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INTRODUCTION  53 

A broader diversity of proteins with specialized functions can augment cell 54 

reproduction capacity, optimize its metabolism, and facilitate survival in the ever-55 

changing environment. However, the fitness gain acquired by making a new 56 

protein is counterbalanced with the cost of expanding the size of the genome, a 57 

conundrum particularly onerous in bacteria whose genomes are highly 58 

streamlined.  59 

Different strategies can be used for diversifying proteome without 60 

expanding genome size. For instance, ribosomes may initiate at a unique start 61 

codon of an open reading frame (ORF), but due to programmed ribosomal 62 

frameshifting or stop codon readthrough, some of them may produce a polypeptide 63 

whose sequence deviates from that encoded in the main ORF. Such recoding 64 

events lead to generation of more than one protein from a single gene (Atkins et 65 

al., 2016; Baranov et al., 2015).  66 

Another possible way for producing diverse polypeptides from a single ORF 67 

is the utilization of alternative internally located start codons. Although translation 68 

of the majority of the bacterial genes is initiated at a unique TIS, designated herein 69 

as primary (pTIS), several examples of genes with an additional internal TIS (iTIS) 70 

have been uncovered by detecting additional polypeptide products during the 71 

purification of the primary protein (reviewed in (Meydan et al., 2018)). In these 72 

genes, translation initiated at the pTIS results in production of the full-length 73 

(primary) protein, while ribosomes that initiate translation at the in-frame iTIS 74 

synthesize an alternative, N-terminally truncated polypeptide. Such primary and 75 







   6 

 

Here we show that retapamulin (RET), an antibiotic of the pleuromutilin 122 

family, exclusively stalls ribosomes at the start codons of the ORFs. Brief pre-123 

treatment of E. coli cells with RET dramatically rearranges the distribution of 124 

ribosomes along the ORFs, confining the ribosomal footprints obtained by Ribo-125 

seq to the TISs of the genes. Strikingly, the application of the Ribo-seq/RET 126 

approach to the analysis of bacterial translation revealed that more than many E. 127 

coli genes contain actively used iTISs. In vitro and in vivo experiments confirmed 128 

initiation of translation at some of the discovered iTISs and show that internal 129 

initiation may lead to production of proteins with distinct functions. Our data show 130 

that initiation at alternative start sites is widespread in bacteria and reveal the 131 

possible existence of a previously cryptic fraction of the proteome. 132 

 133 

RESULTS  134 

RET arrests the initiating ribosome at the start codons  135 

Pleuromutilin antibiotics, including clinically-used semi-synthetic RET, bind in the 136 

peptidyl transferase center (PTC) of the bacterial ribosome, hindering the 137 

placement of the P- and A-site amino acids and thus preventing peptide bond 138 

formation (Figure S1A and S1B) (Davidovich et al., 2007; Poulsen et al., 2001; 139 

Schlunzen et al., 2004). In vitro studies have shown that presence of fMet-tRNA 140 

and RET in the ribosome are not mutually exclusive (Yan et al., 2006). Therefore, 141 

we reasoned that RET may allow the assembly of the 70S initiation complex at the 142 

start codon, but by displacing the aminoacyl moiety of the initiator fMet-tRNA and 143 
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Even though the majority of the ribosome footprints in the Ribo-RET dataset 190 

mapped to annotated pTISs, we also observed peaks at certain internal codons 191 

(Figure 2A). Hypothetically, the presence of internal Ribo-RET peaks could be 192 

explained by elongating ribosomes paused at specific sites within the ORF. 193 

Nonetheless, this possibility seems unlikely, since no substantial Ribo-RET peak 194 

was detected even at the most prominent programmed translation arrest site in the 195 

E. coli genome within the secM ORF (Nakatogawa and Ito, 2002) (Figure S1G). 196 

Similarly implausible was the origin of the internal RET peaks from context-specific 197 

elongation arrest observed with some other antibiotics (Kannan et al., 2014; Marks 198 

et al., 2016) because biochemical (Dornhelm and Hogenauer, 1978) and structural 199 

