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The Mycobacterium tuberculosis (Mtb) VapBC4 toxin—antitoxin sys-
tem is essential for the establishment of Mtb infection. Using a mul-
titier, systems-level approach, we uncovered the sequential molecular
events triggered by the VapC4 toxin that activate a circumscribed set
of critical stress survival pathways which undoubtedly underlie Mtb
virulence. VapC4 exclusively inactivated the sole transfer RNA®®
(tRNAY") through cleavage at a single site within the anticodon se-
quence. Depletion of the pool of tRNA®® led to ribosome stalling at
Cys codons within actively translating messenger RNAs. Genome
mapping of these Cys-stalled ribosomes unexpectedly uncovered sev-
eral unannotated Cys-containing open reading frames (ORFs). Four of
these are small ORFs (SORFs) encoding Cys-rich proteins of fewer than
50 amino acids that function as Cys-responsive attenuators that en-
gage ribosome stalling at tracts of Cys codons to control translation of
downstream genes. Thus, VapC4 mimics a state of Cys starvation,
which then activates Cys attenuation at sORFs to globally redirect
metabolism toward the synthesis of free Cys. The resulting newly
enriched pool of Cys feeds into the synthesis of mycothiol, the gluta-
thione counterpart in this pathogen that is responsible for maintain-
ing cellular redox homeostasis during oxidative stress, as well as into
a circumscribed subset of cellular pathways that enable cells to de-
fend against oxidative and copper stresses characteristically endured
by Mtb within macrophages. Our ability to pinpoint activation or
down-regulation of pathways that collectively align with Mtb
virulence-associated stress responses and the nonreplicating persis-
tent state brings to light a direct and vital role for the VapC4 toxin
in mediating these critical pathways.

RNA-seq | mycothiol | protein translation | mass spectrometry |
sulfur assimilation

he vast majority of people infected with Mycobacterium tuber-

culosis (Mtb) do not develop active tuberculosis (TB). Instead,
in most infected individuals, this bacterial pathogen reprograms its
physiology to evade immune clearance and establish a latent TB
infection. The Mtb genome harbors ~90 Type II toxin—antitoxin (TA)
systems (1, 2), the majority belonging to the 50-member virulence-
associated protein VapBC family (VapB: antitoxin, VapC: toxin)
unique to pathogenic bacteria. In general, Type II TA systems
comprise adjacent genes encoding two small (~10 kDa) proteins,
a toxin and its cognate antitoxin that inhibits toxin activity through
the formation of a stable TA protein—protein complex. In the
prevailing model, stress conditions alter the toxin—antitoxin balance,
resulting in a preponderance of free toxin, which exerts its
growth regulating and/or other functions within the bacterial
cells (3, 4). Because the activity of individual Mtb toxins typically
leads to growth inhibition, they have been implicated in the es-
tablishment of latent TB infection (1-3, 5, 6). Consistent with
this, a subset of the 50 VapBC TA systems are differentially
expressed when subjected to stresses relevant to Mtb infection
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and nonrepicating persistence TB (7). More importantly, TA
module deletion strains used for guinea pig and mouse infection
models demonstrated that VapBC3, VapBC4, and VapBC22 are
essential to establish Mtb infections (7, 8). VapC4, VapB5, VapC20,
VapC26, and VapC45 are required for Mtb survival in macrophages
and the lungs of mice and nonhuman primates (9).

VapC toxins are structure- and sequence-specific endor-
ibonucleases (10). Only a few of the 50 Mtb VapC toxins have
been studied in detail. In vitro cleavage studies demonstrated
that VapC4 (also known as VapC-mt4, Rv0595c) and VapCl1
(also known as VapC-mt11, Rv1561) require a cleavage consensus
sequence and specifically target transfer RNA (tRNA) (11-13).
Other Mtb VapC toxins with apparent tRNase activity were
identified using an RNA-VapC interaction screen in a Mycobac-
terium smegmatis host (14). However, only recently did we learn
that accurate tRNA target identification requires in vivo cleavage
in the matched mycobacterial host cell (11).

Here, we applied physiologically relevant, low-level toxin ex-
pression studies in tandem with powerful genome-scale approaches
to elucidate the mechanism underlying VapBC4 virulence. VapC4
cleaves and inactivates a single tRNA™" in vivo. Its activity leads to
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Fig. 1. VapC4 inhibits growth but does not completely inhibit translation.
(A) Newly synthesized (AHA-labeled) proteins from +VapC4 Mtb H37Rv cells
at 12, 24, and 48 h postinduction were visualized with an alkyne-TAMRA
conjugate. Each lane was normalized to contain 10 pg total protein. (B)
Whole lane fluorescence was measured by ImagelJ software selecting equal
areas. The average fluorescence signals from triplicates are shown. Error bars
correspond to SEM. (C) Growth profiles obtained from Mtb H37Rv cultures
with (blue) or without (orange) VapC4 expression for 0, 24, 48, and 72 h.
Dotted lines are ODgqo readings for each replicate, and solid lines represent
the average of the triplicates. Error bars represent the SEM.

widespread ribosome stalling at Cys codons, which enabled the
discovery of unnannotated Cys codon-containing genes. We dem-
onstrate that some are orthologous to small open reading frames
(sORFs) that act as Cys-responsive attenuators as recently de-
scribed in M. smegmatis (15). Ribosome stalling also unleashes a
cascade of downstream events that precisely manipulates the
transcriptome based on codon usage to down-regulate growth and
redirect metabolism toward the synthesis of Cys, which in turn
selectively activates genes involved in the oxidative stress and
copper detoxification responses, endowing Mtb with the molecular
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defenses needed to withstand the deadly assaults of the host innate
immune response.

Results

VapC4 Cleaves Many Mtb tRNAs within Their Anticodon Stem Loop In
Vitro. VapC4 expression in Mtb leads to growth arrest (12). To
understand how this toxin down-regulates cell growth, we first
determined how many Mtb tRNAs were cleaved by VapC4 in vitro.
Eight of the complete set of 45 tRNAs (16, 17) were cleaved to com-
pletion: tRNAAZUGC {RNAARIICGE RNAARSIGEC {RNAGIGEA
{RNACH20GCC (RN APIEI0GAA {RNASC4GGA o 4 RNASe20GCU
(SI Appendix, Fig. S1 A and B, shaded black). Surprisingly, five of
these eight Mtb in vitro tRNA targets did not harbor an ACGC,
ACUGC, or ACAGC Vap(4 cleavage sequence identified in ear-
lier reports (12, 13). In addition, 19 of the 45 tRNAs were partially
cleaved (SI Appendix, Fig. S1 A and B, shaded gray). Therefore, 27
of the 45 tRNAs were fully or partially cleaved by VapC4. This data
suggested that the growth inhibition associated with VapC4 toxin
expression might be due to a depletion of multiple tRNAs.

