Nucleic Acids Research, 2026, 54, gkag252
https://doi.org/10.1093/nar/gkag252
Genomics

OXFORD

Harnessing toxin-mediated ribosome stalling as a

complementary tool to annotate bacterial ORFs

Eduardo A Troian'-", Valdir C Barth'?', Unnati Chauhan', Haiyan Zheng?, Caifeng Zhao3,
Jumei Zeng?, Robert N Husson?, Nancy A Woychik ©1*

'Department of Biochemistry and Molecular Biology, Rutgers University, Robert Wood Johnson Medical School, Piscataway, NJ 08854,
United States

2Division of Infectious Diseases, Department of Pediatrics, Boston Children’s Hospital, Harvard Medical School, Boston, MA 02115, United
States

3Biological Mass Spectrometry Facility of Robert Wood Johnson Medical School and Rutgers, Rutgers University, Piscataway, NJ 08854,
United States

*To whom correspondence should be addressed. Email: nancy.woychik@rutgers.edu
T The first two authors should be regarded as Joint First Authors.

Abstract

The Mycobacterium tuberculosis (Mtb) VapC4 endoribonuclease toxin exclusively cleaves and inactivates tRNA®YS, which leads to extensive
ribosome stalling at Cys codons. Serendipitously, the precise position of stalled ribosomes is revealed within our 5" RNA-seq datasets used
to identify and validate the tRNA target of the toxin, precluding the need for Ribo-seq. Here we show how mapping of stalled ribosomes can
be harnessed as an innovative tool for reliable detection of new Cys-containing Mtb open reading frames (ORFs). Using proteogenomics we
unmasked 96 unannotated ORFs; of which 54% are small ORFs <50 amino acids. We validated 69% of the 96 ORFs by mass spectrometry,
including four whose spectra was matched to synthetic controls Also, 25% of these unannotated ORFs were identified by previously published
Ribo-RET. Some of the 96 ORFs are Cys-responsive attenuators or encode stable Cys-containing proteins that map immediately before, or
within, genes in the opposite, or same, orientation. These ORF sequences can also reveal functional clues, e.g. zinc-binding motifs or encode
novel EsxB-like proteins. Our findings demonstrate that toxin-mediated ribosome stalling can serve as a robust genome annotation tool that is
applicable to mycobacteria and other bacteria, with unique advantages that complement existing genome annotation methods.
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Introduction aries. Bioinformatic annotation is especially difficult for detec-

The burst in the release of bacterial whole genome sequences
has required increasingly sophisticated genome annotation
programs, such as the Reference Sequence (RefSeq) project at
the National Center for Biotechnology Information (NCBI)
[1], the first tool enlisted to define gene numbers and bound-

tion of small open reading frames (sORFs; here defined as <50
amino acids) and their “small protein” products. For exam-
ple, the RefSeq annotation pipeline uses a 40 amino acid cut-
off for ORF consideration [1]. Consequently, specialized pro-
grams have been developed for sORF detection [2-5]. These
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difficulties are exacerbated in mycobacteria [6, 7], whose mes-
senger RNAs (mRNAs) can use one of several alternate trans-
lation start codons, AUG, GUG, UUG, and AUU for leadered,
versus AUG or GUG for leadless transcripts [7]. Thus, bioin-
formatic identification of bacterial genes and the translation
start sites of their transcripts has limitations, most profoundly
for prediction of sORFs in mycobacteria.

Earlier genetic and biochemical analyses, sometimes as-
sisted by bioinformatic approaches, also uncovered irrefutable
evidence for the existence of previously overlooked small pro-
teins in bacteria (reviewed in [8, 9]). Conserved sORFs with
possible regulatory functions were then reported in mycobac-
teria [7]. Others used targeted sORF searches coupled with
identification of orthologs in other bacteria to strengthen the
idea that these sORFs were functionally relevant [10]. The
prevalence of sORFs in bacteria was further solidified upon
computational identification of >4000 conserved, yet pre-
dominantly novel, sORFs from human microbiome sequences
derived from multiple anatomical sites [11].

The existence of abundant sORFs in bacteria (reviewed in
[12]) can also be supported by genome-scale approaches cou-
pled with much improved proteomic methods. First, RNA-seq
can be used to confirm active transcription of the predicted
sORE. For example, Sberro et al. compared subsets of the
human microbiome sORFs with orthologs in metatranscrip-
tomic datasets to assess whether they were actively transcribed
[11]. Second, ribosome profiling by Ribo-seq enables detec-
tion of ribosome footprints that suggest that the sORF is be-
ing translated (reviewed in [13-15]). Third, antibiotics or an-
tibacterial peptides that trap ribosomes at start codons enable
even finer mapping of translation start sites. Ribo-seq with re-
tapamulin (Ribo-RET) or the antimicrobial peptide Onc112
are used to trap initiating bacterial ribosomes at start codons
[16-18]. Finally, mass spectrometry is typically used to estab-
lish translation of unannotated open reading frames (ORFs)
to a protein (reviewed in [5, 19]).

In this study, we report that an Mtb transfer RNA-
specific ribonuclease (tRNase) that inactivates tRNAY leads
to widespread Cys-codon specific ribosome stalling. This fea-
ture can be enlisted as a tool to uncover ORFs that is mecha-
nistically distinct from other methods used to date. The com-
plementary features of toxin-mediated ribosome stalling can
be exploited in conjunction with existing technologies to iden-
tify new ORFs and improve the accuracy of Mtb genome an-
notation. This general method is applicable to other mycobac-
teria, e.g. Mycobacterium smegmatis and Mycobacterium ab-
scessus; it can also be adapted for Escherichia coli, other
model organisms, and other clinically important bacterial
pathogens.

Materials and methods

Strains, plasmids, and reagents

All experiments were performed using Mtb mc? 6206
(ApanCD AleuCD), generously provided by the Williams Ja-
cobs laboratory, Albert Einstein College of Medicine, and Mtb
strain H37Rv (ATCC 25618). VapC4 (Rv0595¢ locus) was
amplified by PCR from genomic DNA and cloned into the
low-expressing vector pMCls under the control of an anhy-
drotetracycline (ATc)-inducible promoter. Induction of VapC4
was carried out by the addition of ATc to a final concentration
of 200 ng/ml every 48 h.

Cells were grown under constant shaking at 170 revolu-
tions per minute (rpm) at 37°C in 7H9 Middlebrook me-
dia containing 1x OADC (Sigma), 0.05% tyloxapol, and 25
pg/ml kanamycin (for plasmid selection). For the growth of
the attenuated strain Mtb mc? 6206, the media was supple-
mented with additional 50 pg/ml of pantothenic acid and 100
ug/ml of L-leucine.

