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In Brief

Meydan et al. report that the antibiotic
retapamulin arrests bacterial ribosomes
specifically at start codons. Retapamulin-
assisted ribosome profiling detects
known start sites but also reveals multiple
cryptic sites within or outside the coding
regions. Translation from internal start
sites may lead to generation of functional
proteins or play a regulatory role.
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SUMMARY

The use of alternative translation initiation sites
enables production of more than one protein from a
single gene, thereby expanding the cellular prote-
ome. Although several such examples have been
serendipitously found in bacteria, genome-wide
mapping of alternative translation start sites has
been unattainable. We found that the antibiotic reta-
pamulin specifically arrests initiating ribosomes at
start codons of the genes. Retapamulin-enhanced
Ribo-seq analysis (Ribo-RET) not only allowed map-
ping of conventional initiation sites at the beginning
of the genes, but strikingly, it also revealed putative
internal start sites in a number of Escherichia coli
genes. Experiments demonstrated that the internal
start codons can be recognized by the ribosomes
and direct translation initiation in vitro and in vivo.
Proteins, whose synthesis is initiated at internal
in-frame and out-of-frame start sites, can be func-
tionally important and contribute to the “alternative”
bacterial proteome. The internal start sites may also
play regulatory roles in gene expression.

INTRODUCTION

A broader diversity of proteins with specialized functions can
augment cell reproduction capacity, optimize its metabolism,
and facilitate survival in the ever-changing environment. How-
ever, the fitness gain acquired by making a new protein is coun-
terbalanced with the cost of expanding the size of the genome, a
conundrum particularly onerous in bacteria whose genomes are
highly streamlined.

Different strategies can be used for diversifying proteome
without expanding genome size. For instance, ribosomes may
initiate at a unique start codon of an open reading frame (ORF),
but due to programmed ribosomal frameshifting or stop codon
readthrough, some of them may produce a polypeptide whose
sequence deviates from that encoded in the main ORF. Such re-
coding events lead to generation of more than one protein from a
single gene (Atkins et al., 2016; Baranov et al., 2015).

Another possible way to produce diverse polypeptides from
a single ORF is the utilization of alternative internally located
start codons. Although translation of the majority of the bacte-
rial genes is initiated at a unique translation initiation site (TIS),
designated herein as primary (pTIS), several examples of genes
with an additional internal TIS (iTIS) have been uncovered by
detecting additional polypeptide products during the purifica-
tion of the primary protein (reviewed in Meydan et al., 2018).
In these genes, translation initiated at the pTIS results in pro-
duction of the full-length (primary) protein, while ribosomes
that initiate translation at the in-frame iTIS synthesize an alter-
native, N-terminally truncated polypeptide. Such primary and
alternative proteins may have related but specialized functions.
The products of in-frame internal initiation at several bacterial
genes have been reported to participate in various cellular
functions ranging from virulence to photosynthesis or antibiotic
production, among others (reviewed in Meydan et al., 2018). In
very few known cases, iTIS directs translation in a reading
frame different from the primary ORF (D’Souza et al., 1994; Fel-
tens et al., 2003; Yuan et al., 2018).

Most of the known examples of translation of a protein from an
iTIS have been discovered serendipitously. Although several
computational algorithms can predict the pTIS of many bacterial
ORFs (Gao et al., 2010; Giess et al., 2017; Makita et al., 2007;
Salzberg et al., 1998), iTIS prediction remains by far more chal-
lenging and has not even been pursued in most of those studies.
The recent advent of new mass-spectrometry-based ap-
proaches have allowed the identification of N-terminal peptides
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of a range of proteins expressed in bacteria (Bienvenut et al.,
2015; Impens et al., 2017), including some whose translation
was likely initiated at an iTIS. However, the success of the avail-
able techniques for identifying such proteins is intrinsically
restricted by the stringent requirements for the chemical proper-
ties, size, and abundance of the peptides that can be detected
by mass spectrometry. Therefore, the majority of the functional
iTISs in the genomes likely remain overlooked.

Ribosome profiling (Ribo-seq), based on deep sequencing of
ribosome-protected mRNA fragments (“ribosome footprints”),
allows for genome-wide survey of translation (Ingolia et al.,
2009). Ribo-seq experiments carried out with eukaryotic cells
pre-treated with the translation initiation inhibitors harringto-
nine (Ingolia et al., 2011) and lactimidomycin (Gao et al.,
2015; Lee et al.,, 2012) or with puromycin (Fritsch et al.,
2012) showed specific enrichment of ribosome footprints at
or near start codons of ORFs and facilitated mapping of TISs
in eukaryotic genomes. These studies also revealed active
translation of previously unknown short ORFs in the 5 UTRs
of many genes and identified several TISs within the genes
that were attributed to leaky scanning through the primary start
sites (Lee et al., 2012). Analogous studies, however, have been
difficult to conduct in bacteria because of the paucity of inhib-
itors with the required mechanism of action. An inhibitor useful
for mapping start sites should allow the assembly of the 70S
translation initiation complex at a TIS but must prevent the
ribosome from leaving the start codon. Unfortunately, most
of the ribosomal antibiotics traditionally viewed as initiation in-
hibitors do not satisfy these criteria. Recently, tetracycline
(TET), an antibiotic that prevents aminoacyl-tRNAs from
entering the ribosomal A site and commonly known as an elon-
gation inhibitor (Cundliffe, 1981), was used in conjunction with
Ribo-seq to globally map pTISs in the E. coli genome (Nakahi-
gashi et al., 2016). Although TET Ribo-seq data successfully
revealed the pTISs of many of the actively translated genes,
identification of iTISs was not feasible in that work because
of the substantial number of footprints generated by elongating
ribosomes. Furthermore, because TET can potentially bind to
the ribosome at every round of elongation cycle, when the
A-site is temporarily empty, it is impossible to distinguish
whether the footprints within the ORFs represented elongating
ribosomes or those initiating translation at an iTIS (Nakahigashi
et al., 2016).

Here, we show that retapamulin (RET), an antibiotic of the
pleuromutilin family, exclusively stalls ribosomes at the start
codons of the ORFs. Brief pre-treatment of E. coli cells with
RET dramatically rearranges the distribution of ribosomes
along the ORFs, confining the ribosomal footprints obtained
by Ribo-seq to the TISs of the genes. Strikingly, the application
of the Ribo-seq/RET approach to the analysis of bacterial
translation revealed that more than many E. coli genes contain
actively used iTISs. In vitro and in vivo experiments confirmed
initiation of translation at some of the discovered iTISs and
show that internal initiation may lead to production of proteins
with distinct functions. Our data show that initiation at alterna-
tive start sites is widespread in bacteria and reveal the
possible existence of a previously cryptic fraction of the
proteome.
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RESULTS

RET Arrests the Initiating Ribosome at the Start Codons

Pleuromutilin antibiotics, including clinically used semi-synthetic
RET, bind in the peptidyl transferase center of the bacterial ribo-
some, hindering the placement of the P- and A-site amino acids
and thus preventing peptide bond formation (Figures S1A and
S1B) (Davidovich et al., 2007; Poulsen et al., 2001; Schlliinzen
et al., 2004). In vitro studies have shown that presence of fMet-
tRNA and RET in the ribosome are not mutually exclusive (Yan
et al., 2006). Therefore, we reasoned that RET may allow the as-
sembly of the 70S initiation complex at the start codon, but by
displacing the aminoacyl moiety of the initiator fMet-tRNA and
interfering with the placement of an elongator aminoacyl-tRNA
in the A site, it could prevent formation of the first peptide bond.

The results of polysome analysis were compatible with RET
being a selective translation initiation inhibitor, because treat-
ment of E. coli cells with high concentrations of the drug, 100-
fold over the minimal inhibitory concentration (MIC), rapidly con-
verted polysomes into monosomes (Figure S1C). We then used
toeprinting analysis (Hartz et al., 1988) to test whether RET cap-
tures ribosomes at start codons. When model genes were trans-
lated in an E. coli cell-free system (Shimizu et al., 2001), addition
of RET stalled ribosomes exclusively at the ORFs start codons
(Figure 1A, “RET” lanes), demonstrating that this antibiotic
readily, and possibly specifically, inhibits translation initiation.
In contrast, TET, which was used previously to map TISs in the
E. coli genome (Nakahigashi et al., 2016), halted translation not
only at the translation initiation sites but also at downstream co-
dons of the ORFs (Figure 1A, “TET” lanes), confirming that this
inhibitor interferes with both initiation and elongation of transla-
tion (Orelle et al., 2013).

