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The expansion of VapBC TA systems in M. tuberculosis has been linked with its fitness and survival
upon exposure to stress conditions. Here, we have functionally characterized VapBC13 and VapBC26
TA modules of M. tuberculosis. We report that overexpression of VapC13 and VapC26 toxins in M.
tuberculosis results in growth inhibition and transcriptional reprogramming. We have also identified
various regulatory proteins as hub nodes in the top response network of VapC13 and VapC26
overexpression strains. Further, analysis of RNA protection ratios revealed potential tRNA targets for
VapC13 and VapC26. Using in vitro ribonuclease assays, we demonstrate that VapC13 and VapC26
degrade serT and leulW tRNA, respectively. However, no significant changes in rRNA cleavage profiles
were observed upon overexpression of VapC13 and VapC26 in M. tuberculosis. In order to delineate
the role of these TA systems in M. tuberculosis physiology, various mutant strains were constructed.
We show that in comparison to the parental strain, AvapBC13 and AvapBC26 strains were mildly
susceptible to oxidative stress. Surprisingly, the growth patterns of parental and mutant strains were

comparable in aerosol-infected guinea pigs. These observations imply that significant functional
redundancy exists for some TA systems from M. tuberculosis.

In the 1980s, a gene locus was identified in bacterial plasmids that promotes
conjugative plasmid maintenance and kills host bacterial cells if they lose the
plasmid'~. These genetic modules were later named toxin-antitoxin (TA)
systems. The toxin component of TA systems restricts bacterial growth by
inhibiting essential cellular processes such as cell wall synthesis, cell division,
DNA replication, transcription or protein synthesis’™. In most cases, anti-
toxin binds tightly with the toxin and regulates its activity**~. The advent of
genome sequencing has resulted in the identification of a large number of
TA systems that are encoded by either plasmids or bacterial
chromosomes™*">. The primary physiological function of plasmid-
encoded TA pairs is plasmid maintenance, whereas the function of
chromosomal-encoded TA pairs is still being elucidated"*"*"*. Numerous
studies have implicated the importance of chromosomal encoded TA pairs
in phage defence, stress response, antibiotic tolerance and bacterial
virulence'*"*'**’. Despite the paucity of information regarding the

physiological function of chromosomal TA pairs, significant advances have
been achieved in understanding the mechanisms of growth inhibition by
toxins and the neutralisation of toxin activity by their cognate antitoxins™' ™.
Based on the nature of antitoxin and its toxin-neutralizing mechanism, TA
systems are classified into eight types (type I to type VIII)"*". Antitoxins
belonging to type I, III or VIII are RNA molecules that inactivate their
cognate toxins by either binding to toxin transcript or protein. The anti-
toxins of the remaining types are proteinaceous in nature and inhibit the
toxin activity by either directly binding to the toxin (type II, V, VI and VII)
or by competing with the toxin for binding to its cellular targets (type IV)""".
With the exception of the recently identified type VIII TA system, the
majority of the toxins identified are proteinaceous in nature.

The genome of M. tuberculosis or MTBC complex encodes for a higher
number of TA systems compared to non-pathogenic species'"”. These
belong to either VapBC, MazEF, RelBE, HigBA, HicAB, DarTG, PezAT,
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MbcTA, ParDE, and MenAT subfamily of TA systems'®'". Previous
studies have demonstrated that most toxins impede bacterial growth when
expressed ectopically, but this inhibition was reversed upon co-expression of
their cognate antitoxin'*>***, The VapBC subfamily of the type II TA
system is most prevalent in M. tuberculosis; however, the pathophysiological
significance for the majority of the members has not been thoroughly
investigated. It has been shown that VapC toxins belonging to the VapBC
family exhibit ribonuclease activity and are characterised by the presence of
the PIN (piLT-N-terminus) domain®. The name refers to the amino-
terminus domain of an annotated type IV pili twitching motility (PilT)
protein®. The active site of VapC toxins comprises five to six acidic
residues’’. VapB antitoxins possess DNA-binding and toxin-binding
domains at their amino- and carboxy-terminus, respectively’>*. The ecto-
pic expression of VapC toxins suppresses M. tuberculosis growth by either
cleaving the anticodon loop of tRNAs or the highly conserved Sarcin-Ricin
loop (SRL) of 23S ribosomal RNA'****>*** Tt has been shown that a subset
of VapBC TA systems is differentially expressed following exposure to stress
conditions, and these might contribute to M. tuberculosis survival in these
conditions in a cumulative manner’>”*". Recently, it has been shown that
the simultaneous deletion of eight TA systems in M. smegmatis resulted in
decreased mycobacteriophage infection and survival during nutrient-
limiting conditions®. We have previously shown that deletion of either
VapBC3, VapBC4, VapBCl1 or VapC22 impairs the ability of M. tuber-
culosis to establish disease in guinea pigs'*>”. We have also reported that
MazF3, MazF6 and MazF9, HigB1, MenT2 or MenT3 and MenT4 also
contribute to the pathogenesis of M. tuberculosis in guinea pigs™* .
However, the intracellular growth of parental or M. tuberculosis strains with
deletions in either vapC21, vapC28 or darTG were comparable in vivo™*>*.
In addition to stress adaptation and pathogenesis, it has been demonstrated
that ectopic expression of free toxins such as VapC21, RelEl, RelE2 or
MazF3 contributes to the formation of drug-tolerant bacteria*****".

Based on sequence and structure similarity, VapBC TA systems from
M. tuberculosis have been categorised into distinct clusters'. In the present
study, we have functionally characterized VapBC13 and VapBC26 TA
systems of M. tuberculosis. We show that overexpression of either VapC13
or VapC26 resulted in reduced in vitro growth of M. tuberculosis. RNA-Seq
analysis revealed that ectopic expression of VapC13 and VapC26 led to the
upregulation of transcripts that encode for proteins necessary for M.
tuberculosis survival upon exposure to oxidative stress. We also observed a
decline in protection ratios in the cleavage profile of a subset of tRNAs upon
overexpression of either VapCl13 or VapC26. The rRNA cleavage profiles
obtained from parental, VapCl3 and VapC26 overexpression strains were
similar. We also demonstrate that serT and leuW are in vitro degraded by
VapC13 and VapC26, respectively. Furthermore, we show that deletion of
either VapBC13 or VapBC26 from the M. tuberculosis genome mildly
increased its susceptibility towards oxidative stress. However, both VapC13
and VapC26, alone or in complex with VapB13 and VapB26, respectively,
were dispensable for M. tuberculosis growth in guinea pigs. Taken together,
we have performed a detailed study to decipher the role of VapBCl13 and
VapBC26 TA pairs in M. tuberculosis physiology and pathogenesis.