RNA isolation

Total RNA was harvested from cells grown in the presence or
absence of ATc for 24 or 72 h. Cells were centrifuged at 2000
x g for 10 min at 4°C, and the pellets were resuspended in 1
ml of Trizol and transferred to 2 ml lysing kits tubes (Bertin
Corp.) containing 0.1 mm glass beads. Cells were lysed with
a Precellys Evolution homogenizer (Bertin Corp.) using four
cycles of 30 s with the agitation set to 9000 rpm with 1 min
cooling between each cycle. Lysate was centrifuged at 16 000
x g for 5 min at 4°C, and total RNA was isolated using the
Direct-zol™ RNA MiniPrep Plus kit (Zymo Research). Resid-
ual genomic DNA was removed by treating RNA with 1 U of
TURBO™ DNase (Thermo Fisher) for 30 min at 37°C twice.
RNA was re-purified using the RNA Clean and Concentra-
tor kit (Zymo Research), and concentration was determined
by spectrophotometry using a pCuvette in a BioSpectrometer
(Eppendorf).

5-OH RNA-seq

Preparation and analysis of 5-OH libraries was performed
as described in Barth er al. [20]. Libraries were sequenced in
an Illumina HiSeq 2500/4000 platform at Genewiz Corp or
New York University’s Genome Technology Center. For data
analysis, only reads with at least 1 Read Per Million (RPM) for
mRNAs and 5 RPM for transfer RNAs (tRNAs) in the induced
sample were considered. Frequency logos were generated with
WebLogo [21].

Unannotated ORF search

The search of unannotated ORFs was performed on 5'-OH
datasets obtained from Barth et al. [22], Troian et al. [23]
(§’-P dataset; Supplemental Table 4), and new 5'-OH RNA-
seq datasets for (i) VapC4 expressed in H37Rv for 24 and
72 h and (ii) VapC4 expressed in mc? 6206 for 24 and 72 h
(Supplemental Table 1). We searched for unannotated ORFs
with either one of the two Cys codons (UGC or UGU) 14, 15,
or 16 nts from the RNA cleavage site (corresponding to the
stalled ribosome at the “hungry” codon). We then determined
if the Cys-containing sequence was in a translation frame com-
prising at least 10 amino acids with a start (AUG, GUG, UUG,
and AUU) and a stop (UGA, UAA, or UAG) codon (according
to Shell et al. [7]). We selected the longest possible ORF since
transcription start sites (TSS) for these ORFs are not known
except for instances where shorter start sites were clear by
Ribo-RET and/or Ribo-seq and mapped in the Wadsworth
interactive genome browser http://mtb.wadsworth.org [7, 24]
or based on functional data [22, 25].

Inferring TSS of unannotated ORFs using Ribo-RET
To validate unannotated Mtb ORFs identified by 5’OH RNA-
seq, we reannotated the TSS based on the Ribo-RET data
from Smith et al. 2022 [24]. Using an in-house script, we
mapped the stop codon of the unannotated ORFs to the ORFs
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identified through Ribo-RET. In case of a positive match, the
start codon was reannotated to match the data from Smith
et al., otherwise, we maintained the predicted ORF based of
5’OH RNA-seq.

Unannotated ORFs false discovery rate calculation

To estimate the false discovery rate (FDR) for the 96 ORFs, we
used a similar approach by Smith er al. (2022) [24]. First, we
determined the probability of having the first nt of a cysteine
codon at position 14, 15, or 16 nt downstream of a random
genomic coordinate by randomly picking 100 000 genome co-
ordinates and determining the fraction associated with a Cys
codon, the variable ‘R’. Next, we determined the number of
true positives (the variable ‘O’). These are defined as the ar-
ray of sequences identified by 5" RNA-seq that contain a Cys
codon 14, 15, or 16 nt downstream of the RNase cut site 5’ of
the stalled ribosome of all annotated plus unannotated ORFs.
Note that our O is higher than the number of distinct tran-
scripts identified by 5'-OH RNA-seq because here O repre-
sents the number of stalling events that fit our parameters;
some transcripts have multiple stalled ribosomes. Factoring in
the total number of sequences 14, 15, or 16 nt downstream of
an RNase cut site regardless of whether there is a Cys codon
there or not (including any RNase cleavage site from random
RNase activity) from our 5-OH RNA-seq datasets (the vari-
able ‘I’). We then applied the equation below to calculate the
FDR:

(100 x (I—0) x (£3))
o)

Mass spectrometry analysis

Mtb mc2 6206 and AvapBC4 Mtb mc2 6206 were labeled
with L-azidohomoalanine (AHA) for detection of newly syn-
thesized proteins and grown to an ODggg of 0.1 before induc-
tion for 48 and 72 h. Mtb H37Rv was grown without labeling
and induced for 72 h prior to harvesting. For all three strains,
fifty ml cultures were centrifuged at 2000 x g at 4°C for 10
min and washed with 1x phosphate buffered saline twice to
remove traces of the albumin-containing 7H9 media. Pellets
were then resuspended in lysis buffer (2% CHAPS, 8 M urea)
and lysed using Precellys Evolution homogenizer (described in
the ‘RNA isolation’ section). Lysates were pelleted at 12 000
x g at 4°C for 10 min. AHA-labeled proteins were selectively
captured using alkyne-coated agarose beads from the Click-
iT™ Protein Enrichment Kit (Thermo Fisher), following man-
ufacturer’s protocol. Unlabeled proteins were harvested using
a trizol chloroform approach adapted from Hummon et al.
[26].

Tryptic digests were analyzed using an Orbitrap Eclipse
Tribrid Mass Spectrometer and nano LC system (Thermo
Fisher), as described in Barth et al. [20]. Raw LC-MS
data were converted to mzML format using MSConvert
(v3.0.25343) and searched using a modified Mtb database
(Uniprot Taxon ID: 83332) containing common laboratory
contaminants from the CRAP (Common Repository of Ad-
ventitious Proteins) database (https://www.thegpm.org/crap/)
and the novel ORFs identified in this study. Database searches
were performed using a local implementation of SearchGUI
(v4.3.17) [27] and PeptideShaker (v3.0.12) [28]. Identification
settings were as follows: Trypsin, Specific, with a maximum
of two missed cleavages, 10.0 ppm as MS1 and 20.0 ppm
as MS2 tolerances; fixed modifications: Carbamidomethyla-
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tion of C (+57.021464 Da), variable modifications: Acetyla-
tion of protein N-term (+42.010565 Da), Deamidation of N
(+0.984016 Da), Deamidation of Q (+0.984016 Da), Dioxi-
dation of M (+31.989829 Da), Oxidation of M (+15.994915
Da), Phosphorylation of S (+79.966331 Da), Phosphorylation
of T (+79.966331 Da), Phosphorylation of Y (+79.966331
Da), variable modifications during refinement procedure:
Pyrolidone from E (-18.010565 Da), Pyrolidone from Q
(-17.026549 Da), Pyrolidone from carbamidomethylated C
(-17.026549 Da). An FDR was set to 1% for Peptide Spec-
trum Matches, peptide and protein, and matches were vali-
dated using the target-decoy hit distribution.