The outcomes of the polysome and toeprinting analyses,
along with the structural data showing the incompatibility of
the nascent protein chain with RET binding (Figure S1B), encour-
aged us to assess whether RET would enable the use of Ribo-
seq for mapping translation start sites in bacterial cells. Even a
brief (2 min) exposure of the AtolC derivative of the E. coli strain
BW25113 to a 32-fold MIC of RET nearly completely halts protein
synthesis (Figure S1D). However, in Ribo-seq experiments, we
exposed cells for 5 min to a 100-fold MIC of RET to ensure
that elongating ribosomes complete translation of even long or
slowly translated ORFs prior to cell harvesting. Analysis of the
Ribo-seq data showed that the RET treatment led to a striking
ribosome redistribution. The occupancy of the internal and
termination codons of the expressed genes was severely
reduced compared to that of the untreated control, whereas
the ribosome density peaks at the start codons dramatically
increased (Figures 1B and 1C). Although a generally similar trend
can be observed in the metagene analysis of the Ribo-seq data
in the RET-treated (this paper) and TET-treated cells (Nakahiga-
shi et al., 2016), the start-codon peak in the TET experiments is
smaller and broader compared to the peak of the RET-stalled
ribosomes (Figures S1E and S1F), reflecting a higher potency
of RET as initiation inhibitor. Filtered by fairly conservative criteria
(see STAR Methods), Ribo-seq data revealed distinct peaks of
ribosome density at the annotated start codons (pTISs) of 991
out of 1,153 (86%) E. coli genes expressed in the BW25113.
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Figure 1. RET Specifically Arrests Ribo-
somes at Translation Initiation Sites

(A) Toeprinting analysis showing retapamulin
(RET)-induced (triangles) and tetracycline (TET)-
induced (circles) translation arrest sites during
cell-free translation of two model E. coli genes.
“C” and “G” indicate sequencing lanes. Nucleo-
tide and encoded amino acid sequences are
shown.

(B) Metagene analysis plot representing normal-
ized average relative density reads in the vicinity of
the annotated start codons of the genes of E. coli
cells treated or not with RET.

(C) Ribosome footprints density within the spc
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peaks at certain internal codons (Fig-
ure 2A). Hypothetically, the presence of
internal Ribo-RET peaks could be ex-
plained by elongating ribosomes paused
at specific sites within the ORF. Nonethe-
less, this possibility seems unlikely,
because no substantial Ribo-RET peak
was detected even at the most prominent
programmed translation arrest site in the
E. coli genome within the secM ORF (Na-
katogawa and lto, 2002) (Figure S1G).
Similarly implausible was the origin of
the internal RET peaks from context-spe-
cific elongation arrest observed with
some other antibiotics (Kannan et al.,
2014; Marks et al., 2016) because
biochemical (Dornhelm and Hdgenauer,
1978) and structural (Davidovich et al.,
2007) data strongly argue that RET cannot
bind to the elongating ribosome (Fig-
ure S1B). We therefore concluded that
the Ribo-RET peaks at internal sites within

RET

rpIN rplX rplE

The magnitude of the start codon peaks at the remaining 14% of
the translated genes did not pass our threshold criteria (see
STAR Methods), possibly reflecting changes in gene expression
due to the RET treatment.

Taken together, our in vitro and in vivo results showed that RET
acts as a specific inhibitor of translation initiation locking the
ribosomes at the start codons, and in combination with Ribo-
seq, can be used for mapping the pTISs of the majority of actively
translated genes in bacterial genomes. We named the Ribo-seq/
RET approach “Ribo-RET.”

Ribo-RET Unmasks Initiation of Translation at Internal
Codons of Many Bacterial Genes

Even though the majority of the ribosome footprints in the Ribo-
RET dataset mapped to annotated pTISs, we also observed

rpsN

ORFs must represent ribosomes caught
in the act of initiating translation.

Three E. coli genes, infB, mcrB, and
clpB, were previously reported to encode
two different polypeptide isoforms due to the iTIS presence:
translation of the full-size protein is initiated at the pTIS while
the shorter isoform is expressed from an iTIS (Broome-Smith
et al., 1985; Park et al., 1993; Plumbridge et al., 1985). The
Ribo-RET profile of these genes showed well-defined and highly
specific ribosome density peaks (Figure 2B) at the known iTISs,
thereby verifying the utility of Ribo-RET for mapping iTISs in bac-
terial genes.

Among the E. coli BW25113 genes expressed in our condi-
tions, we identified 239 iTIS candidates. To further expand
the systematic identification of iTISs in E. coli genes, we
applied the Ribo-RET approach to the Atol/C derivative of the
E. coli strain BL21, a B-type strain that is genetically distinct
from the K-strain BW25113 (Grenier et al., 2014; Studier
et al., 2009). Ribo-RET analysis identified 620 iTISs in the

rosH
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Figure 2. Ribo-RET Reveals the Presence of iTISs in Many Bacte-
rial Genes

(A) Examples of Ribo-RET profiles of E. coli genes with newly detected iTISs.
The annotated pTISs are marked with green flags and stop codons are shown
with red stop signs; orange flags show the iTISs. iTIS start codons are high-
lighted in orange and the SD-like sequences are underlined.

(B) Ribo-RET profiles of infB, clpB, mrcB, the three E. coli genes where iTISs
had been previously characterized.

(C) The iTISs common between the E. coli BW25113 and BL21 strains. ND (not
determined): the internal Ribo-RET peaks not associated with the known start
codons.

See also Table S1.

BL21 strain. Of these, 124 iTISs were common between the
two strains (Table S1). While a notably higher number of iTIS
in the BL21 remains somewhat puzzling, it may be related to
the fact that more genes are expressed in this strain in compar-
ison with BW25113 (1,990 genes with the identified pTISs in
BL21 strain versus 1,554 such genes in BW25113), and to
the sequence variations between the strains, as a result of
which 244 BL21-specific iTISs did not have a perfect sequence
match in the BW25113 strain. We limited our subsequent anal-
ysis to 124 iTISs conserved between the two strains, among
which, 42 directed translation in frame with the main gene,
whereas start codons of 74 iTISs were out of frame relative
to the main ORF; for 8 iTISs the start site was not assigned (Fig-
ure 2C; Table S1). In the following sections, we consider the
first two classes separately.

Internal Translation Initiation Sites that Are in-Frame
with the Main ORF

The in-frame iTISs exploit various initiator codons that have been
shown previously to be capable of directing translation initiation

4 Molecular Cell 74, 1-13, May 2, 2019

in E. coli (Chengguang et al., 2017; Hecht et al., 2017), although
similar to the pTISs, the AUG codon is the most prevalent (Fig-
ure 3A). A SD-like sequence could be recognized upstream of
many of the in-frame internal start codons (Table S1).

Initiation at an in-frame iTIS would generate an N-terminally
truncated form of the primary protein. The sizes of candidate
proteins expressed from in-frame iTISs range from 6 to 805
amino acids in length (Table S1). Although the locations of in-
frame iTISs are highly variable, the majority are clustered close
to the beginning of the gene or are within the 3’ terminal quartile
of the ORF length (Figure 3B). We examined the iTIS of the arcB
gene as a 3'-proximal start site representative and that of speA
as an example of the 5’-proximal iTIS.

A Protein with a Putative Specialized Function Is
Translated from the 3'-Proximal iTIS of the arcB Gene
The gene arcB encodes the sensor kinase ArcB of the
two-component signal transduction system ArcB/A that helps
bacteria to sense and respond to changes in oxygen concentra-
tion (Alvarez and Georgellis, 2010) (Figures 3C and 3D). The ArcB
protein consists of the transmitter, receiver, and phosphotrans-
fer domains (Figure 3D). Under microaerobic conditions, ArcB
undergoes a series of phosphorylation steps that eventually acti-
vate the response regulator ArcA that controls expression of
nearly 200 genes (Alvarez and Georgellis, 2010; Salmon et al.,
2005). The C-terminal ArcB-C domain is the ultimate receiver
of the phosphoryl group within the ArcB membrane-anchored
protein and serves as the phosphoryl donor for ArcA (Alvarez
et al., 2016).