Results

VapC13 overexpression inhibits the growth and significantly
alters the transcriptome of M. tuberculosis

Previously, it has been demonstrated that overexpressing a subset of VapC
toxins using an IPTG, acetamide or Atc inducible vector inhibits the growth
of E. coli, M. smegmatis, M. bovis BCG or M. tuberculosis'™>*>"*. As
reported earlier, we show that inducible expression of the VapC13 toxin
inhibited M smegmatis and M. tuberculosis growth (Supplementary Fig. SIA
and Fig. 1A)”. Immunoblot analysis confirmed the expression of myc-
tagged VapCl3 in the cytosolic fraction of recombinant M. smegmatis strain
(Supplementary Fig. S1B). We have previously reported that transcription
profiles of M. tuberculosis are significantly altered upon overexpression of
toxins such as VapCl11, VapC21, VapC22 or MazF6'****". We hypothesize
that the expression of these toxins leads to reduced metabolism, and this

transcription reprogramming enables the bacteria to adapt to stress
conditions'****”". In the present study, we investigated the effect of VapC13
overexpression on the transcription profiles of M. tuberculosis. We per-
formed differential gene expression analysis on the reads acquired from
three biological replicates. The differentially expressed genes (DEGs) were
filtered using a cut-off P value of <0.05 and fold change of either >2.0 or <
—2.0. Using this cut-off, we observed that compared to the strain harbouring
the vector control, a total of 1326 genes were differentially expressed in the
M. tuberculosis strain overexpressing VapC13 (Supplementary Data Set 1).
The expression of 605 and 721 transcripts was increased and decreased,
respectively, in the VapCl13 overexpression strain relative to the parental
strain (Fig. 1B, Supplementary Data Set 1). The annotation of DEGs
according to functional categories revealed that the majority of transcripts
with increased levels encoded for either conserved hypothetical proteins or
proteins involved in intermediary metabolism and respiration or cell wall
processes (Table 1). The expression profiles of 34, 33 and 22 transcripts
obtained upon overexpression of VapCl13 in M. tuberculosis were similar to
those obtained upon exposure to enduric hypoxia response (EHR) or
nutrient starvation or oxidative stress, respectively’™* (Supplementary
Fig. S2A-C). In order to gain insights into the biological processes that were
differentially regulated upon overexpression of VapCl13 in M. tuberculosis,
the NCBI-based tool DAVID (Database for Annotation Visualization and
Integrated Discovery) was used”'. In the VapC13 overexpression strain, we
observed increased levels of transcripts encoding for proteins involved in
biological processes such as translation, growth regulation, DNA repair and
response to copper and antibiotics (Supplementary Fig. S3A). The majority
of the transcript with increased expression in the biological process of
translation encoded for ribosomal proteins (Supplementary Data Set 1). We
also noticed that in comparison to the strain harbouring vector control,
transcript levels of various regulatory proteins such as Rv2034, Rv2642,
Rv3066, Rv3334, WhiB5, WhiB6 and EmbR were increased in M. tuber-
culosis upon overexpression of VapC13 (Supplementary Data Set 1). The
levels of transcripts encoding for proteins implicated in the bacterial
response to metal ions such as MymT, CsoR, Rv0968, CtpV, LpqS and
Rv0190 were significantly increased in the VapCl13 overexpression strain
relative to the control strain (Supplementary Data Set 1), As shown in
Table 1, we observed that in the VapCl3 overexpression strain of M.
tuberculosis, ~32% of the transcripts with reduced expression encoded for
proteins involved in intermediary metabolism and respiration. In agree-
ment, DAVID analysis of DEGs with reduced expression revealed that
expression of genes encoding for proteins involved in biological processes
such as respiration, ATP synthesis and tricarboxylic cycle were significantly
affected in the VapC13 overexpression strain (Supplementary Fig. S3B). The
transcript levels of genes encoding for proteins involved in lipid metabolism,
such as pks2, pks3, pks4, mmpl10, papAl, and, papA3 were also significantly
decreased in the VapCl3 overexpression strain as compared to the strain
harbouring the vector control (supplementary data set 1). Previously, it has
been shown that these proteins are involved in the synthesis and transport of
virulence-associated lipids such as 2,3-di-O-acyl-trehalose, poly-acyl tre-
halose and sulfolipids™®. In addition to these, the levels of transcripts
encoding for proteins involved in host-pathogen interactions such as LprK,
McelA, McelB, McelC, McelD, McelF, FadD13, FadE28, FadA2, SugB
and SugC were also reduced in the VapCl13 overexpression strain (Sup-
plementary Data Set 1)**. In conclusion, our data suggest that the ectopic
expression of VapCl3 results in growth inhibition and alteration of tran-
scriptional profiles in M. tuberculosis. This transcriptional reprogramming
might be associated with reduced metabolism, altered lipid biosynthesis and
adaptation of M. tuberculosis in host tissues.

Differential gene expression analysis upon overexpression of
VapC26 in M. tuberculosis

Previous studies have identified that most VapC homologues from M.
tuberculosis cleave the anticodon loop of tRNA except for VapC20 and
VapC26'***7*, VapC20 and VapC26 are phylogenetically related and
known to cleave the highly conserved SRL of 23S ribosomal RNA®*.

Communications Biology | (2024)7:1417


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06998-6

Article

E
A B
6 ° pTeR 81 RV3312A pks3 ksB: | | vapB4 C
-# pTetR vapC13 ° er?\'u% Deed irpm vapB4 furA vapC13
-+ pTetR vapC26 3 49 L0 srome e - RV2B12
Esq S
8 T3
o L
o
O 2 &
o
=
T
0
0 2 4 6 8 10 12
Days Log, Fold change
Y’ 2
Cc
D
57 P
T ppecoe PRESLL le2021ch_1.706/.\\%ap026 pTetR-vapC13 pTetR-vapC26
S 4 PPEIg® = -Rv3395c mym
§ RV3160: AR ARoste
34 % **Rvass1
e roinied  riraso
224 . .., | Rv1460
> Rv2288 :
S o
<1 ;
“ k
0 T T T T
6543210123456

Log, Fold change

MTB000060 hig T G
Rv0077¢ mazF1
Rv0186 mazF2
Rv0251c mazF3 | I =
Rv03660 mazF4 | 5 8
Rv05 mazF5 S
RV0609 mazF§ S °
RV0714 mazF7 Qo
Rv0839 mazF8 2 .
RV0847 [ mozts = 6 °
RVO096¢ i 3
Rv1000c el 3 ©
RV - I [ =
RVIT29C | paE! 2
Rvi246c pere2 S 4 ® sk
[ Vo
] 2
Rv1460 sl — °
Rv1588c Vapcs 25 ol lof [* of |o
Rv1674c vapC6 | L2 ® °
Rv1773¢ Vape7 T ~
Rv1806 vapCs e
[LCETYY — vone [ S
Rv1954c vapC10 -4 0
RVI985C | vapC11
Rviggic vapC12 O’\Q’ & S R O (,JQ;Q’ &
ot e FETE S S
Rv2019 vapC15 || @ S PRy )
O oY <&
Rv2034 S— vapC16 S & & & <&
Rv2122¢ vapC17 (mmm
Rv2254c e e 1
7 —
Rv2465¢ Vape22 H
Rv254¢
Rv2643 vopcee
RVZ661c [ vereas [t
Rv2712¢ vapC27 | | 5 6
Rv2871 C28 [ el
Rv2990c VapG29 Q
RV30 vapC30 9] .
Rv3176c vapC31 > o
Rv3189 [l vapC32 ] ®
RV3270 vapC33 :
Rv3394c veorsd 2 4 9,
Rv3428c vap [ .
Rva622c vapc3s .
RV3776 = o3 :g; .
3861 [I—.
e vapC39. [ - ®
Rv0360c Yoot © 2
vapCa1 -
Rv0934 vapC42 2 < | [+
RVITE0 |y Vapds [ <]
Rv1197 Vaposd =
D ~
RV1560 e vapC46 = ®
Rv2033c vapCd7 o
\2331 [— becacst 4 S0
Rv2633¢c [ pezT [N
RV3136A 4 rdbia 2 © P O ‘,OQ“ Q;\G & &£
Rv3313¢ darT PP FE P
RVa4870 0 mentt 0 RAPRORUSRUSRUIPS ISR SRS
R36150 men S ¢ & & < &
Rv3689 men
R3823c -4 menT4 -2
N g0 0»\'5 ©
& & &L
& & R
& & £ S
&0 A ,\0 &Q}
N
Q Q N