VapC4 Does Not Completely Inhibit Protein Synthesis. Since VapC4
appeared to disable so many tRNAs, we next tested if its role is to
comprehensively shut down translation. In fact, others have con-
cluded that tRNA-cleaving toxins generally act by globally inhibiting
translation because their expression characteristically leads to bac-
terial cell growth arrest (14, 18). We used a click chemistry ap-
proach for metabolic labeling to monitor de novo protein synthesis
in Mtb cells with and without toxin expression. The incorporation of
the azide-containing Met mimetic azidohomoalanine (AHA) en-
abled fluorescent visualization of AHA-containing proteins upon
coupling to the alkyne tetramethylrhodamine (TAMRA). Total
proteins were resolved by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE), and the newly synthesized pop-
ulation was visualized by fluorescent imaging (Fig. 1 A and B).
Surprisingly, VapC4 did not completely inhibit protein synthesis
even though its expression leads to growth arrest (Fig. 1C).

VapC4 Only Targets tRNAY® in Mtb Cells. Because the effects on
translation were not consistent with the large number of tRNAs
cleaved by VapC4 in vitro, we next expressed this toxin in Mtb to
determine if the tRNAs cleaved by VapC4 in vitro were also targeted
in vivo. RNAs cleaved by VapC toxins are marked with a specific
chemical tag at their 5’ end that permits facile isolation, identifica-
tion, and mapping of the toxin cleavage site. Therefore, we enlisted a
specialized RNA sequencing (RNA-seq) approach developed in our
laboratory, 5" RNA-seq, that enabled genome-wide VapC4 target
identification as well as high-resolution, single-nucleotide (nt)
cleavage site mapping (19). The 5 RNA-seq method captures
and amplifies RNAs carrying the specific chemical moieties, a
5’-phosphate (5’-P) or 5’-hydroxyl (5’-OH), that are generated
upon cleavage by VapC4 and other endoribonuclease toxins.
Total RNA was isolated from VapC4 induced and uninduced
cells. We created 5'-P and 5-OH RNA-seq libraries and identified
a single tRNA, tRNA®SA a5 the sole target of VapC4 (Fig. 2 4
and B). This is the only Cys tRNA in Mtb, and it services both the
UGC and the UGU Cys codons. The site of toxin cleavage was
within the Cys anticodon (Fig. 2C), therefore functionally disabling
this tRNA for protein synthesis. This tRNA*SCA target is also
consistent with that identified upon ectopic expression of VapC4 in
M. smegmatis (14). Interestingly, in contrast to the MazF family of
toxins, which generate a 5-OH upon RNA cleavage, VapC4 in-
stead appeared to generate a 5'-P upon RNA cleavage since there
were no tRNA targets detected in the 5'-OH RNA-seq libraries.
To prove that VapC4 directly generated a 5'-P upon RNA cleavage,
instead of downstream phosphorylation of a 5’ end that was initially
hydroxylated, we incubated VapC4 with total Mtb RNA and
again created 5'-P and 5-OH RNA-seq libraries. tRNA9A was
cleaved in the 5’-P library and not the 5’-OH library (Fig. 3 4 and
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Fig. 2. tRNAYSA is the sole VapC4 target in vivo. (A) Heat map obtained from 5'-P RNA-seq libraries (represented in fold change of internal 5' mono-
phosphate ends in induced versus uninduced samples) indicating internal cleavage at a single position in only one (cysU) of the Mtb 45 tRNA genes 24 h post
VapC4 induction in Mtb H37Rv cells. (B) Bar graph showing the fold change of 5" monophosphate ends (induced versus uninduced) in the only Cys tRNA gene
after 24 h of VapC4 induction. (C) Representation of tRNAYYSSA (D, D-loop; T, TwC loop; ASL, anticodon stem loop). Cleavage site, yellow arrow. Anticodon

positions are numbered according to standardized tRNA guidelines.

B and Dataset S1). This toxin has an absolute requirement for
the sequence U G** C* A3® A in the proper structural context to
recognize and cleave only tRNA®S“? (Fig. 3C). Therefore, VapC4,
and likely all VapC family toxins, are distinct from other ribo-
nuclease toxins in that they generate 5'-P ends upon RNA cleavage.

tRNASYSSA Cleavage Leads to Ribosome Stalling at Cys Codons. We
recently reported that MazF-mt9 toxin-mediated cleavage of a
single species of tRNA, tRNA™*YUY Jeads to selective ribosome
stalling at the Lys codon (AAA) requiring that depleted tRNA
(20). This highly specific genome-wide ribosome stalling leads to
preferential depletion of proteins containing the Lys AAA codon.
Serendipitously, these ribosome stalling events were first suggested
within the MazF-mt9 5'-OH RNA-seq dataset and then rigorously
proven using ribosome profiling (Ribo-seq) (20). In perfect
agreement, we documented the same two effects for VapC4
following cleavage of tRNAYSGCA,

First, within our VapC4 5-OH RNA-seq datasets, we saw the
hallmarks of ribosome stalling at several hundred Mtb transcripts.
Each stalling event is readily detected because there is a conspic-
uous ~15 nt distance in this 5'-OH RNA-seq dataset to an in-frame
“hungry” Cys codon requiring the depleted tRNA (Fig. 4 4 and B).
In Barth et al., we used Ribo-seq to demonstrate that this 15-nt
distance corresponds to the footprint of the stalled ribosome
spanning its 5" edge to the position of the hungry codon at the
Assite (Fig. 4C) (20). We fortuitously detect these stalled ribosomes
because some transcripts that harbor them are recycled by an
RNase distinct from VapC4 that happens to leave a 5OH upon
cleavage. Second, consistent with our earlier study, we found that
the proteome in VapC4-expressing cells contained fewer Cys-
containing proteins relative to control cells (SI Appendix, Fig. S2).
Therefore, VapC4 expression leads to inactivation of the primary
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target of the toxin, tRNAY*SCA, followed by ribosome stalling at
Cys codons because the only Cys tRNA in Mtb is now in deficit.
These events impact the proteome, resulting in an overall reduction
in the steady-state level of Cys-containing proteins.