The Ribo-RET data showed a strong ribosome density peak at
an iTIS in arcB, with the putative start codon GUG located
precisely at the 5 boundary of the segment encoding the
ArcB-C domain (Figures 3C and 3D). A similarly located iTIS
can be found in the arcB gene of several bacterial species (Fig-
ure S2B). Initiation of translation at the arcB iTIS could generate
a diffusible ArcB-C polypeptide, detached from the membrane-
bound ArcB kinase (Figure 3D). To test this possibility, we intro-
duced the 3xFLAG-coding sequence at the 3’ end of the arcB
gene, expressed it from a plasmid in E. coli cells, and analyzed
the protein products. Expression of the tagged arcB resulted in
the simultaneous production of the full-size ArcB and of a smaller
protein with apparent molecular weight (MW) of 14 kDa, consis-
tent with that of the FLAG-tagged ArcB-C (Figures 3E and S2A).
Disruption of the iTIS by synonymous mutations did not affect
the synthesis of the full-length ArcB but abrogated that of
ArcB-C (Figure 3E), confirming that the ArcB-C polypeptide is
produced via initiation of translation at the arcB iTIS. Previous
in vitro experiments showed that the isolated ArcB-C domain
could serve as a phosphoryl acceptor and donor for the ArcB-
catalyzed phosphorylation reactions (Alvarez and Georgellis,
2010), suggesting that a self-standing ArcB-C protein is likely
functional in vivo. In agreement with this possibility, under
micro-aerobic conditions, E. coli cells with the operational arcB
iTIS win over the mutant in which the iTIS is disrupted by synon-
ymous mutations (Figures 3F and S2C). Diffusible ArcB-C may
either facilitate the operation of the ArcB-ArcA signal transduc-
tion pathway or could enable a cross-talk with other signal trans-
duction systems (Figure 3G).
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Figure 3. In-Frame Internal Initiation Can Generate Functional N-Terminally Truncated Proteins

(A) The frequency of various putative start codons at the in-frame iTISs.

(B) The relative length of the predicted alternative proteins, products of internal initiation, in comparison with the main protein. The known examples of genes with
in-frame iTISs (Figure 2B) are in orange. The genes with the iTISs located within the 3’ or 5’ quartile of the gene length are boxed in yellow or blue, respectively.
Asterisks show genes with pTIS re-annotation proposed based on TET-assisted Ribo-seq (Nakahigashi et al., 2016). Arrows point at arcB and speA genes further
analyzed in this work.

(C) Ribo-RET profile of arcB showing ribosomal density peaks at the pTIS (green flag) and the iTIS (orange flag).

(legend continued on next page)
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The expression of ArcB-C from the arcB iTIS is apparently
quite efficient because E. coli and Salmonella enterica Ribo-
seq datasets show a notable upshift in the ribosome density at
the arcB codons located downstream of the iTIS (Baek et al.,
2017; Kannan et al., 2014; Li et al., 2014) (Figures S2D-S2G).
Curiously, the average ribosome occupancy of the arcB codons
before and after the iTIS vary under different physiological con-
ditions (Figures S2F and S2G), suggesting that utilization of the
arcB pTIS and iTIS could be regulated.

Another remarkable example of in-frame 3’-proximal iTISs is
found in the homologous rpnA-E genes of E. coli, encoding nu-
cleases involved in DNA recombination (Kingston et al., 2017).
Each of the rpn genes show Ribo-RET peaks at iTISs that appear
to be their major initiation sites (Figure S2H) under the growth
conditions of our experiments. Curiously, the polypeptide ex-
pressed from the rpnE iTIS is 98% identical to the product of
the ypaA gene (Figure S2l), revealing a possible distinct function-
ality of the alternative products of the rpn gene family.

Translation initiated at a 5'-Proximal iTIS of a Gene May
Generate Differentially Targeted Proteins

The speA gene encodes arginine decarboxylase (SpeA), an
enzyme involved in polyamine production (Michael, 2016).
SpeA has been found in the E. coli cytoplasmic and periplasmic
fractions (Buch and Boyle, 1985) and was reported to be repre-
sented by two polypeptide isoforms, SpeA-74, with an apparent
MW of 74 kDa, and a smaller one of ~70 kDa, SpeA-70, sug-
gested to be a co-secretional maturation product of the full-
length SpeA-74 (Buch and Boyle, 1985; Wu and Morris, 1973).
Our analysis, however, revealed two Ribo-RET peaks in the
speA ORF: one corresponding to the annotated pTIS and the
second one mapped to an iTIS at codon Met-26 (Figure S3A).
Initiation of translation at the pTIS and iTIS of speA would
generate the 73,767 Da and 71,062 Da forms of SpeA, respec-
tively, arguing that the SpeA-70 isoform is generated due to initi-
ation of translation at the speA iTIS. In support of this conclusion,
the peptide (M)SSQEASKMLR, which precisely corresponds to
the N terminus of the short SpeA isoform defined by Ribo-RET,
can be found in the database of the experimentally identified
E. coli N-terminal peptides (Bienvenut et al., 2015).

It was suggested that SpeA-74 is targeted to the periplasm
due to the presence of a putative N-terminal secretion signal
sequence (Buch and Boyle, 1985). A segment of this signal
sequence would be missing in the SpeA-70 isoform confining
the shorter polypeptide to the cytoplasm (Figure S3B). There-
fore, utilization of the 5'-proximal iTIS of speA could change
compartmentalization of the encoded protein. The 5'-proximal
iTISs identified in some other E. coli genes encoding proteins

with signal sequences (e.g., bamA, ivy, or yghG) may serve
similar roles (Figure S3C). An analogous strategy for targeting
polypeptide isoforms to different cellular compartments has
been described for few other bacterial proteins (reviewed in
Meydan et al., 2018).

Six of the 5'-proximal iTISs (marked by asterisks in Figure 3B)
were detected by TET Ribo-seq; it was suggested that they
represent incorrectly annotated pTISs (Nakahigashi et al.,
2016). Lack of the Ribo-RET peaks at the annotated pTIS of
some of these genes (Table S1) is generally consistent with
this proposal, suggesting that assignment of the pTISs could
be reassessed. However, such a conclusion should be drawn
cautiously because the utilization of the upstream pTIS could
depend on growth conditions.

Conservation Analysis of in-Frame iTISs

We analyzed alignments of bacterial genes homologous to the
E. coli genes where internal in-frame start sites were detected
by Ribo-RET. Sequence logos and codon conservation plots
indicated preservation of in-frame potential initiation sites and
locally enhanced synonymous site conservation at phoH,
speA, yebG, yfaD, and yadD (Figure S4A). However, it remains
to be seen whether these conserved regions are relevant to
promoting iTIS usage or simply represent unrelated sequence
requirements of these genes. The other iTISs identified by
Ribo-RET in the E. coli genome show a lower degree of evolu-
tionary conservation, indicating that many of them could be spe-
cies- or strain-specific.

Ribo-RET Identified iTISs that Are out of Frame Relative
to the Main ORF

Only two examples of a bacterial ORF nested in an alternative
frame within another ORF had been previously described:
comS within srfAB in B. subtilis and romH within rnpA in Thermus
thermophilus (reviewed in Meydan et al., 2018). Our Ribo-RET
analysis showed the presence of 74 OOF iTISs common be-
tween the examined E. coli BW25113 and BL21 strains (Fig-
ure S5A). The location of the OOF iTISs within the host genes
varies significantly; the peptides generated by translation initi-
ated at the OOF iTISs would range in size from 2 to 84 amino
acids (Figures 4A, S5A, and S5B).

We tested two OOF iTIS candidates (found within the birA and
sfsA genes) for their ability to direct initiation of translation.
Initiation of translation at the OOF UUG internal start site (over-
lapping the birA gene Leuzge codon) would yield a 5-amino-
acid-long peptide, while translation initiated at the OOF AUG of
the sfsA gene (overlapping the Leugs codon of the main ORF)
would generate a 12-amino-acid peptide (Figure 4B). When the

(D) Schematic map of the functional domains of ArcB. The putative alternative ArcB-C protein would encompass the phosphotransfer domain.

(E) Western blot analysis of the C-terminally 3XFLAG-tagged translation products of the arcB gene expressed from a plasmid in E. coli cells. Inactivation of iTIS by
the indicated mutations (mut) abrogates production of ArcB-C. Lane M: individually expressed marker protein ArcB-C-3XFLAG (see STAR Methods).