Small protein validation using mass spectrometry

To validate the unannotated Mtb proteins identified by
5" OH RNA-seq, we searched for the estimated masses
of their trypsin digestion products in publicly avail-
able Mtb proteomic datasets (retrieved from the PRIDE
Archive, www.ebi.ac.uk/pride). The public dataset acces-

sion numbers used for this purpose were: PXD003842,
PXD004165, PXD005290, PXD006039, PXD006389,
PXDO008555, PXD009239, PXD010929, PXDO011466,
PXD012584, PXDO013677, PXD015680, PXD017004,
PXDO018957, PXD022644, PXD035082, PXD039671,
PXD050258, PXD050763, PXD052312, PXD052936,
PXDO055726, PXD060534, PXD064766, PXD065910,
PXD068926, PXD025047, PXD040615, PXD057673,

PXD025774 along with two in-house proteomic datasets
PXD071737 and PXDO071729. Peak lists obtained from
tandem mass spectromety (MS/MS) spectra were identified
using both X! Tandem VENGEANCE 2015.12.15.2 [29]
and MS-GF + 2024.03.26 [30]. The search was conducted
using SearchGUI version 4.3.17 [27] and PeptideShaker
3.0.12 [28] for datasets acquired in data-dependent acqui-
sition mode, and DIA-NN 1.9 [31] for datasets acquired in
data-independent acquisition mode.

Protein identification was conducted against a concate-
nated target/decoy version of the Mtb H37Rv database
(Uniprot Taxon ID: 83332), complemented with all unanno-
tated proteins found in this study and a list of common con-
taminants (https://www.thegpm.org/crap/). Decoy sequences
were created by reversing the target sequences in SearchGUI
[27]. The identification settings used were the same as de-
scribed in the section above. For data analyzed using DIA-NN,
precursor- and protein-level identifications were filtered at a
g-value threshold of 0.01 (corresponding to a 1% estimated
FDR) using the built-in target-decoy approach. The valida-
tion strength increases when peptides are identified multiple
times and/or in more than one dataset (Supplemental Table 2).
Four novel ORF-derived peptides were chemically synthesized
(Alan Scientific). Synthetic peptides were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as
described above. MS/MS spectra from synthetic peptides were
compared with theoretical fragment ions and with experimen-
tally observed peptide spectra from database searches. A max-
imum mass tolerance of 20 ppm was applied when matching
spectra to the theoretical fragment ions.

RNA-seq and Ribo-seq data acquisition and
handling

The FASTQ files from previous studies [24, 32] were ob-
tained from NCBI Sequence Read Archive (SRA) number


https://www.thegpm.org/crap/
http://www.ebi.ac.uk/pride
https://www.thegpm.org/crap/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag252#supplementary-data

4 Troian et al.

SRP063670 for Mycobacterium abscessus and the European
Nucleotide Archive numbers E-MTAB-8039 and E-MTAB-
10695 for Mtb. Adapters were trimmed using Cutadapt (v5.1
[33]; Mtb dataset) or Trim Galore! (v0.6.10; M. abscessus
datasets). Reads were then mapped to the Mycobacterium ab-
scessus ATCC 19977 genome or Mycobacterium tuberculosis
H37Rv using Bowtie2 [34]. Genome-wide coverage for both
RNA-seq and ribosome profiling was computed using Deep-
Tools (v3.5.6) [35] and normalized to RPM. For Ribo-seq,
coverage was calculated based on the extracted 3’-end posi-
tions of mapped reads.

Pairwise Ribo-seq and RNA-seq coverage analysis

Feature-level RNA-seq and Ribo-seq abundance was quanti-
fied as reads per kilobase per million (RPKM) using FPKM
Count from the RSeQC package (v5.0.4,[36]). For both RNA-
seq and Ribo-seq, RPKM values were averaged from two
replicates. Data were plotted using a custom python script.

Results

Patterns indicating the presence of a stalled
ribosomes are revealed within 5-OH RNA-seq
datasets

Toxin—antitoxin (TA) systems represent one class of molecular
switches thought to aid in Mtb stress survival [37, 38]. These
TA system switches are triggered when the toxin is freed from
the antitoxin, leaving the toxin free to act on its target [39].
Through the study of Mtb TA system toxins we serendipi-
tously discovered that ribosome stalling can be detected at sin-
gle nt resolution within specialized RNA-seq datasets when a
single tRNA isoacceptor is depleted by a TA toxin [22, 20].
For example, the VapC4 TA toxin is an endoribonuclease that
exclusively targets tRNA®Y by recognition of a defined con-
sensus sequence within the proper structural context [22, 40,
41]. Using a battery of genome-scale approaches, we previ-
ously demonstrated that this VapC4 tRNase activity leads to
reprogramming of Mtb metabolism to defend against stress
pathways essential for viability of this pathogen during in-
fection [22]. One of these approaches was a specialized 5'-
end-dependent RNA-seq method developed in our laboratory
that enables us to create selective libraries of Mtb RNAs with
either 5’-hydroxyl (5'-OH) or 5’-monophosphate (5'-P) ends
[42]. VapC4, as with all VapC endoribonuclease toxins, gener-
ates an RNA product with a 5’-P upon cleavage [43]. Conse-
quently, 5'-P RNA-seq libraries prepared from control versus
VapC4-expressing Mtb cells enabled us to identify the VapC4
target as the sole tRNA®Y* (servicing both UGU and UGC Cys
codons; Fig. 1A) [22]. As a control, we routinely prepare par-
allel 5'-OH RNA-seq libraries with the same input RNA (with
or without toxin expression) to ensure the toxin target is evi-
dent only in the 5'-P datasets.

However, VapC4 5'-OH RNA-seq datasets serve as more
than a control for target identification; they also fortuitously
validate the identity of the tRNA target [22]. This is because
they also contain signatures of transcriptome-wide ribosome
stalling at Cys codons, an expected downstream consequence
of tRNA®* depletion (Fig. 1A) [22]. This stalling signature
was revealed by the consistent, conspicuous presence of an in-
frame Cys UGU or UGC codon (red) ~15 nt (we considered
all Cys codons starting exactly 14, 15, or 16 nt downstream)
from the 5'-OH cleavage site (dotted line in front of capi-

talized green nt, Fig. 1B) in transcripts preferentially cleaved
upon VapC4 expression (Fig. 1B,C).

We used the following rationale to explain, then confirm,
the pattern displayed in our 5'-OH RNA-seq datasets. Since
the bacterial ribosome footprint is ~28 nt [44] and the dis-
tance from the P-site to the 3’ end of this footprint is 15
nts [44], we posited that this ~15 nt gap represents the ri-
bosome footprint spanning its 5’ edge to the “hungry” Cys
codon at the A-site (illustrated in Fig. 1D). This predic-
tion was confirmed by Ribo-seq; we documented preferential
transcriptome-wide stalling at the codon serviced by the de-
pleted tRNA [20]. Therefore, 5'-OH RNA-seq both validates
the tRNA targeted by the specific Mtb VapC toxin (identi-
fied in the §5’-P RNA-seq dataset) and provides high resolu-
tion mapping of stalled ribosomes without the extra effort and
caveats associated with Ribo-seq methods.