An Mtb sORF Is the Ortholog of a Cys-Responsive Attenuator in M.
smegmatis. Our ability to definitively map the presence and precise
position of stalled ribosomes on messenger RNAs (mRNAs) within
the VapC4 5'-OH RNA-seq dataset was exploited as a powerful
tool to identify transcripts actively undergoing translation and whose
expression is thus impacted by these stalling events. We detected
hundreds of stalled ribosomes on mRNAs, corresponding to 444
distinct transcripts within the VapC4 5-OH RNA-seq dataset
(Dataset S2). The ribosomes were stalled at either of the two Cys
codons, UGC and the UGU, serviced by the single Cys tRNA
(tRNA®*SA) in Mtb (Fig. 4 4 and B).

In addition, we identified four leaderless SORFs (lacking a 5’
untranslated region) whose genome location and sequence revealed
compelling functional clues. One of the four SORFs encoded a 29
amino acid small protein with an extremely Cys-rich carboxy terminus:
VSARIEPMLTKRRAVDLCRLAGCCCCCSC. We discovered
that it is the ortholog of the M. smegmatis SORF (Ms5788A) first
described as one of the many unannotated small leaderless tran-
scripts that are unusually common in mycobacteria (Fig. 54) (21).
Moreover, recent follow-up studies on the function of Ms5788A
support its role in a novel mode of Cys attenuation (15). Ms5788A
is so named because it exerts translational control of the down-
stream three-gene operon beginning with the Ms5788 (unknown
function) followed by the M. smegmatis CysA2 sulfotransferase and
SseC2 putative sulfotransferase, both of whose up-regulation is
logical under Cys-limiting conditions. When Cys availability is low,
ribosomes are proposed to stall at the Cys codons of Ms5788A and
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Fig. 3. VapC4 cleavage generates 5 monophosphate ends and lacks specificity in in vitro assays. Heat map showing fold changes obtained in 5 RNA-seq for
internal 5'-OH (A) or 5’-P (B) ends in all 45 tRNA genes after incubating purified VapC4 with total RNA extracted from Mtb mc? 6206. (C) Probability logo
(obtained using kpLogo) showing the consensus sequence observed in 100 RNA hits with highest fold change (induced versus uninduced) in the in vitro
cleavage 5'-P libraries. The RNA sequence flanking the cleavage site (25 nucleotides up- and downstream) is shown. Nucleotide positions (shown below the
kpLogo) are numbered relative to the cleavage site and colored red if the nucleotide is statistically enriched at the position or black if the nucleotide is

statistically enriched and its frequency is above 75%.

preclude formation of a secondary structure that would otherwise
block the availability of the Shine-Dalgarno (SD) ribosome bind-
ing site needed to recruit the ribosome and translate the down-
stream mRNA (Fig. 5B) (15). Distinct from the classic tryptophan
attenuation in Escherichia coli, where the absence or presence of
ribosome stalling at tryptophan codons in a small leader peptide
dictates the formation of alternate secondary structures that either
permit or prevent transcription termination, this M. smegmatis Cys-
rich small protein acts as a sensor for Cys concentration and dic-
tates whether transcripts that follow are translated.

Based on the function of the Ms5788A sORF in M. smegmatis, we
predicted that its leaderless Mtb counterpart in front of an operon
with similar architecture would also serve as a Cys-responsive at-
tenuator. We designated this Mtb SORF as Rv0815A, following the
convention of newly annotated genes in Mycobrowser [also used by
Canestrari et al. (15)] to add an A to the name of the gene it
precedes, since it resides 173 nt in front of the cys42 (Rv0815¢c) and
sseC2 genes (Fig. 54). We also already knew that ribosomes stall
within RvO815A because that was the basis of its detection within
our 5 RNA-seq dataset. Therefore, stalling at its Cys-rich carboxyl
terminus would be expected to alter the secondary structure and
thus influence expression of cys42 and sseC2. We performed
conventional RNA-seq coupled with quantitative mass spectrom-
etry to determine how expression of VapC4 influenced the abun-
dance of the transcripts and proteins corresponding to these two
genes and additional genes downstream of ‘other Cys-rich SORFs.

40f 12 | PNAS
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We expected up-regulation of cys42 and sseC2 in cells expressing
VapC4, consistent with the luciferase reporter experiments for M.
smegmatis MsS788A (15). Indeed, RNA-seq performed on RNA
harvested 24 and 72 h after VapC4 induction showed significant (all
P values < 0.0006) increases in both cys42 and sseC2 transcripts
relative to the uninduced controls (Fig. 5B). In support of the RNA-
seq data, quantitative mass spectrometry of newly synthesized
AHA-labeled proteins from +VapC4 cells also demonstrated that
translation of the CysA2 and SseC2 proteins was up-regulated
(Fig. 5C).

VapC4-Triggered Ribosome Stalling at Leaderless sORFs Identifies
Additional Cys Attenuation-Responsive Regulons. We documented
VapC4-dependent ribosome stalling on three more unannotated Mtb
leaderless SORF mRNAs that are also implicated as Cys-responsive
attenuators. Two, Rv0485A and Rv2391A, were previously recog-
nized as orthologs of M. smegmatis leaderless SORFs encoding small
proteins with the telltale Cys-rich tract (21) (Fig. 5 D and G). In
agreement with a role in attenuation, the abundance of both of
these M. smegmatis small proteins increased under low Cys condi-
tions (15). We identified the third Mtb sORF based on its distinc-
tive Cys-rich carboxy terminus MOQQAIQLRFILPRRLAVGCCCC
and characteristic genome position (sORF starts 270 base
pairs [bp] upstream of the cysKI cysteine synthase—cysE serine
acetyltransferase operon) (Fig. 5J) (15). In support of their role as
Mtb Cys-responsive attenuators, our H37Rv RNA-seq data 24 h
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Fig. 4. The 5-OH RNA-seq method reveals ribosome stalling at Cys codons with single nucleotide resolution. (A) Top 16 mRNA hits in 5-OH RNA-seq libraries
constructed from Mtb mc? 6206 RNA extracted after 24 h of VapC4 induction. Cysteine codons are highlighted, ~15 nucleotides downstream of the 5-OH
cleavage site (5’ of the green capitalized letter). The genome position and strand where the secondary cleavage occurs is shown as well as the Rv number of
the gene containing the Cys codon. (B) Web logo showing the consensus sequence from the top 100 mRNA hits found by 5'-OH RNA-seq. Positions are
numbered relative to 5'-OH cleavage site (scissor). Cysteine codons are predominantly positioned at +15 to +17 (orange underline). (C) Following VapC4-
mediated cleavage of tRNA®, ribosome stalling occurs when a transcript containing a Cys codon (UGU or UGC) reaches the A-site because the pool of tRNA®*
is depleted by VapC4 cleavage. The 5’-OH cleavage site (scissor) represents a secondary cleavage event on the mRNA by an unknown RNase that generates a
5'-OH, enabling accurate detection Cys stalling events within our 5'-OH RNA-seq dataset.