(Davidovich et al., 2007) data strongly argue that RET cannot bind to the 200 

elongating ribosome (Figure S1B). We therefore concluded that the Ribo-RET 201 

peaks at internal sites within ORFs must represent ribosomes caught in the act of 202 

initiating translation.  203 

Three E. coli genes, infB, mcrB and clpB, were previously reported to 204 

encode two different polypeptide isoforms due to the iTIS presence: translation of 205 

the full-size protein is initiated at the pTIS while the shorter isoform is expressed 206 

from an iTIS (Broome-Smith et al., 1985; Park et al., 1993; Plumbridge et al., 1985). 207 

The Ribo-RET profile of these genes showed well-defined and highly-specific 208 

ribosome density peaks (Figure 2B) at the known iTISs, thereby verifying the utility 209 

of Ribo-RET for mapping iTISs in bacterial genes.  210 

Among the E. coli BW25113 genes expressed in our conditions, we 211 

identified 239 iTIS candidates. To further expand the systematic identification of 212 
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 327 

Conservation analysis of in-frame iTISs 328 

We analyzed alignments of bacterial genes homologous to the E. coli genes 329 

where internal in-frame start sites were detected by Ribo-RET. Sequence logos 330 

and codon conservation plots indicated preservation of in-frame potential initiation 331 

sites and locally enhanced synonymous site conservation at phoH, speA, yebG, 332 

yfaD and yadD (Figure S4A-S4E). However, it remains to be seen whether these 333 

conserved regions are relevant to promoting iTIS usage or simply represent 334 

unrelated sequence requirements of these genes. The other iTISs identified by 335 

Ribo-RET in the E. coli genome show a lower degree of evolutionary conservation 336 

indicating that many of them could be species- or strain-specific.  337 

 338 

Ribo-RET identified iTISs that are out of frame relative to the main ORF 339 

Only two examples of a bacterial ORF nested in an alternative frame within another 340 

ORF had been previously described: comS within srfAB in B. subtilis and rpmH 341 

within rnpA in Thermus thermophilus (reviewed in (Meydan et al., 2018)). Our 342 

Ribo-RET analysis showed the presence of 74 OOF iTISs common between the 343 

examined E. coli BW25113 and BL21 strains. (Figure S5A). The location of the 344 

OOF iTISs within the host genes varies significantly; the peptides generated by 345 

translation initiated at the OOF iTISs would range in size from 2 to 84 amino acids 346 

(Figures 4A, S5A and S5B).  347 

We tested two OOF iTIS candidates (found within the birA and sfsA genes) 348 

for their ability to direct initiation of translation. Initiation of translation at the OOF 349 
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coincidental toeprint bands (either one of the inhibitors is expected to stall the 396 

ribosome at the initiation codon of the start-stop site) (Figure 5B). Thus, the iTISs 397 

of the start-stops nested in yecJ and hslR genes can direct ribosome binding. For 398 

in vivo analysis we fused the gfp reporter gene, devoid of its own start codon, 399 

immediately downstream from the AUG codon of the yecJ iTIS (stripped from its 400 

associated stop codon) (Figure 5C). GFP fluorescence derived from the resulting 401 

construct was readily detectable as long as the initiator codon of the start-stop site 402 

was intact, but was significantly reduced when this AUG codon was mutated to 403 

ACG (Figure 5C). These results demonstrated that the start codon of the yecJ 404 

start-stop site is operational in vivo.  405 

We surmised that functional OOF start-stops may carry out regulatory 406 

functions, possibly affecting the expression efficiency of the protein encoded in the 407 

main ORF. To test this hypothesis, we examined whether the presence of a 408 

functional start-stop affects the expression of the main ORF that hosts it. For that, 409 

we prepared a reporter construct where the gfp coding sequence was placed 410 

downstream of the yecJ start-stop but in frame with the yecJ pTIS (Figure 5D). 411 

Mutational analysis verified that expression of the YecJ-GFP fusion protein was 412 

directed by the yecJ pTIS (Figure 5D, wt vs. pTIS(-) bars). Notably, when the start 413 

codon of the OOF start-stop was inactivated by mutation, the efficiency of 414 

expression of the YecJ-GFP reporter increased by approximately 16% (Figure 5D, 415 

wt vs. iTIS(-) bars). These results demonstrate that the presence of the active start-416 

stop site within the yecJ gene attenuates translation of the main ORF, indicative of 417 

its possible regulatory function.  418 
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Interestingly, mutating the stop codon of the yecJ start-stop, that should 419 

lead to translation of a 14-codon internal ORF originating at the yecJ OFF iTIS, 420 

significantly reduced the expression of the YecJ-GFP reporter by ~ 3-fold (the 421 

iSTOP(-) construct in Figure 5D). This result shows that active utilization of some 422 

of the OOF iTISs could significantly attenuate the expression of the main ORF 423 

whereas the position of the corresponding stop codon could modulate this effect. 424 