Note that the endoribonuclease activity of VapC4 is not re-
sponsible for these 5’-OH cleavages (dotted line, Fig. 1B) but
instead the result of an unknown Mtb RNase that generates a
5’-OH upon cleavage. VapC4 leaves a 5'-P and requires a pre-
cise cleavage consensus sequence in proper structural context
[22, 40]. Instead, there is no sequence preference at the 5'-OH
cleavage site (Supplemental Fig. 1). Finally, we have not been
able to identify the enzyme(s) responsible for this cleavage on
the 5’ side of the stalled ribosome in mycobacteria. While we
could detect stalling in E. coli by ectopic expression of the my-
cobacterial gene encoding RNase J (Rv2752c), its deletion in
mycobacteria did not disrupt stalling in 5'-OH datasets [20].
If a functionally redundant partner to RNase J exists in my-
cobacteria, it does not share clear significant sequence simi-
larity. The E. coli enzyme SmrB cleaves mRNAs upstream of
stalled ribosomes [45]. However, the existence of an SmrB or-
tholog in mycobacteria remains elusive since no proteins in M.
smegmatis or Mtb share clear sequence similarity to SmrB.

Ribosome stalling at Cys codons uncovers
unannotated sORFs/ORFs

Our ability to definitively map the presence and precise posi-
tion of stalled ribosomes on mRNAs within the VapC4 5'-
OH RNA-seq dataset can also be exploited as a powerful
tool to identify transcripts actively undergoing translation.
As expected, we detected hundreds of stalled ribosomes on
annotated mRNAs, corresponding to 341 distinct transcripts
within the VapC4 5-OH RNA-seq dataset [22]. The ribo-
somes in these 341 unique transcripts were stalled 14, 15, or
16 nt downstream at either of the two Cys codons, UGC and
the UGU, serviced by the single Cys tRNA (tRNA®YGCA) in
Mtb. While there were no examples of ribosomes stalled at a
Cys codon beginning 17 nt from the 5" RNase cleavage site,
ribosome stalling at Cys codons 12 nt from the cleavage site
occurred 15% of the time.

Most bacterial sORFs are abundant in intergenic regions.
In fact, recent bioinformatic analysis of 5668 genomes in the
family Enterobacteriaceae led to the identification of 67 297
clusters of intergenic sORFs [46]. Within our datasets we also
noted that many ribosomes stalled at Cys codons did not map
to an annotated ORF (Fig. 2B). We mapped the position of
the stalled ribosomes relative to annotated Mtb H37Rv genes
and determined that of the 96 “unannotated” transcripts har-
boring a stalled ribosome at Cys codons UGC and the UGU
91 were not annotated and five were recently annotated with
an Rv number followed by an “A”—the sORF Cys-response
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Figure 1. Depletion of tRNA®S by VapC4 leads to ribosome stalling at Cys UGU and UCG codons. (A) VapC4-mediated cleavage of tRNA® leads to
transcriptome-wide ribosome stalling at cysteine codons. (B) mRNA hits in descending order of fold-change relative to the control in the 5’-OH RNA-seq
libraries constructed from Mtb mc? 6206 RNA extracted after 24 h of VapC4 induction. Cysteine codons are in bold red, ~15 nucleotides downstream of
the 5-OH cleavage site (5" of the green capitalized letter). Genome position and strand shown along with transcript Rv number. (C) WebLogo [21] from
the top 100 mRNAs identified by 5’-OH RNA-seq. Positions are numbered relative to the 5-OH cleavage sites. (D) Detailed illustration of mRNA stalled
at hungry Cys codon at the A-site showing cleavage by an unspecified recycling RNase ~15 nts upstream.
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Unannotated (96) — [T 2608569 + cug cgcegugg JGUuguuguug: 10.245 0.061 167 Unnanotated

909529 - acca nugav uag UGU 44.901 0.363 123 Unnanotated

\ 909522 - gucgeg ugceg UGUugcuguagcu  10.106 0.121 83 Unnanotated

\ 573877 + uuguuccgcacgacgaccgcgugucUuuucgegggegegUGUuguugecge 8.768 0.121 72 Unnanotated

\ 2608567 + cu UGUuguuguuguu 12.829 0.182 70 Unnanotated

‘ | “ 909523 - gu UGUu 7.476 0.121 61 Unnanotated

\ | 3020363 + a g gCcUGU 14.167 0.242 58 Unnanotated

\\ Annotated (341) / 573878 + gacga Juu UG 13.659 0.242 56 Unnanotated

909574 - ut UGCucaccaag 3.415 0.061 55 Unnanotated

1775191 - ggguacuca Ccuggga UGU. 3.369 0.061 55 Unnanotated

909528 - gcgcaguu UGU 17.674 0.363 48 Unnanotated

R 909517 - UGUa. 2.861 0.061 46 Unnanotated

2608570 + UGU 5.307 0.121 43 Unnanotated

51153 + uaacct U UGU uucgug 2.492 0.061 40 Unnanotated

&  ~15nt
\0

Figure 2. VapC4-mediated ribosome stalling uncovers nearly 100 unannotated ORFs. (A) Pie chart of the 437 Cys codon stalled hits from the 5’-OH
RNA-seq dataset from Fig. 1B displayed as annotated versus unannotated. The FDR was 15.2%, essentially identical to the 15% FDR reported for the
555 unannotated ORFs reported by Smith et al. [24]. (B) Unannotated mRNA hits in descending order of fold-change relative to the control in the 5-OH
RNA-seq from Fig. 1B. Cysteine codons are in bold red, ~15 nucleotides downstream of the 5'-OH cleavage site (5" of the green capitalized letter).
Genome position and strand shown. Unannotated Cys codon-containing ORFs were identified as follows: (i) Cys codons with a stalled ribosome by
5-OH RNA-seq were considered in-frame, (ii) minimum ORF length was set to >10 amino acids, (iii) start codons AUG, GUG, UUG, or AUU [7] and a
stop UGA, UAA, or UAG codon were required to define an ORF. We selected the longest possible ORF since TSS for these ORFs are not known except
for instances where shorter start sites were clear by Ribo-RET and/or Ribo-seq and mapped in the Wadsworth interactive genome browser
http://mtb.wadsworth.org [7, 24] or based on functional data [22, 25].
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Figure 3. Most unannotated ORFs are <100 amino acids. Histogram, A, and violin plot, B, showing size distribution of the 96 unannotated ORFs.

attenuators Rv2334A, Rv0815A, Rv0485A, and Rv2391A [7,
22,25], and the 134 amino acid Rv2742A validated by mass
spectrometry [47] (Fig. 2A and Supplemental Table 1). Many
(77%) of these 96 transcripts encode proteins <100 amino
acids (Fig. 3A and B). Of the unannotated transcripts 54 % (52
of 96) were derived from sORFs encoding transcripts <150
nts and proteins <50 amino acids (Fig. 3A and B), following
the convention for small proteins [48] and consistent with the
<150 nt cutoff used for mycobacteria SORFs [25]. The FDR
of the 96 ORFs was calculated as 15.2% (using the equation
in the ‘Materials and methods’ section), comparable to the
15% FDR reported for the 555 unannotated ORFs reported
by Smith et al. [24].

