase 1 enriched 70S peaks and resulted in a loss of 

polysomes, demonstrating a successful digestion for the generation of RPFs (Figure 1B). Both MNase 

and RNase 1 digested samples, Ret-treated and non-treated, were processed for RPF-library 

preparation and next-generation sequencing.  

Sequencing results were first analyzed to assess Ribo-seq quality to see whether RNase 1 could 

improve the resolution of Ribo-Ret in S. aureus (Figure 1C, D). For either nuclease, in the absence of 

Ret, the read lengths formed a bimodal distribution with peaks at approximately 26-29 nt and 35-38 nt, 

respectively. Strikingly, the addition of Ret resulted in a strong shift towards the longer read population 

(Figure 1D). The observed distribution is consistent with the approximately 28 nt protection from 

nuclease digestion, conferred by elongating ribosomes. The stark increase in read length upon Ret 

treatment can be rationalized by the additional protection that SD-aSD base pairings confer during 

initiation (50).  

We next performed an average gene analysis of 3’ end densities, mapped across annotated open 

reading frames, and confirmed a drastic enrichment of densities corresponding to initiating ribosomes 

in the Ret-treated samples (Figure 1D). The peak positions, relative to annotated start codons, mapped 

at the expected 16 nt distance from the first nucleotide of the start codon (+17). As hypothesized, these 

peaks were sharper for RNase 1 and mapped predominantly (60%) to this position (Figure 1C). This 

was in contrast to MNase, where preferential cleavage bias resulted in a broader distribution. Hence, 

RNase 1 Ribo-Ret provides global and high-resolution translation initiation snapshots.  

 

Discovery of new sORFs by high-resolution Ribo-Ret 

While standard Ribo-seq data can be used to evaluate potential sORFs, the application of Ribo-Ret and 

the observed enrichment in ribosome density at putative start sites, provides stronger experimental 

support. We therefore leveraged our complementary Ribo-seq and Ribo-Ret datasets for 

comprehensive small ORF discovery (Figures 1E, F, G as well as S1 and S2). The pipeline used for the 

discovery of the sORFs is described in the Supplementary Material (Scheme S1). All considered 

ribosome densities were consistent between the two complementary datasets and RNase 1 allowed 

precise start codon assignment.  
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The obtained improved resolution was critical when Ribo-Ret densities could match to multiple potential 

sORFs. This was particularly the case for overlapping start codon sequences (e.g., AUGUG). A typical 

example is shown in Figure 1E, where Ribo-Ret density mapped to a newly identified sORF (sORF20). 

In the RNase 1 dataset, the 3’ ends of Ribo-Ret reads accurately mapped at position +17 to an AUG 

start codon, while in the MNase dataset the corresponding peak falsely indicated translation from an 

overlapping GUG start codon. In-frame AUG start codon selection on sORF20 mRNA was further 

biochemically validated by toeprinting of an S. aureus 70S initiation complex stalled with Ret (Figure 

S1).  

Focusing our analysis on intergenic regions, we obtained a high confidence sORF map specific to our 

experimental growth conditions (Table S1). In addition to previously identified functional small proteins 

(e.g., phenol soluble modulins (51)), our study led to the discovery of 46 unannotated sORFs. To our 

knowledge, only two of these had previously been identified in a proteomics study (52), and one 

additional sORF had been reported to function in transcription antitermination within the isoleucine 

biosynthesis operon (53). The other 43 sORFs represent bona fide novel candidates. Notably, several 

of these sORFs are predicted to encode small hydrophobic transmembrane helices, including sORF26 

and sORF36. Through toeprinting assays, analyzing S. aureus 30S initiation complex formation, their 

efficient ribosome recruitment was biochemically validated (Figure S1C, D). Overall, 14 initiation sites 

were analyzed by toeprinting, confirming active start site selection (Table S1).  

Based on the genomic context, identified sORFs were classified into distinct categories (Figure 1F). 

Several examples overlapped with previously annotated putative sRNAs features (sORF6, 26, 30, 34, 

35, 36 and 40) and were therefore assigned an ‘sRNA overlap’ category. We further identified nine 

sORFs located in intergenic regions, which were distinguished from sORFs embedded within 5’- or 3’ 

“untranslated” regions, designated as upstream ORFs (uORFs) or downstream ORFs (dORFs), 

respectively. Among them, 17 sORFs could be classified as uORFs and 8 as dORFs. The sORF20 

(Figure 1E), while possessing its own promoter, was categorized as dORF because it can be co-

transcribed with its immediate upstream gene PdpSau (HG001_01351), which encodes a recently 

identified anti-phage defense protein (54). To complete our sORF categorization, we observed that 

several of the newly identified initiation sites shared sequence similarity and conserved ribosomal 

binding sites (RBSs). These motifs stem from the conserved 5' region of Staphylococcus aureus repeat 

(STAR) motifs (Figure S2). We conclude that STAR motifs consistently recruit ribosomes when 

expressed. Among the 46 sORFs identified in our study, intergenic sORFs, dORFs and sRNA 

overlapping sORFs tend to be longer than uORFs, which may act as regulatory leader peptides (Figure 

1G). In contrast, STAR-associated sORFs show considerable length variability (Figure 1G).  

 

Translation initiation in S. aureus follows distinct rules to define start codon selection 

Our high-resolution RNase 1 Ribo-Ret analysis facilitated correction and re-annotation of approximately 

40 coding sequences. These corrections ranged from minor adjustments, with accurate assignment of 

start codons among multiple in-frame possibilities, to more substantial changes as illustrated for sarX 
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(Figure S3). Importantly, while manually inspecting translation initiation sites, we observed unexpected 

patterns in start codon selection. Specifically, our RNase 1 data revealed cases of precise start codon 

definition despite potential ambiguity and competition. A typical example is the aureolysin (aur) mRNA, 

whose GUG start codon overlaps with an alternative AUG start codon in an AUGUG context, yet its 

correct initiation triplet is consistently selected (Figure 2A, B). This was unexpected, as studies in E. 

coli have shown that a relatively shorter spacer length between the SD and the start codon is generally 

preferred (21), making the AUG in this context seemingly better positioned for initiation. Using our 

improved HG001 annotation, we analyzed spacing preferences and observed that on average, the 

aligned spacing between SD and start codon in S. aureus is increased by two to three nucleotides 

compared to E. coli (Figure 2A). Although variations in spacer lengths among bacteria have previously 

been observed (25), they have not been linked to differences in start codon selection.  

Because the identified initiation sites, such as aur, imply differences in the bacterial translation initiation 

mechanism, we hypothesized that several natural S. aureus mRNAs may not be accurately decoded 

by E. coli ribosomes. To test this hypothesis, we performed cross-species experiments and studied start 

codon selection in the context of the S. aureus aur and rlmB initiation sites, which feature AUGUG 

overlaps and require recognition of an in-frame GUG start codon. Using purified E. coli or S. aureus 

70S ribosomes supplied to a recombinant in vitro translation system (see Methods), we analyzed start 

codon usage by toeprinting of initiation complexes stalled in the presence of Ret. Consistent with our 

hypothesis, E. coli 70S preferentially selected the AUG positioned proximal to the SD helix, while only 

S. aureus ribosomes accurately decoded the in-frame GUG start codon (Figure 2C), suggesting 

species-specific initiation preferences. To further validate these results in vivo, we constructed bi-

cistronic dual reporter plasmids, in which either the AUG or GUG start codon of aur and rlmB was fused 

in-frame to a Firefly luciferase gene. The expression was normalized to the co-transcribed Renilla 

luciferase with a constant translation initiation context. Our data demonstrate that S. aureus strongly 

favors the annotated GUG start codon, whereas E. coli shows significantly higher expression from AUG 

in vivo (Figure 2D). 

 

Extended SD-aSD base pairing confers evolutionarily distinct start codon selection 

To further investigate differential start codon selection, we performed toeprinting on spa mRNA, a key 

S. aureus transcript that encodes the virulence factor protein A. Specifically, we altered the native 

AUUUG start codon context of spa mRNA by a single nucleotide change to create an AUGUG overlap. 

Consistent with the results of aur and rlmB mRNAs, this mutant spa mRNA was decoded differentially 

by S. aureus and E. coli (Figure 3A). S. aureus ribosomes decoded the in-frame GUG start codon while 

E. coli ribosomes ambiguously selected both the AUG and the GUG start codons in this sequence 

context.  

To better understand the mechanistic details of S. aureus translation initiation, we determined the cryo-

EM structure of an S. aureus 70S ribosome initiation complex programmed with native S. aureus spa 

mRNA. The structure shows a characteristic SD-aSD helix and allows to closely examine the 
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interactions, which are critical for accurate start codon positioning in the ribosomal P-site. Strikingly, 

beyond the canonical SD-aSD helix typically seen in bacteria (13, 14), two additional Watson-Crick base 

pairs are found (Figure 3B). These base pairs form between an AU dinucleotide following the canonical 

SD and nucleotides A1543 and U1544 on the 3’-region of the 16S rRNA. This extended duplex occupies 

a broader region of the ribosomal platform, spanning further along the mRNA path, from uS11 toward 

uS2 (Figure 3B). The additional AU dinucleotide corresponds to the increased spacing between SD and 

start codon in S. aureus that we found (Figure 2A), and strengthens the SD-aSD interactions, i.e. the 

sequence insertion is not a linker increase but rather it provides additional complementary base pairing 

interactions. 

To assess whether this extended SD-aSD base pairing could resolve start site ambiguity in natural 

sequence contexts, we performed toeprinting on variants of the previously analyzed aur mRNA. Based 

on the extended Watson-Crick base pairing seen in the spa RBS, we predicted similar interactions for 

the aur RBS (Figure 3C). We first confirmed that aur start codon selection by S. aureus 70S was 

dependent on spacer length. Indeed, a single nucleotide insertion shifted decoding from the in-frame 

GUG to the competing AUG start codon, without affecting the E. coli ribosome’s recognition of AUG 

(Figure 3D). We next introduced mutations altering the predicted start codon-proximal AU dinucleotide 

involved in the extended SD-aSD pairing (Figure 3A, D) to study its contribution to start codon definition. 

A substitution with a CC pair abolished the GUG start codon recognition, and a CU dinucleotide failed 

to restore it. Partial recovery was observed with AC, while full restoration occurred with a GU pair, 

indicating that a G:U wobble pair can substitute for A:U Watson-Crick interactions to maintain accurate 

start codon selection (Figure 3D). E. coli 70S remained unaffected by any of these changes and 

consistently decoded the AUG initiation triplet. 

The observed accessibility of nucleotides upstream of the canonical CCUCC sequence in the 3′ region 

of S. aureus 16S rRNA enables new possibilities for SD-aSD interactions and may additionally 

contribute to accurate start site selection on natural mRNAs. A typical example is the S. aureus rarA 

mRNA, which contains a potentially ambiguous AUGUG start site but is accurately decoded despite a 

poorly defined canonical SD sequence (Figure S4). We hypothesized that, in such contexts, alternative 

energetically favorable SD-aSD duplexes could guide correct start codon placement in the P-site. This 

is supported by 30S toeprinting, which showed accurate GUG selection by S. aureus ribosomes, while 

E. coli 30S failed to efficiently decode either start codon (Figure S4A). Because all studied examples 

are in the context of AUGUG overlaps, we analyzed one further example with two competing AUG start 

codons, designating alternative reading frames. Such an arrangement is found, for example, in the 

natural proP mRNA of S. aureus, where precise start codon selection is observed by Ribo-Ret and 

predicted to depend on extended SD-aSD pairing (Figure S4B). Consistent with our hypothesis, S. 

aureus 30S accurately decoded the second AUG start codon, whereas initiation complex formation was 

ambiguous between the two start sites for E. coli. Jointly, these findings indicate the important 

contribution of extended SD-aSD formation to start codon definition during translation initiation in S. 

aureus. 
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Interestingly, most S. aureus mRNAs feature AU-rich spacer sequences, which may similarly promote 

extended SD-aSD interactions, as revealed by global sequence motif analysis (Figure 3E). While we 

predict the presence of canonical SD-sequences in approximately 84% of S. aureus mRNAs based on 

computational SD-motif search, our analysis indicates a conservative estimate of approximately 30% 

of initiation sites relying on extended SD-aSD base pairing (Figure 3F). This prediction is based on the 

experimentally validated base pairing possibilities of the natural aur and spa mRNAs and does not 

include other alternative interactions, which cannot be excluded at this stage. Finalizing our 

computational analysis of S. aureus translation initiation contexts, we report an unusually high 

frequency of UUG start codons, approximately 9.1% of all start sites, compared to around 2% in E. coli 

(Figure 3G). In S. aureus, the remaining start codons correspond to 83.4% to AUG and to 7.4% to GUG. 

Strikingly, four initiation sites designated non-canonical start codons, which we further analyzed (Figure 

4 and S5). 

 

Newly identified non-canonical start codons regulate translation initiation in S. aureus 

Several parameters modulate initiation efficiency including start codon identity. We observed that Ribo-

Ret enriched ribosome density at the non-canonical AUA start codon of infC, encoding IF3 (Figure S5), 

which led us to hypothesize that additional examples could be found. Indeed, during HG001 re-

annotation, we identified two novel and conserved non-canonical start codons (Figure 4AB). Notably, 

for all three of these initiation sites, an extended SD sequence motif is predicted to direct the non-

canonical start codon selection.  

The first new-found site is the non-canonical AUU start codon of cvfC1, encoding a 61 amino acid small 

protein, designated Conserved virulence factor C1. Although little is known about its function, it 

possesses a potential zinc finger domain and could be involved in transcriptional regulation (Figure 4E). 

This gene is the first of an operon initially identified in a screen for the discovery of conserved virulence 

factors (55, 56). We could clearly assign an RNase 1 Ribo-Ret peak to position +17 in respect to the 

non-canonical AUU start (Figure 4A). Intriguingly, a very strong and extended SD motif (Figure 4C), as 

well as the non-canonical nature of the start codon are conserved among Staphylococci. The second 

example we identified is the non-canonical AUA start codon of ccpN, encoding catabolite control protein 

N (57). RNase 1 Ribo-Ret density mapped accurately at position +17 (Figure 4B), clearly indicating its 

expression. Although CcpN’s functional role in gluconeogenesis has only been demonstrated in B. 

subtilis, both a 76% sequence similarity as well as structural similarity according to an AlphaFold 

prediction, suggest functional conservation (Figure 4F). Consistently, both the non-canonical start 

codon usage, as well as strong and extended SD-aSD base pairing with appropriate spacer length are 

conserved between S. aureus and B. subtilis (Figure 4D).  

Our discovery of non-canonical start codon usage suggests that both cvfC1- and ccpN expression are 

strongly regulated at the level of translation initiation. To test this hypothesis, we constructed bi-cistronic 

dual luciferase reporter plasmids, fusing the respective translation initiation context with a firefly 

luciferase reporter gene and monitored translation efficiencies in vivo (Figure 4G). We included the 
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fourth non-canonical start site that we identified, an AUA start codon of citrate synthase citZ, conserved 

in all S. aureus strains derived from the NCTC 8325 lineage, commonly used as laboratory strains 

(Figure S5). Particularly because of CcpN’s role in central metabolism, we analyzed translation initiation 

in different growth media conditions. As hypothesized, for all three genes, the synthesis of luciferase 

was strongly decreased by the use of a non-canonical start codon compared to cognate AUG mutants 

(Figure 4G). For cells grown in poor media (RPMI), all non-canonical start sites conferred approximately 

10% of the reporter expression compared to AUG. Surprisingly, we observed that this relative initiation 

efficiency was increased up to 30% in the case of ccpN AUA, when expressed in rich growth medium 

(BHI; Figure 4G, H). In contrast, we observed only a modest relative increase for citZ AUA, and no 

media dependent effect for cvfC1 AUU. Therefore, the usage of non-canonical start codons reduced 

the yield of protein synthesis in vivo and particularly sensitized the expression of ccpN to metabolic 

changes.  