after VapC4 induction showed significant increases in the abun-
dance of all transcripts immediately downstream of each of the
three leaderless mRNAs, consistent with active translation of these
transcripts (Fig. 5 E, H, and K). All genes were still up-regulated
72 h postinduction but generally showed log, fold change values
lower than the 24 h samples (Fig. 5 E, H, and K). We observed
a polar effect on the polycistronic sirA-cysH-chel-ggtB operon (Fig.
5 G and H), that is, a decrease in translation as the ribosomes
traverse the polycistronic mRNA, in alignment with the findings
reported by Canestrari et al. (15). Finally, the transcriptional up-
regulation we documented for each operon downstream of these
three sORFs was again supported by an increase in translation,
especially for the first protein encoded by each operon (Fig. 5 F, I,
and L).

VapC4 Regulates Growth through Targeted Manipulation of Discrete
Pathways. In addition to the functional insights obtained through
identification of the four SORFs described above, we used the anno-
tation tool “Database for Annotation, Visualization and Integrated
Discovery” (DAVID) (22, 23) to obtain a comprehensive summary
of biological themes from RNA-seq datasets derived from total
RNA harvested 24 h after VapC4 induction in Mtb H37Rv
(Datasets S3 and S4). These biological themes were consistent
when DAVID was performed on RNA-seq datasets from different
induction times (72 h% in H37Rv or 24 and 72 h postinduction in the
attenuated strain mc“6206. This DAVID analysis also reflects the
global impact of the 444 mRNAs for which we identified stalled
ribosomes at one or more Cys codons (96 unannotated and 348
annotated).
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Among down-regulated gene categories, those specifically in-
volved in respiratory ATP synthesis—‘NADH dehydrogenase
(ubiquinone) activity,” “quinone binding,” “quinone,” “ATP synthesis
coupled electron transport,” “oxidative phosphorylation”—were
the most affected (Fig. 64 and SI Appendix, Fig. S3). The “cell
wall/cell membrane” as well as “ABC transporters” gene groups
were down-regulated (Fig. 64). ABC transporters are substrate-
specific couriers of molecules such as amino acids, peptides,
polysaccharides, proteins, ions, and antibiotics into or out of the
cell. “Phosphate transport” was also identified as a down-regulated
category (Fig. 64) based on the decreased expression of the ma-
jority of ABC phosphate transporter subunit transcripts. Although
inorganic phosphate is essential for many cellular processes, it is
often limiting in the cellular environment so must be transported
into cells. Consequently, phosphate limitation restricts growth, and
importantly, phosphate depletion triggers Mtb persistence (24).
Therefore, rather than broadly shutting down translation as previ-
ously proposed for tRNA-cleaving VapC family members (14), our
data instead suggest that VapC4 controls growth and alters Mtb
physiology by specifically down-regulating discrete pathways that
modulate growth, the mycobacterial envelope, energy generation,
transport of essential factors/nutrients, and synthesis of essential
metabolites.

Vap(C4 Up-Regulates Sulfur Metabolism and Oxidative Stress Pathways.
Overall, both RNA-seq and supporting proteomic data exposed
selective up-regulation of a subset of key stress survival pathways
(Fig. 6B). The “sulfate assimilation/sulfur metabolism” categories
had the highest statistical significance and are consistent with a
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toxin whose primary target is tRNAS", Sulfur is an essential element
that possesses a variety of chemical properties—redox capacity,
metal binding proficiency, nucleophilicity, and the ability to form
strong disulfide bonds—that support its critical role in Mtb metab-
olism. In its reduced form, sulfur is used for the biosynthesis of both
Cys and methionine. Cys is particularly important, as it is incorpo-
rated into proteins, coenzymes, and the glutathione counterpart in
Actinobacteria called mycothiol (25).

Notably, we found that all of the enzymes in the Mtb sulfur
import and sulfur assimilation pathway to Cys synthesis (26) were
up-regulated when VapC4 was expressed (Fig. 7 A and B). In
addition, all enzymes in two alternate synthetic pathways to Cys
(27, 28) were up-regulated: CysE and CysK1 that catalyze synthesis
of Cys from serine (Fig. 7 A, Middle), CysM, Mec and MoeB1, or
CysK2 that catalyze the synthesis of Cys from O-phosphoserine
(Fig. 7 A, Bottom Right). Overall, 16 of the 19 the “cys”-assigned
genes in Mycobrowser were up-regulated (Dataset S4, “VapC4
DAVID_upregulated” tab).

Another up-regulated DAVID category “oxidative stress/disulfide
oxidoreductase” represents pathways that are functionally related
to “sulfate assimilation/sulfur metabolism” (see Fig. 6B). The ability
to sense and respond to oxidative stress is critical for Mtb survival
upon infection. We found that VapC4 expression results in up-
regulation of other oxidative stress/disulfide oxidoreductase path-
ways that are consistent with an increase in sulfur metabolism
shown in Fig. 74. A major end product of sulfur uptake and
metabolism pathways, Cys, is required for multiple pathways in
Mtb, including intra and intermolecular disulfide bond formation,
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coordination of metal ions, and in oxidoreductase proteins. Cys
also supports the production of mycothiol (Fig. 74). Mycothiol,
present at millimolar levels in the cell, is a Cys-ligated disaccharide
that is essential for Mtb growth and is responsible for maintaining
an intracellular reducing environment and minimizing the dam-
aging effects of oxidizing agents such as hydrogen peroxide and NO
(25). Increased production of mycothiol in response to oxidative
stress would consume large amounts of Cys. In support of myco-
thiol up-regulation, transcription of the first enzyme in the pathway
for its synthesis, MshA, is also strongly increased 24 and 72 h post
VapC4 induction (Fig. SE), and newly synthesized MshA protein is
also up-regulated (Fig. 5F). The gene encoding MshA appears to
be regulated by the Rv0485A sORF because it directly follows the
first gene, Rv0485, in this Cys attenuation-responsive operon (Fig. 5
D-F). More definitively, we confirmed that mycothiol and me-
thionine production increases upon VapC4 expression (Fig. 7 C
and D), while serine levels decrease as expected because it is a
substrate for Cys (Fig. 7E). Cys is not detectable by mass spec-
trometry because it has a very short half-life. Instead, Mtb mycothiol
is the storage form of Cys; it is present at levels >600 times that of
Cys (29).