(F) Functional iTIS in arcB facilitates growth under low-oxygen conditions. BW25113 AarcB E. coli cells, expressing from a plasmid either WT arcB or mutant arcB
with inactivated iTIS, were co-grown in low-oxygen conditions, and the ratio of mutant to WT cells was analyzed (see STAR Methods for details). Error bars

represent deviation from the mean (n = 2).

(G) The phospho-relay across the WT ArcB domains results in the activation of the response regulator ArcA (Alvarez et al., 2016). Diffusible ArcB-C could amplify
the signal capabilities of the ArcBA system and/or enable cross-talk with other response regulators.

See also Figure S2.
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Figure 4. OOF iTISs Revealed by Ribo-RET Can Direct Initiation of Translation

(A) The length and location of the alternative OOF protein-coding segments relative to the main ORF.

(B) Ribo-RET profiles of birA and sfsA genes with putative OOF iTISs. The iTIS OOF start codon and the corresponding stop codon are indicated by orange flag
and stop sign, respectively. The sequences of the alternative ORFs are shown.

(C) Toeprinting analysis reveals that RET arrests ribosomes at the start codons (orange circles) of the alternative ORFs within the birA and sfsA genes; termination
inhibitor Api137 arrests translation at the stop codons (purple arrowheads) of those ORFs. The nucleotide and amino acid sequences of the alternative ORFs are
shown. Sequencing lanes are indicated.

(D) In the cell, translation is initiated at the sfsA OOF iTIS. Schematic map of the RFP/sfGFP reporter plasmid. The rfp and sf-gfp genes are co-transcribed. The
sfGFP-coding sequence is expressed from the iTIS (orange flag) and is OOF relative to the sfsA pTIS start codon (green flag). The first stop codon in-frame with the
pTIS (red) and the stop codon in-frame with the iTIS (orange) are indicated. The bar graph shows the change in relative green fluorescence in response to the iTIS
start codon mutation (mut). The values represent the mean + SD from technical replicates (n = 6). Two-tailed unpaired t test, ***p < 0.0001.

(E) Ribo-RET snapshots of the gnd gene revealing the putative location of the start codon of the alternative ORF. The amino acid sequence of the alternative ORF
product GndA is shown in orange; the tryptic peptide identified by mass spectrometry (Yuan et al., 2018) is underlined.

See also Figure S5 and Table S1.
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full-size sfsA and birA genes were translated in vitro, addition of
RET resulted in the appearance of toeprint bands not only at the
pTISs of the corresponding genes (Figures S5C and S5D) but
also at the OOF iTIS start codons (Figure 4C, lanes “RET,” or-
ange dots). The addition of the translation termination inhibitor
Api137 (Florin et al., 2017) to the reactions generated toeprint
bands at the stop codons of the OOF ORFs, indicating that the
ribosomes not only bind to the OOF start sites but do translate
the entire alternative ORFs (Figure 4C, lanes “APIl,” magenta
triangles).

We then examined whether the alternative ORF in the sfsA
gene is translated in vivo. For this purpose, we engineered a
dual RFP/GFP reporter, where translation of the gfp gene is initi-
ated at the sfsA OOF iTIS (Figure 4D). E. coli cells carrying such
reporter construct actively expressed the GFP protein (Figure 4D,
right), whereas gfp expression was abolished when the internal
AUG start codon was mutated to UCG (Figure 4D). This result
demonstrates that the OOF iTIS in sfsA is utilized for initiation
of translation in the E. coli.

An independent validation of the functional significance of one
of the Ribo-RET-identified OOF iTISs came from a recent study
aimed at characterizing E. coli proteins activated by heat shock
(Yuan et al., 2018). In that work, the sequence of one of the iden-
tified tryptic peptides mapped to the —1 frame of the gnd gene,
although the location of the start codon from which translation of
the alternative protein (named GndA) would initiate remained
ambiguous (Yuan et al., 2018). Our Ribo-RET data not only vali-
dated those findings, but also suggested that translation of
GndA initiates most likely at the UUG codon, which is preceded
by a strong SD sequence (Figure 4E).

Expression of functional alternative proteins may be highly
specialized because most of the OOF iTISs identified in the
E. coli genome are not conserved. The strongest example that
exhibits near-threshold significance of the OOF iTIS conserva-
tion is that of the tonB gene (Figure S4A). Furthermore, the inter-
nal initiation at this site is apparently sufficiently strong to be
observed as an upshift of the local ribosome density in the
Ribo-seq data collected from E. coli cells not treated with RET
(Figure S4B).

Start-Stop Sites May Modulate Translation of the
Primary Gene

Among the 74 OOF iTIS candidates, Ribo-RET revealed 14
unique sites where the start codon is immediately followed by
a stop codon, and thus we called them start-stops (Table S1).
Although start-stops have been identified in the 5 UTRs of
some viral and plant genes, where they likely play regulatory
functions (Krummheuer et al., 2007; Tanaka et al., 2016), opera-
tional start-stops have not been reported within the bacte-
rial genes.

We selected the identified start-stops within two genes, yecJ
and hsIR (Figure 5A), for further analysis. Consistently, in vitro
studies, carried out using the full-length yecJ or hsIR genes,
showed that in both cases addition of initiation inhibitor RET or
termination inhibitor Api137 caused the appearance of coinci-
dental toeprint bands (either one of the inhibitors is expected to
stall the ribosome at the initiation codon of the start-stop site)
(Figure 5B). Thus, the iTISs of the start-stops nested in yecJ
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and hsIR genes can direct ribosome binding. For in vivo analysis,
we fused the gfp reporter gene, devoid of its own start codon,
immediately downstream of the AUG codon of the yecd iTIS
(stripped from its associated stop codon) (Figure 5C). GFP fluo-
rescence derived from the resulting construct was readily detect-
able as long as the initiator codon of the start-stop site was intact
but was significantly reduced when this AUG codon was mutated
to ACG (Figure 5C). These results demonstrated that the start
codon of the yecdJ start-stop site is operational in vivo.

We surmised that functional OOF start-stops may carry out
regulatory functions, possibly affecting the expression efficiency
of the protein encoded in the main ORF. To test this hypothesis,
we examined whether the presence of a functional start-stop af-
fects the expression of the main ORF that hosts it. For that, we
prepared a reporter construct where the gfp coding sequence
was placed downstream of the yecJ start-stop but in frame
with the yecd pTIS (Figure 5D). Mutational analysis verified that
expression of the YecJ-GFP fusion protein was directed by the
yecd pTIS (Figure 5D, wild-type [WT] versus pTIS(—) bars).
Notably, when the start codon of the OOF start-stop was inacti-
vated by mutation, the efficiency of expression of the YecJ-GFP
reporter increased by ~16% (Figure 5D, WT versus iTIS(—) bars).
These results demonstrate that the presence of the active start-
stop site within the yecJ gene attenuates translation of the main
OREF, indicative of its possible regulatory function.

Interestingly, mutating the stop codon of the yecdJ start-stop,
that should lead to translation of a 14-codon internal ORF origi-
nating at the yecJ OOF iTIS, significantly reduced the expression
of the YecJ-GFP reporter by ~3-fold (the iSTOP(—) construct in
Figure 5D). This result shows that active utilization of some of the
OOF iTISs could significantly attenuate the expression of the
main ORF whereas the position of the corresponding stop codon
could modulate this effect.

Ribo-RET Reveals TISs Outside of the Known Annotated
Coding Sequences

The ability of Ribo-RET to reveal the cryptic sites of translation
initiation makes it a useful tool for identifying such sites located
not only within the genes, but outside of the annotated protein
coding regions. We have detected 6 upstream in-frame TISs
(uTISs) in the E. coli strain BW25113 and 36 uTISs in the BL21
strain that would result in N-terminal extensions of the encoded
proteins (Table S2). For one gene (potB), we did not observe any
Ribo-RET peak at the annotated pTIS (Figure 6A), suggesting
that either its start site has been mis-annotated or that the anno-
tated pTIS is activated under growth conditions different from
those used in our experiments. For several other genes (e.g.,
yifN), we detected Ribo-RET signals for both the annotated
pTIS and the uTIS, indicating that two isoforms may be ex-
pressed (Figure 6B).