 

Ribo-Ret identified a variety of uORFs representing potential leader peptides 

Our high-resolution Ribo-Ret analysis revealed initiation signatures for 17 upstream open reading 

frames (uORFs) with potential regulatory functions. An overview of these small uORFs and their 

experimental validation is presented in Figure 5A. To assess their capacity for translation initiation, we 

performed toeprinting assays on eight selected candidates (Figure 5A-D). Robust 30S initiation complex 

toeprint signals were observed for seven out of eight tested uORFs, while one candidate yielded only a 

faint signal. To further validate uORF translation in vivo, we generated translational fusions between the 

full uORF coding sequences and a luciferase reporter gene, constitutively expressed alongside a 

Renilla luciferase as an internal control. This assay confirmed in vivo translation of four uORF 

candidates. In contrast, the uORF with a faint toeprint signal (sORF9) exhibited only low translation 

efficiency in vivo (Figure 5E). 

We consider sORF7 to be an intriguing leader peptide candidate due to its unusually Asn-rich sequence 

(Figure 5B), but the function of the downstream gene product is unknown. Furthermore, sORF15 and 

sORF16 represent nearly identical uORFs (>90% nucleotide sequence identity), located immediately 

upstream of the lysis modules within prophages Φ11 and Φ47, respectively (Figure 5C). Notably, both 

are followed by predicted intrinsic transcription terminators, suggesting a potential cis-regulatory 

function at the mRNA level. Another interesting discovery is sORF18, a 21-amino acid uORF positioned 

directly upstream of the gene gehA, encoding lipase 1. We also note the presence of sORF17 of similar 

length, located just downstream of gehA (Figure 5D). While this arrangement may reflect independent 

small protein functions, a potential regulatory role of sORF18 in gehA expression cannot be excluded. 

 

A small uORF acts as a leader peptide and senses arginine restriction to control rbf translation 

Short uORFs represent intriguing candidate leader peptides. We hypothesized that in some cases, their 

translation could act as a sensor for environmental cues or stresses, thereby regulating downstream 
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gene expression. In addition to the Asn-rich sORF7 (Figure 5B), one uORF in particular (sORF5) drew 

our attention due to its location immediately upstream of rbf (regulator of biofilm formation) (Figure 6A). 

Notably, the luciferase reporter fusion of sORF5 showed the highest in vivo expression levels among 

all tested candidates (Figure 5E). Given its close proximity to and partial overlap with the rbf RBS, we 

investigated its potential function as regulatory leader peptide, hereafter referred to as rbfL (Figure 6). 

Although rbfL exhibited low expression during exponential planktonic growth, its discovery was enabled 

by the high sequencing coverage in our MNase data (Figure 6A). Ribo-Ret density mapped to a GUG 

start codon with an appropriately spaced AGGGAAUGAU extended SD motif and designated an eight 

amino acid small leader peptide (MVLKYRKR). Toeprinting confirmed efficient 30S initiation complex 

formation at the predicted rbfL GUG start codon, as well as at the downstream rbf start site (Figure 6B). 

Because the stop codon of rbfL is part of the SD motif of rbf, we hypothesize that rbf translation might 

be tightly coupled to efficient translation of its upstream leader peptide, rbfL. To test this hypothesis, we 

constructed dual luciferase reporter fusions, linking the rbf translation initiation region with Firefly 

luciferase and including its natural upstream sequence encompassing rbfL. As previously, Firefly 

luciferase was normalized by bi-cistronic Renilla luciferase expression. An additional construct fused to 

the eight amino acid rbfL CDS was used to monitor leader peptide translation. These constructs allowed 

us to assess the influence of rbfL on downstream rbf translation across conditions. In rich BHI medium, 

mutating rbfL’s GUG start- to a UAG stop codon only had a modest effect, resulting in a ~10% increase 

in rbf translation efficiency (Figure 6C). However, under nutrient-poor conditions (RPMI medium), this 

effect of the leader peptide was markedly enhanced. Indeed, rbfL translation efficiency dropped 6-fold, 

while rbf expression was strongly rbfL-dependent, increasing ~4-fold in the absence of the leader 

peptide (Figure 6D). Together, these findings suggest that nutrient availability modulates rbf translation 

efficiency in an rbfL-dependent manner. 

Upon inspecting the rbfL coding sequence, we noted that one of its two arginine codons was a 

particularly rare AGG codon (0.15% usage frequency). Both arginine codons (AGA and AGG) are 

decoded by the relatively scarce tRNAArg(UCU). We hypothesized that limited availability of the charged 

tRNAArg(UCU) could constrain rbfL translation, thereby modulating downstream rbf expression. To test 

this, we repeated the dual-luciferase reporter assays in RPMI medium supplemented with 10-fold 

excess of L-Arg (0.2 → 2.2 g/L). Strikingly, this supplementation increased rbfL translation efficiency 

three-fold (relative to the Renilla luciferase) and fully relieved its repressing effect on rbf translation 

(Figure 6E). To further explore the role of tRNAArg(UCU) availability, we introduced an additional plasmid-

borne copy of the argU gene (encoding tRNAArg(UCU)), expressed from its natural promoter. This partially 

alleviated rbfL-dependent translational repression, as rbf expression in the absence of rbfL was only 

1.7-fold higher compared to a 4-fold increase without argU (Figure 6F). Finally, to directly assess the 

role of the rare arginine codon, we substituted the AGG codon with a glycine codon (GGG), ensuring 

that this mutation did not disrupt SD-aSD base pairing with the overlapping rbf RBS (Figure 6A). 

Consistent with our hypothesis, this single-nucleotide change fully abolished rbfL-dependent 

translational repression and rendered rbf expression insensitive to L-Arg supplementation (Figure 6G). 

Collectively, these findings support a mechanism of RBS occlusion, in which slow decoding or ribosome 
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stalling on the rbfL leader peptide impedes translation initiation at the downstream rbf start codon 

(Figure 6H). Our data suggest that arginine availability is the primary cue sensed by rbfL through the 

charging status of tRNAArg(UCU).  

 

Discussion 

Regulation of translation initiation is central to bacterial adaptation, but species-specific mechanisms 

remain poorly understood. In this study, we investigated translation initiation and its regulation in 

Staphylococcus aureus by high-resolution initiation profiling with Ribo-Ret. While RNase 1 has 

previously been used for standard Ribo-seq in Listeria and Salmonella (47), our work provides the first 

high resolution, genome-wide dataset of translation initiation sites in bacteria. Although Ribo-Ret has 

gained popularity predominantly for sORF discovery (48, 58-61), we exploited its high precision 

obtained with RNase 1 to explore translation initiation mechanisms at single-nucleotide resolution. By 

combining these profiling data with cryo-EM analysis using an endogenous S. aureus mRNA, we 

uncover the structural basis for species-dependent start codon selection, revealing that S. aureus 70S 

ribosomes accommodate a shifted and extended SD-aSD duplex with additional base pairing as 

compared to E. coli. This structural stabilization rationalizes previously noticed differences in preferred 

spacing between the SD and start codon across bacteria (25, 62) and provides a mechanistic 

explanation for divergent start codon selection in S. aureus. In bacteria, the SD-aSD helix provides an 

anchoring point for the mRNA during its accommodation on the ribosome. An optimal distance between 

the SD-aSD helix and the start codon ensures proper positioning of the start codon in the ribosomal P-

site, facilitating its recognition by the initiator tRNA. In S. aureus, the extended SD-aSD helix influences 

how start codons are presented in the ribosomal P-site (Figure 3). The rigidity introduced by the 

additional start codon proximal interactions limits mRNA flexibility. Together with the shifted position of 

the extended SD-aSD helix on the ribosomal platform, they contribute to the specific optimal spacer 

length that is required to correctly position the start codon in the P-site (Figure 2). In E. coli, a shorter 

SD-aSD helix with slightly different position on the platform, requires shorter spacing for optimal 

localization of the start codon. In the absence of alternative, competing start codons, suboptimal spacer 

length incurs only a modest energetic cost, lowering initiation efficiency (22). However, when two 

potential start codons are present in the same RBS, the optimally spaced start codon will be preferred 

over the suboptimally positioned alternative. Strikingly, in these situations, the distinct spacer 

preferences observed among different bacterial species can lead to species-dependent decoding 

outcomes. This is demonstrated by our characterization of start codon selection in the context of aur 

and rlmB mRNAs, where S. aureus and E. coli initiate translation of different open reading frames 

(Figure 2C and D). The potential for extended SD-aSD base-pairing implies that a comparatively larger 

portion of the 16S rRNA is accessible for interaction with the mRNA, thereby allowing complementary 

sequences beyond canonical motifs to function as effective SD elements. In species capable of forming 

extended SD-aSD helices, the definition of SD motifs becomes less restrictive, encompassing a broader 

range of sequences. For example, in the rarA and proP mRNAs, such atypical alignments may underlie 

the accurate and efficient start codon recognition observed in S. aureus, but not in E. coli 30S initiation 
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complexes (Figure S4). While we do not define the full spectrum of these interactions in S. aureus, our 

data clearly show that extended SD-aSD pairing is a key determinant of start codon selection and 

contributes to evolutionary distinct patterns of ORF recognition. These findings underscore the potential 

to engineer mRNAs that produce distinct proteins depending on the bacterial species that translate 

them. This concept has broad implications for biomedical and biotechnological applications, including 

precise control of protein expression, species-specific translational switches in synthetic biology, and 

the targeted design of pathogen-specific antibacterial strategies. 

Given the conserved 3’-end sequence of the 16S rRNA between S. aureus and E. coli, other features 

must account for the mechanistic divergence that enables extended SD-aSD formation and distinct start 

codon selection (Figures 2 and 3). One notable difference is the presence of ribosomal protein bS21 

near the SD-aSD helix in E. coli, which would sterically hinder the extended interaction observed in S. 

aureus. In Firmicutes, bS21 is relatively shorter and lacks the C-terminal residues needed to anchor it 

to the 16S rRNA (63), consistent with the absence of a corresponding EM-density in our structure 

(Figure 3). Notably, bS21 has previously been linked to evolutionary translation initiation adaptations 

(17). Another important difference is the absence of ribosome-anchored protein bS1 in S. aureus (64). 

In E. coli bS1 is essential and bound at the ribosomal platform to assist translation initiation by lowering 

stability of structured ribosomal binding sites (10). Further studies are required to clarify the roles of 

bS21 and bS1 in modulating translation initiation in S. aureus. Which evolutionary pressure might have 

driven the selection of extended SD-aSD base pairing? We hypothesize that this adaptation could be 

linked to genome composition, specifically, the high AT content in species like S. aureus, and the need 

to adapt their translation initiation strategy accordingly. In E. coli, which has a more balanced GC 

content, ribosomes predominantly rely on an unstructured region near the start codon for recruitment, 

and the SD-aSD pairing is not critically required (17). In contrast, AT-rich genomes, like those of many 

Firmicutes, may rely more strongly on stable SD-aSD interactions. This could be due to the generally 

lower mRNA secondary structure in these organisms (65), making it more difficult to define initiation 

sites by their unstructured nature. 

Our findings helped define which RBS sequences strongly promote translation initiation, hence 

identifying sORF candidates with greater confidence and enabling the discovery of novel non-canonical 

start codons. In S. aureus, translation attenuation via non-canonical start codons has not previously 

been described. This mechanism typically keeps gene expression low through inefficient decoding in 

the ribosomal P-site, a process modulated by IF3 (66, 67), which itself uses an AUA start codon in S. 

aureus, likely enabling auto-regulation as seen in E. coli (68). Using Ribo-Ret, we identified two 

additional conserved non-canonical start codons limiting initiation efficiency of S. aureus cvfC1 and 

ccpN mRNAs. The strong conservation of ccpN’s AUA start codon may be linked to CcpN’s function as 

a transcriptional repressor of gluconeogenesis (57, 69). Strikingly, we observed that ccpN’s initiation 

efficiency varies in a growth media-dependent manner. Under nutrient-rich conditions, translation 

initiation increases, hinting at a potential metabolic feedback control mechanism. Efficient ccpN 

translation could repress gluconeogenesis when nutrients are abundant, and inefficient translation 

would relieve this repression under starvation. 
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We have identified 43 novel sORFs and validated several initiation sites using toeprinting and reporter 

fusions (Supplementary Table S1 and Figure 5E, respectively). Especially, the short uORFs are 

challenging to detect with standard methods like mass spectrometry or regular Ribo-seq. In these 

cases, Ribo-Ret’s strong enrichment at start sites determined at high resolution was critical to enable 

their identification. While our focus was primarily on regulatory uORFs, several of the newly-identified 

sORFs (e.g., sORF25, 26, 28, 30, 36 and 45) are predicted to adopt hydrophobic transmembrane 

helices, suggesting possible functional roles. Furthermore, sORF36 and others (sORF6, 26, 30, 34, 35 

and 40) overlap with sRNA annotations, suggesting that some of them may represent dual-function 

regulatory RNAs (70), opening future prospects for further functional characterization. Short uORFs are 

often associated with regulatory functions. In bacteria, tRNA charging levels can reflect nutrient 

availability, and leader peptides can act as sensors of amino acid scarcity by causing ribosome pausing, 

thereby regulating downstream gene expression. In S. aureus, a leucine-rich leader peptide was 

described to regulate isoleucine biosynthesis by promoting transcription antitermination under 

branched-chain amino acid limitation (53). Here, we describe a different mechanism, involving leader 

peptide-dependent regulation of translation initiation. Strikingly, we show that a novel leader peptide, 

rbfL, senses arginine limitation through the presence of a rare arginine codon, which is decoded by the 

low-abundance tRNAArg(UCU). When arginine is scarce, ribosomes pause or stall on rbfL, blocking the 

ribosome binding site of the downstream gene rbf, and preventing its translation initiation. Given that 

Rbf is an important transcription factor promoting biofilm formation, this regulation likely restricts excess 

of biofilm formation under arginine-limiting conditions (Figure 6I). Importantly, pronounced arginine 

limitation was recently shown to restrict protein synthesis and growth in S. aureus biofilms, contributing 

to antibiotic tolerance (71). Our finding also aligns with previous studies linking arginine metabolism and 

biofilm formation in S. aureus, including the role of the sRNA RsaE in promoting biofilm formation (72) 

and repressing arginine catabolism (73). The arginine-sensitive control of biofilm formation via rbfL 

further strengthens the connection between arginine metabolism and biofilms in S. aureus. While our 

study focused on rbfL, our data suggests the existence of other regulatory leader peptides, offering 

exciting directions for future research.  