Fig. 1 | Effect of VapC13 and VapC26 overexpression on the growth and tran-
scriptional profiles of M. tuberculosis. A The overexpression of either VapC13 or
VapC26 using anhydrotetracycline inducible vector inhibits M. tuberculosis growth.
The data shown in this panel is representative of two independent experiments. The
overexpression of VapC13 (B) and VapC26 (C) in M. tuberculosis resulted in the
differential expression of 1326 and 320 genes, respectively. Volcano plots represent
the genes with increased (red dots), decreased (blue dots) or unchanged expression
(black dots) in VapC13 and VapC26 overexpression strains in comparison to the
strain harbouring the vector control. D Venn diagram showing comparative analysis
of differentially expressed genes obtained in VapC13 and VapC26 overexpression
strains of M. tuberculosis. E Heat maps showing fold changes of the differentially

expressed genes common in VapC13 and VapC26 overexpression strains of M.
tuberculosis. F Heatmaps depicting fold change in the relative transcript levels of
non-cognate toxins in VapCl13 and VapC26 overexpression strains of M. tubercu-
losis. The colour intensity in heatmaps (E and F) represent the log, value of the fold
change. The data shown in panels B-F is obtained from three biological replicates.
Quantitative real-time PCR was performed to determine the expression levels of a
subset of DEGs in VapCl13 (G) and VapC26 (H) overexpression strains. The data
obtained was normalized to the levels of sigA and is shown as mean + SD of log, of
fold change obtained from three independent experiments. Source data is provided
in Supplementary Data Set 4.

In agreement with previous studies, we show that overexpression of VapC26
inhibited both M. smegmatis and M. tuberculosis growth”’ (Fig. 1A and
Supplementary Fig. S1C). As shown in Supplementary Fig. S1D, we
observed the expression of myc-tagged VapC26 in the cytosolic fraction of
the recombinant M. smegmatis strain. In the present study, we also per-
formed experiments to determine the transcriptional changes upon over-
expression of an SRL-cleaving toxin, VapC26, in M. tuberculosis. Using a
cut-off value of fold change of >2.0 or <—2.0 and a P-value <0.05, we
observed that the expression of 320 transcripts was significantly altered
upon overexpression of VapC26 in M. tuberculosis (Fig. 1C, Supplementary
Data Set 2). Amongst these, the levels of 226 and 94 transcripts were
increased and decreased, respectively, in the VapC26 overexpression strain
relative to the strain harbouring the vector control (Fig. 1C). The majority of
the transcripts with increased expression encoded for either conserved
hypothetical proteins or regulatory proteins or proteins involved in viru-
lence of M. tuberculosis (Table 1). In the VapC26 overexpression strain, the
transcript levels of several regulatory proteins such as WhiB1, WhiB6,
WhiB7, Rv2034, CmtR, Rv0474, Rv0195, PknH and EthR were increased in
comparison to the strain harbouring the vector control (Supplementary
Data Set 2). As observed in the case of the VapC13 overexpression strain, a
subset of transcripts differentially expressed in the VapC26 overexpression
strain were also differentially expressed in M. tuberculosis after exposure to
various stress conditions such as low oxygen, nutritional and oxidative stress
(Supplementary Fig. S2D-F). DAVID analysis of the upregulated DEGs
revealed that genes involved in biological processes such as transcription
regulation, response to copper, cadmium ions, host immune response and
growth regulation were significantly enriched in the VapC26 overexpression

strain (Supplementary Fig. S3C). In our RNA-Seq data, we noticed that the
levels of transcripts such as ahpC, hsp and furA involved in bacterial
adaptation to oxidative stress and redox homoeostasis were significantly
increased upon VapC26 overexpression (Supplementary Data Set 2). The
transcripts encoding for various redox regulators such as sigE, Isr2, whiB1,
and whiB6 were also increased in M. tuberculosis upon VapC26
overexpression”””" (Supplementary Data Set 2). According to mycobrowser
and DAVID-based annotation, we noticed that the majority of transcripts
with decreased expression in the VapC26 overexpression strain encoded for
proteins involved in the cell wall and related metabolic processes (Table 1,
Supplementary Fig. S3D). These included secretory proteins such as SapM,
Mpt53 and cell-envelope associated proteins such as Apa, EspC, EspA and
LpqG (Supplementary Data Set 2)””. As shown in Supplementary Data
Set 2, the top five transcripts with reduced expression in the VapC26
overexpression strain encode for the PE/PPE_PGRS family of proteins.
Previously, it has been shown that the PE/PPE_PGRS family of proteins
contributes to host-pathogen interactions and virulence of M. tuberculosis’.
Taken together, this data indicates that the presence of free VapC26 might
be associated with significant changes in M. tuberculosis cell wall and oxi-
dative stress responses, which are important for the intracellular survival of
M. tuberculosis.

The transcription profiles obtained upon overexpression of
VapC13 and VapC26 revealed significant similarities

We observed that the expression patterns of 255 transcripts were similar in
M. tuberculosis strains overexpressing either VapCl13 or VapC26 (Fig. 1D).
Inboth VapC13 and VapC26 overexpression strains, the levels of transcripts
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Table 1 | Mycobrowser-based annotation of differential expressed genes obtained in VapC13 and VapC26 overexpression

strains relative to the strain harbouring the vector control

S.no. Functional Category No. of DEGs with increased  No. of DEGs with reduced No. of DEGs with increased  No. of DEGs with reduced
expression (VapC13°) expression (VapC13°F) expression (VapC26°F) expression (VapC26°F)
1. Cell wall and cell processes 87 151 25 27
2. Conserved hypotheticals 193 156 73 22
3. Information pathways 65 23 12 3
4. Insertion segs and phages 27 7 8
& Intermediary metabolism 89 233 23 18
and respiration
6. Lipid metabolism 18 83 5 9
7. PE/PPE 31 10 13 8
8. Regulatory proteins 45 13 33 1
9. Stable RNAs 4 6 1 0
10. Unknown 3 1 1 0
11. Virulence, detoxification, 43 38 32 4
adaptation

The data was obtained from 3 biological replicates.

such as whiBI, sigE, whiB7, ahpC, trxBI and hsp that encode for proteins
involved in redox homoeostasis and adaptation of M. tuberculosis to oxi-
dative stress were increased relative to the strain harbouring the vector
control (Fig. 1E, Supplementary Data Set 1 and Supplementary Data Set 2).
Previously, it has been shown that TA systems are also regulated in a post-
transcriptional manner. In E. coli, it has been reported that the re/BEF
operon is activated by the ectopic expression of non-cognate toxins such as
MazF, MgsR, HicA and HipA toxins”’. Also, the activation of mazEF during
amino acid starvation depends on the relBE TA system’”. Similar to E. col,
transcriptional cross-activation has also been reported among TA systems
in M. tuberculosis”. In our RNA-Seq experiment, we also observed the
regulatory interplay between type II TA systems. We noticed that the
transcripts encoding for non-cognate toxins such as vapC25, T toxin
(Rv0366¢), vapC4, vapC28, vapC6, mazF6, vapCl5, mazF8 and vapC18 were
significantly increased in M. tuberculosis strains overexpressing either
VapCl3 or VapC26 (Fig. 1F, Supplementary Data Set 1 and Supplementary
Data Set 2). Further, the inducible overexpression of VapCl13 in M. tuber-
culosis also resulted in increased levels of transcripts encoding for other non-
cognate toxins such as higBI, Rv2514c, vapC5, vapC31, vapC43, mazF3,
mazF4, relE and relG toxins (Fig. 1F, Supplementary Data Set 1). The
overexpression of VapC26 resulted in increased levels of transcripts
encoding for other non-cognate toxins such as vapC2, vapC30 and vapC36
in M. tuberculosis (Fig. 1F and Supplementary Data Set 2). These observa-
tions suggest that ectopic expression of either VapC13 or VapC26 results in
the activation of canonical and non-canonical TA pairs in M. tuberculosis.
We also noticed that DEGs common in VapC13 or VapC26 overexpression
strains exhibited similar expression patterns. The differential expression of a
subset of these DEGs in VapC13 and VapC26 overexpression M. tubercu-
losis strains relative to the parental strain was confirmed by qPCR (Fig. 1G,
H). Taken together, we observed that in comparison to the strain harbouring
the vector control, expression of genes encoding for proteins involved in
adaptation to oxidative stress, redox homoeostasis or non-cognate toxins
were increased in M. tuberculosis upon overexpression of either VapC13 or
VapC26.