Independent of DAVID analysis, we also found significant up-
regulation of transcripts encoded by 19 previously identified genes
in the alternate sigma factor SigH regulon, at 24 and/or 72 h post
VapC4 induction (30, 31). SigH is required for virulence and
regulates a network of genes that respond to oxidative and heat
stress, both to limit cellular damage and re-establish redox equi-
librium in response to these stresses (30, 32). These regulon
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members include two other stress-response alternate sigma factor
genes (sigB and sigE), a thioredoxin/thioredoxin reductase pair
(#xBI/B2) involved in maintaining redox homeostasis, and a
mycothiol-dependent reductase (Rv2466¢) that is required for Mtb
viability in the presence of hydrogen peroxide stress (33). The
18 SigH-regulated genes that show increased expression in re-
sponse to VapC4 induction are: Rv1221, sigk; Rv1471, #xBI,
Rv1528c, papA4; Rv1875; RV2466¢c; Rv2707, Rv2710, sigB;
Rv3206c, moeBI1; Rv3223c, sigH; Rv3913, trxB2; Rv0140; Rv0384c,
clpB; Rv0991c; Rv1039c, ppel5; Rv1259, udgB; Rv1801, ppe29;
Rv3054c; and Rv3463 (31) (Dataset S3, “SigH regulon” tab). ClpB
is part of a multichaperone protein damage repair system that is
induced by cell stress, and Rv0991c is an oxidation-activated
molecular chaperone (34). UdgB functions in DNA excision re-
pair by removing promutagenic uracil bases created by cytosine
deamination to uracil. The high guanine/cytosine (GC) content of
Mtb makes it especially susceptible to cytosine deamination upon
exposure to reactive nitrogen and oxygen species (35). PPE1S is
required for triacylglycerol accumulation (36), the dominant Mtb
carbon source under nonreplicating conditions (37).

VapC4 Up-Regulates the CsoR and RicR Copper-Resistance Pathways.
Although copper (Cu) is an essential micronutrient, it is deadly
at high concentrations. Macrophages increase the phagosomal
concentration of Cu upon Mtb infection. Therefore, Cu resis-
tance mechanisms are thought to help Mtb evade macrophage-
mediated killing. DAVID analysis identified up-regulation of
“Copper” and “Copper ion” functional categories (Fig. 6B).
There are currently three independently regulated Mtb copper-
response pathways that function in concert (38), although Cu
treatment itself induces many more genes beyond these defined
pathways (39). In the first pathway, the copper-sensitive operon
repressor CsoR controls the expression of a four-gene operon
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(Fig. 84). The CsoR dimer lacking bound Cu binds DNA and
functions as the repressor. Cu binding to CsoR induces a con-
formational change, release from DNA, and derepression. The
second Cu resistance pathway engages the RicR (regulated in
copper) repressor, which binds to a palindrome in the promoter
region of several genes/operons (40) (Fig. 84). Its mechanism of
derepression is presumed to parallel that of CsoR. The third Cu
resistance pathway involves the action of a single membrane
protein, MctB, a mycomembrane protein thought to block the
entry of copper into the cell (41) (Fig. 84).

We found that all of the 14 genes in the CsoR and RicR
regulons were up-regulated upon VapC4 expression, but we did
not observe up-regulation of MctB, the sole component of the
third Cu resistance pathway (Fig. 8B and Dataset S3, “CsoR-
RicR regulon” tab). In addition to the dramatically up-regulated,
divergently transcribed RicR-regulated mmcO and cysK2 tran-
scripts, we identified marked increases in newly synthesized MmcO
and CysK2 protein by quantitative mass spectrometry (Fig. 8B,
white text in red box). Interestingly, three of the transcripts in the
RicR regulon, mmcO, IpqS, and cysK2, were consistently up-
regulated during the Wayne model of nonreplicating persistence
in independent microarray experiments (42-44).

Although the mechanisms of action of many of the genes con-
trolled by CsoR and RicR are not known, mymT, mmcO, cysK2,
and cfpl encode proteins whose roles have been identified (38).
Mpycobacterium metallothionein MymT is central to Cu homeo-
stasis because it is able to bind and sequester up to six Cu ions
(45), the mycobacterium multicopper oxidase MmcO oxidizes toxic
Cu+ to less toxic Cu?* (46), and the CtpV ATPase appears to
export Cu (Fig. 84). CysK2 is an S-sulfocysteine synthase which
catalyzes the synthesis of Cys from O-phosphoserine (28) (Fig. 7 4,
Bottom Right), Therefore, the transcription of ¢ysK2 is dependent on
the presence of Cu, and the activity of the metabolic CysK2 enzyme
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leads to synthesis of mycothiol, suggesting that the redox homeo-
stasis and Cu homeostasis pathways are interconnected in Mtb.

Many Cu-Response Genes Are Metabolic Enzymes Involved in Sulfate
Assimilation and Oxidative Stress. Among the genes identified in the
proteasome mutant screen by the Darwin laboratory that fortu-
itously identified members of the RicR regulon were three “cys”
genes, cysK2, cysNC, and cysD (40); all three were up-regulated
upon VapC4 expression. CysNC, CysD, and CysK2 each catalyze
reactions in the sulfate assimilation pathway (Fig. 74). Four “cys”
genes were identified in a screen for Cu-responsive genes: cysA42,
cysA3, cysK2, and cysW (39). CysA2 and CysA3 are “thiosulfate
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sulfurtransferases.” CysW is a component of an ABC trans-
porter for sulfate that shuttles sulfate into the cell for the sulfate
assimilation pathway as illustrated in Fig. 74. Each of these “cys”
annotated genes were up-regulated in response to VapC4 expres-
sion as well. Curiously, cys42 resides downstream of one of the
sORFs we identified by Cys ribosome stalling (Fig. 5 A-C). As
detailed above, CysA2 is the Mtb ortholog of MSMEG_5788 that
resides within the well-characterized M. smegmatis operon regu-
lated by Cys attenuation through the Cys codon-rich sORF
MSMEG_5788A (Fig. 5 A-C) (15). Taken together, the common
themes between sulfur assimilation and Cu-resistance pathways are
reflected by the six “cys” annotated genes represented in the two
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pathways—cysA2, cysK2, cysA3, cysNC, cysD, and cysW—and all
are up-regulated by VapC4 expression.