We also detected 36 TISs, common between the two analyzed
strains, outside of the annotated genes likely delineating the
translation start sites of unannotated short ORFs (Table S2)
(analyzed in detail in another study [Weaver et al., 2019]).
Although analysis of such ORFs was beyond the scope of our
work, the ability to detect such ORFs underscores the utility of
Ribo-RET as a general tool for the genome-wide identification
of translation start sites in bacteria.
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Figure 5. Start-Stops within E. coli Genes

(A) Representative Ribo-RET profiles revealing start-stops. The SD-like sequences are underlined.

(B) Toeprinting analysis shows ribosomes stalled at the start codons of the start-stop sites in response to the presence of initiation (RET) and termination (API)
inhibitors. The start and stop codons of the start-stop sites are indicated by orange and purple characters, respectively.

(C) The start codon of the yecJ start-stop can direct initiation of translation in vivo. sfGFP expression in the RFP/sfGFP reporter is directed by the start codon of the
yecd start-stop (orange flag). The relative translation efficiency was estimated by measuring GFP/RFP/OD (%) ratio. The expression of sf-gfp is severely
abrogated by a mutation that disrupts the start-stop initiation codon [iTIS (—)]. The values represent the SD from the mean in technical replicates (n = 3). Two-tailed
unpaired t test, ***p < 0.0001.

(D) Start-stop impacts expression of the yecJ gene. The expression of the YecJ-GFP chimeric protein is controlled by yecJ pTIS (green flag) (9fo sequence is in
0-frame relative to pTIS). The reporter expression increases by ~16% when the start codon of the start-stop site is disrupted by a mutation [(iTIS(—)]. Mutating the
stop codon of the start-stop site expands the length of the translated OOF coding sequence and results in severe inhibition of the main frame translation. The error
bars represent SD from the mean in technical triplicates (n = 3). Two-tailed unpaired t test, **p = 0.001, ***p < 0.0001.

See also Figure S5 and Table S2.

DISCUSSION by influencing the efficiency of expression of the main protein

product.

A genome-wide survey of TISs in two E. coli strains revealed
translation initiation not only at the known start codons of the
annotated genes, but also in the intergenic regions and, impor-
tantly, at over 100 mRNA sites nested within the currently recog-
nized ORFs. Proteins, whose synthesis is initiated as such sites,
may constitute a previously obscure fraction of the proteome
and may play important roles in cell physiology. In addition, initi-
ation of translation at internal codons may play a regulatory role

Mapping of the cryptic translation start sites was possible
due to the action of RET as a highly specific inhibitor of trans-
lation initiation, arresting ribosomes at the mRNA start
codons. It is this specificity of RET action that makes it
possible to utilize the antibiotic for confidently charting not
only the TISs at the beginning of the protein-coding se-
quences and also for mapping initiation-competent codons
within the ORFs. Other antibiotics that exclusively bind to
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Figure 6. Examples of the Genes with TISs Identified outside of the
Coding Regions

(A) No Ribo-RET peak at the annotated pTIS (dark green flag) of the potB gene,
but a strong peak at an in-frame start codon 27 nt upstream (pale green flag).
(B) Ribo-RET peaks at the annotated pTIS (dark green flag) and at an in-frame
upstream site (pale green flag) of the yifN gene. Putative SD sequences are
underlined. See Table S2 for other cases of Ribo-RET signals outside of the
coding regions.

the initiating ribosomes could also be explored for mapping
TISs in bacteria (Weaver et al., 2019).

Our experiments were confined to the E. coli strains. However,
we expect that the drug would exhibit a similar mode of action in
other bacterial species. RET has limited activity against Gram-
negative species, partly due to the active efflux of the drug
(Jones et al., 2006). Therefore, in our experiments with RET we
needed to use the E. coli strains lacking the TolC component
of the multi-drug efflux pumps. Newer broad-spectrum pleuro-
mutilins (Paukner and Riedl, 2017) could be likely used even
more efficiently for mapping TISs in both Gram-positive and
Gram-negative bacterial species.

Ribo-RET revealed the presence of internal start codons in
over a hundred E. coli genes, dramatically expanding the number
of putative cases of internal initiation in bacteria of which, before
this work, only a few examples had been known (Meydan et al.,
2018). Our findings suggest that inner-ORF initiation of transla-
tion is a much more widespread phenomenon. Although in
most cases we have little knowledge about the possible func-
tions of the alternative polypeptides encoded in the bacterial
genes, one can envision several general scenarios:

(1) In-frame internal initiation generates a protein isoform
with a distinct function. One such example is the ArcB-C
polypeptide expressed from the iTIS within the arcB gene.

(2) Theisoform expressed from anin-frameiTIS could partake
in the hetero-complex formation with the main protein (re-
viewed in Meydan et al., 2018). Primary proteins encoded
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by some of the iTIS-containing E. coli genes (e.g., slyB,

nudF, lysU, and wzzB) are known to form homodimers

and thus could be candidates for the formation of hetero-
dimers with their N-terminally truncated isoforms.

Translation from the in-frame 5'-proximal iTIS (e.g., SpeA,

bamaA, ivy, or yghG) can alter protein compartmentaliza-

tion. Similarly, some of the iTISs identified in eukaryotic
mRNAs and attributed to the “leaky scanning” may alter
the subcellular localization of the alternative polypeptides

(Kochetov, 2008; Lee et al., 2012).

(4) Because protein stability significantly depends on the na-
ture of the N-terminal amino acid (Dougan et al., 2010),
utilization of an alternative start site may alter the protein’s
half-life.

(5) The utilization of the OOF iTISs may generate polypep-
tides with structure and function unrelated to those of
the main protein.

&

The significance of some of the cryptic initiation sites, particu-
larly the OOF iTISs, may reside in their regulatory role. In partic-
ular, the discovered start-stop sites within the E. coli genes may
be utilized by the cell for fine-tuning the expression of proteins
encoded in the host ORFs. However, a possible such mecha-
nism is likely subtle, because no significant change in the
ribosome density before and after the start-stop site in the
Ribo-seq data collected with the untreated cells during fast
growth was observed.

It is also likely that not all of the Ribo-RET-identified iTISs
directly benefit bacterial cells, and a number of them could
simply represent unavoidable noise of imprecise start codon
recognition by the ribosome. Furthermore, the Ribo-RET
peak shows only the potential of a codon to be used as a
translation start site: by arresting the ribosomes at a pTIS
while allowing the elongating ribosomes to run off the mRNAs,
RET treatment leads to the generation of ribosome-free
mRNAs, thereby allowing ribosome binding to the newly
exposed putative iTISs. Nevertheless, several lines of evi-
dence argue that many of the Ribo-RET-identified iTISs are
recognized by the ribosomes even in the untreated cells: (1)
for some genes (e.g., arcB) an increase in ribosome density
downstream of the identified iTIS can be seen in the Ribo-
seq data collected with the untreated cells; (2) we have exper-
imentally demonstrated the functionality of iTISs in several
genes (e.g., arcB and sfsA); and (3) the expression of an
OOF ORF within the gnd gene was confirmed by proteomics
(Yuan et al., 2018).

The mechanisms that control the relative utilization of pTISs
and iTISs could operate at the level of translation, via modulating
the activity of pTIS and iTIS, or at the level of transcription: some
of the experimentally mapped transcription sites map reside
between the pTIS and iTIS in some genes (see Table S1).