 425 

Ribo-RET reveals TISs outside of the known annotated coding 426 

sequences 427 

The ability of Ribo-RET to reveal the cryptic sites of translation initiation 428 

makes it a useful tool for identifying such sites located not only within the genes, 429 

but outside of the annotated protein coding regions. We have detected 6 upstream 430 

in-frame TISs (uTISs) in the E. coli strain BW25113 and 36 uTISs in the BL21 431 

strain that would result in N-terminal extensions of the encoded proteins (Table 432 

S2). For one gene (potB), we did not observe any Ribo-RET peak at the annotated 433 

pTIS (Figure S6A), suggesting that either its start site has been mis-annotated or 434 

that the annotated pTIS is activated under growth conditions different from those 435 

used in our experiments. For several other genes (e.g. yifN), we detected Ribo-436 

RET signals for both the annotated pTIS and the uTIS, indicating that two isoforms 437 

may be expressed (Figure S6B).  438 

We also detected 41 TISs, common between the two analyzed strains, 439 

outside of the annotated genes likely delineating the translation start sites of 440 

unannotated short ORFs (Table S2) (analyzed in detail in another study (Weaver, 441 
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2019)). Although analysis of such ORFs was beyond the scope of our work, the 442 

ability to detect such ORFs underscores the utility of Ribo-RET as a general tool 443 

for the genome-wide identification of translation start sites in bacteria.  444 

 445 

DISCUSSION 446 

Genome-wide survey of TISs in two E. coli strains revealed translation 447 

initiation not only at the known start codons of the annotated genes, but also int eh 448 

intergenic regions and, importantly, at over 100 mRNA sites nested within the 449 

currently recognized ORFs. Proteins, whose synthesis is initiated as such sites, 450 

may constitute a previously obscure fraction of the proteome and may play 451 

important roles in cell physiology. In addition, initiation of translation at internal 452 

codons may play regulatory role by influencing the efficiency of expression of the 453 

main protein product. 454 

Mapping of the cryptic translation start sites was possible due to the action 455 

of RET as a highly-specific inhibitor of translation initiation, arresting ribosomes at 456 

the mRNA start codons. It is this specificity of RET action that makes it possible to 457 

utilize the antibiotic for confidently charting not only the TISs at the beginning of 458 

the protein-coding sequences and also for mapping initiation-competent codons 459 

within the ORFs. Other antibiotics that exclusively bind to the initiating ribosomes, 460 

could also be explored for mapping TISs in bacteria (Weaver, 2019). 461 

Our experiments were confined to the E. coli strains. However, we expect 462 

that the drug would exhibit a similar mode of action in other bacterial species. RET 463 

has limited activity against Gram-negative species, partly due to the active efflux 464 
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iTISs are recognized by the ribosomes even in the untreated cells: i) for some 511 

genes (e.g. arcB) an increase in ribosome density downstream of the identified 512 

iTIS can be seen in the Ribo-seq data collected with the untreated cells; ii) we have 513 

experimentally demonstrated the functionality of iTISs in several genes (e.g. arcB, 514 

sfsA); iii) the expression of an OOF ORF within the gnd gene was confirmed by 515 

proteomics (Yuan et al., 2018). 516 

The mechanisms that control the relative utilization of pTISs and iTISs could 517 

operate at the level of translation, via modulating the activity of pTIS and iTIS, or 518 

at the level of transcription: some of the experimentally-mapped transcription sites 519 

map reside between the pTIS and iTIS in some genes (see Table S1).  520 

Besides iTISs, our Ribo-RET data revealed a number of the translation 521 

initiation sites outside of the annotated genes. Most of those sites delineate 522 

previously uncharacterized short genes. Proteins encoded in such ORFs may 523 

further expand the cryptic bacterial proteome (Storz et al., 2014; Weaver, 2019), 524 