 

Methods 

 

Resource table 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains  

S. aureus HG001 This study N/A 

S. aureus RN4220 This study N/A 

NEB 5-alpha E. coli New England Biolabs #C2987 

Chemicals, peptides, and recombinant proteins 

Retapamulin Euromedex #TO-R027-25MG 
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RNase-free DNase 1 Sigma Aldrich #04716728001 

SuperaseIn RNase Inhibitor Thermo Fisher #AM2694 

Rec RNase Inhibitor RNasin Promega #N251B 

[gamma-P32] ATP  Hartmann Analytic #SRP-501 

GMPPNP Sigma Aldrich #G0635-5MG 

MNase (Micrococcal nuclease S7) Sigma Aldrich #10107921001 

RNase 1 New England Biolabs #M0243S 

RPMI media (1640 modified R7509) Sigma Aldrich #R7509 

BHI media Becton Dickinson #237500 

L-Amino acids (L-Arginine used in this study) Sigma Aldrich #LAA21-1KT 

T4 Polynucleotide Kinase Thermo Fisher #EK0032 

Antarctic Phosphatase (AnP)  New England Biolabs #M0289S 

Lysing Matrix B MP Biomedicals #116911500 

Triton X-100 Sigma Aldrich #X100-100ML 

NP-40 (Substitute) Sigma Aldrich #74385-1L 

RNAPro Solution MP Biomedicals #116055050 

Phusion High Fidelity DNA Polymerase Life Technologies 

(Thermo Fisher 

Scientific) 

#F-530XL 

Ampicillin Sigma Aldrich #A9518-5G 

Chloramphenicol Sigma Aldrich #C0378 

Acidic PCI (phenol/chloroform/isoamyl alcohol) Roth #X985.3 

PCI (phenol/chloroform/isoamyl alcohol) Roth #A156.1 

Spermidine Sigma Aldrich #S0266 

ATP Sigma Aldrich #A2383 

GTP Bio Basic Canada #GD0250T 

CTP Sigma Aldrich #C9274 

UTP Sigma Aldrich #U6625-1G 

DTT Sigma Aldrich #DO632 

EDTA Boehringer Ingelheim #808261 

Lysostaphine Sigma Aldrich #L9043-5MG 

AMV RT Promega #M510F 

PBS Gibco (Thermo Fisher 

Scientific) 

#14190-094 

Dpn1 Thermo Fisher #ER1702 

Sucrose Sigma Aldrich #1076871000 

Protease Inhibitor X100 Thermo Fisher #78438 

Critical commercial assays 

PURExpress Δ Ribosome Kit New England Biolabs #E3313S 
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Nucleospin Gel and PCR clean up Macherey Nagel #740609.250 

Nucleospin Plasmid Macherey Nagel #740588.250 

Dual-Glo® Luciferase Assay System Promega #E2920 

NEBNext Small RNA Library Prep Set for Illumina New England Biolabs #E7560S 

NEBNext Ultra II Directional RNA Library Prep Kit New England Biolabs #E7760 

Staphylococcus aureus riboPOOL rRNA depletion kit siTools #dp-K024-21 

NEBuilder HiFi DNA Assembly Cloning Kit New England Biolabs #E5520S 

NEB Q5® Site-Directed Mutagenesis Kit New England Biolabs #E0554S 

Deposited data 

Raw and processed Ribo-seq and RNA-seq data This study GEO: GSE299221 

and GSE299222 

Cryo-EM map This study  EMDB: EMD XXXX 

S. aureus 70S initiation complex coordinates This study  PDB: XXXX 

Oligonucleotides 

See table S2 This study N/A 

Recombinant DNA 

pCN43 Charpentier et al., (74) N/A 

prab11 Helle et al., (75) N/A 

prabm30 (aur GUG in-frame) This study N/A 

prabm31 (aur AUG in-frame) This study N/A 

prabm32 (rlmB GUG in-frame) This study N/A 

prabm33 (rlmB AUG in-frame) This study N/A 

prabm39 (cvfC1 AUU) This study N/A 

prabm40 (cvfC1 AUG) This study N/A 

prabm42 (cvfC1 AUU-UAA stop) This study N/A 

prabm68 (ccpN AUA) This study N/A 

prabm69 (ccpN AUG) This study N/A 

prabm70 (citZ AUA) This study N/A 

prabm71 (citZ AUG) This study N/A 

pmpk1 (dual luciferase plasmid with gehA initiation 

context for firefly luciferase) 

Purchased from 

IGBMC molecular 

biology platform (Paola 

Rossolillo) 

N/A 

prabm154 (sORF18, gehA uORF fusion) This study N/A 

prabm1518 (HG001_02379 fusion) This study N/A 

prabm1520 (sORF7, HG001_02379 uORF fusion) This study N/A 

Prabm1524 (HG001_01353 fusion) This study N/A 

prabm1526 (sORF16, HG001_01353 uORF fusion) This study N/A 

prabm1521 (pbp4 fusion) This study N/A 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


prabm1523 (sORF9, pbp4 uORF fusion) This study N/A 

prabm1517 (sORF5, rbfL fusion) This study N/A 

prabm1515 (rbf fusion) This study N/A 

prabm1516 (rbf fusion with mutant rbfL start codon) This study N/A 

prmp39 (tRNAArg(UCU) locus with native promoter and 

downstream sequence in prabm1515) 

This study N/A 

prmp40 (tRNAArg(UCU) locus with native promoter and 

downstream sequence in prabm1516) 

This study N/A 

prmp41 (tRNAArg(UCU) locus with native promoter and 

downstream sequence in prabm1517) 

This study N/A 

prmp42 (RKR to RKG quickchange in prabm1515) This study N/A 

prmp44 (RKR to RKG quickchange in prabm1516) This study N/A 

Software and algorithms 

Cryosparc v4.7 Punjani et al., (76) https://cryosparc.co

m/ 

USCF Chimera v1.17.2 Pettersen et al., (77) https://www.cgl.ucsf.

edu/chimera/ 

Pymol  Schrödinger (78) https://www.pymol.or

g/ 

AlphaFold 3 Abramson et al., (79) https://alphafoldserv

er.com/ 

Other 

Quantifoil R 2/2 300-mesh copper grids Electron Microscopy 

Sciences 

SKU: Q3100CR2 

 

 

Ribo-seq experiments 

The Ribo-seq and Ribo-Ret experiments were performed as previously described (44), largely following 

the procedure for Ribo-Ret in E. coli (48) with several adjustments based on published 

recommendations (46, 61, 80, 81) and on our own optimization for S. aureus (44). For this study, few 

key steps of the protocol were changed. S. aureus HG001 was plated and grown at 37°C o/n on BHI 

agar plates. Single colonies were used to inoculate 3 ml of BHI and precultures were grown, shaking at 

180 rpm, o/n at 37°C. The following day, precultures were diluted to an optical density A600 (OD) of 0.05 

in 50 mL of BHI in 250 ml flasks. Bacterial cultures were grown, shaking at 180 rpm at 37°C, to an OD 

of 3.5 and then briefly (5 min) treated with 25 μl of 25 mg/ml Retapamulin (12.5 μg/ml f.c.) for Ribo-Ret. 

From then, Ret-treated and non-treated samples were processed identically for cell harvest and lysis.  

Cultures were subjected to rapid cooling by swirling in an ice-bath for 3 min, before 40 ml of each 

sample (split into two 50 ml falcon tubes) were harvested by centrifugation at 2,100 g for 8 min. Another 

10 ml of each culture were flash frozen in liquid nitrogen and reserved for total RNA sequencing, as 
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previously described (44). For Ribo-seq and Ribo-Ret, cell pellets were resuspended in 550 μl of pre-

chilled lysis buffer A (20 mM Tris-HCl pH 8, 50 mM MgCl2, 100 mM NH4Cl, 5 mM CaCl2, 0.4% Triton X-

100, 0.1% NP-40, 100 U/mL DNase 1, 1 mM GMPPNP). Mechanical lysis was performed by two rounds 

of ‘fastprep’ bead-beating at 6 m/s for 40 seconds in 2 mL fastprep tubes containing Lysing Matrix B. 

Subsequently, samples were centrifuged at 16 000 g for 5 min at 4°C and supernatants were carefully 

retrieved. Measurement of absorbance at 260 nm in a Nanodrop spectrophotometer served to adjust 

nuclease concentration for subsequent digestion by either MNase or RNase 1. For MNase digestion, 

750 U of MNase and 50 U of SUPERase-In (does not inhibit MNase) were added per 40 absorbance 

units (AU). After 1 h shaking at 1400 rpm and 25°C, the reactions were quenched by addition of 5 mM 

EGTA (f.c.). For the alternative digestion by RNase 1, 250 U of RNase 1 were added per 40 AU of 

sample concentration. The digestion was performed for 20 min shaking at 800 rpm and 37°C, before it 

was stopped by addition of 100 U of SUPERase-In. All samples were kept strictly on ice prior to loading 

onto a 5-50% sucrose gradient for isolation of 70S monosome peaks. Ribosome protected fragments 

(RPFs) were extracted using acidic hot phenol and size selected on a 15% polyacrylamide- 8 M Urea 

gel (PAGE) as previously described (44) with only minor changes. Namely, RPFs were gel eluted via 

passive elution in RNA elution buffer (0.5 M NH4Ac pH 6.5, 1 mM EDTA, 0.1% SDS) o/n at 4°C shaking 

at 700 rpm prior to acidic PCI (phenol/chloroform/isoamyl alcohol, 25/24/1) extraction and ethanol RNA 

precipitation.  

 

Library preparation and sequencing analysis 

All samples were subjected to ribosomal RNA depletion employing a commercially available rRNA 

depletion kit according to the manufacturer’s protocol. Prior to library preparation, RPFs were de-

phosphorylated by the use of Antarctic phosphatase and subsequently phosphorylated with T4 

polynucleotide kinase. RPF libraries were then prepared using the NEBNext Small RNA Library Prep 

Set from Illumina, following the kit’s instructions. For the associated total RNA sequencing libraries, a 

different commercially available kit was employed (NEBNext Ultra II Directional RNA Library Prep Kit). 

After single-end sequencing on an Illumina NGS instrument, demultiplexed sequencing data in FASTQ 

format were processed as previously described (44), following published and publicly available 

workflows (48, 80). To assess ribosome enrichment at start codons globally and to compare resolution 

of translation initiation peaks between MNase and RNase 1, a global average gene analysis was 

performed as previously described (48).  

 

sORF mapping 

For the discovery of novel, unannotated small ORFs (sORFs) we followed a similar strategy as 

described by Meydan et. al (48). After in silico translation, all potential ORFs with AUG, GUG or UUG 

start codons were assigned to Ribo-Ret peaks from duplicate MNase datasets, where 3’ ends of reads 

mapped within a window of +15 to +21 nt, where e.g., A of AUG designates position +1. Because of 

higher absolute sequencing coverage (> 25 million vs. approx. 10 million mapped reads per sample), 
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we initially utilized the MNase datasets to search for densities corresponding to novel unannotated 

sORFs, and later visually inspected all candidate sORFs using the densities of the high-resolution 

RNase 1 datasets. For this analysis, we took into account reads between 32-45 nt in length, additionally 

enriching translation initiation peaks. We then proceeded to filter the dataframe containing all potential 

unannotated ORFs based on differential rpm expression thresholds (see Supplemental Scheme S1). 

We considered all intergenic, unannotated ORFs but also ‘hypothetical protein’ annotations below 100 

aa for this analysis and later focused on sORFs below 50 aa in length. Based on SD motif presence 

('GGGGG', 'GGGG', 'GGAGG', 'GAGG', ‘GGAG', or ‘AGGA') 16-4 nts upstream of start codons, we 

considered ORFs with RET peak values above 0.1 rpm for visual inspection, but were more stringent 

with a minimum of 1 rpm in both duplicate experiments for ORFs without predicted SD-motif. Because 

of low, but consistent background levels of Ribo-Ret density within annotated coding sequences 

globally, presumably due to high levels of pervasive translation, we did not focus our analysis on 

potential internal initiation sites and excluded them from this mapping approach. Rather, we visually 

inspected the resulting 944 candidate intergenic sORF initiation sites individually and compared Ribo-

Ret densities with the equivalent RNase 1 data. We narrowed down our selection based on mutual 

expression in the MNase and RNase 1 datasets and constructed a high confidence sORF list. Notably, 

the majority of final considered densities corresponded to sORFs which had strong SD-motif predictions 

and which had RNase 1 density peaks mapping at appropriate distances to the predicted start codons. 

After final genome-wide data examination in an integrative genome viewer (IGV), 5 additional sORFs 

were added manually, which had been missed computationally, either due to alternative annotations 

(e.g., putative phage protein) or because their densities had mapped diffusely, while other criteria such 

as strong SD-motif and appropriate aligned spacing supported sORF presence. The final curated sORF 

list is provided in Supplementary table S1.  

 

Aligned spacing analysis 

The comparatively small genome size of S. aureus had allowed us to visually inspect all translation 

initiation sites on a genome browser, individually assessing precise start codon selection, resulting in 

our latest, improved S. aureus HG001 annotation. To study differences in start codon selection and 

spacing preferences, we calculated the average aligned spacing of S. aureus HG001 and the E. coli 

K12 reference genome. The first 20 nt upstream of all annotated start codons were extracted and a 

motif search was performed considering all instances of ‘GAGG’, ‘GGAGG’ and ‘GGAG’. Exclusively 

strong, core SD-motifs were considered to avoid ambiguous SD-aSD pairing during comparison. For 

the same reason, sequences with multiple potential SD- motifs were excluded from the analysis, unless 

the motifs fully overlapped. In few cases of multiple identical sequences extracted, only one instance 

was considered to avoid confounding effects by duplicate annotations. The nucleotide sequence 

distance to the start codon was finally counted from the end of the three defined motifs for all upstream 

sequences identified. To align spacing at the 3’ end of the GGAGG core motif, a one nucleotide spacing 

count was subtracted in cases of GGAG motifs. The absolute counts of identified motifs were plotted 

according to their computationally determined aligned spacing (Figure 2A).  
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Extended start site analysis 

The 20 nt sequences upstream the start codon, extracted for the aligned spacing analysis, were used 

to generate a sequence logo, utilizing the Logomaker Python package. Following our biochemical 

analysis of extended SD-aSD base pairing, these sequences were re-analysed for SD-motif (SD+) and 

extended SD-motif (SD++) presence. To check for the general presence of SD motifs, the first 16 nt (-

20 to -5) were searched for any occurrences of GAGG, GGAG, GGGG, GGAGG, AAGG, AGGA, AGGT 

or GGGT sequences. For all sequences where the general presence of an SD-motif was identified, we 

also searched the full 20 nt upstream sequence for occurrences of AGGNAT, AGGNGT, GGGNAT or 

GGGNGT, where ‘N’ denotes any nucleotide, to predict the formation of an extended SD-aSD helix. 

Finally, to analyse the start codon usage, the first three nucleotides of the CDS were extracted and 

different start codon usage counted.  

 

Nucleotide sequence conservation analysis 

Nucleotide sequence conservation of individual genes has been regularly assessed using curated 

genomic data publicly available through the SEED database (82). S. aureus genes of interest were first 

searched for homologs in the database. Their respective coding sequences and upstream nucleotide 

sequences were extracted, and potential SD motifs and translation initiation sites individually assessed.  

 

In vitro transcription 

In vitro transcriptions were routinely performed on template PCR products harbouring T7 promoter 

sequence overhangs. Following standard PCR procedures with Phusion DNA polymerase, PCR 

products were assessed on 1% agarose gels and purified using a commercially available clean-up kit 

(NucleoSpin Gel and PCR Clean-up, Macherey Nagel). In vitro transcription assays were performed in 

400 μl reaction volumes, with a minimum of 1 µg of purified PCR product. Typical reactions contained 

4 mM NTPs (final concentration) each, 0.2 mM Spermidine, 5 mM DTT, 4 μl of RNase inhibitor (RNasin) 

and 8 μl of home-made T7 RNA polymerase. Reactions were adjusted to 1x reaction conditions making 

use of a 10x in vitro transcription buffer (0.4 M Tris-HCl pH=8 at 37°C, 150 mM MgCl2, 0.5 M NaCl). In 

vitro transcriptions were performed for 3 h at 37°C. Subsequently, 40 μl of DNase 1 buffer 10x and 10 

μl of DNase 1 were added and template PCRs were digested for 1 h at 37°C. DNase digestion was 

stopped by addition of 0.5 M EDTA and the resulting RNA was purified by extraction with acidic PCI 

(phenol/chloroform/isoamyl alcohol, 25/24/1) solution followed by ethanol precipitation. RNA products 

were subsequently purified on a preparative 6% PAGE and excised from the gel by UV-shadowing. 

Correct product sizes were gel eluted via passive elution in RNA elution buffer (0.5 M NH4Ac pH 6.5, 1 

mM EDTA, 0.1% SDS) o/n at 4°C shaking at 700 rpm. A final acidic PCI phenol/chloroform extraction 

was followed by ethanol precipitation. Purity and quantity were routinely assessed by Nanodrop 

spectrophotometry.  
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Notably, the initial PCR reactions for T7 template generation were frequently performed with sequence-

modified ssDNA oligo sequences as forward primers to introduce the desired nucleotide changes in the 

PCR template. This has been done, for example, to generate sequence variants for the analysis of the 

mutant spa and aur RBS sequence contexts, analysed by toeprinting.  