Besides iTISs, our Ribo-RET data revealed a number of the
translation initiation sites outside of the annotated genes. Most
of those sites delineate previously uncharacterized short genes.
Proteins encoded in such ORFs may further expand the cryptic
bacterial proteome (Storz et al., 2014; Weaver et al., 2019),
whereas translation of the other ORFs could play regulato-
ry roles.
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In conclusion, by mapping translation initiation landscape in
bacteria, Ribo-RET unveils the hidden fraction of the bacterial
proteome and offers insights into gene regulatory mechanisms.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-FLAG M2-Peroxidase Sigma-Aldrich #A8592; RRID: AB_439702
Anti-GAPDH ThermoFisher #MA5-15738-HRP; RRID: AB_10977387
Bacterial and Virus Strains

BW25113 (lacl?, rmBr4, AlacZWJ16, hsdR514, Kannan et al., 2012 N/A

AaraBAD 33, ArhaBAD, p7g) AtolC

BW25113AarcB (Keio collection strain) Baba et al., 2006 JW3177

BL21, (F, ompT, gal, dcm, lon, hsdSg(rs mg)[malB*]k-12 (x5) NEB #C2530H

BL21, (F", ompT, gal, dcm, lon, hsdSg(rg mg’)[malB*k-12 ()\s) This paper N/A

AtolC

JM109 Promega #P9751

Chemicals, Peptides, and Recombinant Proteins

Retapamulin Sigma-Aldrich #CDS023386
L-[*®S]-methionine MP Biomedicals #MP0151001H5
Scintillation cocktail, Ultima Gold Perkin Elmer #6013321

RNase-free DNase | Roche #04716728001
SUPERase-In"™ RNase inhibitor Invitrogen #AM2694

GMPPNP Sigma-Aldrich #G0635

MNase Roche #10107921001

B-PER Bacterial Protein Extraction Reagent ThermoFisher #78248

Clarity Western ECL Substrate Bio-Rad #170-5060
Tetracycline Fisher scientific #BP912-100

Api137 NovoPro Biosciences N/A

RNase free DNase Promega #M610A

Kanamycin Fisher scientific #BP906-5

Critical Commercial Assays

PUREexpress translation system NEB #E6800S

Deposited Data

Raw and processed Ribo-seq data This paper GEO: GSE1221129
Unprocessed experimental data This paper https://doi.org/10.17632/hzk8t3wowe.1
Oligonucleotides

See Table S3 This paper N/A

Recombinant DNA

pKD46 Datsenko and Wanner, 2000 GenBank: MF287367.1
pTrc99A N/A GenBank: A13038.1

pArcB: pTrc99A-arcB-wt
pArcB(mut): pTrc99A-arcB-mutant
pArcB-C: pTrc99A-arcB-C

pRXG

pRXGSM

pPRXGSM-sfsA

pRXGSM-yecd

This paper
This paper
This paper
Monk et al., 2017
This paper
This paper
This paper

N/A
N/A
N/A
Addgene#113643
N/A
N/A
N/A

el Molecular Cell 74, 1-13.e1-e6, May 2, 2019

(Continued on next page)



https://doi.org/10.17632/hzk8t3w9w6.1

Please cite this article in press as: Meydan et al., Retapamulin-Assisted Ribosome Profiling Reveals the Alternative Bacterial Proteome, Molecular Cell
(2019), https://doi.org/10.1016/j.molcel.2019.02.017

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Script1 and Script2 for initiation site assignment This paper, Mendeley data https://doi.org/10.17632/hzk8t3wOw6.1
Other

35 mm 3MM paper discs Whatman #1030-025

TGX 4-20% gradient gel Bio-Rad #4561096

PVDF transfer pack Bio-Rad #1704156

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alexander
S. Mankin (shura@uic.edu).

METHOD DETAILS

Bacterial strains
Ribo-seq experiments were performed in two E. coli strains: the K12-type strain BW25113 (lacl9, rrBr14, AlacZy 16, hsdR514,
AaraBADap3z, ArhaBAD, p7g) that was further rendered AtolC (called previously BWDK Kannan, 2012 #81}) and the B-type strain,
BL21, (F", ompT, gal, dcm, lon, hsdSg(rs Mg )[malB*]«-1> (A%) and was also rendered Ato/C by recombineering (Datsenko and Wanner,
2000). For that, the kanamycin resistance cassette was PCR-amplified from BW25113 tolC::kan strain from the Keio collection (Baba
et al., 2006) using the primers #P1 and P2 (Table S3). The PCR fragment was transformed into BL21 cells (NEB, #C2530H) carrying
the Red recombinase expressing plasmid pKD46. After selection and verification of the BL21 tolC::kan clone, the kanamycin resis-
tance marker was eliminated as previously described (Datsenko and Wanner, 2000). In the subsequent sections of STAR Methods we
will refer to BW25113(AtolC) strain as ‘K’ strain and to BL21(AtolC) as ‘B’ strain.

Reporter plasmids were expressed in the E. coli strain JM109 (endA1, recA1, gyrA96, thi, hsdR17 (r,", m.*), relA1, supE44,
A(lac-proAB), [F’ traD36, proAB, lagl9ZAM15]) (Promega, #P9751).

Metabolic labeling of proteins
Inhibition of protein synthesis by RET was analyzed by metabolic labeling. Specifically, the B strain cells were grown overnight at
37°C in M9 minimal medium supplemented with 0.003 mM thiamine and 40 pg/mL of all 19 amino acids except methionine
(M9AA-Met). Cells were diluted 1:200 into fresh M9AA-Met medium and grown at 37°C until the culture density reached
Asoo~0.2. Subsequent operations were performed at 37°C. The aliquots of cell culture (28 pL) were transferred to Eppendorf
tubes that contained dried-down RET (Sigma-Aldrich, #CDS023386). The final RET concentration ranged from 1x MIC to 32x MIC
(0.06 pg/mL to 2 pg/mL). After incubating cells with antibiotic for 3 min, the content was transferred to another tube containing
2 uL. M9AA-Met medium supplemented with 0.3 pCi of L-[3*S]-methionine (specific activity 1,175 Ci/mmol) (MP Biomedicals). After
1 min incubation, 30 pL of 5% trichloracetic acid (TCA) was added to the cultures and this mixture was pipetted onto 35 mm 3MM
paper discs (Whatman, Cat. No. 1030-025) pre-wetted with 25 L of 5% TCA. The discs were then placed in a beaker with 500 mL 5%
TCA and boiled for 5 min. TCA was discarded and this step was repeated one more time. Discs were rinsed in acetone, air-dried and
placed in scintillation vials. After addition of 5 mL of scintillation cocktail (Perkin Elmer, Ultima Gold, #6013321) the amount of retained
radioactivity was measured in a Scintillation Counter (Beckman, LS 6000). The data obtained from RET-treated cells were normalized
to the no-drug control.

The time course of inhibition of protein synthesis by RET was monitored following essentially the same procedure except that anti-
biotic was added to a tube with the cells and 28 uL aliquots were withdrawn after specified time and added to tubes containing 2 uL
M9AA-Met medium supplemented with 0.3 pCi of L-[>®*S]-methionine. The rest of the steps were as described above.

Ribo-seq experiments

The Ribo-seq experiments were carried out following previously described procedures (Becker et al., 2013). The overnight cultures of
E. coli grown in LB medium at 37°C were diluted to Agpp~0.02 in 100 mL of fresh LB media sterilized by filtration and supplemented
with 0.2% glucose. The cultures were grown at 37°C with vigorous shaking to Aggp~0.5. RET was added to the final concentration of
100X MIC (12.5 pg/mL for the K strain or 5 ug/mL for the B strain) and incubated for 5 min (K strain) or 2 min (B strain). No antibiotic was
added to the control no-drug cultures. Cells were harvested by rapid filtration, frozen in liquid nitrogen, cryo-lysed in 650 pL of buffer
containing 20 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 100 mM NH4CI, 5 mM CaCl,, 0.4% Triton X-100, 0.1% NP-40 and supplemented
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with 65 U RNase-free DNase | (Roche, #04716728001), 208 U SUPERase-In"™ RNase inhibitor (Invitrogen, #AM2694) and GMPPNP
(Sigma-Aldrich, #G0635) to the final concentration of 3 mM. After clarifying the lysate by centrifugation at 20,000 g for 10 min at 4°C
samples were subjected to treatment with ~450 U MNase (Roche, #10107921001) per 25 Aygp of the cells for 60 min. The reactions
were stopped by addition of EGTA to the final concentration of 5 mM and the monosome peak was isolated by sucrose gradient
centrifugation. RNA was extracted and run on a 15% denaturing polyacrylamide gel. RNA fragments ranging in size from ~28 to
45 nt were excised from the gel, eluted and used for library preparation as previously described (Becker et al., 2013). Resulting
Ribo-seq data was analyzed using the GALAXY pipeline (Kannan et al., 2014). The reference genome sequences U00096.3
(BW25113, ‘K’ strain) and CP001509.3 (BL21, ‘B’ strain) were used to map the Ribo-seq reads. The first position of the P-site codon
was assigned by counting 15 nucleotides from the 3’ end of the Ribo-seq reads. The Ribo-seq datasets were deposited under acces-
sion number GEO: GSE1221129.

Metagene analysis
The genes with the read counts > 100 in both control and RET-treated samples were used for metagene analysis of K and B strains.
The published tetracycline Ribo-seq data (Nakahigashi et al., 2016) were used to generate the corresponding metagene plot. The
genes separated by less than 50 bp from the nearest neighboring gene were not included in the metagene analysis in order to avoid
the ‘overlapping genes’ effects.