Finally, Ward et al. found that 13 of the 24 genes up-regulated
during the Mtb Cu response are involved in the response to
oxidative stress as well (39). Since many were transcription reg-
ulators for oxidative stress, they concluded that the Cu response
is not specific to Cu exposure but falls within the generalized
response to oxidative stress. We found that all 24 genes up-
regulated in response to Cu (including the 13 also involved in
the oxidate stress response) were also up-regulated upon VapC4
expression (Dataset S3, “Oxidative & Cu stress response” tab).
Therefore, expression of VapC4 produces an expression profile
that integrates Mtb sulfur assimilation, the response to Cu, and
oxidative stress pathways. In alignment with this integrated theme,
we found the up-regulation of VapC4 itself within the Cu-
response microarray data in Ward et al. (39) (Fig. 8C). There-
fore, Cu may be a physiological trigger for VapC4.

Discussion

The abundant Mtb TA systems have been suggested to be in-
volved in the establishment of latent TB infection based on the
observation that the expression of E. coli toxin components
typically leads to a reversible state of growth arrest and a
“quasidormant” metabolic state, a phenotype that has been ob-
served with many but not all Mtb toxins (3, 4). Early studies of
TA toxins in E. coli—most of which are endoribonucleases—
almost exclusively identified mRNA as the toxin target (4, 47,
48). Therefore, for many years, the prevailing view was that all
endoribonuclease TA toxins in bacteria were sequence-specific
“mRNA interferases” that imparted reversible growth arrest
through widespread mRNA degradation that then leads to the
inhibition of protein synthesis. However, once our laboratory
and others began to characterize the targets of TA toxins in Mtb,
it was clear that this pathogen was quite different from E. coli
and the gram-positive pathogen Staphylococcus aureus. Not only
does Mtb employ endoribonuclease toxins for the inactivation of
23S ribosomal RNA (rRNA) at helix loop 70 (19, 49, 50) or the
highly conserved sarcin-ricin loop (51), it likely engages a large
proportion of its TA systems for highly selective isoacceptor-
specific tRNA cleavage (11, 12, 20, 52).
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In this study, we induced low-level expression of VapC4 to re-
capitulate the physiologic effects of VapC4 produced by the not
yet identified natural in vivo trigger(s) of toxin activation, thus
enabling us to isolate the effects of this toxin on Mtb physiology
and separate these effects from other broad stress responses. We
then used a spectrum of powerful systems-level approaches to
pinpoint the cellular pathways regulated by VapC4 expression
(illustrated in Fig. 9) in order to elucidate the molecular mecha-
nism underlying the essential role for VapBC4 in virulence (7).
We discovered an extensive but highly specific Mtb response based
on the selection of tRNA“® as the primary toxin target (Fig. 9,
Top Left). This toxin utilizes tRNAY inactivation to mimic a state
of Cys starvation, leading the cell to retool its metabolism toward
Cys synthesis. This shift is mediated in part by ribosome stalling at
tracts of Cys codons within sORFs (Fig. 9, Middle Top) that are
projected to block the formation of secondary structures that se-
quester the ribosome-binding site for the downstream operon,
thus allowing translation of downstream genes. In conjunction
with the increased production of proteins regulated by these
sOREFs, we identified highly specific proteome reprogramming via
selective depletion of transcripts based on their Cys codon content
(Fig. 9, Middle Bottom). The effects we observed with VapC4 are
consistent with the importance of sulfur in Mtb, in which inorganic
sulfur is assimilated into Cys, which then serves as a precursor to a
variety of key metabolites such as mycothiol and Fe—sulfur en-
zymes to maintain protein synthesis and a redox balance (Fig. 9,
Right) (26, 53, 54). Cys biosynthesis in Mtb is up-regulated in re-
sponse to oxidative stress (55), is protective for the cell survival of
oxidative stress (56), and protects cells during the persistent phase
of infection in mice (56).

While mining the themes in up-regulated genes led us to valu-
able insights into the metabolic changes that are expected to lead
to protection against certain stresses, our data also suggested that
certain features of the oxidative stress response and the response
to Cu are coordinated, as they both share several Cys biosynthetic
genes. An equally careful analysis of down-regulated genes led to
many surprising modes of growth control engaged by this toxin,
especially at the level of energy generation.

With over 90 Mtb TA systems, many of which are thought to
be activated by stress, and a finite number of infection-associated
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codons (UGU, UGCQ) requiring this depleted tRNA. Stalled ribosomes at Cys codons globally reduce new synthesis of Cys-containing proteins (S/ Appendix, Fig.
S2). A subset of transcripts with stalled ribosomes were Cys codon-containing unannotated small ORFs in which ribosome stalling at tracts of Cys codons
within these sORFs is predicted to be a novel mode of Cys attenuation to regulate translation of downstream genes (as shown for sORF Rv2334A). Many of
these sORFs up-regulate translation of enzymes for sulfate assimilation to Cys. As macrophages attempt to eliminate Mtb with ROS/RNS and toxic Cu*, the
enriched pool of Cys can be incorporated into molecules needed to defend against these assaults. Key components of these two major stress response
pathways are up-regulated by VapC4. For oxidative stress, these include mycothiol, the abundant, essential, glutathione counterpart in Mtb that regulates
cellular redox status and multiple genes in the SigH regulon. For copper stress, these include multiple mechanisms controlled by copper-responsive regulators

RicR and CsoR to mitigate copper toxicity.