 

30S toeprinting analysis 

Toeprinting (83) of S. aureus or E. coli 30S initiation complexes was performed as previously described 

(84). Ternary complexes were formed with in vitro transcribed mRNA, uncharged initiator tRNAfMet, and 

purified 30S subunits as follows: 1 pmol of mRNA was hybridized with 2-4 pmol of 32P-radiolabeled 

ssDNA toeprinting oligo in a 9 μl reaction volume, briefly denatured for 1 min at 90°C and refolded by 

incubation for 1 min on ice and then at room temperature for 5 min. Subsequently, 1 μl of toeprint buffer 

10x (100 mM MgCl2, 200 mM Tris–HCl of pH 7.5, 600 mM NH4Cl and 10 mM DTT) was added. Before 

use, purified 30S were adjusted to 2 µM concentration in toeprinting buffer 1x and pre-incubated at 

37°C for 15 min. Subsequently, 2 µl of mRNA/oligo mix, 2 µl of 30S and 1 µl of toeprint buffer 10x were 

added in a final reaction volume of 10 μl. After 10 min incubation at 37°C, 1 µl of 20 μM E. coli deacylated 

initiator tRNAfMet was added and samples were incubated for another 5 min at 37°C. For primer 

extension, a master mix was prepared so that addition of 2 μl would result in final concentrations of 0.2 

mM dNTPs, 1x AMV RT buffer and 1 U/µl of AMV RT. Primer extensions were performed for 30 min at 

37°C. Subsequently, RNA templates were hydrolysed by addition of 3 μl of 3 M KOH as well as 20 μl of 

buffer X (50 mM Tris-HCl pH 8.0, 0.5% SDS and 7.5 mM EDTA) and incubation for 2 min at 90°C. 

Subsequently, 6 μl of 3 M acetic acid were added to neutralize the reactions. In the final step, cDNA 

was recovered by Phenol-Chloroform extraction and ethanol precipitation with addition of sodium-

acetate (0.3 M f.c.). cDNA pellets were resuspended in urea loading dye, radioactivity counts were 

normalized and equal amounts resolved on a denaturing 10% PAGE. Gels were exposed to Fuji X-ray 

films and developed using an Optimax X-ray film processor. Sequencing lanes were generated as 

previously described (84).  

 

70S toeprinting analysis 

For toeprinting of 70S complexes during in vitro translation, a specialized kit was used (PURExpress 

delta ribosome kit, NEB). Toeprinting of in vitro translation reactions was performed as previously 

described (21). In brief, following the manufacturer’s protocol, a typical reaction contained 2.5 μl of 

solution A, 0.75 μl of Factor-mix, 1 pmol of gel-purified mRNA template and 0.5 μl of RNase inhibitor 

(RNasin) in 6.25 μl final reaction volumes. Then, 8 pmol of purified E. coli or S. aureus 70S ribosomes 

were supplied. To stall 70S complexes with Retapamulin its concentration was adjusted to 50 μM in the 

final reaction volumes. In vitro translations were performed for 30 min at 37°C prior to addition of 1-2 

pmol of 32P-radiolabeled ssDNA toeprinting oligos. Subsequently, the reactions were supplied with 2 μl 

of a primer extension mix, providing the four dNTPs at 0.4 mM f.c. each and 2 U of AMV RT per reaction, 

adjusted to 1x reaction conditions with commercial 5x AMV RT buffer. Primer extensions were 
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performed directly in the toeprint reactions for 30 min at 37°C. Following cDNA Phenol chloroform 

extraction, toeprint reactions were resolved as described for 30S toeprinting.  

 

Reporter plasmid construction 

Reporter plasmids were routinely cloned making use of NEBuilder HiFi DNA Assembly to introduce 

various inserts into a published ‘prab’ vector plasmid backbone (75), carrying constitutively expressed 

ampicillin and chloramphenicol resistance genes. We had initially introduced a bi-cistronic Renilla- and 

Firefly reporter cassette, constitutively co-transcribed from a PBlaz promoter sequence into a different 

vector backbone (pCN43) (74). However, because of the pcN43 encoded erythromycin resistance, we 

chose to transfer the cassette with its promoter, into the prab vector series with the chloramphenicol 

resistance. The rationale was to avoid any artificially introduced modifications on the ribosome, which 

could potentially interfere with the interpretation of our in vivo assays on bacterial start codon selection 

or ribosome stalling on leader peptides. Inserts for reporter fusions were regularly obtained amplifying 

PCR products with plasmid-complementary overhangs from the upstream sequences and translation 

initiation sites of genes of interest from HG001 gDNA. These inserts were cloned in-between the bi-

cistronic context of the upstream Renilla- and downstream Firefly luciferase sequences, creating 

translational reporter fusions with the CDS of the latter.  

Assemblies were generally performed following the manufacturer’s protocol, but scaled to a total 

reaction volume of 4 μl. Both vector backbone and insert PCRs were generally assessed on 1% agarose 

gels, and spin-column kit purified following the manufacturer’s protocol. Typically, 50 fmol of purified 

vector backbone PCR were mixed with 2-5-fold molar excess of purified insert PCRs for assembly with 

2x assembly master-mix. Following 1h incubation at 50°C, the reactions were directly transformed into 

50 μl of NEB 5-alpha or home-made competent top10 E. coli cells, by standard heat-shock procedures.  

For simpler nucleotide sequence changes, either the Q5 site-directed mutagenesis kit or an alternative 

‘quick-change’ protocol was employed. Q5 site-directed mutagenesis was performed according to the 

manufacturer’s protocol. For the alternative quick-change protocol, complementary 35-45 nt ssDNA 

oligos were purchased with matching plasmid sequence context, except for 1-2 nt mismatches at the 

centre of the oligos, designating desired plasmid sequence changes. Between 50 and 200 ng of vector 

plasmid served as template for amplification by Phusion PCR. Subsequently, 1 μl of DpnI was used to 

digest template plasmid vector for 1 h at 37°C, prior to heat-shock transformation.  

Plasmids were routinely purified by miniprep utilizing a commercially available kit. All required DNA 

oligonucleotides were purchased from Integrated DNA Technologies (IDT). Every cloned reporter 

construct was individually verified by Sanger sequencing (Eurofins genomics).   
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S. aureus reporter plasmid transformation 

Due to their inherent ease of transformation, S. aureus RN4220 cells were generally employed for in 

vivo expression of various reporter plasmids. Competent RN4220 cells were prepared and transformed 

as follows: RN4220 glycerol stock was initially inoculated into 3 ml of BHI for a preculture, grown at 

37°C and shaking at 180 rpm o/n. The following day, a fresh dilution to an OD of 0.05 in 50 ml BHI was 

grown under equivalent conditions until reaching OD 0.6. At this stage, cells were split into two 50 ml 

falcon tubes and pelleted in a pre-chilled centrifuge at 4°C for 10 min at 2,100 g. Pellets were washed 

twice by resuspension in 10 ml of 0.5 M sucrose and subsequent centrifugation. After discarding the 

supernatants, cell pellets were resuspended in 300 μl 0.5 M sucrose each. Then, 100 μl of cells were 

mixed with 10 μl of plasmid at approximately 500 ng/μl concentration and directly subjected to 

electroporation. Subsequently, 900 μl of BHI were added, and the cells were transferred to 1.5 ml tubes 

and left to recover at 37°C 2 h shaking at 180 rpm. After recovery, transformed cells were pelleted in a 

microcentrifuge, resuspended in 100 μl BHI and plated on BHI agar plates containing 10 μg/ml 

chloramphenicol (Cm) as a plasmid selection marker.  

 

In vivo dual luciferase reporter assays 

Dual luciferase reporter plasmids were routinely transformed into RN4220 competent S. aureus cells, 

selected via the plasmid-conferred chloramphenicol resistance and stored as glycerol stocks at -80°C. 

To perform the dual luciferase assays, these stocks were inoculated into pre-cultures in 3 ml of BHI 

media containing 10 μg/ml Cm, and grown at 37°C, shaking at 180 rpm o/n. For each biological 

replicate, a separate pre-culture was inoculated. The following day, pre-cultures were diluted 1:100 in 

5 ml of fresh BHI or RPMI media, containing 10 μg/ml Cm, in 50 ml falcon tubes and grown at 37°C 

shaking at 180 rpm. For rich BHI media, cultures were generally grown for 4 h, reaching mid to late 

exponential growth phase, whereas cultures in RPMI were grown for up to 7 h. Because of the difference 

in bacterial growth, the lysis procedure slightly differed. For BHI cultures, 50 μl were directly transferred 

into 96-well plates where they were added to 50 μl of PBS solution containing 5 μg of Lysostaphin. 

Because of the lower optical densities obtained from 7 h of growth in poor RPMI media, 2 ml of these 

cultures were pelleted in a microcentrifuge and directly resuspended in the equivalent 50 μl of PBS 

solution containing 5 μg of Lysostaphin, which were then transferred into the 96-well plate instead. S. 

aureus cell lysis was achieved by subsequent incubation for 30 min at 37°C. Subsequently, 25 μl of 

lysate were transferred into an adjacent well, where the dual luciferase assay was performed. First 25 

μl of Promega Dual-Glo firefly luciferase substrate was added and reactions were incubated for 10 min 

at room temperature. Subsequently, relative light units (RLU) were measured in a Promega GloMax 

luminometer. According to the manufacturer’s protocol, Firefly luciferase was then quenched by the 

addition of 25 μl of Renilla luciferase substrate reaction mixture (Dual-Glo Stop & Glo) and incubated 

for another 10 min. Finally, a second measurement of relative light units (RLU) in the luminometer, 

served to normalize the previously obtained Firefly signal intensities. For all reactions, a negative control 
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was included from BHI or RPMI media assayed in parallel, whose low background signals were 

subtracted from sample datapoints before normalization.  

Because the constitutive PBlaz promoter is also active in E. coli, the initially transformed home-made 

competent top10 E. coli cells used for cloning could also be used to assay the transformed reporter 

plasmids in vivo. The respective protocol was largely consistent with the dual-luciferase assays 

performed in S. aureus and only slightly differed in terms of growth conditions and lysis. In detail, 

plasmid-containing glycerol stocks were inoculated in 3 ml pre-cultures of LB media containing 100 

µg/mL ampicillin and grown at 37°C, shaking at 160 rpm o/n. The pre-cultures were diluted 1:100 in 5 

ml fresh LB (Amp) and grown in 50 ml falcon tubes at 37°C, shaking at 160 rpm for approximately 4-5 

h. Next, 2 ml of each culture were pelleted in a microcentrifuge and resuspended in 600 μl of PBS. For 

lysis, these resuspensions were transferred into 2 mL fastprep tubes containing Lysing Matrix B and 

subjected to two rounds of fastprep at the recommended E. coli protocol for mechanical lysis by the MP 

Biomedicals fastprep system. Subsequently, the tubes were spun down at 13 000 rpm in a 

microcentrifuge and 25 µl were directly transferred into 96-well plates for dual luciferase assay as 

described for S. aureus cell lysates.  

 

S. aureus ribosome purification 

Staphylococcus aureus 70S ribosomes were purified as previously described (64). Briefly, fresh o/n 

precultures were diluted to an OD600 of 0.05 in two liters of BHI media and grown at 37°C shaking at 

180 rpm to an OD600 of 1.0, reaching logarithmic growth phase. Cells were harvested by centrifugation 

at 2100 g at 4°C and washed twice with cold buffer A (20 mM HEPES-KOH pH 7.5, 100 mM NH4Cl, 21 

mM Mg(CH₃COO)2,1 mM DTT). Approximately 1.5 g of bacterial cell pellet was resuspended in 10 ml 

of buffer A, supplemented with 0.75 mg of lysostaphin, 150 U of DNase 1, 24 μl of 0.5 M DTT as well 

as 50 μl of Protease Inhibitor X100 and then incubated at 37°C for 45 minutes. Cell lysate was cleared 

by centrifugation at 30 000 g for 90 min. The supernatant was kept and supplemented with PEG 20 000 

until a concentration of 2.8% w/v was reached and subsequently centrifuged at 20 000 g for 5 min. The 

supernatant was recovered again and further PEG 20 000 added to adjust the percentage to 4.2% w/v 

before centrifugation at 20 000 g for 10 min. The resulting pellet was resuspended in 35 ml of buffer A 

and carefully layered on a 25 ml sucrose cushion (10 mM HEPES-KOH pH 7.5, 500 mM KCl, 25 mM 

Mg(CH3COO)2, 1.1 M sucrose, 0.5 mM EDTA, 1 mM DTT) before centrifugation at 40 000 rpm for 16 h 

at 4°C in a T70i rotor (Beckman Coulter). The ribosome pellet was washed twice with 5 mL of buffer E 

(10 mM HEPES-KOH pH 7.5, 100 mM KCl, 10 mM Mg(CH3COO)2, 0.5 mM EDTA, 1 mM DTT) before 

resuspension in 1.5 ml of buffer E. The resuspensions were evaluated by Nanodrop spectrophotometry 

and approximately 200 AU layered on top of a 7–30% sucrose gradient. Gradients were centrifugated 

at 17,100 rpm for 16 h 40 min at 4°C in an SW32 rotor (Beckman Coulter). Sucrose gradient tubes were 

fractionated with a Piston fractionator (Biocomp). Samples corresponding to 70S ribosomes were 

collected, pooled and the magnesium concentration was adjusted to 25 mM. Subsequently, a final PEG 

precipitation was performed by addition of PEG 20 000 up to 4.5% w/v and centrifugation at 20 000 g 
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for 12 min. Ribosomal pellets were resuspended in buffer G (10 mM HEPES-KOH pH 7.5, 50 mM KCl, 

10 mM NH4Cl, 10 mM Mg(CH3COO)2, 1 mM DTT) and flash frozen in liquid nitrogen until use for 

biochemical assays or structure determination by cryo-EM.  

 

Complex assembly and cryo-EM grid preparation 

Staphylococcus aureus 70S ribosomes were placed on ice, diluted to decrease magnesium 

concentration to 1 mM, and incubated for 10 minutes at 37°C. S. aureus in vitro transcribed spa mRNA 

was unfolded by heating at 80°C for 90 seconds, followed by incubation on ice for 1 min and 

subsequently at room temperature for 5 min. A mixture of 300 nM S. aureus 70S ribosomes, spa mRNA, 

and non-aminoacylated initiator tRNAfMet were mixed at a 1:5:5 molar ratio and incubated for 10 minutes 

at 37°C. Subsequently, non-aminoacylated tRNALys was added in the same molar ratio as the initiator 

tRNA, and the magnesium concentration was adjusted to 15 mM before a final incubation step of 10 

minutes at 37°C. 

Three microliters of the assembled S. aureus 70S initiation complex was applied to carbon-coated glow-

discharged Quantifoil R 2/2 300-mesh copper grids. Grids were blotted and plunge-frozen using a 

Vitrobot Mark IV (Thermo Fisher Scientific) at 95% humidity and 10°C. 

Cryo-EM data were collected on the in-house Glacios transmission electron microscope (Thermo Fisher 

Scientific) at the CBI operating at 200 kV and equipped with a K2 direct electron detector camera. 

Images were acquired at a nominal magnification of 45 000 x, corresponding to a calibrated pixel size 

of 0.9 Å. 