whereas translation of the other ORFs could play regulatory roles. 525 

In conclusion, by mapping translation initiation landscape in bacteria Ribo-526 

RET unveils the hidden fraction of the bacterial proteome and offers insights into 527 

gene regulatory mechanisms.  528 

 529 
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of mutant to wt cells was analyzed (see Start Methods for details).  Error bars 805 

represent deviation from the mean (n=2).    806 

(G) The phosphorelay across the wt ArcB domains results in the activation of the 807 

response regulator ArcA (Alvarez et al., 2016). Diffusible ArcB-C could amplify the 808 

signal capabilities of the ArcBA system and/or enable cross-talk with other 809 

response regulators.  810 

See also Figure S2. 811 

 812 

Figure 4 OOF iTISs revealed by Ribo-RET can direct initiation of translation 813 

(A) The length and location of the alternative OOF protein-coding segments 814 

relative to the main ORF.  815 

(B) Ribo-RET profiles of birA and sfsA genes with putative OOF iTISs. The iTIS 816 

OOF start codon and the corresponding stop codon are indicated by orange flag 817 

and stop sign, respectively. The sequences of the alternative ORFs are shown.  818 

(C) Toeprinting analysis reveals that RET arrests ribosomes at the start codons 819 

(orange circles) of the alternative ORFs within the birA and sfsA genes; termination 820 

inhibitor Api137 arrests translation at the stop codons (purple arrowheads) of those 821 

ORFs. The nucleotide and amino acid sequences of the alternative ORFs are 822 

shown. Sequencing lanes are indicated.  823 

(D) In the cell, translation is initiated at the sfsA OOF iTIS. Schematics of the 824 

RFP/sfGFP reporter plasmid. The rfp and sf-gfp genes are co-transcribed. The 825 

sfGFP-coding sequence is expressed from the iTIS (orange flag) and is OOF 826 

relative to the sfsA pTIS start codon (green flag). The first stop codon in-frame with 827 
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the pTIS (red) and the stop codon in-frame with the iTIS (orange) are indicated. 828 

The bar graph shows the change in relative green fluorescence in response to the 829 

iTIS start codon mutation (mut). The values represent the mean ± standard 830 

deviation from technical replicates (n=6). Two-tailed unpaired t-test.  831 

(E) Ribo-RET snapshots of the gnd gene revealing the putative location of the start 832 

codon of the alternative ORF. The amino acid sequence of the alternative ORF 833 

product GndA is shown in orange; the tryptic peptide identified by mass 834 

spectrometry (Yuan et al., 2018) is underlined.  835 

See also Figure S5 and Table S1. 836 

 837 

Figure 5 Start-Stops within E. coli genes  838 

(A) Representative Ribo-RET profiles revealing start-stops. The SD-like 839 

sequences are underlined.  840 

(B) Toeprinting analysis shows ribosomes stalled at the start codons of the start-841 

stop sites in response to the presence of initiation (RET) and termination (API) 842 

inhibitors. The start and stop codons of the start-stop sites are indicated by orange 843 

and purple characters, respectively.  844 

(C) The start codon of the yecJ start-stop can direct initiation of translation in vivo. 845 

sfGFP expression in the RFP/sfGFP reporter is directed by the start codon of the 846 

yecJ start-stop (orange flag). The relative translation efficiency was estimated by 847 

measuring GFP/RFP/OD (%) ratio. The expression of sf-gfp is severely abrogated 848 

by a mutation that disrupts the start-stop initiation codon [iTIS (-)]. The values 849 
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represent the standard deviation from the mean in technical replicates (n=3). Two-850 

tailed unpaired t-test. 851 

 852 

(D) Start-stop impacts expression of the yecJ gene. The expression of the YecJ-853 

GFP chimeric protein is controlled by yecJ pTIS (green flag) (gfp sequence is in 0-854 

frame relative to pTIS). The reporter expression increases by ~16% when the start 855 

codon of the start-stop site is disrupted by a mutation [(iTIS(-)]. Mutating the stop 856 

codon of the start-stop site expands the length of the translated OOF coding 857 

sequence and results in severe inhibition of the main frame translation. The error 858 

bars represent standard deviation from the mean in technical triplicates (n=3).  859 

Two-tailed unpaired t-test. 860 

 861 

See also Figure S5 and Table S2.  862 
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