Network Analysis and tRNA substrate predictions for VapC13
and VapC26

We also performed a detailed network analysis to further investigate the
transcriptional profiles obtained from the parental and VapC13 or VapC26
overexpression strain. There are 3686 proteins (nodes) and 34,223 mole-
cular interactions (edges) in the protein-protein interaction network of M.
tuberculosis™. In the case of the VapCl3 overexpression strain, the top-

ranked paths generated a subnetwork with 289 nodes (Supplementary
Fig. S4). Amongst these, 123 were DEGs that had significant changes in gene
expression in the VapC13 overexpression strain relative to the strain har-
bouring the vector control (Supplementary Data Set 1). In comparison,
overexpression of VapC26 in M. tuberculosis resulted in a subnetwork with
326 nodes comprising 51 DEGs (Supplementary Fig. S5). The subnetworks
were further examined to identify hub nodes (nodes with a high number of
interactions with other nodes) and to analyse the overlap between them. In
our network analysis, Rv2034 was identified as a common hub node in
VapCl13 and VapC26 overexpression strains (Fig. 2A, Supplementary
Figs. $4 and S5). In our RNA-Seq data analysis, the transcript levels for
Rv2034 were increased by ~4.0-fold and 13.5-fold in M. tuberculosis strains
overexpressing VapCl13 and VapC26, respectively (Supplementary Data
Set 1 and 2). Rv2034 belongs to the ArsR family of transcriptional regulators
and is a positive regulator of PhoP and DosR response regulators with a
possible role in lipid metabolism and adaptation to low oxygen growth
conditions”. In addition, other regulatory proteins such as Rv2011c and
Rv1990c were also identified as hub nodes in VapCl13 and VapC26 over-
expression strain network analysis (Fig. 2B, C, Supplementary Figs. S4
and S5). According to the Pfam database, Rv2011c belong to the MarR
family of transcriptional regulators®™*’. Rv1990c has been characterized as
an antitoxin that harbours an XRE-like HTH domain™. We also identified
Rv1129¢, Rv1044 and Rv2307B as hub nodes in network analysis obtained
from the VapCl3 overexpression strains (Supplementary Fig. S4). The
expression of Rv1129¢, Rv1044 and Rv2307B was increased by ~20.0, 5.0
and 4.0-fold, respectively, in VapC13 overexpression strain relative to the
vector only control (Supplementary Data Set 1). In networks obtained from
the VapC26 overexpression strain, Rv2022c was identified as an additional
hub node (Supplementary Fig. S5). The expression of Rv2022c was
increased by ~5.0-fold in VapC26 overexpression strain (Supplementary
Data Set 2). Surprisingly, no hub nodes were identified with reduced
expression in M. tuberculosis upon overexpression of either VapCl3 or
VapC26. These findings imply that overexpressing either VapCl3 or
VapC26 alters the transcriptional profiles of M. tuberculosis.

Previous studies have shown that VapC toxins possess endor-
ibonuclease activity and inhibit protein translation by mostly cleaving either
tRNA or rRNA'*>*~* The cellular target for VapC13 is still unknown, but
it has been shown that VapC26 cleaves the SRL of 23S rRNA®. We,
therefore, analysed RNA-Seq data obtained from VapCl3 and VapC26
overexpression strains of M. tuberculosis to identify their plausible tRNA or
rRNA targets. The cleavage specificities for each tRNA and rRNA were
evaluated by examining the cleavage profiles across the transcriptome and
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Fig. 2 | Network analysis of differentially regulated transcripts from over-
expression of VapCl13 or VapC26 in M. tuberculosis. The RNA-Seq data of par-
ental, VapC13 and VapC26 overexpression strains was compared in a network
depicting the top responses of nodes or genes. The network of differentially
expressed common hub nodes, Rv2034 (A), Rv2011c (B) and Rv1990c (C), upon
overexpression of VapC13 and VapC26 in M. tuberculosis are presented. These

nodes are coloured according to their functional categories in mycobrowser. The
shape of the nodes reflects the gene expression pattern. The circles and arrowheads
represent the nodes with increased or decreased expression, respectively. The dia-
monds represent the genes that showed comparable expression levels in vector and
toxin overexpression strains.
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Fig. 3 | Effect of VapC13 and VapC26 overexpression on the tRNA cleavage
profile of M. tuberculosis. A-L The log, (protection ratio) for various tRNAs in
VapCl13 (A-F) and VapC26 (G, H) overexpression strain relative to the parental
strain is shown in this panel. The profiles for 16S and 23S rRNA obtained in VapC13
(I, J) and VapC26 (K, L) overexpression strains are shown in comparison to the
parental strain. The x-axis represents the nucleotide position of the respective tRNA
(A-H) and rRNA (I-L). The data shown in panels A-L is obtained from three

biological replicates. In vitro serT (M), leu W (N) and serX (O and P) cleavage assays
were performed with various purified proteins as described in materials and
methods. The in vitro cleavage reactions were resolved on 15% UREA-PAGE and
visualized by EtBr staining. The data shown in panels M-P is representative of two
independent experiments. Source data is provided in Supplementary Data Set 4.

calculating the log, protection ratios at each nucleotide position, as
described in Materials and Methods”. In our data analysis, a stringent
threshold of log, (protection ratio) < —2.5 was considered to predict tRNA
or rRNA cellular targets for VapC13 and VapC26. We observed lower
protection ratios for the transcripts of several tRNAs such as lysU (tRNA-
LysS™), argW (tRNA-Arg"™"), asnT (tRNA-Asn“""), gluT (tRNA-Glu™™),
argT (tRNA-Arg™") and serT (tRNA-Ser®") in M. tuberculosis over-
expressing VapCl3 relative to the parental strain (Fig. 3A-F, Supplementary
Data Set 3). In the case of VapC26 overexpression strains, transcripts for
leuW (tRNA-Leu™") and ileT (tRNA-Tle*") showed low protection ratios
relative to the strain harbouring the vector control (Fig. 3G, H,

Supplementary Data Set 3). The protection ratios for remaining tRNAs were
comparable in parental, VapCl3 and VapC26 overexpression strains
(Supplementary Data Set 3). Next, we performed in vitro ribonuclease
cleavage assays using purified proteins and serT or leuW as representative
targets for VapC13 and VapC26, respectively. In agreement with the RNA-
Seq based cleavage profiles, we show that purified MBP-VapC13 and MBP-
VapC26 degrade serT and leuW, respectively (Fig. 3M, N). These obser-
vations are in agreement with the observed cleavage profiles, where, we
observed a significant decrease in the protection ratio for a large part of these
transcripts. As expected, no degradation of serT and leuW was observed
in the presence of purified MBP protein (Fig. 3M, N). Also, purified
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shown in panels I-N is representative of two independent experiments. Quantitative
real-time PCR was performed to determine the expression levels of a subset of DEGs
obtained upon VapC13 (O) or VapC26 (P) overexpression in the AvapBC13 or
AvapBC26 mutant background, respectively. The data obtained was normalized to
sigA levels and is shown as mean + SD of log, of fold change obtained from three
independent experiments. Source data is provided in Supplementary Data Set 4.