Finally, using the Wadsworth interactive genome browser
(http://mtb.wadsworth.org) constructed from published Mtb
RNA-seq, Ribo-seq, and Ribo-RET data [6, 7, 24] we iden-
tified 12 unannotated leaderless ORFs; most of these leader-
less transcripts encode small proteins <50 amino acids. Four
of these leaderless intergenic sORFs (Supplemental Table 1)
control Cys attenuation-responsive regulons [22]; one of these
four is illustrated in Fig. 4A. In addition, we detected signa-
tures of stalled ribosomes on leaderless mRNAs in a vari-
ety of orientations that were distinct from Cys attenuation-
responsive regulons (Fig. 4B and C). One unannotated leader-
less Cys-containing ORF maps immediately upstream of an-
other ORF, with no intervening region, as illustrated in Fig. 4B.
Another novel leaderless ORF overlaps with two other anno-
tated genes on the opposite strand (Fig. 4C).

We could not clearly establish if many of the other unan-
notated ORFs were leadered or leaderless based on the data
posted on the Wadsworth interactive genome browser [7, 24].
Nevertheless, Fig. 4D-F illustrates three examples of typical
mapped locations of unannotated ORFs: upstream of a gene
in the opposite orientation (Fig. 4D), overlapping a gene in
the opposite orientation (Fig. 4E) and overlapping a gene in
the same orientation (Fig. 4F). There are multiple examples of
each configuration in Fig. 4A-F among the 96 unannotated
transcripts harboring a stalled ribosome at Cys codons. The
legitimacy of these unusual ORF configurations illustrated
in Fig. 4 is supported by Smith ez al. [24]. Using Ribo-RET
and Ribo-seq without antibiotics, the authors detected simi-
lar ORF locations/orientations among higher-confidence Mtb
ORFs [24]. Overall, our ability to detect ribosome stalling
within actively translated transcripts from annotated genes (in
agreement with the findings of Smith ez al. [24]) suggests that
the Mtb genome has adapted to expand its protein coding po-
tential by engaging an abundance of unconventional ORFs.

Ribo-RET and/or mass spectrometry validation of a
subset of ORFs harboring ribosomes stalled at Cys
codons

While RNA-seq data indicate whether a possible ORF is
transcribed, actual ribosome binding provides more reliable
evidence that the putative ORF is translated into a pro-
tein. Although our 5-OH RNA-seq data enables us to map
stalled ribosomes to Cys codons—which strongly suggests
translation—the selection of the translation initiation codon
is less clear. We typically look upstream from the earliest ri-
bosome stalled at a Cys codon within a transcript for pos-
sible start codons, choose the longest possible protein, and
then modify as needed based on Ribo-seq and Ribo-RET [7,
24] and other published functional data [22, 25]. The choice
of start codon was based on genome-wide trends reported
by Shell et al. with translation initiation from leadered tran-
scripts occurring from AUG, GUG, UUG, and AUU codons,
and from AUG or GUG codons in leaderless transcripts [7].
We then used published Mtb Ribo-RET data to not only vali-
date translation of our Cys-containing ORFs but also confirm
or clarify their translation initiation site [24]. We also consid-
ered the mapped TSS included in the Wadsworth Interactive
Browser [6, 7]. We chose the first start codon following the
mapped TSS when there was no definitive Ribo-RET data or
clean Ribo-seq to guide start codon assignment. Finally, of the
388 cleavage sites in unannotated ORFs that we mapped to
Cys codons (mined from all five 5-OH RNA-seq datasets),
only 38 lacked a start codon and thus, not associated with a
putative ORFE.

The illustration in Fig. 5A contrasts the mechanics of toxin-
mediated ribosome stalling versus Mtb Ribo-RET. Both ap-
proaches rely on stalled ribosomes, one due to scarcity of a
single tRNA species, and the other caused by the antibiotic
retapamulin that binds to the peptidyl transferase center and
perturbs peptide bond formation to reveal translation start
sites. Both transcriptome-wide approaches exploit the ~15 nt
distance measured from inside the ribosome to mRNA cleav-
age either 5’ (Fig. SA, left) or 3’ (Fig. SA, right) of the stalled
ribosome. We found that 24 of our 96 ORFs were present in
the Mtb Ribo-RET dataset (Supplemental Table 1, “Found in
Smith et al.” column; Fig. 5B, red). Therefore, toxin-mediated
ribosome stalling and Ribo-RET data are complementary ap-
proaches to strengthen the quality of genome annotation (es-
pecially for genes encoding sORFs) and uncover new biologi-
cal and regulatory mechanisms.

Next, we sought to validate putative new ORFs identified
through ribosome stalling at Cys codons with evidence that
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Figure 4. Unannotated ORFs can occur in diverse contexts. RNA-seq and
Ribo-seq coverage data in blue (retrieved from http://mtb.wadsworth.org)
support the transcription and translation of unannotated ORFs (red
arrows) identified by 5-OH RNA-seq occurring upstream as a
Cys-responsive attenuator (A) or of unknown function (B), in the opposite
direction (C) of annotated genes. X-axis shows the aligned genes to the
RNA-seq and Ribo-seq data; Y-axis, individual sequence reads. Other
examples of unannotated ORFs were found without any overlap (D) or
with partial overlap in the reverse (E) or the same (F) direction to
annotated genes.

Rv1157c -

they are translated into a stable protein. To this end, we mined
publicly available Mtb mass spectrometry datasets for evi-
dence that the putative unannotated Cys codon-containing
proteins we uncovered are present in the Mtb proteome.
We identified one or more tryptic peptides mapping to 69%
(66 of the 96) of ORFs with ribosome stalling at Cys
codons (Fig. 5B and Supplemental Table 2), providing strong,
or moderate, supporting evidence (depending on how of-
ten they were detected) that these sORFs are translated in
Mitb. Overall, we were able to validate 74% (71/96) of the
ORFs identified by VapC4 toxin-mediated ribosome stalling

Toxin-mediated ribosome stalling uncovers ORFs 7
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Figure 5. Validation of a subset of ORFs using Ribo-RET, mass
spectrometry or RNA-seq. (A) lllustration contrasting the position of
stalled ribosomes by 5-OH RNA-seq (hungry codon) versus Ribo-RET
(translation start site). (B) Venn diagram of subsets of ORFs validated by
mass spectrometry, Ribo-RET or both. (C) Violin plots depicting size
distribution of validated ORFs in panel (B). (D) Venn diagram of subsets of
ORFs whose transcription increased upon VapC4 expression two-fold or
more (log, fold change > 1; adjusted P-value <.05) by RNA-seq at 24 h,
72 h, or in both time points.

at Cys codon with Ribo-RET and/or mass spectrometry
data.