 

Image processing and model building 

All image processing was performed in CryoSPARC v4.7. Preprocessing steps included motion 

correction, contrast transfer function (CTF) estimation, and particle picking, resulting in 177,831 

particles, which were extracted. After 2D classification, 157,007 particles were selected for ab initio 3D 

reconstruction and subsequent 3D classification. Five distinct classes were obtained, corresponding to: 

(1) non-rotated 70S with E-site tRNA, (2) rotated 70S with A-site tRNA, (3) rotated 70S with A- and P-

site tRNAs, (4) 50S subunit, and (5) junk. Classes 2 and 3 were merged for refinement due to the 

presence of clear density for the Shine-Dalgarno–anti-Shine-Dalgarno helix and refined by 

Homogeneous refinement. To identify overrepresented views in the reconstruction, the software UVE 

(Urzhumtseva, L., 2024) was used. These views were then removed using an updated version of the 

software (to be published). A final particle stack of 21,621 particles were refined by non-uniform 

refinement reaching 2.9 Å resolution, as estimated by Fourier Shell Correlation (FSC). For visualization, 

sharpening was applied using EMReady with default parameters. A schematic overview of Image 

processing is shown in supplemental Figure S6. The statistics are reported in Table S3. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


For model building, the structure of the S. aureus 70S initiation complex (PDB: 6YEF (88)) was used 

as starting atomic model and fitted into the map using the “Fit in Map” tool in UCSF Chimera software. 

The atomic model was manually inspected and adjusted in Coot v0.9.8.95. The mRNA sequence 5’-

GGGGGUAUUAAUUUGAAA-3’ and the anti-SD sequence 5’-GGAUCACCUCCUUU-3’ from the 16S 

rRNA were built and fitted using RNA tools in the Coot software. The tRNALys at the A-site was modeled 

by rigid-body placement of a tRNAfMet, followed by base modifications using the "Mutate" tool to convert 

it to tRNALys. The model was refined using real-space refinement in the Phenix v1.21 software, with 

iterative cycles of manual adjustment in the Coot software. 
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.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3. 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 4.  

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5.  

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6.   

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme S1.  

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S1.   

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S2.  
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.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S5. 
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Figure S6.  

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Legends to figures 

Figure 1. RNase 1 Ribo-Ret enables high-resolution translation initiation profiling and sORF 

discovery in S. aureus 

(A) Schematic representation of Retapamulin-assisted ribosome profiling with RNase 1.  

(B) Sucrose density gradient profiles for Ribo-Ret with differential nuclease treatment and mock 

treated controls. Monosome fractions isolated and processed are highlighted in blue.  

(C) Schematic depiction of MNase cleavage bias and the obtained improved resolution by RNase 1 

Ribo-Ret. Fractions indicate the relative amount of mapped read 3’ ends distributed between 

positions +16, +17 and +18 in the peak window of a global average gene analysis.  

(D) Read length distribution of Ribo-seq (no drug) and Ribo-Ret (Ret) experiments obtained with 

either nuclease as well as plots of the average gene analysis used to assess start site 

resolution. Ret treated samples are highlighted in blue in both panels and in purple for the 

selective analysis of longer reads on the average gene plots.  

(E) Exemplary depiction of sORF discovery and start codon assignment in form of Ribo-seq and 

Ribo-Ret profiles of sORF20. Sample type and considered read lengths are indicated 

accordingly. For example, an RNase 1 untreated ctrl Ribo-seq profile is shown, considering 

reads of 15-45 nt in length. The annotation designates RNase 1 ctrl (15-45).  

(F, G) Newly identified sORFs by category and their comparative sORF length distributions by 

kernel density violin plots. Also see Figure S1, S2 and Table S1. 

 

Figure 2. High resolution Ribo-Ret reveals evolutionarily distinct start codon selection 

(A) Comparative analysis of aligned spacing distributions between E. coli and S. aureus. Exemplary 

S. aureus ribosome binding sites are displayed for reference and their in-frame start codons 

are highlighted in blue along a schematic representation of SD-aSD directed localization of the 

start codon in the P-site. Also see Figure S3. 

(B) Ribo-seq and Ribo-Ret profiles of S. aureus aur mRNA showing ribosomal density peaks, 

highlighting selection of an in-frame GUG start codon within an AUGUG overlap.  

(C) Toeprinting analysis of natural S. aureus mRNAs aur and rlmB decoded by S. aureus (S. a) and 

E. coli (E. c) 70S ribosomes. Sequencing lanes (A, U, C, G) and toeprint positions (arrows) are 

indicated accordingly. Ret denotes Retapamulin. 

(D) Results from in vivo dual luciferase assays measuring translation initiation efficiencies from in-

frame AUG or GUG reporter fusions of aur and rlmB initiation sites in S. aureus and E. coli. 

Measurements corresponding to correct decoding of the natural in-frame GUG start codon are 

highlighted in blue. A schematic drawing of the dual luciferase reporter is depicted. Mean and 

standard deviation from at least five biological replicates are shown. Two-tailed unpaired t test, 

∗∗∗p < 0.001. 
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Figure 3. Cryo-EM structure unveils an extended SD-aSD helix directing start codon selection 

(A) Toeprinting analysis of mutant spa mRNA with ambiguous translation initiation context, decoded 

by S. aureus or E. coli 70S ribosomes. Sequencing lanes (A, U, C, G), toeprint positions (black 

and empty arrows), and the exact RBS sequence are shown.  

(B) Cryo-EM map and model of the extended SD-aSD helix region within an S. aureus 70S initiation 

complex formed on the natural spa mRNA. The corresponding sequence is shown, highlighting 

nucleotides involved in Watson-Crick base pairing. Initiator tRNA is shown in red, the aSD 

sequence is displayed in green, the spa mRNA’s SD motif is colored in blue and the mRNA’s 

model towards the start codon shown in gray. Start codon proximal extended interactions are 

shown from an alternative angle on the bottom left. 

(C, D) Comparative S. aureus and E coli 70S toeprinting analysis of aur mRNA sequence variants, 

analyzing the contribution of spacer length and extended SD-aSD base pairing to the decoding 

preferences of its natural AUGUG start codon overlap. Predicted extended SD-aSD pairing 

interactions are shown in C, while the toeprinting results are displayed in panel D. mRNA 

sequencing lanes (A, U, C, G) are indicated and the respective toeprint positions highlighted by 

black and empty arrows. Also see Figure S4. 

(E) Global sequence motif analysis of S. aureus RBS sequences upstream of initiation sites.  

(F) Computationally predicted SD sequence usage among S. aureus mRNAs and the percentage 

utilizing extended SD-aSD base pairing interactions. 

(G) Global start codon usage percentage among annotated S. aureus mRNAs. 

 

Figure 4. Ribo-Ret facilitates discovery of conserved non-canonical start codons  

(A, B) Ribo-Ret profiles of S. aureus cvfC1 (A) and ccpN (B) showing ribosomal density peaks and 

a zoomed focus on their respective initiation sites, highlighting the use of non-canonical start 

codons. Also see Figure S5. 

(C, D) Sequence conservation of cvfC1 (C) and ccpN (D) translation initiation contexts with extended 

SD-aSD base pairing and non-canonical start codon (in blue characters) selection.  

(E) Schematic depiction of cvfC1’s position in the cvfC operon. A putative Zinc finger fold of CvfC1 

could indicate a contribution to the transcriptional regulation of thyA linked with CvfC3 expression.  

(F) Schematic depiction of CcpN’s functional role as a transcriptional repressor of gluconeogenesis. 

CcpN’s predicted structure via AlphaFold is shown and black blunt arrows indicate repression of 

key gluconeogenic enzymes.  

(G) Results from in vivo dual luciferase assays measuring translation initiation efficiencies from non-

canonical (AUU or AUA) and canonical (AUG) start codon reporter fusions of cvfC1, ccpN and 

citZ initiation sites in RPMI and BHI media, respectively. Measurements from variable Firefly 

luciferase reporter fusions are normalized by constant Renilla expression. For cvfC1, an 

additional plasmid variant with in-frame stop codon serves as negative control. Results are 

displayed on a logarithmic scale as mean and standard deviation from at least three biological 

replicates. Two-tailed unpaired t test, ∗∗∗p < 0.001.  
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(H) Comparative plot of the average relative initiation efficiencies (fluc/rluc) of measurements 

displayed in the panel G, comparing non-canonical against canonical start codon usage in RPMI 

and BHI media.  

 

Figure 5. Small uORFs represent candidate regulatory leader peptides 

(A) Selected sORF table displaying novel small uORF candidates. Their sORF- and uORF IDs, 

defined by respective downstream gene annotations, their start codons, coding sequences, 

distances to downstream genes and conservation are shown. An additional column indicates 

whether toeprint analyses were performed and if the obtained signal was strong, faint or not 

determined (n.d.). uORFs that were further experimentally analyzed are highlighted in bold.  

(B, C, D) Ribo-Ret profiles of S. aureus sORF7 (B), sORF15 (C) and sORF18 (D), showing ribosomal 

density peaks and a zoomed focus on their respective initiation sites. Toeprinting analyses 

validating strong 30S initiation complex formation are shown. The corresponding sequencing 

lanes (A, U, C, G) and the toeprint positions (+16) are indicated.  

(E) Selected validation of sORF expression in vivo by use of dual luciferase reporter fusions of 

candidate uORFs, sORF18, sORF7, sORF16, sORF9 and sORF5. Firefly luciferase signals 

from variable sORF reporter fusions are highlighted in orange, whereas measurements from 

constant Renilla luciferase are shown in white. Absolute measurements (relative light units, 

RLU) are displayed on a logarithmic scale as mean and standard deviation from at least three 

biological replicates. A sketch of the bi-cistronic reporter plasmid architecture is shown.  

 

Figure 6. rbfL is a novel leader peptide, sensing arginine restriction and exerting translational 

control over a transcriptional regulator of biofilm formation 

(A) Genomic organization of the rbf gene locus with its newly discovered leader peptide rbfL is 

depicted alongside a zoomed in MNase Ribo-Ret profile of corresponding ribosomal density 

peaks. The translation initiation sites of rbfL and rbf with their respective nucleotide sequence 

context are shown. SD motifs and start codons are highlighted bold and underlined, 

respectively. rbfL peptide translation is displayed, emphasizing decoding of a rare arginine 

codon (AGG).  

(B) Toeprint analysis demonstrating efficient 30S initiation complex formation at the start sites of 

rbf and rbfL in vitro. The corresponding sequencing lanes (A, U, C, G) and toeprint positions 

(+16) are indicated. 

(C, D, E, F, G) Results from in vivo dual luciferase assays measuring translation initiation efficiencies 

from rbfL and rbf reporter fusions in S. aureus. Variable culture conditions, such as growth 

media or L-Arg supplementation are indicated accordingly. Expression of rbf from its native 

sequence context in the presence of rbfL is highlighted in yellow, whereas rbfL start codon 

mutations are indicated by striped white bars. The strong regulatory effect of rbfL in RPMI is 

emphasized by the change from yellow to orange color for the rbf reporter fusion in panel D. 
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Further reporter plasmid changes are indicated, corresponding to additional plasmid encoded 

tRNAArg(UCU) expression (F) or rare arginine AGG to GGG codon mutation (G), respectively. 

Measurements from Firefly luciferase reporter fusions were normalized by bi-cistronic Renilla 

luciferase expression. Mean and standard deviation from at least three biological replicates are 

shown. Two-tailed unpaired t test, ∗∗∗p < 0.001.  

(H) Graphical model of rbf translation regulation conferred by the rbfL leader peptide.  

(I) Schematic model linking a possible sensory role of rbfL translation to metabolic feedback 

control over S. aureus biofilm formation.  

 

Supplemental Scheme S1. Ribo-Ret expression data filtering scheme for sORF discovery in S. 

aureus HG001, related to Methods and Figure 1. 

Schematic flow chart representation of the analysis performed to identify sORFs by filtering of 

mapped Ribo-Ret expression data. Initially, all possible sORFs from AUG, GUG or UUG start 

codons were in silico translated into candidate sequences. Subsequently, they were either kept 

or discarded based on whether Ribo-Ret density peaks were adequately positioned in respect 

to the putative start sites and above indicated rpm expression thresholds. Key decisions during 

the analysis with this filtering approach are indicated by grey circles. Differential criteria 

considered for filtering, such as predicted SD-motif presence are designated on top of each 

branch of the decision tree. The number of candidate-sORFs remaining after computational 

filtering and after visual inspection are indicated accordingly.  

 

Figure S1. Biochemical validation of initiation complex formation on novel sORF candidate 

sequences, related to Figure 1. 

(A) Graphical illustration of toeprinting analysis for monitoring of translation initiation complex 

formation. Initiation complexes were formed on candidate sORF sequences either with purified 

S. aureus 70S ribosomes, trapped by addition of Ret during in vitro translation, or with 30S 

subunits. Primer extension inhibition analysis of radiolabeled oligos was used to assess the 

position and efficiency of initiation complex formation.  

(B) 70S initiation complex toeprinting analysis of candidate sORF20, referenced in main figure 1E. 

Toeprint bands at positions +16 and +17 in respect to the predicted AUG start codon of sORF20 

as well as sequencing lanes and the corresponding nucleotide sequence are indicated 

accordingly. Toeprints obtained by use of either S. aureus or E. coli purified 70S are shown.  

(C, D, E) Ribo-Ret profiles of S. aureus sORF26 (C), sORF36 (D) and sORF21 (E), displaying 

ribosomal density peaks and a zoomed focus on their respective initiation sites. Toeprinting 

analyses indicating 30S initiation complex formation corresponding to each of the Ribo-Ret 

footprints are shown on the right of each panel, next to a structural model of the designated 

small proteins as predicted by AlphaFold. The respective small protein sequence is indicated 
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on top of each Ribo-Ret density profile. For each 30S toeprint, sequencing lanes and the 

corresponding nucleotide sequence are displayed.  

 

Figure S2. Staphylococcal repeat (STAR) motifs recruit ribosomes for translation initiation at 

their conserved 5’ sequences, designating sORFs of variable length, related to Figure 1. 

(A) Exemplary Ribo-Ret profiles of sORF1, corresponding to a 5 aa short sORF, whose initiation 

site is one of several conserved STAR motif 5’ sequences. The exact position of the Ribo-Ret 

footprint is shown on a zoomed view at the bottom, highlighting 3’ end density at position +16 

in respect to an AUG start codon.  

(B) Sequence comparison of the RBS motifs of STAR sequences, displaying Ribo-Ret densities 

and designating variable sORFs, expressed in our experimental conditions. The selected start 

codons (blue) with appropriately spaced purine-rich tracts (bold) are highlighted in the 

alignments and a corresponding sequence motif is displayed below. The different small proteins 

designated by the five STAR sequences shown, are indicated below their respective sORF 

identifiers, in grey.  

Figure S3: High-resolution Ribo-Ret facilitated improved genome annotation, resulting in minor 

and major start codon re-assignments, related to Figures 1 and 2. 

(A) Exemplary Ribo-Ret profiles of sepA, with density peaks, whose positions designate 

alternative in-frame start codon selection. An appropriately spaced GUG start codon (blue), 

was re-annotated compared to the previously annotated AUG start codon (black). This 

example is representative of several minor re-annotations as a result of improved resolution 

by RNase 1 Ribo-Ret.  

(B) Exemplary Ribo-Ret profiles of sarX, with density peaks far from the previously annotated 

putative initiation site, therefore designating a major re-annotation. The previous 22 aa 

longer N-terminal annotation is indicated in black, while the new annotation from an 

appropriately spaced UUG start codon with strong Ribo-Ret peak, is shown in blue.  

 

Figure S4: Alternative SD-aSD alignment during translation initiation through extended SD-aSD 

formation can direct differential start codon selection between S. aureus and E. coli, related to 

Figure 3. 

(A, B) Comparative 30S toeprinting analysis of differential start codon selection by S. aureus 

and E. coli ribosomes on the natural S. aureus mRNA sequences rarA (A) and proP (B). 

For both mRNAs’ SD-motifs, extended SD-aSD interactions are predicted to form. The 

predicted model for rarA is displayed on the right of the toeprint panel, below its RNase 1 

Ribo-Ret density profile (A). An extended interaction may differently align the SD and aSD 

sequence on this particular mRNA. In panel B on the other hand, the model for the SD-

aSD interaction on proP, shown below its Ribo-Ret density profile, indicates similar 

alignments between S. aureus and E. coli. However, the possible extended interactions 
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may preclude initiation at the first of two potential AUG start codons. For both panels, 

toeprint bands at positions +16 (arrows) in respect to either potential start codon, 

sequencing lanes and the corresponding nucleotide sequence are indicated accordingly. 