MBP-VapC13 and MBP-VapC26 proteins were unable to degrade the non-
specific control tRNA molecule, serX, confirming the absence of non-
specific ribonuclease contamination in the protein preparation (Fig. 30, P).
We also compared the rRNA profiles obtained from vector only, VapC13
and VapC26 overexpression strains. Intriguingly, we did not observe any
differences in 23S and 16S rRNA cleavage profiles obtained from VapC26
overexpression strains relative to the parent strain despite 16.0-fold
increased transcript levels of vapC26 in the overexpression strain (Figs. 1H
and 3K, L). We did not observe any significant changes in the cleavage
profiles of 16S and 23S rRNA in the VapCl13 overexpression strain relative
to the parental strain (Fig. 31, ]). Taken together, analysis of cleavage profiles
of tRNA and rRNAs across the transcriptomes of VapC13 and VapC26
overexpression strain provides insights into the putative cellular targets of
these toxins in their native host M. tuberculosis.

Deletion of VapBC13 and VapBC26 genes does not alter the in
vitro growth characteristics of M. tuberculosis

In the present study, we further performed experiments to understand the
role of the VapBC13 and VapBC26 TA systems in the physiology and
pathogenesis of M. tuberculosis. M. tuberculosis strains with deletions in
either vapCl13, vapBCl13, vapC26 or vapBC26 were constructed using
temperature-sensitive mycobacteriophages (Fig. 4A-D). The replacement
of vapC13 and vapBC13 with the hygromycin resistance gene was confirmed

by Southern blot. As shown in Fig. 4E, F, the locus-specific probe hybridized
with 6.1 and 5.8 kb region in Msc I digested genomic DNA from AvapClI3
and AvapBC13 mutant strains of M. tuberculosis, respectively. As expected,
the probe hybridized to a 4.5 kb region in MscI digested genomic DNA from
the wildtype strain (Fig. 4E, F). The replacement of vapC26 with the
hygromycin resistance gene was confirmed by Southern blot. The locus-
specific probe hybridized with 2.8 kb and 4.3 kb region in Xho I digested
genomic DNA isolated from wild type and AvapC26 M. tuberculosis strain,
respectively (Fig. 4G). To verify the construction of AvapBC26 strain,
genomic DNA was isolated from wildtype and AvapBC26 strain and
digested with Sma I. As shown in Fig. 4H, the probe hybridized with a 1.9 kb
fragment in the lane corresponding to wild type strain. The replacement of
vapBC26 with a hygromycin resistance cassette resulted in the loss of
vapC26 internal Sma I restriction site (Fig. 4D). Therefore, the locus-specific
probe hybridized to a 59kb fragment in the lane corresponding to
AvapBC26 strain (Fig. 4H). Earlier studies suggest that deletion of toxin
alone (vapC2I or higBl or menT2 or vapC28) or toxin and antitoxin
(vapBC3 or vapBC4 or vapBC11 or darTG) is dispensable for M. tuberculosis
growth in vitro®>7***>*, We observed that deleting either vapC13, vapBC13,
vapC26, or vapBC26 did not alter the in vitro growth of M. tuberculosis in
7H9 medium till the stationary phase was attained (Fig. 4I-L). In agreement
with our earlier observations, we observed that inducible expression of either
VapC13 or VapC26 also inhibited the growth of AvapBC13 and AvapBC26,
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Fig. 5 | VapBC13 and VapBC26 are required for A
the survival of M. tuberculosis during oxidative E 20
stress conditions. The transcript levels of vapB13 45
(A) and vapB26 (D) were measured in AvapCI13 and z
AvapC26 strains, respectively, by quantitative real- 2 10
time PCR using gene-specific primers. The data g 5
obtained was normalized to sigA and is shown as the 2

w

mean + SD of fold change obtained from three
independent experiments. B, C, E, F The bacterial
loads of various strains were determined after
exposure to 5 mM H,0, for either 24 h or 72 h. The
data shown in these panels is the mean + SD of data
obtained from two independent experiments per-
formed in duplicates. P values depicted on the
graphs were assessed using one-way ANOVA.
Source data is provided in Supplementary Data Set 4.
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respectively (Fig. 4M, N). The observed growth inhibition pattern was
similar to that obtained from the overexpression of VapC13 and VapC26 in
the parental strain of M. tuberculosis. Further, we also observed increased
expression of a subset of DEGs validated in Fig. 1G, H upon overexpression
of VapC13 and VapC26 in AvapBC13 and AvapBC26, respectively (Fig. 40,
P). TA systems such as YafQ/Din], MazEF and MqsRA have been shown to
be important for biofilm formation in E. coli'***. Next, we compared the
ability of parental and various mutant strains to form biofilms in detergent-
free Sauton’s medium. We observed that the ability of parental, AvapC13,
AvapBCl13, AvapC26 and AvapBC26 mutant strains to form biofilms was
comparable (Supplementary Fig. S6A-D). Together, these findings imply
that deletion of either vapCI3, vapBCI3, vapC26, or vapBC26 did not affect
M. tuberculosis’s ability to grow in vitro or form biofilms.

VapBC13 and VapBC26 TA systems are required for M. tuber-
culosis survival upon exposure to oxidative stress in vitro

The antitoxins belonging to the type II systems harbour a DNA binding
motif at the amino terminus and bind to their native promoter with low
affinity”>". The C-terminal domain of antitoxin binds to their cognate toxin,
and the TA complex subsequently binds to the native promoter with
enhanced affinity*>*. This conditional co-operativity results in auto-
repression from the native promoter*”*. Hence, we hypothesized that
deleting either vapC13 or vapC26 from the genome of M. tuberculosis might
result in derepression and increased transcript levels of vapB13 and vapB26
in AvapCl3 and AvapC26, respectively. In agreement, we noticed that
relative to the parental strain, the transcript levels of vapB13 and vapB26
were increased by ~12.5-fold and ~20.0-fold in AvapCI3 and AvapC26
strains, respectively (Fig. 5A, D). As shown in Fig. 5A, D, the levels of
antitoxins were partially restored in the AvapCl3 complemented, and
AvapC26 complemented strains. M. tuberculosis is a highly successful
intracellular pathogen as it is able to withstand diverse stress conditions
during infection by reprogramming its transcription and growth*”. It has
been hypothesized that since a subset of TA systems are differentially
expressed in M. tuberculosis upon exposure to stress conditions and these
might contribute cumulatively to the adaptation of M. tuberculosis under
these growth conditions™””*’. We have previously reported that compared
to parental strain, M. tuberculosis strains with deletions in either mazF3,
mazF6 and mazF9 or vapBC11 or vapC22 or menT3 and menT4 were more
susceptible to oxidative stress'”*****". However, deleting either vapBC3,
vapBC4, vapC28, vapC21 or higB1 toxins had no phenotypic effect on M.
tuberculosis growth under in vitro stress conditions”™*****. Next, we com-
pared the survival of wild type, AvapCl3, AvapBCI3, AvapC26, and
AvapBC26 upon exposure to in vitro stress conditions that M. tuberculosis