stresses (e.g., hypoxia, oxidative stress, nutrient limitation,
nitrosative stress, low pH), it is likely that more than one toxin is
activated in response to infection. We demonstrated that the
VapC4 mechanism of action begins with cleavage of a single
tRNA and transitions to codon-dependent proteome remodeling.
These findings suggest a model in which comprehensive defense
against host immune responses would enlist the coordinated
activation of multiple tRNA-cleaving toxins that each target a
single, discrete tRNA isoacceptor. Based on our findings with VapC4,
each of these toxins would have unique effects on remodeling the
proteome to activate or repress complementary pathways that
would allow Mtb to collectively attain comprehensive protection
against host-mediated stresses. We hypothesize that VapC4
engages the integrated sulfur assimilation/oxidative stress and
Cu-response pathways as a survival strategy early in infection.
In fact, since VapC4 expression is up-regulated when Mtb cells
are exposed to Cu in the growth medium (Fig. 8C), Cu may be
the environmental trigger for the activation of VapC4 during
infection (Fig. 9, Bottom Left). However, VapC4-mediated pro-
tection from these stresses would not fully protect this pathogen
from the combined assaults of the immune response. We specu-
late that each toxin engages unique arms of the multifaceted Mtb
stress response to infection. These toxin-induced arms of defense differ
because each is defined by the codon dependence dictated by the
toxin tRNA target. A coordinated defense system engaging an
armamentarium of tRNA-cleaving toxins would provide a so-
phisticated, multitier evolutionary adaptation for survival upon
Mtb infection of the human host, one that could adapt to each
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stage of infection and respond to both innate and adaptive
immune mechanisms.

Materials and Methods
Strains, Plasmids, and Reagents. All experiments were performed using either
Mtb strain H37Rv (American Type Culture Collection 25618), Mtb mc®> 6206
(ApanCD AleuCD, generously provided by the William Jacobs Laboratory,
Albert Einstein College of Medicine, Bronx, NY), or Mtb mc® 6206 AVapBC4.
VapC4 (Rv0595c¢ locus) was amplified by PCR from Mtb H37Rv genomic DNA.
The amplified gene was cloned under the control of an anhydrotetracycline
(ATQO)-inducible promoter in the pMCils plasmid. Induction of VapC4 was
obtained by adding ATC to the media to a final concentration of 200 ng/mL
and replenishing it every 48 h. The average induction levels of the VapC4
transcript from the pMC1s plasmid expressed in H37Rv is 6.5-fold (Dataset S3).
Mtb cells were grown under constant shaking at 200 rpm at 37 °C in 7H9
Middlebrook media containing 1x oleic acid, albumin, dextrose, catalase
(OADQ) supplement (BD Biosciences), 0.05% of tyloxapol, and kanamycin at
25 pg/mL for plasmid selection. The media was supplemented to 50 pg/mL
pantothenic acid and 100 pg/mL leucine for growth of the attenuated strain
Mtb mc® 6206.

Construction of VapBC4 Deletion Strain. To accurately assess whether VapC4
preferentially down-regulates translation of Cys-rich Mtb proteins (S/ Appen-
dix, Fig. S2), we created a strain with the VapBC4 (AVapBC4 or ARv0596¢-
Rv0595¢c) module deleted from the Mtb mc? 6206 parental strain using the
oligonucleotide-mediated recombineering followed by Bxb1 integrase tar-
geting (ORBIT) recombineering method (57). The Bxb1 attP-containing oligo-
nucleotide was designed to contain the first and last 60 bp of the Rv0596¢-
Rv0595¢ toxin—antitoxin module (S/ Appendix, Table S1). To confirm successful
deletion, we performed PCR using oligonucleotides targeting the module
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flanking regions in combination with internal pKM464 plasmid oligonucleo-
tides (S/ Appendix, Table S1).

RNA Isolation. Mycobacterial cells were grown in the absence or presence of
an inducer for 24 or 72 h. Cells were centrifuged at 2,000 x g for 10 min at
4 °C, and supernatants were removed. The cell pellets were resuspended in
1 mL TRIzol and transferred to lysing tubes (Bertin Corp.) containing 0.1 mm
glass beads. Cells were lysed in four cycles of 30 s at 9,000 rpm using a
Precellys Evolution homogenizer (Bertin Corp.) with 1-min cooldown periods
on ice in between each cycle. The lysate was centrifuged at 14,000 rpm at
4 °C, and the supernatant was used to extract total RNA using the Direct-zol
RNA MiniPrep Plus Kit (Zymo Research). RNA was treated with an additional
step of genomic DNA removal in a TURBO DNase (Thermo Fisher) digestion
reaction for 30 min at 37 °C and repurified using the Zymo RNA Clean and
Concentrator Kit. The extracted RNA was quantified by spectrophotometry
using a pCuvette in a BioSpectrometer (Eppendorf).

In Vitro Cleavage Assays with Purified VapC4. VapC4 purification and cleavage
reactions were performed as described in Sharp et al. and Cruz et al., re-
spectively (12, 13). Briefly, 10 pmol of purified VapC4 was individually incu-
bated with 2 pmol of each of the 45 in vitro-synthesized tRNAs from the Mtb
H37Rv genome or 2 g total RNA extracted from Mtb mc? 6206 for 3 h at
37 °C. Cleavage reactions with in vitro-synthesized tRNAs were run on a 15%
Urea-PAGE gel, stained with SYBR Gold, and visualized in an ultraviolet
transilluminator. Cleavage reactions using total RNA were purified using the
Zymo RNA Clean and Concentrator Kit following the manufacturer’s protocol
and were used for constructing 5° RNA-seq libraries.

5’ RNA-Seq. The preparation and analysis of 5'-OH libraries was performed as
described in Barth et al. (20). For 5° monophosphate libraries, the same
procedure was followed except that the steps of digestion with Terminator
5’-Phosphate-Dependent Exonuclease (Epicentre) and phosphorylation with
T4 PNK (New England Biolabs) were omitted. The libraries were sequenced
in an lllumina HiSeq 2500/4000 platform at Genewiz Corp or New York
University’s Genome Technology Center.

For data analysis, we only considered reads that had at least one read per
million of mapped reads (rpm) for mRNAs and 5 rpm for tRNAs in the induced
sample and a fold change of at least 20. Frequency logos were generated with
kpLogo (58) or weblogo (59).