Detection of tryptic peptides generated from 69 % of the 96
ORFs is encouraging given that 29% of these are small pro-
teins of <50 amino acids. These small proteins are notoriously
difficult to detect by mass spectrometry because they contain
few, if any, trypsin cleavage sites, and are often not abundant
enough for reliable detection. Even when there are trypsin
sites, the resulting peptides may be outside the optimal size
window (too small or large) for detection by mass spectrom-
etry [5, 19, 48]. Use of alternative proteases—chymotrypsin,
LysC, LysN, AspN, GluC, and ArgC [49]—for peptide gen-
eration prior to mass spectrometry may improve identifica-
tion of peptides from sORFs; however, they are not routinely
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used. There are other reasons for failure to detect novel ORF
protein products by mass spectrometry or Ribo-RET. For ex-
ample, some may only be differentially expressed under cer-
tain conditions, secreted after synthesis, or present in very low
concentrations.

In fact, four of the very small Cys-rich proteins with
known regulatory roles might be intrinsically unstable [22,
25]. These Cys attenuators reported by our group and oth-
ers [7, 22, 25, 24] appear to function like the unstable 14
amino acid TrpL leader peptide involved in Trp operon at-
tenuation [50]. Therefore, while the Cys attenuator protein in
Fig. 4A might be unstable, we confirmed the stability (and le-
gitimacy) of each of the four representative unannotated pro-
teins in Fig. 4C-F by high confidence identification of mul-
tiple tryptic peptides from published Mtb mass spectrometry
datasets (Supplemental Table 2).

VapC4 expression leads to differential expression
of a subset of Cys-containing ORFs

Another approach to support the functional significance of the
ORFs identified with Cys stalled ribosomes would be identifi-
cation of their expression in the Mtb transcriptome, especially
if their transcription is associated with VapC4. We mined our
published RNA-seq datasets comparing Mtb with and with-
out VapC4 expression [22]. We identified 14 and 8 ORFs from
the 96 total whose expression increased by two-fold or more
(logy fold change >1) following VapC4 induction for 24 or
72 h, respectively; five of the ORFs were expressed at both 24
and 72 h (Fig. 5D and Supplemental Table 3). There was only
one ORF whose transcription was downregulated two-fold or
more at 72 h (log, fold change < 1; Supplemental Table 3).
Overall, identification of these expressed transcripts supports
the possibility that they are translated as well. The differ-
ential expression of these transcripts also suggests that they
may have a physiological role that is linked to the function of
VapC4.

Both annotated and novel Mtb ORFs exhibit
coordinated transcript abundance and ribosome
occupancy

We next used the published Mtb RNA-seq and Ribo-seq
datasets [24] to examine the relationship between transcript
abundance and ribosome occupancy for annotated Mtb genes
compared to our 96 ORFs. The plotted blue dots in Fig. 6A
represent individual annotated transcripts whose overall pat-
tern reveals that RNAs present at higher levels generally har-
bor more ribosomes, consistent with coordinated transcrip-
tion and translation. Because 93 of our 96 newly identified
ORFs were also present in these datasets, we overlaid them
onto the annotated reference framework (Fig. 6A, orange
dots). In contrast to the novel ORFs reported by Smith er al.,
which exhibited efficient translation from relatively low tran-
script levels, our novel ORFs generally follow the same RNA-
ribosome scaling observed for annotated genes, indicating a
closer concordance between transcript abundance and trans-
lation. The observation that 93 of our novel ORFs behave like
the annotated ORFs at the population level provides strong
support for their biological authenticity.

Validation of novel ORF translation by synthetic
peptide matched MS/MS spectra

We used mass spectrometry to determine if peptides detected
in cultured Mtb cells expressing VapC4 were chemically iden-
tical to their synthetic counterparts. Figure 7 shows four
matched pairs of synthetic peptides versus those derived from
Mitb cells. These four peptides were confidently identified fol-
lowing validation using PeptideShaker. The vertical peaks rep-
resent fragment ions generated during tandem MS/MS; the
blue b-ions are fragments from the N-terminus, and the red
y-ions are fragments from the C-terminus. These two ions ap-
pear at precise mass to charge ratios (m/z value). Here the
MS/MS spectra are identical in each pair, i.e. the same b-
and y-ions appear in both spectra, at the same m/z positions,
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Figure 8. Four sORFs encode proteins related to EsxB/CFP-10. Illustration of the genome positions of four EsxB-like proteins highlighting variable
N-termini (orange) and overlap with four transposases shown in gray (Rv1047 Rv2512c, Rv3115, and Rv3023c that are identical except for a single nt
change resulting in an A9T change very early in Rv2512c). A putative identical ORF is located downstream of the EsxB-like proteins. (A) Overlap with
three transposases in the opposite orientation (B) Overlap with one transposase in the same orientation. (C) Clustal Omega sequence alignment of EsxB
(Rv3874), against the four proteins derived from Cys-containing unannotated sORFs; identities (x), strong (:), and weak (.) similarities. Cys codon with
stalled ribosome highlighted in red. WG motif highlighted in yellow. The ORF_42 peptide boxed in blue was identified by mass spectrometry.

with very similar intensities. Together these properties demon-
strate peptide identity. This method is the gold-standard for
definitive validation of peptides identified through Ribo-RET,
Ribo-seq—and in our case ribosome stalling at Cys codons—
because it provides direct biochemical evidence for their
translation.

Four unannotated sORFs encode novel EsxB-like
proteins

We performed NCBI-BLASTP searches on all unannotated
proteins that harbored stalled ribosomes at Cys codons to de-
termine if their sequences revealed functional clues. We iden-
tified four proteins with significant similarity to a 156 amino
acid “ESAT-6-like” protein sequenced from an Mtb strain
unique to a strain originating from Peru. Alignments to in-
vestigate sequence similarity of these four proteins to EsxA
(formerly ESAT-6) versus EsxB (formerly CFP-10) suggest that
these proteins are orthologs of EsxB (Fig. 8). However, each of
the four unannotated proteins have distinctly different amino
terminal sequences whose legitimacy was supported by the
presence of a stalled ribosome at a Cys codon within these
variable amino terminal sequences. We also identified a tryp-
tic peptide confirmed by published mass spectrometry datasets
(Supplemental Table 2) within the variable region (Fig. 8). All
four proteins contain the hallmark Y-X3-D/E motif and an ap-
propriately aligned possible counterpart (i.e. W-G) of the W-
X-G motif of EsxB (Fig. 8). The Y-X3-D/E sequence is required
for secretion of the EsxA/EsxB complex by type VII secretion
systems; the W-X-G motif is thought to also be part of the
secretion signal [51, 52].