encounters inside host tissues”. We show that compared to the parental
strain, the AvapC13 mutant strain displayed ~17.0-fold and 9.5-fold higher
susceptibility after exposure to oxidative stress for 24 h and 72 h, respectively
(Fig. 5B). This growth defect associated with the AvapCI3 mutant strain was
partially restored by ~ 2.0-fold in the AvapCI3 complemented strain after
exposure to oxidative stress for 24 h or 72 h (Fig. 5B). As shown in Fig. 5E,
the survival of both parental and AvapC26 mutant strains was comparable
after exposure to oxidative stress. We have previously shown that the
increased expression of VapB22 antitoxin in the AvapC22 mutant strain
might be responsible for the growth defect associated with the mutant strain
upon exposure to oxidative stress and in host tissues'”. We hypothesized that
the increased susceptibility of the AvapC13 mutant strain upon exposure to
oxidative stress might be associated with either the deletion of vapC13 or
increased expression of cognate antitoxin, vapBI3. In order to further
delineate the role of VapBC13 in M. tuberculosis physiology, we compared
the susceptibility of parental and AvapBC13 strains after exposure to oxi-
dative stress for either 24 h or 72 h. In agreement with the data obtained for
the AvapCl3 mutant strain, we show that deletion of both vapBI13 and
vapCl3 increased the susceptibility of M. tuberculosis towards oxidative
stress (Fig. 5C). As shown in Fig. 5C, relative to the parental strain, survival
of the AvapBC13 mutant strain was reduced by ~ 13.0-fold after exposure to
oxidative stress for 72 h. The mutant strain showed a growth defect of ~6.0-
fold relative to the parental strain at 24 h post-exposure to oxidative stress
(Fig. 5C). Interestingly, we also noticed that deletion of vapBC26 increased
the susceptibility of M. tuberculosis to oxidative stress (Fig. 5F). In com-
parison to the parental strain, the survival of AvapBC26 mutant strain was
marginally reduced by ~3.0-fold upon exposure to oxidative stress for either
24 h or 72 h (Fig. 5F). We also demonstrate that the increased susceptibility
of AvapBC13 and AvapBC26 mutant strains was partially restored by 2.0-
fold in complemented strains upon exposure to oxidative stress for 72 h
(Fig. 5C, F). As shown in Supplementary Fig. S7A-L, the survival of
AvapC13, AvapBC13, AvapC26, and AvapBC26 was comparable to that of
wild type strain after exposure to other stress conditions such as nitrosative,
nutritional or detergent stress. Taken together, our results suggest that,
except for oxidative stress, VapBC13 and VapBC26 TA systems are dis-
pensable for the survival of M. tuberculosis upon exposure to the other stress
conditions investigated in the present study.

VapBC13 and VapBC26 TA systems are dispensable for M.
tuberculosis survival under antibiotic stress

TA systems have been postulated to be involved in antibiotic persistence
Antibiotic persistence is a significant challenge in treating bacterial infec-
tions, as persistent bacteria are responsible for disease relapse. Several
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studies have shown that toxins belonging to type II TA systems, such as
MgsR, TisB, MazF, RelE, YafQ and YoeB are involved in persister formation
after exposure to either ampicillin or ciprofloxacin or tobramycin'®*™".
However, the contribution of TA systems to antibiotic-mediated persistence
is debatable as the simultaneous deletion of 10 TA systems in E. coli does not
affect persister cell formation®”. We have previously reported that simul-
taneous deletion of MazF3, MazF6 and MazF9 increases the susceptibility of
M. tuberculosis upon exposure to levofloxacin®. The overexpression of
VapC21 has also been shown to increase the survival of M. smegmatis after
exposure to aminoglycosides™. It has also been reported that overexpression
of M. tuberculosis RelE homologue increases the persister formation upon
exposure to rifampin, ofloxacin, isoniazid and gentamycin in M.
tuberculosis™*. We also demonstrated that VapBC3, VapBC4, VapC28,
VapBCl1, VapC22 or MenT2 or MenT3 and MenT4 do not contribute to
antibiotic susceptibility of M. tuberculosis in vitro'7***>***", In the present
study, we also evaluated the contribution of VapBCl13 and VapBC26 in
antibiotic-mediated persistence. For these experiments, mid-log phase
cultures of various strains were exposed to drugs with different mechanisms
of action, such as isoniazid, rifampicin and levofloxacin. As shown in
Supplementary Fig. S7M-P, the survival of AvapC13, AvapBC13, AvapC26,
and AvapBC26 was comparable to the survival of parental strain upon
exposure to these drugs. This data suggests that distantly related VapBC13
and VapBC26 TA pairs are not essential for M. tuberculosis survival in the
presence of drugs.

VapBC13 and VapBC26 TA systems are dispensable for M.
tuberculosis pathogenesis

The presence of a large number of TA systems suggests that metabolic
shutdown associated with the activation of toxins belonging to type Il TA
systems might enable M. tuberculosis to persist in host tissues. Previously, we
have reported that M. tuberculosis strains with a deletion in either mazF3,
mazF6 and mazF9, vapBCl1, vapBC3, vapBC4, vapC22, higB1, menT2 or
menT3 and menT4 impaired the growth of M. tuberculosis in guinea
pigs'"*>7***=! The growth patterns of AvapC21, AvapC28 or AdarTG
deletion strains were comparable with parental strain in the lungs and
spleens of infected animals’***. In the present study, we compared the
in vivo phenotype of parental, AvapCl3, AvapBCl3, AvapC26 and

AvapBC26 strains using a guinea pig model of infection. The bacterial loads
in the lungs of guinea pigs infected with either parental, AvapCi3,
AvapBCl13 or AvapC26 strains were comparable at 4 weeks post-infection
(Fig. 6). In the case of spleens, the bacillary loads were comparable in guinea
pigs infected with parental, AvapBC13 or AvapC26 strain (Fig. 6). However,
at 4 weeks post-infection, the bacterial burdens in the spleens of AvapCI3
mutant strain infected guinea pigs were marginally reduced by 2.6-fold in
comparison to guinea pigs infected with the parental strain (Fig. 6). As
shown in Fig. 6, lungs and splenic bacillary loads were comparable in guinea
pigs infected with either parental, AvapCl3, AvapBCI13 or AvapC26 at
8 weeks post-infection. However, we observed the lung bacillary loads in
guinea pigs infected with AvapBC26 were marginally reduced by 3.0-fold in
comparison to parental strain-infected guinea pigs at 8 weeks post-infection
(Fig. 6). We did not observe any significant difference in splenic bacillary
loads of guinea pigs infected with either wild type or AvapBC26 at 8 weeks
post-infection (Fig. 6). The extent of disease progression was also deter-
mined by histopathology analysis. As shown in Supplementary Fig. S8,
similar lung damage and alveolar space were observed in lung sections of
guinea pigs infected with various strains at both time points. These obser-
vations suggest that despite being more susceptible upon exposure to oxi-
dative stress in vitro, the growth patterns of these mutant strains were
comparable to the parental strain in aerosol infected guinea pigs.