To identify unannotated Cys codon-containing ORFs, we searched for un-
annotated reads with either of the two Cys codons (UGC and UGU) ~15 nt
from the RNA cleavage site (corresponding to stalled ribosome at the “hun-
gry” codon) in the 5'-OH RNA-seq dataset. We then determined if the stalled
Cys codon was in frame and fit within our parameters for a potential ORF: at
least 10 amino acids with a start (ATG, GTG, or TTG) and a stop (TGA, TAA, or
TAG) codon. We selected the longest possible ORF since transcription start sites
for these ORFs are not known.

Total RNA-Seq. In order to remove 165/23S ribosomal RNA from the total RNA,
the samples were treated using the NEBNext Bacterial rRNA Depletion Kit
(New England Biolabs). Approximately 100 ng rRNA-depleted RNA was used
to generate the libraries using the NEBNext Ultra Il Directional RNA Library
Prep Kit for lllumina (New England Biolabs) and sequenced on an Illumina
HiSeq 2500 or similar. Reads were mapped against the Mtb H37Rv reference
genome (GenBank accession: AL123456.3) in a local Galaxy instance (60) using
the default parameters of Bowtie 2.3.4.3 (61), featureCounts 1.6.4 (62), and
limma 3.38.3 (63). Significantly up- or down-regulated genes (+ 1.5-fold) with
an adjusted P value < 0.05) were analyzed using the Functional Annotation
tool in the DAVID platform using an Benjamini P value cutoff of 0.1 (23).

Labeling of Newly Synthesized Mtb proteins. To assess the levels of newly
synthesized proteins in Mtb after toxin induction, triplicate VapC4 samples
were induced for 12, 24, and 48 h, and AHA (Anaspec Inc.) was added to the
media to a final concentration of 50 uM and incubated for 6 h. AHA is an
azide-containing methionine mimetic that is incorporated into proteins,
allowing the capture or visualization of the newly synthesized proteins by
a copper-catalyzed azide-alkyne cycloaddition reaction. To extract the
AHA-labeled proteins, cells were pelleted, resuspended in lysis buffer (2%
3-[(3-cholamidopropyl) dimethylammoniol-1-propanesulfonate (CHAPS),
8 M Urea), and lysed in a Precellys Evolution homogenizer as described in
RNA Isolation. The lysate was centrifuged, and the proteins from the supernatant
were linked to an alkyne-containing fluorophore (TAMRA) using the Click-IT
Protein Reaction Buffer Kit (Thermo Fisher). A total of 10 ug of protein from
each sample were resolved on a 9% SDS-PAGE gel and imaged with a
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Typhoon FLA 9500 (GE Healthcare) image system. Fluorescence intensities
from each lane were quantified using ImageJ software.

Proteomics of Newly Synthesized Proteins. To identify newly synthesized pro-
teins by quantitative mass spectrometry, mc> 6206 Mtb cells were harvested
after VapC4 induced for 24 or 48 h. For SI Appendix, Fig. S1, AVapBC4 con-
taining the vapC4-pMC1s plasmid were grown to an optical density at 600 nm
(ODgqo) of 0.1 and induced for 48 h along with uninduced cultures, in tripli-
cate. A total of 50 ml cultures were centrifuged at 2,000 x g at 4 °C for 5 min
and washed with 1x phosphate-buffered saline two times to remove traces of
the albumin-containing 7H9 media. The cell pellets were resuspended in lysis
buffer (2% CHAPS, 8 M Urea) and lysed using a Precellys Evolution homoge-
nizer as described in RNA Isolation. The lysates were pelleted at 12,000 x g at
4 °C for 10 min, and the AHA-labeled proteins contained in the supernatant were
selectively captured using alkyne-coated agarose beads from the Click-iT
Protein Enrichment Kit (Thermo Fisher) following the manufacturer’s protocol.

Tryptic digests were analyzed using an Orbitrap Tribrid mass spectrometer
and nanoflow LC system (Thermo Scientific) as described in Barth et al. (20). The
raw liquid chromatography-mass spectrometry data were converted into
MASCOT Generic Format using Proteome Discover 2.1 (Thermo Fisher) and
searched against either the National Center for Biotechnology Information
(NCBI) Mtb database (accession: AL123456) together with a database of com-
mon laboratory contaminants (https://www.thegpm.org/crap/) using a local
implementation of the global proteome machine (64).

Spectral counts were analyzed using the QuasiSeq package (https:/cran.r-project.
orghwveb/packages/QuasiSeqg/index.html) for proteins containing 15 or more spectral
counts total (65). Q-values are calculated using the fdrtool package of Strimmer (66)
and considered significant if below 0.05. The Cys codon content of up- and down-
regulated proteins was measured by estimating the codon content from the Mtb
H37Rv annotated genes (GenBank accession: AL123456).

Metabolomics—Sulfur Assimilation Pathway. To analyze metabolites by mass
spectrometry, mc? 6206 Mtb cells containing the vapC4-pMC1s plasmid were
grown to an ODggo of 0.1 and induced for 48 h along with uninduced cultures.
Equal numbers of cells (normalized by ODgq) for each sample were centrifuged
at 2,000 x g at 4 °C for 10 min. The pellets were then transferred to micro-
centrifuge tubes and centrifuged at 10,000 x g at 4 °C followed by the removal of
as much media as possible. The cell pellets were resuspended in 1.2 mL extracting
solution (acetonitrile:methanol:water [40:40:20], 0.5% formic acid). Samples were
mixed on ice, and 86 pL neutralization solvent (15% NH4HCOs) was added and
mixed thoroughly. Samples were then centrifuged at 13,000 x g at 4 °C for
10 min. The supernatants were transferred to fresh tubes and analyzed as pre-
viously described (67). Briefly, the sample analysis was performed on a Thermo
Q Exactive PLUS (Thermo Fisher Scientific) coupled with hydrophilic interaction
chromatography (HILIC). HILIC separation was performed on a Vanquish Horizon
UHPLC system (Thermo Fisher Scientific) with an XBridge BEH Amide column
(Waters). The mass/charge (m/z) scan range was set to 72 to 1,000 m/z in
negative ionization mode. The MS1 data were processed using Maven (68).
The confirmation of the mycothiol retention time was aided by analysis of a
panel of M. smegmatis mycothiol mutants (69) kindly provided by the Yossef
Av-Gay Laboratory, University of British Columbia, Vancouver, BC, Canada.

Data Availability. The sequencing datasets generated in this study were de-
posited in the NCBI Sequence Read Archive under BioProject accession
number PRINA662430. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner re-
pository with the dataset identifier PXD025774.
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