For every nucleotide of a gene, normalized reads were calculated by dividing reads per million (rpm) values assigned to a nucle-
otide by the total rpm count for the entire gene including 30 nt flanking regions. The metagene plot was generated by averaging the
normalized reads for the region spanning 10 nt upstream and 50 nucleotides downstream of the first nucleotide of the start codon.

Computational identification of translation initiation sites

The assignment of RET peaks to the start codons was performed using the algorithm provided in Supplemental Information.
Specifically, we searched for a possible start codon (AUG, GUG, CUG, UUG, AUU, AUC) within 3 nucleotides upstream or down-
stream of the Ribo-RET peak. All other codons associated with an internal RET peak were considered as “non-start” codons
(Table S1).

For assessing whether Ribo-RET peaks in K strain match the annotated start codons in the genes expressed under no-drug
conditions, we calculated the percentage of genes whose rpkm values were > 100 in the no-drug conditions and whose correspond-
ing pTIS Ribo-RET peak values were > 1 rpm. More stringent criteria were used for identification of alternative Ribo-RET peaks
(rpm > 5). If the Ribo-RET peak matched an annotated TIS, it was classified as pTIS (Classification | (see schemes below) and
Table S1). “Tailing peaks” (peaks within 10 nt downstream and upstream of the start codon) around the pTIS were considered as
“near-annotated TIS” and merged with the pTISs after removing duplicates. All pTISs prior to duplicate removal are provided in
Table S1 (the ‘pTISs’ tabs). The Ribo-RET peaks within coding regions were considered in Classification Il (see schemes below)
and were assigned as in-frame or out-of-frame iTISs depending on the position of the likely start codon (Table S1, the ‘iTISs’
tabs). Finally, the RET peaks outside of the coding regions were considered either as N-terminal extensions or unannotated ORFs
(Classification Ill and Table S2). The criteria for each classification are detailed in the following schemes:

Flow chart scheme showing the criteria used to identify pTISs (Classification I)

Start TIS classification |

N,= 4,575,063
[Riborseq reads] | < 70
Riborseq eads] 7200002
Is rpm’
reater than 52
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Yes astart codon
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N,= 2757 Assign density Assign density | N= 2041

N,= 5637 to the start codon to the non-start codon| N,= 4633
Translate the peplide sequence

Define start and stop codans of the putative ORF

Does the start codon
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Classify as
“annotated TIS”

Is the peak within
</+ 10 nt of an annotated TIS?

Classify as \/smn TS classification I
“near-annotated TIS". N= 1407
N,= 4984
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N,= 1605
N,= 2045

N= 440
N=764

(Continued on next page)
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Flow chart scheme showing the criteria used to identify iTISs (Classification I1)
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Flow chart scheme showing the criteria used to identify N-terminal extensions and un-annotated TISs (Classification IlI)
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Construction of ArcB-expressing plasmids

The plasmids carrying the WT arcB gene (pArcB) or its mutant variant pArcB(mut) (G1947A, G1950A, G1959C) were generated by
Gibson assembly (Gibson et al., 2009). The PCR-generated fragments covering the length of WT or mutant arcB genes or of the
ArcB-C coding arcB segment were introduced into Ncol and Hindlll-cut pTrc99A plasmid. Three PCR fragments used for the assem-
bly of WT arcB plasmid were generated by using primer pairs P3/P4, P5/P6 and P7/P8 (Table S3). To construct the pArcB(mut)
plasmid, the PCR fragments were generated by using primer pairs P3/P9, P7/P8 and P10/P11. The plasmid pArcB-C expressing
exclusively C-terminal domain of ArcB was prepared by acquiring the ArcB-C coding sequence as a gBlock (fragment #12 in
Table S3) an dintroducing it into Ncol and Hindlll-cut pTrc99A plasmid. All the plasmids were verified by Sanger sequencing of
the inserts. The plasmids were introduced in the E. coli BW25113 or BW25113(darcB) strains.

Western blot analysis of the FLAG-tagged ArcB

The BW25113 cells carrying either pArcB or pARcB(mut) plasmids (or the pArcB-C plasmid encoding the marker ArcB-C segment of
ArcB) were grown overnight at 37°C in LB medium supplemented with ampicillin (final concentration of 50 ng/mL). The cultures were
diluted 1:100 into 5 mL LB/ampicillin medium supplemented with 0.01 mM of isopropyl-B-D-1-thiogalactopyranoside (IPTG) and
grown at 37°C until culture density reached Aggp~0.5. The cultures were harvested by centrifugation. Cells were resuspended in
300 pL of B-PER Bacterial Protein Extraction Reagent (Thermo Fisher, #78248) and centrifuged at 16,000 g for 10 min. Ten uL of
the cell lysate were loaded on TGX 4%-20% gradient gel (Bio-Rad, #4561096). Resolved proteins were transferred to a PVDF
membrane using PVDF transfer pack (Bio-Rad, #1704156) by electroblotting (Bio-Rad Trans-Blot SD. Semi-Dry Transfer Cell,
10 min at 25 V). Membrane was blocked by incubating in TBST (50 mM M Tris [pH 7.4], 150 mM NaCl, and 0.05% Tween-20)
containing 5% non-fat dry milk and probed with Anti-FLAG M2-Peroxidase (Sigma-Aldrich, #A8592) and anti-GAPDH antibodies
(Thermo Fisher, #MA5-15738-HRP) at 1:1000 dilution in TBST. The blot was developed using Clarity Western ECL Substrate
(Bio-Rad, #170-5060) and visualized (Protein Simple, FluorChem R).
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Growth competition under low oxygen conditions of cells expressing wild-type or mutant arcB genes

Dependence of micro-aerobic cell growth on expression of arcB was initially verified by co-growing E. coli BW25113(darcB) cells
transformed with the empty vector pTrc99A or the vector carrying WT arcB gene (pArcB). Overnight cultures, grown in LB medium
supplemented with 100 ug/mL of ampicillin, were diluted 1:100 into fresh LB supplemented with 100 ug/mL of ampicillin and 10 uM of
IPTG, grown to Aggo~0.5 and mixed in the proportion to provide equal number of pTrc99A- and pArcB cells. Plasmids from the mixed
“0 passage” sample were isolated and stored. The 0 passage mix culture was diluted 1:1000 into two 14 mL culture tubes containing
each 12.5 mL of fresh LB/amplicillin/IPTG medium. Tubes were tightly capped and grown vertically with no shaking at 37°C. Cell
sedimentation was avoided by the slow rotation (~40 rpm) of a small magnet placed at the bottom of the tubes. After 24 h, cultures
were diluted 1:1000 into tubes with fresh medium, while the rest of the cells were used for isolation of the total plasmid (“passage 1”
sample). The same procedure was carried out for two more passages (passage 2 and 3). To assess the relative representation of cells
with pTrc99A or pArcB the total plasmid from each of the passages 0-3 was linearized with Hindlll. The 4176 bp pTrc99A DNA and
6570 bp pArcB DNA bands were resolved by agarose electrophoresis (Figure S2C).

This same low-oxygen experimental set-up was used for the growth competition of BW25113(darcB) cells expressing WT or
mutant arcB, from pArcB or pArcB(mut), respectively. In this case, 5 passages were performed (passages 0-5) and, instead of
isolating plasmids from the cultures, cells from 500 pL aliquots of passages 0, 2, 3, 4, and 5 were collected and stored. After
completing the passages, cells were resuspended in 200 uL H,O, boiled for 10 min to lyse the cells and 1 pL of the lysate was
used to PCR-amplify the segment of the arcB gene encompassing the iTIS region (primers P52 and P53, Table S3). The resulting
PCR fragments were purified and subjected to capillary sequencing. The ratio of cells carrying WT and mutant arcB (that carried
the G1947A, G1950A, G1959C mutations) genes was estimated by comparing the height of the sequencing peaks corresponding
to the position G1959C.