Discussion

TA systems are small genetic entities that encode for a toxin protein, which
inhibits bacterial growth, and an antitoxin, which neutralizes the toxin. TA
systems are abundantly present in bacterial genomes and are involved in
diverse physiological processes such as plasmid maintenance and phage
defence™®”’. However, their exact roles in bacterial stress adaptation and
virulence have not been studied comprehensively. M. tuberculosis genome
encodes for ~90 TA pairs, the majority of which belong to the VapBC
subfamily. The VapC toxins belonging to the VapBC subfamily are ribo-
nucleases that upon overexpression inhibit bacterial growth mostly in a
bacteriostatic manner”**>**, It has been reported that ectopic expression of
toxins results in significant changes in transcriptional profiles of M. tuber-
culosis, and these are similar to the profiles obtained upon exposure of
M. tuberculosis to EHR, nutritional or oxidative stress. TA systems regulate
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bacterial growth and have been hypothesized as metabolic stress managers
that might contribute in a cumulative manner to bacterial physiology and
pathogenesis****'”’. The paralogous expansion of M. tuberculosis TA sys-
tems also indicates that these systems might have evolved to promote the
intracellular survival of the bacilli'***”. A better understanding of the
functions of TA systems could lead to the development of new strategies to
combat bacterial infections.

Previously, through comprehensive bioinformatics and phylogenetic
analysis, toxins and antitoxins belonging to the VapBC family have been
categorized into paralogous subclusters''. While VapC13 was grouped into
subcluster I, VapB13, VapC26, and VapB26 were designated as orphans,
highlighting their distant relationship with other homologues'. In the
present study, we have performed experiments to investigate the role of
distantly related VapBC13 and VapBC26 TA systems in M. tuberculosis
pathophysiology. We show that expression of VapC13 or VapC26 inhibited
M. tuberculosis growth in agreement with earlier studies”. Previous studies
have shown that M. tuberculosis VapC toxins mostly have two distinct RNA
targets: tRNA or 23S rRNA******, VapC26 has been shown to cleave SRL of
23S rRNA, whereas the cellular target of VapC13 has not been determined
so far””. The detailed analysis of RNA-Seq data revealed that in comparison
to the parental strain, the protection ratios for several tRNAs were sig-
nificantly reduced in VapCl13 and VapC26 overexpression strains. Using
ribonuclease assays, we confirmed in vitro degradation of serT and leu W by
the purified MBP-VapC13 and MBP-VapC26 proteins, respectively. We
observed that the protection ratios dropped around 10-25 nucleotides in
potential tRNA targets for VapC13 and VapC26. We speculate that this
drop in protection ratios might be due to multiple cleavage sites or exposure
of loop-structured resides to exonucleases following VapC-mediated clea-
vage of their potential tRNA targets'”"'”. Future experiments will include
performing 3’-end sequencing of total RNA isolated from VapCl3 and
VapC26 overexpression strains to determine other cellular targets of
VapC13 and VapC26 in their native host, as reported in other studies'™"'"”.
Also, despite performing rRNA depletion before the synthesis and
sequencing of cDNA libraries, we observed that few sequencing reads
mapped to rRNA. Since rRNA is highly abundant, rRNA depletion was
incomplete in our experiment. Thus, we further analysed these sequenced
rRNA reads to determine protection ratios of 23S and 16S rRNA in parental,
VapCl13 overexpression and VapC26 overexpression strains. The 23S and
16S rRNA profiles were comparable in parental, VapCl3 overexpression
and VapC26 overexpression strains of M. tuberculosis. These observations
are inconsistent with an earlier study, where VapC26 has been shown to
cleave the SRL of the 23S rRNA*. This might be attributed to the levels of
free VapC26 toxin and different host strains used in our and previous
study™.

RNA-Seq experiments revealed that overexpression of VapCl3 or
VapC26 significantly altered the transcriptome that encodes for 30% and 5%
of the M. tuberculosis proteome, respectively. The ectopic expression of free
VapCl3 or VapC26 resulted in increased transcript levels of genes encoding
for either ribosomal or regulatory proteins or proteins involved in transla-
tion processes. Similar transcriptional profiles have also been observed upon
overexpression of either VapC22, VapC21, VapCll or MazF6 in M.
tuberculosis'”*>**”. The presence of free VapC13 also reduced the transcript
levels for proteins involved in lipid synthesis or their transport to the cell
envelope. The levels of transcript encoding for proteins belonging to the
PE_PGRS family were significantly reduced in the VapC26 overexpression
strain. Several studies have shown that PE_PGRS family proteins encode for
cell wall-associated antigens and are involved in nutrient uptake and disease
pathogenesis’'*'®. It has been previously reported that the frequency of the
occurrence of leucine residues is ~6% in PE-PGRS family proteins in M.
tuberculosis'®. We hypothesize that overexpression of the VapC26 toxin
results in reduced incorporation of leuW tRNA, ribosome stalling, and
regulation of the transcripts encoding for leucine-rich proteins, including
PE_PGRS family proteins. Identification of regulatory proteins as hub nodes
in the top response network of VapC13 and VapC26 overexpression strains
also explains the large-scale changes observed in the expression profiles of

these strains. The increased expression of ribosomal proteins in toxin
overexpression strains can be attributed to possible ribosomal stalling
mediated by the ribonuclease activity of the free toxins, as reported
earlier'™””. The decreased levels of transcripts encoding for proteins
involved in either ATP synthesis, intermediary metabolism or lipid meta-
bolism indicate that the metabolism of M. tuberculosis is significantly
reduced upon VapC13 or VapC26 overexpression. This reduced metabo-
lism might enable bacteria to escape from the host or antibiotics-derived
stress environments to facilitate their long-term survival inside the
host'**""°. The levels of transcripts encoding for proteins involved in oxi-
dative stress were also increased in VapCl3 and VapC26 overexpression
strains. This suggests that the presence of free toxins results in increased
expression of stress-responsive genes that might enable M. tuberculosis to
adapt inside host tissues to establish long-term persistent infection. Further,
we also observed that ectopic expression of either VapCl3 or VapC26
results in the activation of canonical and non-canonical TA pairs in M.
tuberculosis. This activation might result from a possible positive feedback
loop mechanism between TA systems, as suggested earlier for E. coli and M.
tuberculosis””'"'. We hypothesize that other tRNAs with lower protection
ratios are either the cellular targets of VapCl3 or VapC26 or the non-
cognate toxins whose expression was increased in these overexpression
strains.

In order to investigate the role of VapBC13 and VapBC26 TA systems
in M. tuberculosis pathophysiology, we constructed toxin deficient
(AvapC13, AvapC26) and TA system deficient (AvapBCI13 and AvapBC36)
deletion strains. The growth characteristics of parental and mutant strains
were comparable in both liquid and solid mediums. Amongst the various
stress conditions tested, we noticed that compared to the wild type strain,
AvapCl3, AvapBC13 and AvapBC26 strains were mildly susceptible to
killing upon exposure to oxidative stress. The survival of wild type and
AvapC26 strains was comparable in these stress conditions. This increased
susceptibility of AvapC13, AvapBCl13 and AvapBC26 strains upon exposure
to oxidative stress was partially restored in their respective complemented
strains. The vector integration at the atfB site may be the possible reason for
the partial complementation in the complemented strains, which could
result in a lack of optimal transcription from the hsp65 promoter. We also
speculate that deletion of these TA pairs from the genome of M. tuberculosis
might have additional consequences upon exposure to oxidative stress that
may not be easily evident from endpoint CFU measurements and would
require additional future experiments. Previous studies have shown that
relative to the M. tuberculosis parental strain, strains harbouring deletions in
either ndH or ndH and nuoAN or Rv2159¢ or Rv2745¢ or katG or vapBCl 1
or vapC22 or mazF3, mazF6 and mazF9 or menT3 and menT4 were more
susceptible to killing upon exposure to oxidative stress and also attenuated
for growth in vivo'”*>***"""*'> Interestingly, despite being susceptible to
killing upon exposure to oxidative stress, we observed that the growth
patterns of wild type and these mutant strains were almost comparable in
the lungs and spleens of guinea pigs during both acute and chronic stages of
infection. These observations suggest that functional redundancy might
exist between TA systems in M. tuberculosis, and a subset of these might
function cumulatively in vivo. The development of a strain with simulta-
neous deletion in multiple TA systems will further aid in comprehending the
role of these TA modules in the physiology and pathogenesis of M. tuber-
culosis. In conclusion, we have performed experiments to delineate the
contribution of VapBCl13 and VapBC26 in stress adaptation and patho-
genesis of M. tuberculosis.