Curiously, all four EsxB-like genes overlap with a portion of
essentially identical transposase genes, each with its own Rv
number on the opposing DNA strand (Fig. 8). These EsxB-like
genes overlapping with transposases on the opposite strand
(and those displayed in Fig. 4C and E) only come to light by
methods that detect stalled ribosomes. The EsxA-EsxB het-
erodimer is a major virulence factor that resides within the

15-gene ESX-1 type VII secretion system locus. ESX-1 is es-
sential for Mtb evasion of the host immune response [53].
Since EsxB is followed by EsxA in the ESX-1 locus, we exam-
ined each EsxB-like gene for a downstream OREFE. Although
we identified a putative ORF with some similarity to EsxA,
it was more than twice the size of EsxA. Therefore, it does
not appear to be a clear functional ortholog of EsxA. Because
these four EsxB-like proteins do not have an apparent binding
partner, they may function on their own, or with an EsxA part-
ner encoded elsewhere in the genome. Although EsxA and the
EsxA-EsxB complex are the most common focus of functional
studies and EsxB is often referred to as simply a chaperone,
one published report uncovered a novel biological activity for
EsxB alone: recruitment and activation of human neutrophils
[54]. If these EsxB-like proteins function in a similar manner,
then ribosome stalling upon VapC4 expression is expected to
block their translation and thus, dampen neutrophil activation
through this pathway.

Overall, the majority of ORFs identified by ribosome
stalling at Cys codons showed stretches of identity to por-
tions of other bacterial or mycobacterial proteins, but no other
definitive functional orthologs were identified. Some of them
also contain motifs of eukaryotic zinc fingers (C-X4-C and C-
X;-C) or the canonical heme binding motif CX4CH in cy-
tochrome c-type proteins. However, because there are few
known zinc fingers in bacteria [55], the significance of these
putative zinc-binding motifs is unclear.

Stalled ribosomes are also detectable at hungry
codons in M. abscessus 5'-P RNA-seq datasets

Most bacterial VapC toxins are isoacceptor-specific tRNases
that specifically recognize, cleave, and inactivate a single
tRNA species [23,56-61]. Among these, the VapC5 toxin
present in some M. abscessus clinical strains specifically tar-
gets tRNASCGA for inactivation, leading to ribosome stalling
at hungry Ser UCG codons (Fig. 9A) [23]. We analyzed our
published VapC$5 5'-P dataset in M. abscessus [23] and found
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4985033 - ucacacccgucgguuagcgucacga;CacuuaguguugaalCGggaucgcua 3.08 0.088 35 Unannotated
3657011 - ggaugcaagaggaacagugaggagginggacgaugcuguUCGggcgcaaug 2.852 0.088 32 Unannotated
1129127 - uggacaggacagauucacgaacguuGaugauuuggcgagUCGaggauccgg 2.795 0.088 31 Unannotated
3551271 - guuugagccccaaaccucaagcgugiGuuccggaucucgaUCGauaagacac 2.681 0.088 30 Unannotated
779557 + cugauagcgggugguuuuucucguyUcuggggegggugcUCGgaageguaa 2.51 0.088 28 Unannotated
3452793 - gaaucccgcgaacuuguucaacguuiCuccaggaguggucUCGugagugaaa 7.131 0.263 27 Unannotated
1446910 + gacccggcgaccacaacacgaagag,GaaacaccaugaaalCGgguauucac 2.339 0.088 26 Unannotated
2975826 + uuggcccgcugcgcugaucgaaccaiCguccgugucgaucUCchgaugauc 2.339 0.088 26 Unannotated
736927 - uucgcgcuguacgcgcuguaccggce,UgaucaccgacgagUCGugacggaac 2.225 0.088 25 Unannotated
175098 + ucugugcuguggcgaucauuugcchAggugcgaggcgcaUCGguucgguag 6.161 0.263 23 Unannotated
736965 - agaucauguugguggccgcggugcy CgucaucaccuggulCGegcuguacyg 1.997 0.088 22 Unannotated
'
—
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Figure 9. Depletion of tRNASe" by M. abscessus VapCh leads to ribosome stalling at Ser UCG codons. (A) VapC5-mediated cleavage of tRNAS®" leads to
transcriptome-wide ribosome stalling at serine codons. (B) Unannotated mRNA hits in descending order of fold-change relative to the control in the 5'-P
RNA-seq dataset (the RNase cleaving the stalling ribosome generates a 5'-P instead of a 5’-OH compared to Mtb) [23]. Serine codons are in bold red,
~15 nucleotides downstream of the 5'-P cleavage site (5’ of the green capitalized letter). Genome position and strand shown. Unannotated Ser
codon-containing ORFs were identified as follows: (i) Ser codons with a stalled ribosome by 5’-P RNA-seq were considered in-frame, (i) minimum ORF
length was set to >10 amino acids, (iii) start codons AUG, GUG, UUG, and AUU [7] and a stop UGA, UAA, or UAG codon were considered. We selected
the longest possible ORF since the TSS for these ORFs are not known. (C) Pie chart of the 526 Ser codon stalled hits from the 5’-P RNA-seq dataset
[23] displayed as annotated versus unannotated. Histogram (D) and violin plot (E) showing size distribution of the 55 unannotated ORFs.

526 Ser UCG ribosome stalling signatures at distinct tran-
scripts (those with multiple stalled ribosomes at UCG codons
were counted only once); 55/526 = 11% were unannotated
(Fig. 9B and C). Of the unannotated ORFs detected, 16/55
= 29% were <50 amino acids, and 18/55 = 33% were
<100 but >50 amino acids; the remaining 21 were >101
amino acids (Fig. 9D and E). Although Ribo-RET has not yet
been performed for any M. abscessus strains, we mined the
mass spectrometry data from our VapC35 publication along
with six publicly available mass spectrometry datasets for
tryptic peptides derived from any of the 55 unannotated
ORFs; 21/55 = 38% were validated by mass spectrometry
(Supplemental Table 5).

Translation in M. abscessus is less tightly
proportional to transcript abundance than in Mtb
Finally, using published data [32] we plotted M. abscessus
mRNA levels and ribosome occupancy for both annotated
(blue dots) and novel ORFs (orange dots) (Fig. 6B). In con-

trast to Mtb, M. abscessus shows a broader dispersion for
annotated ORFs: ribosome occupancy is less tightly propor-
tional to transcript abundance, there is greater vertical spread
at similar RNA levels, and translation is more heterogeneous
and less predictably coupled to transcription. The track of our
novel M. abscessus ORFs shows the same dispersed distribu-
tion as the annotated ORFs. Although translation in M. ab-
scessus annotated ORFs is more weakly coupled to transcript
abundance than in Mtb, our newly identified ORFs follow the
same RNA-ribosome relationship as annotated ORFs. This
concordant behavior supports their authenticity as true cod-
ing regions rather than products of experimental or analytical
artifacts.