Toeprinting assay
The DNA templates for toeprinting, were prepared by PCR amplification for the respective genes from the E. coli BW25113 genomic
DNA. The following primer pairs were used for amplification of specific genes: atpB: P13/P14; mqgo: P15/P16; birA: P18/P19; hsIR:
P30/P31; yecd: P33/P34. Two point mutations were generated in sfsA in order to change the stop codon of the alternative ORF from
TGA to TAG because in the PURE transcription-translation system, the termination inhibitor Api137 arrest termination at the TAG stop
codon with a higher efficiency (Florin et al., 2017). This was achieved by first amplifying segments of the sfsA gene using pairs of
primers P22/P23 and P24/P25 and then assembling the entire mutant sfsA sequence by mixing the PCR products together and
re-amplifying using primers P26/P27. Toeprinting primer P17 was used with the atpB and mqo templates. Primers P20, P28, P32
and P36 were used for analysis of ribosome arrest at pTIS of birA, sfsA, hsIR and yecJ templates, respectively. Primers P21, P29,
P33 and P37 were used for the analysis of ribosome arrest at the iTISs of birA, sfsA, hsIR and yecJ templates, respectively.
Transcription-translation was performed in 5 uL reactions of the PURExpress system (New England Biolabs, #E6800S) for 30 min
at 37°C as previously described (Orelle et al., 2013). Final concentration of RET, tetracycline (Fisher scientific, #BP912-100) or Api137
(synthesized by NovoPro Biosciences, Inc.) was 50 uM. The primer extension products were resolved on 6% sequencing gels. Gels
were dried, exposed overnight to phosphorimager screens and scanned on a Typhoon Trio phosphorimager (GE Healthcare).

Polysome analysis
For the analysis of the mechanism of RET action, the overnight culture of the K strain was diluted 1:200 in 100 mL of LB medium
supplemented with 0.2% glucose.

The culture was grown at 37°C with vigorous shaking to Aggg ~0.4 at which point RET was added to the final concentration of 100X
MIC (12.5 pg/mL) (control culture was left without antibiotic). After incubation for 5 min at 37°C with shaking, cultures were transferred
to pre-warmed 50 mL tubes and cells were pelleted by centrifugation in a pre-warmed 37°C Beckman JA-25 rotor at 8,000 rpm for
5 min. Pellets were resuspended in 500 pL of cold lysis buffer (20mM Tris-HCI, pH7.5, 15 mM MgCl,), transferred to an Eppendorf
tube and frozen in a dry ice/ethanol bath. Tubes were then thawed in an ice-cold water bath and 50 uL of freshly prepared lysozyme
(10 mg/ml) was added. Freezing/thawing cycle was repeated two more times. Lysis was completed by addition of 15 uL of 10% so-
dium deoxycholate (Sigma, #D6750) and 2 uL (2U) of RQ1 RNase-free DNase (Promega, #M610A) followed by incubation on ice for
3 min. Lysates were clarified by centrifugation in a table-top centrifuge at 20,000 g for 15 min at 4°C. Three Aygo Of the lysate were
loaded on 11 mL of 10%-40% sucrose gradient in buffer 20 mM Tris-HCI, pH 7.5, 10mM MgCl,, 100 mM NH,Cl,, 2 mM B-mercap-
toethanol. Gradients were centrifuged for 2 h in a Beckman SW-41 rotor at 39,000 rpm at 4°C. Sucrose gradients were fractionated
using Piston Gradient Fractionator (Biocomp).

Construction of the reporter plasmids

The RFP/GFP plasmids were derived from the pRXG plasmid, kindly provided by Dr. Barrick (University of Texas). The vector was first
reconstructed by cutting pRXG with EcoRIl and Sall and re-assembling its backbone with 2 PCR fragments amplified from pRXG
using primer pairs P38/P39 (rfo gene) and P40/P41 (sf-gfp preceded by a SD sequence). The resulting plasmid (pRXGSM), had
RFP ORF with downstream Spel sites flanking the SD-containing sf-GFP ORF. To generate pRXGSM-sfsA plasmids, sfsA sequences
were PCR amplified from E. coli BW25113 genomic DNA with primers P42/P43, for the WT gene, or P42/P44, for the mutant variant,
and assembled with the Spel-cut pPRXGSM plasmid. To generate the pRXGSM-yecdJ reporter plasmids, the pRXGSM was cut with
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Spel and assembled with each of the PCR fragments generated using the following primer pairs: P45/P46 (iTIS-wt plasmid), P45/P47
(ITIS(-)); P45/P48 (pTIS-wt), P45/P50 (pTIS-iTIS(-)). pPRXGSM-yecJ-pTIS(-) and pRXGSM-yecJ-pTIS-iStop(-) plasmids were gener-
ated by site directed mutagenesis of the pPRXGSM-yecJ-pTIS-wt plasmid using primers P49 and P51, respectively.

Fluorescence and cell density measurements

E. coli JM109 cells carrying the reporter plasmids were grown overnight in LB medium supplemented with 50 ig/mL kanamycin (Fisher
Scientific, #BP906-5). The cultures were then diluted 1:100 into fresh LB medium supplemented with kanamycin (50 ng/mL) and grown
to Aggo ~0.5-0.8. The cultures were diluted to the final density of Aggg ~0.02 in fresh LB/kanamycin (50 ng/mL) medium supplemented
with 0.1 mM IPTG and 120 pL were placed in the wells of a clear flat bottom 96 well microplate (Corning, #353072). The plates were
placed in a Tecan Infinite M200 PRO plate reader, where they were incubated at 37°C with orbital shaking (duration: 1000 s; amplitude:
3 mm), and measurements of optical density (at 600 nm), ‘green fluorescence’ (excitation: 485 nm; emission: 520 nm) and ‘red fluo-
rescence’ (excitation: 550 nm and emission: 675 nm) were acquired in real time.

Evolutionary conservation analysis

Protein sequences of the genes of interest were extracted from Ecogene database (Zhou and Rudd, 2013). Homologs for each gene
were obtained by performing a tblastn search against the nr database. Briefly, the nr database was downloaded on 19/01/2018 to
a local server and tblastn searches were performed for each gene (parameters -num_descriptions 1000000 -num_alignments
1000000 -evalue 0.0001). Only those tblastn hits which share a sequence identity of at least 45% with the query sequence and whose
length is at least 75% of the query sequence were retained. Hits that contain in-frame stop codons were also discarded. Alignments
for each gene of interest were generated by first translating the nucleotide sequences to protein sequences, aligning the protein se-
quences using Clustal-Omega (Sievers et al., 2011) and then back-translating the aligned protein sequence to their corresponding
nucleotide sequence using T-coffee (Notredame et al., 2000). To analyze the conservation of internal start codons for each candidate
gene, a 45-nucleotide region containing the internal start codon and 7 codons on either side of the start codon was extracted from
each alignment. Sequence logos were built using this region of alignment and visualized to assess the conservation of the internal
start codon. In order to determine if there is purifying selection at synonymous positions in the alignment, Synplot2 was used (Firth,
2014). Synplot2 was applied to each alignment (window size — 15 codons) and the resulting plots were visualized to assess the degree
of synonymous site variability in the region of internal start codon.

Analysis of the conservation of arcB internal start site

Bacterial orthologs of arcB were retrieved from OrtholugeDB. Coordinates of histidine-containing phosphotransfer domain (HPT
domain) were determined with HMMSEARCH (Wistrand and Sonnhammer, 2005) using the model 0051674 retrieved from Superfam-
ily database version 1.74 (Wilson et al., 2009). For predicting internal initiation site, 40 nt long fragments were extracted containing
12 codons upstream of the predicted beginning of HPT domain and 1 codon downstream. Potential SD-aSD interactions were esti-
mated by scanning the fragment with aSD 5'-ACCUCCU-3' using a AG threshold of —8.5. The presence of in-frame initiation codons
(AUG, GUG, UUG) was checked. If initiation codon was found closer than 15 nt from SD-aSD sequence, the gene was reported to
have in-frame iTIS. After removing redundancy for the strains of the same species, internal in-frame iTISs were identified for 26 bac-
terial species. Maximum Likelihood (ML) tree for 26 arcB sequences was computed using ETE command line tools by executing the
command: “ete3 -w standard_fasttree -a arcB_protein_seq_in.fas -o ete_output” (Huerta-Cepas et al., 2016). Final figure (Fig-
ure S2B) was produced with function PhyloTree from ETES toolkit (Huerta-Cepas et al., 2016).

DATA AND SOFTWARE AVAILABILITY

Raw data and scripts used to identify translation initiation sites are available at Mendeley Data: https://doi.org/10.17632/
hzk8t3w9we6.1. Ribo-seq datasets were deposited under accession number GEO: GSE1221129.
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