For both rarA as well as proP, the full RBS sequence is displayed below the toeprint gel, 

highlighting the extended SD motif and the in-frame start codon in S. aureus in blue.  

 

Figure S5: infC and citZ utilize non-canonical AUA start codons in S. aureus HG001 strain, 

related to Figure 4. 

(A, B) Non-canonical start codon usage by the infC (A) and citZ (B) mRNAs is shown, evidenced 

by their respective Ribo-Ret expression profiles. The Ribo-Ret data type used for 

visualization is indicated accordingly, e.g., indicating the use of MNase Ribo-Ret data of read 

lengths 32-45 nt for citZ (B) due to low expression values and sequencing coverage of the 

locus.  

(C, D) Evolutionary RBS sequence conservation analysis of infC (C) and citZ (D), as performed 

by comparison of curated genome information extracted from the SEED database. Potential 

SD-aSD motif interactions are shown in bold, including putative extended interactions in the 

case of infC (C), while conserved non-canonical start codons are highlighted in blue.  

 

Figure S6: Single particle cryo-EM data processing on S. aureus 70S initiation complex, related 

to Methods and Figure 3. 

(A). Particle sorting scheme. Arrows in 3D classification indicate presence of signal 

corresponding to SD-antiSD helix.  

(B) Estimated resolution based on Fourier shell correlation at 0.143 (dotted line).  

(C) View distribution from map represented by VUE (89) 

 

 

 

Supplemental information 

Scheme S1. sORFs discovery pipeline, related to Methods. 

Table S1. List of newly discovered sORFs, related to Figure 1. 

Table S2. List of oligonucleotides used in this study, related to Methods. 

Table S3. Cryo-EM data processing statistics, related to Methods. 

 

.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


References: 

 

1. Jenul C, Horswill AR. Regulation of Staphylococcus aureus virulence. Microbiology Spectrum. 
2019;7(2):10.1128/microbiolspec.gpp3-0031-2018. 
2. Bleul L, Francois P, Wolz C. Two-Component Systems of S. aureus: Signaling and Sensing 
Mechanisms. Genes (Basel). 2021;13(1). 
3. Desgranges E, Marzi S, Moreau K, Romby P, Caldelari I. Noncoding RNA. Microbiol Spectr. 
2019;7(2). 
4. Duval M, Simonetti A, Caldelari I, Marzi S. Multiple ways to regulate translation initiation in 
bacteria: Mechanisms, regulatory circuits, dynamics. Biochimie. 2015;114:18-29. 
5. Gualerzi CO, Pon CL. Initiation of mRNA translation in bacteria: structural and dynamic aspects. 
Cellular and Molecular Life Sciences. 2015;72(22):4341-67. 
6. Milón P, and Rodnina MV. Kinetic control of translation initiation in bacteria. Critical Reviews 
in Biochemistry and Molecular Biology. 2012;47(4):334-48. 
7. Antoun A, Pavlov MY, Lovmar M, Ehrenberg M. How initiation factors maximize the accuracy 
of tRNA selection in initiation of bacterial protein synthesis. Mol Cell. 2006;23(2):183-93. 
8. Nakamoto T. A unified view of the initiation of protein synthesis. Biochemical and Biophysical 
Research Communications. 2006;341(3):675-8. 
9. Espah Borujeni A, Cetnar D, Farasat I, Smith A, Lundgren N, Salis HM. Precise quantification of 
translation inhibition by mRNA structures that overlap with the ribosomal footprint in N-terminal 
coding sequences. Nucleic Acids Research. 2017;45(9):5437-48. 
10. Duval M, Korepanov A, Fuchsbauer O, Fechter P, Haller A, Fabbretti A, et al. Escherichia coli 
ribosomal protein S1 unfolds structured mRNAs onto the ribosome for active translation initiation. 
PLoS Biol. 2013;11(12):e1001731. 
11. Espah Borujeni A, Channarasappa AS, Salis HM. Translation rate is controlled by coupled trade-
offs between site accessibility, selective RNA unfolding and sliding at upstream standby sites. Nucleic 
Acids Res. 2014;42(4):2646-59. 
12. Shine J, Dalgarno L. Determinant of cistron specificity in bacterial ribosomes. Nature. 
1975;254(5495):34-8. 
13. Korostelev A, Trakhanov S, Asahara H, Laurberg M, Lancaster L, Noller HF. Interactions and 
dynamics of the Shine–Dalgarno helix in the 70S ribosome. Proceedings of the National Academy of 
Sciences. 2007;104(43):16840-3. 
14. Watson ZL, Ward FR, Méheust R, Ad O, Schepartz A, Banfield JF, et al. Structure of the bacterial 
ribosome at 2 Å resolution. eLife. 2020;9:e60482. 
15. Boni IV, Isaeva DM, Musychenko ML, Tzareva NV. Ribosome-messenger recognition: mRNA 
target sites for ribosomal protein S1. Nucleic Acids Res. 1991;19(1):155-62. 
16. Komarova AV, Tchufistova LS, Dreyfus M, Boni IV. AU-rich sequences within 5' untranslated 
leaders enhance translation and stabilize mRNA in Escherichia coli. J Bacteriol. 2005;187(4):1344-9. 
17. Saito K, Green R, Buskirk AR. Translational initiation in E. coli occurs at the correct sites 
genome-wide in the absence of mRNA-rRNA base-pairing. eLife. 2020;9:e55002. 
18. Nakagawa S, Niimura Y, Miura K, Gojobori T. Dynamic evolution of translation initiation 
mechanisms in prokaryotes. Proc Natl Acad Sci U S A. 2010;107(14):6382-7. 
19. Calogero RA, Pon CL, Canonaco MA, Gualerzi CO. Selection of the mRNA translation initiation 
region by Escherichia coli ribosomes. Proc Natl Acad Sci U S A. 1988;85(17):6427-31. 
20. Li GW, Burkhardt D, Gross C, Weissman JS. Quantifying absolute protein synthesis rates reveals 
principles underlying allocation of cellular resources. Cell. 2014;157(3):624-35. 
21. Kohl MP, Kompatscher M, Clementi N, Holl L, Erlacher Matthias D. Initiation at AUGUG and 
GUGUG sequences can lead to translation of overlapping reading frames in E. coli. Nucleic Acids 
Research. 2022;51(1):271-89. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


22. Chen H, Bjerknes M, Kumar R, Jay E. Determination of the optimal aligned spacing between 
the Shine – Dalgarno sequence and the translation initiation codon of Escherichia coli m RNAs. Nucleic 
Acids Research. 1994;22(23):4953-7. 
23. Wen JD, Kuo ST, Chou HD. The diversity of Shine-Dalgarno sequences sheds light on the 
evolution of translation initiation. RNA Biol. 2021;18(11):1489-500. 
24. McNutt ZA, Roy B, Gemler BT, Shatoff EA, Moon KM, Foster LJ, et al. Ribosomes lacking bS21 
gain function to regulate protein synthesis in Flavobacterium johnsoniae. Nucleic Acids Res. 
2023;51(4):1927-42. 
25. Ma J, Campbell A, Karlin S. Correlations between Shine-Dalgarno Sequences and Gene 
Features Such as Predicted Expression Levels and Operon Structures. Journal of Bacteriology. 
2002;184(20):5733-45. 
26. Vellanoweth RL, Rabinowitz JC. The influence of ribosome-binding-site elements on 
translational efficiency in Bacillus subtilis and Escherichia coli in vivo. Mol Microbiol. 1992;6(9):1105-
14. 
27. Estrada K, Garciarrubio A, Merino E. Unraveling the plasticity of translation initiation in 
prokaryotes: Beyond the invariant Shine-Dalgarno sequence. PLoS One. 2024;19(1):e0289914. 
28. Fesenko I, Sahakyan H, Dhyani R, Shabalina SA, Storz G, Koonin EV. The hidden bacterial 
microproteome. Molecular Cell. 2025;85(5):1024-41.e6. 
29. Orr MW, Mao Y, Storz G, Qian S-B. Alternative ORFs and small ORFs: shedding light on the dark 
proteome. Nucleic Acids Research. 2019;48(3):1029-42. 
30. Fuchs S, Engelmann S. Small proteins in bacteria – Big challenges in prediction and 
identification. PROTEOMICS. 2023;23(23-24). 
31. Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. Genome-wide analysis in vivo of 
translation with nucleotide resolution using ribosome profiling. Science. 2009;324(5924):218-23. 
32. Ingolia NT, Lareau LF, Weissman JS. Ribosome profiling of mouse embryonic stem cells reveals 
the complexity and dynamics of mammalian proteomes. Cell. 2011;147(4):789-802. 
33. Johnstone TG, Bazzini AA, Giraldez AJ. Upstream ORFs are prevalent translational repressors 
in vertebrates. EMBO J. 2016;35(7):706-23. 
34. Lee S, Liu B, Lee S, Huang SX, Shen B, Qian SB. Global mapping of translation initiation sites in 
mammalian cells at single-nucleotide resolution. Proc Natl Acad Sci U S A. 2012;109(37):E2424-32. 
35. Eisenberg AR, Higdon AL, Hollerer I, Fields AP, Jungreis I, Diamond PD, et al. Translation 
Initiation Site Profiling Reveals Widespread Synthesis of Non-AUG-Initiated Protein Isoforms in Yeast. 
Cell Syst. 2020;11(2):145-60 e5. 
36. Gao X, Wan J, Liu B, Ma M, Shen B, Qian SB. Quantitative profiling of initiating ribosomes in 
vivo. Nat Methods. 2015;12(2):147-53. 
37. Kitahara K, Miyazaki K. Specific inhibition of bacterial RNase T2 by helix 41 of 16S ribosomal 
RNA. Nat Commun. 2011;2:549. 
38. Oh E, Becker AH, Sandikci A, Huber D, Chaba R, Gloge F, et al. Selective ribosome profiling 
reveals the cotranslational chaperone action of trigger factor in vivo. Cell. 2011;147(6):1295-308. 
39. Li GW, Oh E, Weissman JS. The anti-Shine-Dalgarno sequence drives translational pausing and 
codon choice in bacteria. Nature. 2012;484(7395):538-41. 
40. Shell SS, Wang J, Lapierre P, Mir M, Chase MR, Pyle MM, et al. Leaderless Transcripts and Small 
Proteins Are Common Features of the Mycobacterial Translational Landscape. PLoS Genet. 
2015;11(11):e1005641. 
41. Lalanne JB, Taggart JC, Guo MS, Herzel L, Schieler A, Li GW. Evolutionary Convergence of 
Pathway-Specific Enzyme Expression Stoichiometry. Cell. 2018;173(3):749-61 e38. 
42. Schrader JM, Zhou B, Li GW, Lasker K, Childers WS, Williams B, et al. The coding and noncoding 
architecture of the Caulobacter crescentus genome. PLoS Genet. 2014;10(7):e1004463. 
43. Davis AR, Gohara DW, Yap MN. Sequence selectivity of macrolide-induced translational 
attenuation. Proc Natl Acad Sci U S A. 2014;111(43):15379-84. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


44. Kohl MP, Chane-Woon-Ming B, Bahena-Ceron R, Jaramillo-Ponce J, Antoine L, Herrgott L, et al. 
Ribosome Profiling Methods Adapted to the Study of RNA-Dependent Translation Regulation in 
Staphylococcus aureus. In: Bacterial Regulatory RNA: Methods and Protocols. New York, NY: Springer 
US; 2024. p. 73-100. 
45. Dingwall C, Lomonossoff GP, Laskey RA. High sequence specificity of micrococcal nuclease. 
Nucleic Acids Res. 1981;9(12):2659-73. 
46. Mohammad F, Green R, Buskirk AR. A systematically-revised ribosome profiling method for 
bacteria reveals pauses at single-codon resolution. eLife. 2019;8:e42591. 
47. Bryant OJ, Lastovka F, Powell J, Chung BYW. The distinct translational landscapes of gram-
negative Salmonella and gram-positive Listeria. Nature Communications. 2023;14(1):8167. 
48. Meydan S, Marks J, Klepacki D, Sharma V, Baranov PV, Firth AE, et al. Retapamulin-Assisted 
Ribosome Profiling Reveals the Alternative Bacterial Proteome. Molecular Cell. 2019;74(3):481-93.e6. 
49. Cue D, Lei MG, Luong TT, Kuechenmeister L, Dunman PM, O'Donnell S, et al. Rbf promotes 
biofilm formation by Staphylococcus aureus via repression of icaR, a negative regulator of icaADBC. J 
Bacteriol. 2009;191(20):6363-73. 
50. Mohammad F, Woolstenhulme CJ, Green R, Buskirk AR. Clarifying the Translational Pausing 
Landscape in Bacteria by Ribosome Profiling. Cell Reports. 2016;14(4):686-94. 
51. Cheung GYC, Joo H-S, Chatterjee SS, Otto M. Phenol-soluble modulins – critical determinants 
of staphylococcal virulence. FEMS Microbiology Reviews. 2014;38(4):698-719. 
52. Fuchs S, Kucklick M, Lehmann E, Beckmann A, Wilkens M, Kolte B, et al. Towards the 
characterization of the hidden world of small proteins in Staphylococcus aureus, a proteogenomics 
approach. PLOS Genetics. 2021;17(6):e1009585. 
53. Kaiser JC, King AN, Grigg JC, Sheldon JR, Edgell DR, Murphy MEP, et al. Repression of branched-
chain amino acid synthesis in Staphylococcus aureus is mediated by isoleucine via CodY, and by a 
leucine-rich attenuator peptide. PLOS Genetics. 2018;14(1):e1007159. 
54. Kuntová L, Mašlaňová I, Obořilová R, Šimečková H, Finstrlová A, Bárdy P, et al. Staphylococcus 
aureus Prophage-Encoded Protein Causes Abortive Infection and Provides Population Immunity 
against Kayviruses. mBio. 2023;14(2):e0249022. 
55. Kaito C, Kurokawa K, Matsumoto Y, Terao Y, Kawabata S, Hamada S, et al. Silkworm pathogenic 
bacteria infection model for identification of novel virulence genes. Molecular Microbiology. 
2005;56(4):934-44. 
56. Ikuo M, Kaito C, Sekimizu K. The cvfC operon of Staphylococcus aureus contributes to virulence 
via expression of the thyA gene. Microbial Pathogenesis. 2010;49(1):1-7. 
57. Servant P, Le Coq D, Aymerich S. CcpN (YqzB), a novel regulator for CcpA-independent 
catabolite repression of Bacillus subtilis gluconeogenic genes. Molecular Microbiology. 
2005;55(5):1435-51. 
58. Weaver J, Mohammad F, Buskirk AR, Storz G. Identifying Small Proteins by Ribosome Profiling 
with Stalled Initiation Complexes. mBio. 2019;10(2). 
59. Laczkovich I, Mangano K, Shao X, Hockenberry AJ, Gao Y, Mankin A, et al. Discovery of 
Unannotated Small Open Reading Frames in Streptococcus pneumoniae D39 Involved in Quorum 
Sensing and Virulence Using Ribosome Profiling. mBio. 2022;13(4):e01247-22. 
60. Smith C, Canestrari JG, Wang AJ, Champion MM, Derbyshire KM, Gray TA, et al. Pervasive 
translation in Mycobacterium tuberculosis. eLife. 2022;11:e73980. 
61. Vazquez-Laslop N, Sharma CM, Mankin A, Buskirk AR. Identifying Small Open Reading Frames 
in Prokaryotes with Ribosome Profiling. J Bacteriol. 2022;204(1):e0029421. 
62. Hockenberry AJ, Stern AJ, Amaral LAN, Jewett MC. Diversity of Translation Initiation 
Mechanisms across Bacterial Species Is Driven by Environmental Conditions and Growth Demands. 
Molecular Biology and Evolution. 2017;35(3):582-92. 
63. Jha V, Roy B, Jahagirdar D, McNutt ZA, Shatoff Elan A, Boleratz BL, et al. Structural basis of 
sequestration of the anti-Shine-Dalgarno sequence in the Bacteroidetes ribosome. Nucleic Acids 
Research. 2020;49(1):547-67. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