Discussion

Here we report how the highly selective Mtb VapC4 toxin
that depletes a single tRNA isoacceptor can be applied to im-
prove annotation of the Mtb genome. Further, we show that a
similar approach can be used for the genome of the poorly
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annotated emerging pathogen M. abscessus. Our ability to
capture signatures of putative stalled elongating ribosomes
without antibiotic treatment represents a highly useful, al-
ternate tactic to elucidate hidden messages within the Mtb
genome. This approach is complementary to the 2022 Mtb
Ribo-RET report that identified translation start sites by trap-
ping initiating ribosomes at start codons [24]. As with Mtb
and E. coli Ribo-RET studies [16, 17, 24, 62], we were able
to identify (i) new putative small bacterial protein ORFs, (ii)
other novel bacterial proteins within known ORFs (both in
frame and out of frame), and (iii) proteins translated within
annotated ORFs but from the antisense strand. Ribo-RET
studies also used validation methods—reporter gene fusions
or western detection of FLAG-tagged ORFs integrated into the
genome—that supported actual in vivo expression or transla-
tion of a high percentage the novel ORFs uncovered [16, 17,
24,62].

Nevertheless, while optimized bacterial Ribo-Seq [63] and
Ribo-RET used together are powerful tools, they cannot com-
prehensively detect all functional ORFs. For example, Meydan
et al. reported that they were able to identify ribosome occu-
pancy peaks corresponding to 86% of annotated E. coli start
codons [16]. They postulated that the other 14% may not be
detectable by Ribo-RET due to changes in expression because
of RET exposure. Also, Weaver et al. detected poor overlap be-
tween their predicted small ORFs and those identified by other
groups using different ribosome profiling methods [64, 65].
For Mtb, Ribo-RET identified 2299 leadered and leaderless
transcripts, 90 of which were not annotated [24]. The NCBI
Mtb H37Rv genome lists 4018 protein coding genes, therefore
the reduced Ribo-RET coverage for Mtb versus E. coli appears
to be attributable in part to the sequence bias by micrococcal
nuclease for cleavage on the 5" side of A or T DNA and A
or U RNA sequences [66]. The GC rich Mtb genome is only
33%-34% AT relative to E. coli coding regions (46 %-48%
AT). Indeed, 74% of the ribosome protected Mtb Ribo-RET
fragments were cleaved at an A or U [24]. Thus, there is room
for further refinement of data derived from even the latest
Ribo-seq methods.

Toxin-mediated ribosome stalling can help fill this gap be-
cause our 5'-OH RNA-seq method for identifying stalled ribo-
somes does not rely on micrococcal nuclease treatment. Here,
using just the VapC4 toxin, we identified ribosomal stalling on
437 independent transcripts, 96 from putative unannotated
genes and 341 from annotated genes, approaching 10% of
the Mtb transcriptome. These 437 stalling events were picked
up in our 5-OH RNA-seq datasets only because there was
enhancement of cleavage by an unknown RNase that cuts
on the 5 side of the stalled ribosome at hungry Cys codons,
leaving a 5-OH that our assay is specifically designed to de-
tect. Consequently, cleavage and degradation of transcripts
harboring stalled ribosomes leads to a concomitant genome-
wide reduction in these transcripts and their protein prod-
ucts [22]. Therefore, even though Cys codons are surprisingly
abundant in Mtb coding regions—there are 3259 genes (81%)
containing one or more Cys codons—we identify just a frac-
tion of them because RNA harvested for each 5’-OH analy-
sis is a snapshot of a dynamic process of ribosome stalling,
transcript cleavage, and presumably ribosome release. The
stalling events we detect are dependent on genome-wide ex-
pression levels of each transcript following VapC4 toxin in-
duction, and this is expected to be influenced by length of
toxin induction and the Mtb growth phase at time of induc-

tion. Thus, we would expect the depth for Cys codon stalling
to continue to improve by increasing the number of 5-OH
RNA-seq runs under a variety of conditions. However, some
Cys-containing transcripts may not be detectable under toxin-
expressing conditions if their transcripts are low or transla-
tion is inhibited. Nevertheless, overall coverage is expected
to increase after compiling data from multiple iterations of
5’-OH RNA-seq from RNAs harvested under varied growth
conditions.

Although here we present depletion of tRNA®* as the
example we chose to assess in depth, there are multiple
isoacceptor-specific Mtb tRNase toxins that can be enlisted to
enhance genome annotation and uncover novel ORFs/sORFs.
We have identified more Mtb toxins that specifically target
only one tRNA isoacceptor and exhibit ribosome stalling at
codons for these depleted tRNAs—Gln, Lys, Phe, Pro, Ser, Trp,
Asn—within the respective 5'-OH RNA-seq datasets ([57,67];
Woychik lab, in preparation). This expands the number of
available tools to uncover a substantially broader range of
ORFs in the Mtb genome. As more hidden Mtb ORFs are un-
masked, the next challenge will be to understand their func-
tion in Mtb virulence and stress adaptation. Our identification
of new ORFs whose transcription is coincident with VapC4
toxin expression suggests that the role of some ORFs is linked
to Mtb stress adaption as well.

Finally, the spectrum of Mtb isoacceptor-specific tRNases
can be exploited to enhance annotation and reveal novel regu-
latory mechanisms in other mycobacteria (including M. smeg-
matis and the poorly annotated emerging pathogen M. ab-
scessus (Fig. 9)). This approach can also be applied to other
bacterial model organisms and incompletely annotated bac-
terial pathogens. Since we have identified a single tRNADS-
cleaving toxin in M. smegmatis [67] and a tRNAS"-cleaving
toxin in an M. abscessus clinical strain to date [23], we can
further expand coverage by ectopically expressing one of
the Mtb isoacceptor-specific tRNase toxins to engage toxin-
mediated ribosome stalling. In fact, ectopic expression of in-
dividual Mtb tRNase toxins should also induce ribosome
stalling and mRNA cleavage in other bacteria that carry an
RNase that rescues stalled ribosomes by cleaving mRNA on
the 5’ side of a stalled ribosome. E. coli lacks this activ-
ity but we were able to reconstitute detection of the ribo-
some stalling signature in E. coli 5-OH RNA-seq datasets
upon co-expression of a Lys tRNase toxin with Mtb RNase
J [20]. The E. coli SmrB RNase, a ribosome rescue factor
that cleaves between collided ribosomes [45], apparently does
not function like Mtb RNase J. Therefore, toxin-mediated
ribosome stalling can be applied to enhance genome anno-
tation for any bacterium with established methods for co-
expression of one or two proteins. For pathogen genomes
with high AT content, toxin sequences can be codon opti-
mized to improve expression. However, we routinely obtain
efficient expression of Mtb TA toxins in both E. coli (~47%
AT) and Saccharomyces cerevisiae (~62% AT) without codon
optimization.

In summary, although our approach applies Ribo-RET
data to accurately identify translation start codons, it does
not depend on micrococcal nuclease and therefore avoids
complications arising for its well-documented sequence bias.
This distinction is particularly important for mycobacteria,
which have GC-rich genomes. Therefore, mapping stalled ri-
bosomes at hungry codons to identify translated ORFs—
including unannotated ORFs—provides a powerful and



complementary strategy for illuminating the “dark matter” of
bacterial proteomes.
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