64. Khusainov I, Vicens Q, Bochler A, Grosse F, Myasnikov A, Ménétret J-F, et al. Structure of the 
70S ribosome from human pathogen Staphylococcus aureus. Nucleic Acids Research. 
2016;44(21):10491-504. 
65. Gu W, Zhou T, Wilke CO. A universal trend of reduced mRNA stability near the translation-
initiation site in prokaryotes and eukaryotes. PLoS Comput Biol. 2010;6(2):e1000664. 
66. Binns N, Masters M. Expression of the Escherichia coli pcnB gene is translationally limited using 
an inefficient start codon: a second chromosomal example of translation initiated at AUU. Molecular 
Microbiology. 2002;44(5):1287-98. 
67. Hecht A, Glasgow J, Jaschke PR, Bawazer LA, Munson MS, Cochran JR, et al. Measurements of 
translation initiation from all 64 codons in E. coli. Nucleic Acids Research. 2017;45(7):3615-26. 
68. Butler JS, Springer M, Dondon J, Graffe M, Grunberg-Manago M. Escherichia coli protein 
synthesis initiation factor IF3 controls its own gene expression at the translational level in vivo. Journal 
of Molecular Biology. 1986;192(4):767-80. 
69. Tännler S, Fischer E, Coq DL, Doan T, Jamet E, Sauer U, et al. CcpN Controls Central Carbon 
Fluxes in Bacillus subtilis. Journal of Bacteriology. 2008;190(18):6178-87. 
70. Raina M, King A, Bianco C, Vanderpool Carin K. Dual-Function RNAs. Microbiology Spectrum. 
2018;6(5):10.1128/microbiolspec.rwr-0032-2018. 
71. Freiberg JA, Reyes Ruiz VM, Gimza BD, Murdoch CC, Green ER, Curry JM, et al. Restriction of 
arginine induces antibiotic tolerance in Staphylococcus aureus. Nature Communications. 2024;15(1). 
72. Schoenfelder SMK, Lange C, Prakash SA, Marincola G, Lerch MF, Wencker FDR, et al. The small 
non-coding RNA RsaE influences extracellular matrix composition in Staphylococcus epidermidis 
biofilm communities. PLOS Pathogens. 2019;15(3):e1007618. 
73. Rochat T, Bohn C, Morvan C, Le Lam TN, Razvi F, Pain A, et al. The conserved regulatory RNA 
RsaE down-regulates the arginine degradation pathway in Staphylococcus aureus. Nucleic Acids Res. 
2018;46(17):8803-16. 
74. Charpentier E, Anton Ana I, Barry P, Alfonso B, Fang Y, Novick Richard P. Novel Cassette-Based 
Shuttle Vector System for Gram-Positive Bacteria. Applied and Environmental Microbiology. 
2004;70(10):6076-85. 
75. Helle L, Kull M, Mayer S, Marincola G, Zelder ME, Goerke C, et al. Vectors for improved Tet 
repressor-dependent gradual gene induction or silencing in Staphylococcus aureus. Microbiology 
(Reading). 2011;157(Pt 12):3314-23. 
76. Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA. cryoSPARC: algorithms for rapid unsupervised 
cryo-EM structure determination. Nature Methods. 2017;14(3):290-6. 
77. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF 
Chimera—A visualization system for exploratory research and analysis. Journal of Computational 
Chemistry. 2004;25(13):1605-12. 
78. Schrödinger L. PyMOL 2020 (Available from: http://www.pymol.org/pymol) 
79. Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, et al. Accurate structure prediction 
of biomolecular interactions with AlphaFold 3. Nature. 2024;630(8016):493-500. 
80. Mohammad F, Buskirk AR. Protocol for Ribosome Profiling in Bacteria. Bio-protocol. 
2019;9(24):e3468. 
81. Glaub A, Huptas C, Neuhaus K, Ardern Z. Recommendations for bacterial ribosome profiling 
experiments based on bioinformatic evaluation of published data. Journal of Biological Chemistry. 
2020;295(27):8999-9011. 
82. Overbeek R, Begley T, Butler RM, Choudhuri JV, Chuang H-Y, Cohoon M, et al. The Subsystems 
Approach to Genome Annotation and its Use in the Project to Annotate 1000 Genomes. Nucleic Acids 
Research. 2005;33(17):5691-702. 
83. Hartz D, McPheeters DS, Traut R, Gold L. [27] Extension inhibition analysis of translation 
initiation complexes.  Methods in Enzymology. 164: Academic Press; 1988. p. 419-25. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


84. Fechter P, Chevalier C, Yusupova G, Yusupov M, Romby P, Marzi S. Ribosomal initiation 
complexes probed by toeprinting and effect of trans-acting translational regulators in bacteria. 
Methods Mol Biol. 2009;540:247-63. 
85. Rosenthal PB, Henderson R. Optimal determination of particle orientation, absolute hand, and 
contrast loss in single-particle electron cryomicroscopy. J Mol Biol. 2003;333(4):721-45. 
86. Saxton WO, Baumeister W. The correlation averaging of a regularly arranged bacterial cell 
envelope protein. J Microsc. 1982;127(Pt 2):127-38. 
87. Van Heel M, Keegstra W, Schutter W, Van Bruggen E. Arthropod hemocyanin structures studied 
by image analysis. Life Chem Rep Suppl. 1982;1(69-73):5. 
88. Golubev A, Fatkhullin B, Khusainov I, Jenner L, Gabdulkhakov A, Validov S, et al. Cryo-EM 
structure of the ribosome functional complex of the human pathogen Staphylococcus aureus at 3.2 A 
resolution. FEBS Lett. 2020;594(21):3551-67. 
89. Urzhumtseva L, Barchet C, Klaholz BP, Urzhumtsev AG. Program VUE: analysing distributions 
of cryo-EM projections using uniform spherical grids. J Appl Crystallogr. 2024;57(Pt 3):865-76. 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/


HG001 

sORF ID
Start End Strand SD prediction

Length 

(aa)
Sequence

Start 

codon
Category TMH Toeprint Note

1 2090586 2090603 + AGGA_-12 5 MIKNH* AUG STAR - n.d. pervasively translated STAR motif

2 2611768 2611785 +
GGGG_-13;GGAG_-11; 

(GGGGAGU-extended)
5 MIKSH* AUG STAR - n.d. srn_4770 overlap, pervasively translated STAR motif

3 2484341 2484367 -
GGGG_-11;AGGA_-4; 

(GGGGAAU-extended)
8 MYLMSSDN* AUG uORF - n.d. gpmA uORF

4 1919735 1919761 -
AGGA_-10; (AGGAAGUG-

extended)
8 MNNKRVLY* UUG uORF - n.d. recX uORF

5 661999 662025 +
AGGGA_-14; 

(AGGGAAUGAU-extended)
8 MVLKYRKR* GUG uORF - strong rbf uORF

6 491933 491965 + GAGG_-10 10 MSVLKNKKVD* AUG sRNA overlap - n.d. srn_9210 overlap

7 2407928 2407963 - (-); (GAAGUGG-SD-like) 11 MNLVNYNGNNN* AUG uORF - strong HG001_02379 uORF, Asn-rich, SD-like sequence

8 1697146 1697181 - GAGGG_-13 11 MLKVILNTLFI* AUG uORF - n.d. srn_3340 (teg72) overlap, HG001_01610 uORF

9 635864 635899 - AGGU_-18 11 MISVSRNNHCF* AUG uORF - faint pbp4 uORF, faint toeprint

10 2083777 2083818 - GGAG_-5 13 MDNINKNEKFRVL* AUG uORF - n.d. HG001_04219 uORF,  pathogenicity island

11 2184805 2184846 - GGAG_-10 13 MECNVYIVCITDK* AUG uORF - n.d. HG001_02149 uORF

12 101261 101314 - GGAG_-11 17 MEKLVTSAISFSQLLPI* AUG dORF - n.d. HG001_00084 3' UTR

13 2060337 2060390 - GGAG_-10;AGGA_-11 17 MKIKTASIEVEKVEVVV* AUG uORF - n.d. HG001_02012 uORF, prophage sORF

14 2017930 2017986 -
GAGG_-11; (GAGGUGAU-

extended)
18 MYKTYQSVKTYFYRWWGY* GUG intergenic - n.d. CO2-induced small protein 320 nt upstream of HG001_01958

15 1928906 1928968 -

GGAGG_-9;GAGG_-

9;GGAG_-10;AGGA_-11; 

(GGAGGUGAU-extended)

20 MLKGILGYSFWACFWFGKCK* AUG uORF - strong HG001_01849 uORF, prophage sORF

16 1465037 1465099 -

GGAGG_-9;GAGG_-

9;GGAG_-10;AGGA_-11; 

(GGAGGUGAU-extended)

20 MLKGILGYSFWSCFWFSKCK* AUG uORF - strong HG001_01353 uORF, prophage sORF

17 2777350 2777415 -

GGAGG_-9;GAGG_-

9;GGAG_-10;AGGA_-8; 

(GGAGGAAU-extended)

21 MTADFFQLIGSLFRILKELFK* AUG dORF - n.d. gehA dORF

18 2779513 2779578 - AGGA_-9 21 MSAWLSKLFEFIPRIIINLFI* AUG uORF - strong gehA uORF

19 34217 34285 +
GGAGG_-8;GAGG_-

8;GGAG_-9;AGGA_-10
22 MVDIKSTFIQYIRYITIIAHIT* AUG dORF - n.d. rlmH 3' UTR

20 1461641 1461712 - GGAG_-10;AGGA_-11 23 MWSPVCELGETKESDKKRTNNND* AUG dORF - strong
sORF immediately dowstream of phage defense gene 'pdpSau' (Kuntová 

et al. 2023)

21 1722026 1722100 + GGAG_-11;AGGA_-12 24 MKSLLQAHSHSVKHCQYNIVAPKT* AUG dORF - strong HG001_ 01628 (putative peptidase 'pepQ') 3' UTR

22 1922149 1922223 + AGGA_-12 24 MNSVKLKQPVSIYNDPWEVKFIYI* AUG intergenic - strong
Prophage insertion/truncation of radical SAM/CxCxxxxC motif protein 

YfkAB

23 1802935 1803012 +
GAGG_-10; (GAGGUGA-

extended)
25 MKFIAKILISLVILFMIFSRKNKAS* UUG intergenic - n.d.

sORF in RNA feature 'S744', transcribed antisense to HG001_01694 5' 

UTR and early CDS

24 2110363 2110443 + GGAG_-10;AGGA_-11 26 MLNQYTEHQPTTSNIIILLYSLGLER* AUG uORF - n.d.
ilvD uORF, I-rich motif, leucine-rich attenuator peptide (Kaiser et al. 

2018)

25 1243325 1243408 +
GGGGG_-10;GGGG_-11_-

10; (GGGGGUA-extended)
27 MKRETKQKISFCLSIGIFILVILLLIF* AUG uORF tmh strong

sORF in pathogenicity island downstream glnA, upstream lowly 

expressed  conserved hypothetical protein HG001_04121

26 1122668 1122751 -
GGAGG_-7;GAGG_-

7;GGAG_-8;AGGA_-9
27 MLHYVIPVLVLLLVFLIGWILIKLIIR* AUG sRNA overlap tmh strong

srn_2580 (teg103) overlap, highly I/L-rich sORF, colistin induced, 

expressed antisense to HG001_01058 long 5' UTR

27 2548561 2548647 - GGAG_-8;AGGA_-9 28 MKRLENKVAVVTGASTGIGQASAIALAQ* AUG intergenic - intermediate N-terminus of truncated putative dehydrogenase HG001_02512

28 1244220 1244309 +

GGAGG_-9;GAGG_-

9;GGAG_-10; (GGAGGUG-

extended)

29 MTRELRKKLTLYLNIATLILFIINLTRKK* AUG uORF tmh n.d.
sORF in pathogenicity island downstream glnA, upstream lowly 

expressed conserved hypothetical protein HG001_01162

29 1531430 1531522 +
GGAGG_-9;GAGG_-

9;GGAG_-10
30 MQNKVLRIIIIVMLVSVVLALLLTSIIPIL* AUG intergenic tmh n.d. stressosome-associated protein Prli42 (Impens et al. 2017)

30 2026185 2026283 -

GGAGG_-10;GAGG_-

10;GGAG_-11; 

(GGAGGUGU-extended)

32
MMWWQEGMMTLITGGLLIIFRLWLELKWK

NKK*
AUG sRNA overlap tmh n.d. srn_3780 overlap, putative toxin

31 1248597 1248698 +

GGAGG_-9;GAGG_-

9;GGAG_-10; 

(GGAGGUAU-extended)

33
MENNDSNEVAYLLKDGKFTKVYVNQDSVSF

VPG*
AUG intergenic - n.d. sORF in pathogenicity island downstream glnA

32 720065 720169 +
GGGG_-13;GGAG_-11; 

(GGGGAGU-extended)
34

MIFSQNLFRRPTPTCIVCRNWESNFSLLGPR

RQG*
AUG STAR - n.d. hisC 3' UTR, pervasively translated STAR motif

33 1246984 1247088 + GGAG_-10;AGGA_-11 34
MFKVNYSILSYYPEYNIAVSWQRLREGKTIK

NKI*
AUG intergenic - n.d. sORF in pathogenicity island downstream glnA

34 2483286 2483390 +
GGAGG_-8;GAGG_-

8;GGAG_-9;AGGA_-10
34

MKLDLQTARRNLNSPNIKTRKRALKIIKQHKR

AK*
AUG sRNA overlap - n.d. RsaX20 overlap

35 2719575 2719679 - GGAG_-6;AGGA_-7 34
MMKKLAVILTLVGGLYFAFKKYQERVNQAPN

IEY*
AUG sRNA overlap tmh n.d.

srn_5010 (teg33) overlap, colistin induced, identified by proteomics 

(Fuchs et. al 2021) 

36 1069835 1069942 +
GAGG_-9; (GAGGUG-

extended)
35

MKRKSNVLTIIKIVTDIVATVLIIRALLNSRKDA

K*
GUG sRNA overlap tmh strong

srn_2460 (teg58) overlap, potential dual function RNA (Manna et. al 

2018)

37 1922866 1922976 -
GGAGG_-10;GAGG_-

10;GGAG_-11
36

MTEQMYLILFLLSLPLLLFIGRKTHFYCLDKK

NGRR*
AUG uORF - n.d. HG001_01842 uORF, prophage sORF

38 810323 810436 +
GGAG_-11; (GGGAGUG-

extended)
37

MIFSQNLFRRPTPTCIVCRNWESNFSLLGPI

PNLHCL*
AUG STAR - n.d. pervasively translated STAR motif

39 115375 115488 -
GGGG_-13;GGAG_-11;  

(GGGGAGUG-extended)
37

MIFSQNLFRRPTPTCIVCRNWESNFSLLGPR

PNSHCL*
AUG STAR - n.d. pervasively translated STAR motif

40 1975599 1975715 + (-); GUGAGUGAG-SD-like 38
MIKKKYFFIVVPQLALPVEIVDPISLCWGPAN

LHIIVS*
GUG sRNA overlap - n.d. srn_1930.3 (rsaOF) overlap, SD-like sequence

41 1660034 1660153 - AGGU_-17 39
MAEQSKQKQANEQQKAQNLFARWRQLQN

SNSESSNDTNK*
AUG dORF - n.d. HG001_01575 3' UTR

42 794790 794909 + GGAG_-10;AGGA_-11 39
MKNKLLVLSLGALCVSQIWESNRASAVVSG

EKNPYVSSR*
UUG intergenic - n.d. vwb coagulase truncated N-terminus

43 2153239 2153376 -
GAGG_-9; (GAGGUG-

extended)
45

MKRPEKIQNVVKLLSSLGVNIKKTKSRLDIINT

LPASNKVSHELK*
AUG dORF - n.d. csoR-copZ operon 3' UTR, identified by proteomics (Fuchs et. al 2021) 

44 1831257 1831400 - - 47
MTRERRSFSSEFKLQMVRLYKNGKPRNEIIR

EYDFTPSTFVNGGYKM*
AUG intergenic - n.d. putative truncated transposase IS3 family

45 238185 238331 + GGAG_-10;AGGA_-11 48
MVESMLTFMLGPLRQITDFYMEHLLVSNSIVI

AGYFATGIFKKKKVVN*
AUG uORF tmh strong

in-between putative alcohol dehydrogenases HG001_00191 and 

HG001_00193

46 1634458 1634604 -
GAGG_-11;GGAG_-

9;AGGA_-10
48

MSFMDKAKDAVEKFKNSDNEQVKNVKDKIN

EYTGSNNEEKKENEDKEK*
AUG dORF - n.d.

sorf in sigB regulated operon downstream of putative stress response 

protein csbD, identified by proteomics (Fuchs et. al 2021) 

Table S1. Novel unannotated sORFs identified in S.a . HG001
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Table S2. List of oligonucleotides used in this study 

Name Sequence 5’-3’ Purpose 

oMK53 TAATACGACTCACTATAggatagtttaattaaactgactaca sORF5 T7 fwd 

oMK54 gctactcaaatacaacatgatcg sORF5 T7 rev 

oMK55 caaaataagactatgccatcttg sORF5 
toeprinting 

oMK65 TAATACGACTCACTATAgtggtaaatgtttgataaaatagtat sORF7 T7 fwd 

oMK66 tattaatgtttcgttatccgcc sORF7 T7 rev 

oMK67 attgttccattgtaatctccct sORF7 
toeprinting 

oMK128 TAATACGACTCACTATAgcattttttgtaataacttctcaaag sORF9 T7 fwd 

oMK129 gacttacattaacagcactcg sORF9 T7 rev 

oMK130 cataaagcgttaatcttcccttt sORF9 
toeprinting 

oMK56 TAATACGACTCACTATAgacataaaaatgtggattctagg sORF15 T7 
fwd 

oMK57 ggatttttgagccatagcat sORF15 T7 
rev 

oMK58 gactcttaactgttatttacatttac sORF15 
toeprinting 

oMK59 TAATACGACTCACTATAgacatcaagatgtggattctagg sORF16 T7 
fwd 

oMK60 gcttttgatttgcccatttac sORF16 T7 
rev 

oMK61 gactcttaactattacttacacttac sORF16 
toeprinting 

oMK11 TAATACGACTCACTATAGaataatttgaaatgattagcgtatac sORF18 T7 
fwd 

oMK12 gttgataattagcattttccctag sORF18 T7 
rev 

oMK15 gataaacaaattgataattattcgag sORF18 
toeprinting 

oMK110 TAATACGACTCACTATAgaaataaactagaaaatatagtatcattatgg sORF20 T7 
fwd 

oMK111 cacaaaaaaataaccacactcc sORF20 T7 
rev 

oMK112 gtttaaaaattagtcgttattgttagt sORF20 
toeprinting 

oMK98 TAATACGACTCACTATAggcctaggattacaagaaca sORF21 T7 
fwd 

oMK99 gttacatattgcatttagacttgg sORF21 T7 
rev 

oMK100 ggataaaaatttatgtcttaggcg sORF21 
toeprinting 

oMK101 TAATACGACTCACTATAgaagtggtatcataccgatatg sORF22 T7 
fwd 

oMK102 gtgaagctaaaataactacaaatga sORF22 T7 
rev 

oMK103 gtatataaatttcacttcccatgg sORF22 
toeprinting 

oMK263 TAATACGACTCACTATAgccatattcatattacttctcatcg sORF25 T7 
fwd 

oMK264 catgatttctttcacttttagaaaac sORF25 T7 
rev 

oMK265 ggcgaaatttttaattttttagaatatc sORF25 
toeprinting 

oMK95 TAATACGACTCACTATAgaagttaaaggagggacgttat sORF26 T7 
fwd 
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oMK96 cacatccgaatattacaaacac sORF26 T7 
rev 

oMK97 gcggataattaactttattaaaatcc sORF26 
toeprinting 

oMK1 TAATACGACTCACTATAgtaagtttaagatatgttgtatagg sORF27 T7 
fwd 

oMK2 gaattctatcagccgcattatc sORF27 T7 
rev 

oMK5 gagctaaagcgattgc sORF27 
toeprinting 

oMK86 TAATACGACTCACTATAgttgaatggtgagcttattggg sORF36 T7 
fwd 

oMK87 cgactcgattacttggtattaaaa sORF36 T7 
rev 

oMK88 aagcacgtatgattaacacg sORF36 
toeprinting 

oMK134 TAATACGACTCACTATAggcggatggtttagtaaatg sORF45 T7 
fwd 

oMK135 cttccacgccatataatttca sORF45 T7 
rev 

oMK136 cttacgagtaaatgttccatataaaa sORF45 
toeprinting 

oMK526 TAATACGACTCACTATAgatttcaggaggaatgaaatgtgaggaaattttc aur wt T7 fwd 

oMK527 TAATACGACTCACTATAgatttcaggaggaatgatgtgaggaaattttc aur spacer -2 
T7 fwd 

oMK528 TAATACGACTCACTATAgatttcaggaggaatgaaAatgtgaggaaattttc aur spacer +1 
T7 fwd  

oMK529 TAATACGACTCACTATAgatttcaggaggaatgaaAAatgtgaggaaattttc aur spacer +2 
T7 fwd 

oMK530 TAATACGACTCACTATAgatttcaggaggaCCgaaatgtgaggaaattttc aur delta 
extended SD 
T7 fwd 
AU>CC 

oMK554 TAATACGACTCACTATAgatttcaggaggaCtgaaatgtgaggaaattttc aur delta 
extended SD 
T7 fwd 
AU>CU 

oMK555 TAATACGACTCACTATAgatttcaggaggaaCgaaatgtgaggaaattttc aur delta 
extended SD 
T7 fwd 
AU>AC 

oMK556 TAATACGACTCACTATAgatttcaggaggaGtgaaatgtgaggaaattttc aur delta 
extended SD 
T7 fwd 
AU>GU 

oMK78 catcagtaacagcgtaatcttg aur T7 rev 

oMK79 cgctaatgctgctggtg aur toeprinting 

oMK122 TAATACGACTCACTATAgcgtaacgcgaaaagtc rlmB wt T7 
fwd 

oMK123 gaacaatgattttttgatcttttgc rlmB t7 rev 

oMK124 caatatcttatttatcggatgccc rlmB 
toeprinting 

oMK535 TAATACGACTCACTATAGatacagggggtattaatttgaaaaagaaaaac spa wt T7 fwd 

oMK537 TAATACGACTCACTATAGatacagggggtattaatGtgaaaaagaaaaac spa mutant 
AUGUG T7 
fwd 

Romby-
lab 

TTTGCAGCAGGTGTTACGCC spa T7 rev 
and 
toeprinting 
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oligo 
1287 

oMK154 TAATACGACTCACTATAgaaaggtgtgacaaatgtgag rarA T7 fwd 

oMK155 gcttcttcaacaacaagttg rarA T7 rev 

oMK162 ggtccaactaaatgttgttgg rarA 
toeprinting 

oMK74 TAATACGACTCACTATAgatacaagagggagtgtatgaatt proP T7 fwd 

oMK75 ggctaatgctgcgaaag proP t7 rev 

oMK76 gcattaccgataccggt proP 
toeprinting 

oMK331 aatagcgaagaggcccgc Luciferase 
cassette 
transfer 
prab12 
backbone fwd 

oMK332 acgccagctggcgaaagg Luciferase 
cassette 
transfer 
prab12 
backbone rev 

oMK333 cccctttcgccagctggcgtagcttactatgccattattaataacttag Luciferase 
cassette fwd 

oMK334 gtgcgggcctcttcgctattaaaaaagcaacgcactttaaataag Luciferase 
cassette rev 

oMK180 GAAGACGCCAAAAACATAAAG prabm30-33 
vector 
backbone fwd 

oMK419 CTTGATGTCAGATCTTTATTGTTC prabm30-33 
vector 
backbone rev 

oMK420 aataaagatctgacatcaagCATTTACTTTTCTGAAAAATTAAATTAATATTTTATTTATAAG prabm30&31 
aur insert fwd 

oMK421 tttatgtttttggcgtcttcCACATTTCATTCCTCCTGAAATC prabm30 aur 
insert rev 

oMK422 tttatgtttttggcgtcttcGCACATTTCATTCCTCCTG prabm31 aur 
insert rev 

oMK423 aataaagatctgacatcaagGCGTAACGCGAAAAGTCATAC prabm32&33 
rlmB insert 
fwd 

oMK424 tttatgtttttggcgtcttcCACATCGTCACTACCTTTCG prabm 32 
rlmB insert rev 

oMK426 tttatgtttttggcgtcttcCCACATCGTCACTACCTTTC prabm 33 
rlmB insert rev 

oMK479 gaagacgccaaaaacataaag prabm 39, 40, 
42, 68, 69, 70, 
71 vector 
backbone fwd 

oMK483 cttgatgtcagatctttattgttc prabm 39, 40, 
42, 68, 69, 70, 
71 vector 
backbone rev 

oMK484 aataaagatctgacatcaagatgtcaaatttaaaacagtaacacttatttac prabm 39, 40, 
42 cvfc1 insert 
fwd  

oMK485 tttatgtttttggcgtcttcctctgaaaaagttaaaatacgcg Prabm39 
cvfc1 insert 
rev 
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oMK486 tttatgtttttggcgtcttcctctgaaaaagttaacatacgc prabm40 
cvfc1 mut 
insert rev 

oMK488 tttatgtttttggcgtcttcctctgaaaaagtttaaatacgcg prabm42 
cvfc1 stop 
insert rev 

oMK567 tttatgtttttggcgtcttcttgactgagttctataggtcttcac Prabm68 
ccpN wt insert 
fwd 

oMK568 tttatgtttttggcgtcttcttgactgagttcCataggtcttcac Prabm69 
ccpN AUG 
insert fwd 

oMK566 aataaagatctgacatcaagcaagtaaaattaatgtgtttgtgac prabm68&69 
ccpN insert 
rev 

oMK570 tttatgtttttggcgtcttcttgtaattctgctatgataaatttcc Prabm70 citZ 
wt insert fwd 

oMK571 tttatgtttttggcgtcttcttgtaattctgcCatgataaatttcc Prabm71 citZ 
AUG insert 
fwd 

oMK569 aataaagatctgacatcaagcacaaacgaaatgcgtttag prabm70&71 
citZ insert rev 

oMK176 agtattGAAGACGCCAAAAACATAAAG Q5 SDM fwd 
oligo for 
prabm152 
gehA fluc 
fusion 

oMK177 atacttATTTTGACTTTTCATCATTGTC Q5 SDM rev 
oligo for 
prabm152 
gehA fluc 
fusion 

oMK180 GAAGACGCCAAAAACATAAAG Q5 SDM fwd 
oligo for fluc 
fusion 
changes  

oMK181 GATAAACAAATTGATAATTATTCGAG Q5 SDM rev 
oligo for 
prabm154 
gehA uORF 
(sORF18) 
fusion (with 
oMK180) 

oMK193 AGATCTTTATTGTTCATTTTTGAG prabm1515, 
prabm1521, 
prabm1524 
vector 
backbone rev 
oligo (with 
oMK180) 

oMK194 aaaatgaacaataaagatctGGATAGTTTAATTAAACTGACTAC prabm1515 rbf 
insert fwd 

oMK195 tttatgtttttggcgtcttcAGTAAGTATATGCAAGCATG prabm1515 rbf 
insert rev 

oMk196 AATGATAAAAtaGGTACTTAAATATAGAAAGAGG prabm1516 q5 
SDM oligo fwd  

oMk197 CCCTATAATATTTAACTTATTTAATTAAAC prabm1516 q5 
SDM oligo rev 
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oMk198 CCTCTTTCTATATTTAAGTACC prabm1517 q5 
SDM oligo rev 
(with oMK180) 

oMK199 agatctttattgttcatttttgagaac prabm1518 
vector 
backbone rev 
oligo (with 
oMK180) 

oMK200 aaaatgaacaataaagatctgttaagaattataaaaatgtaaagtatatactttg prabm1518 
HG001_02379 
insert fwd 

oMK201 tttatgtttttggcgtcttccataaaacctacttgaggtaattg prabm1518 
HG001_02379 
insert rev 

oMK204 ATTATTGTTACCGTTATAATTTAC prabm1520 q5 
SDM oligo rev 
(with oMK180) 

oMK205 aaaatgaacaataaagatctgcattttttgtaataacttctcaaag prabm1521 
pbp4 insert 
fwd) 

oMK206 tttatgtttttggcgtcttcaatgatgataatagatattaaatttttcataaag prabm1521 
pbp4 insert 
rev) 

oMK209 AAAGCAATGGTTATTCCTAC prabm1523 q5 
SDM oligo rev 
(with oMK180) 

oMK210 aaaatgaacaataaagatctgacatcaagatgtggattc prabm1524 
HG001_01353 
insert fwd) 

oMK211 tttatgtttttggcgtcttcgatgtatcttgttattacttttgc prabm1524 
HG001_01353 
insert rev) 

oMK214 CTTACACTTACTAAACCAG prabm1526 q5 
SDM oligo rev 
(with oMK180) 

oMK489 acagatctgagctcgaattcgtacttaactgtattttaaagagaaaagaaatac prmp39, 40, 
41 tRNA 
Arg(UCU) 
insert fwd 
oligo 

oMK490 cttgggaggggctcacgaccgtgagttaaataattaaaaaaccacg prmp39, 40, 
41 tRNA 
Arg(UCU) 
insert rev oligo 

oMK491 ggtcgtgagcccctcccaag prmp39, 40, 
41 vector 
backbone fwd 
oligo 

oMK492 gaattcgagctcagatctgttaacgg prmp39, 40, 
41 vector 
backbone rev 
oligo 

oMK497 gtacttaaatatagaaagGGGtaaagttatggcaaaatcatgc prmp42& 44 
quickchange 
fwd 

oMK498 gcatgattttgccataactttaCCCctttctatatttaagtac prmp42& 44 
quickchange 
rev 
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Data collec�on processing
Magnifica�on 45, 000
Acceleration Voltage (KV) 200
Electron exposure (eÅ-2) 30
Defocus range (µm) -0.5 to 2.5
Pixel size 0.91
Simmetry imposed C1
Initial particle images (no.) 177 831
Final particle images (no.) 21 621
Map resolution (Å) 2.9
Fourier Shell correla�on threshold 0.143
Refinement
Initial model used (PDB code) 6YEF
Model resolution 2.9
Fourier shell correlation threshold 0.5
Map sharpening B factor (Å) 0
Model composi�on
Non-hydrogens atoms 140814
Protein residues 5275
Nucleo�des 4634
B factors (Å)
Protein 36.6
RNA 36.0
Root mean square deviations
Bond lengths (Å) 0.005
Bonde angles (Å) 0.595
Valida�on
Molprobity score 1.82
Clashscore 10.20
Rotamer outliers 0.07
Ramachandran plot
Favored (%) 95.79
Allowed (%) 4.05
Disallowed (%) 0.15

Table S3. Cryo-EM data processing statistics, related to Methods.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.19.660503doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.19.660503
http://creativecommons.org/licenses/by-nc-nd/4.0/