Material and methods

Bacterial strains and culture conditions

The details of plasmids and strains used in this study are shown in Table 2.
Unless mentioned, all the chemicals, reagents and oligos were purchased
from Sigma Aldrich and Merck. HB-101 and XL-1 blue strains of E. coli were
used for cloning purposes. E. coli strains were cultured in either LB broth or
LB agar at 37 °C, 200 rpm. M. tuberculosis (Hs,Rv strain) and M. smegmatis
(mc?155 strain) were cultured in Middlebrook 7H9 or 7H11 medium
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Table 2 | Description of the plasmids and strains used in this study

Strain Name Description Source
E. coli XL1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB laclqg ZAM15 Tn10 (Tet))]. Stratagene, USA
E. coliHB101 F, thi’', hsdS20 (rg- mpg), supE44, recA13, ara-14, leuB6, proA2, lacY1, galK2, rpsL20 (strr), xyl-5, Promega, USA

mtl-1.

E. coli BL-21 (\DE3, pLysE)

F-, ompT, hsdSg (rg-, mg-), dcm, gal, ADE3), pLysE, Cm"

Promega, USA

M. tuberculosis Hz7Rv

Virulent strain of M. tuberculosis.

ATCC27294

M. smegmatis mc?155

Non-pathogenic fast growing mycobacteria

Akind gift from Prof. Anil K Tyagi

AvapC13 Rv1838c mutant strain of M. tuberculosis. This work

AvapBC13 Rv1838c-Rv1839c mutant strain of M. tuberculosis. This work

AvapC26 Rv0582 mutant strain of M. tuberculosis. This work

AvapBC26 Rv0581-Rv0582 mutant strain of M. tuberculosis. This work

AvapC13-CT AvapC13 strain of M. tuberculosis complemented with Rv1838c. This work

AvapBC13-CT AvapBC13 strain of M. tuberculosis complemented with Rv1838c-Rv1839c. This work

AvapBC13::vapC13% AvapBC13 strain of M. tuberculosis harbouring anhydrotetracycline-inducible tagged vector, This work
pTetR-int-vapC13.

AvapC26-CT AvapC26 strain of M. tuberculosis complemented with Rv0582. This work

AvapBC26-CT AvapBC26 strain of M. tuberculosis complemented with Rv0581-Rv0582. This work

AvapBC26::vapC26°¢ AvapBC26 strain of M. tuberculosis harbouring anhydrotetracycline-inducible tagged vector, This work
pTetR-int-vapC26.

H37Rv, pTetR M. tuberculosis harbouring anhydrotetracycline-inducible vector, pTetR. 37

H37Rv, pTetR-vapC13 M. tuberculosis harbouring anhydrotetracycline-inducible vector, pTetR-vapC13. 37

H37Rv, pTetR-vapC26 M. tuberculosis harbouring anhydrotetracycline-inducible vector, pTetR-vapC26. 37

mc?155, pTetR- myc M. smegmatis strain harbouring anhydrotetracycline-inducible myc tagged vector, pTetR-myc. This work

mc?155, pTetR-vapC13 myc M. smegmatis strain harbouring anhydrotetracycline-inducible myc tagged vector, pTetR- This work
vapC13 myc.

mc?155, pTetR-vapC26 myc M. smegmatis strain harbouring anhydrotetracycline-inducible myc tagged vector, pTetR- This work
vapC26 myc.

Plasmid name Description Source

pGEM-T easy T/A cloning vector, amp" Promega, UK

pYUB854 Cloning vector, hyg" 117

pYUB854AvapC13::hyg" pYUBB854 with Rv1838c upstream and downstream region flanking the hygromycin This work
resistance gene.

pYUB854AvapBC13::hyg" pYUBB854 with Rv1839c upstream and Rv1838c downstream region flanking the hygromycin This work
resistance gene.

pYUB854AvapC26::hyg" pYUBB854 with Rv0582 upstream and downstream region flanking the hygromycin This work
resistance gene.

pYUB854AvapBC26::hyg" pYUBB854 with Rv0581 upstream and Rv0582 downstream region flanking the hygromycin This work

resistance gene.

PMAL-c2x Prokaryotic expression vector with MBP tag at amino-terminus. New England Biolabs, US
pPMAL-c2x-vapC13 PMAL-c2x harbouring Rv1838c. This work
pLimo Prokaryotic expression vector with MBP tag at amino-terminus. 120
pLimo-vapC26 pLimo harbouring Rv0582. This work
pTetR anhydrotetracycline inducible vector system. 116
pTetR-myc anhydrotetracycline inducible vector system with myc tag at C-terminal. This work
pTetR-int anhydrotetracycline inducible vector system. 37
pTetR-vapC13 pTetR vector harbouring Rv1838c. 37
pTetR-vapC13 myc pTetR-myc vector harbouring Rv1838c. This work
pTetR-int-vapC13 pTetR-int vector harbouring Rv1838c. This work
pTetR-vapC26 pTetR vector harbouring Rv0582. 37
pTetR-vapC26 myc pTetR-myc vector harbouring Rv0582. This work
pTetR-int-vapC26 pTetR-int vector harbouring Rv0582. This work

pJEB402 Constitutive mycobacterial expression integrative vector. A kind gift from Dr Amit Kumar
Pandey

pJEB402-vapBC13 pJEB402 harbouring Rv1838c-Rv1839c. This work

pJEB402-vapBC26 pJEB402 harbouring Rv0581-Rv0582. This work
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Table 2 (continued) | Description of the plasmids and strains used in this study

Strain Name Description Source

pYUB159 temperature sensitive mycobacteriophage 117

pYUB159AvapC13::hyg” pYUB159 derivative to replace Rv1838c with hygromycin resistance gene in M. tuberculosis. This work

pYUB159AvapBC13::hyg" pYUB159 derivative to replace Rv1838c-Rv1839c with hygromycin resistance gene in M. This work
tuberculosis.

pYUB159AvapC26::hyg" pYUB159 derivative to replace Rv0582 with hygromycin resistance gene in M. tuberculosis. This work

pYUB159AvapBC26::hyg" pYUB159 derivative to replace Rv0581-Rv0582 with hygromycin resistance gene in M. This work

tuberculosis.

supplemented with either 1x ADS or 1x OADS, respectively, at 37 °C,
150 rpm as described earlier*”*. In E. coli, ampicillin (50 pg/ml), kanamycin
(25 pg/ml), tetracycline (10 pg/ml) and hygromycin (150 pg/ml, Invitrogen)
were added when required. For mycobacterial culturing, hygromycin and
kanamycin were added at 50 pg/ml and 25 pg/ml, respectively.

Generation of various overexpression, knockout and com-
plemented strains

The details of primers used in the study are shown in Supplementary
Table S1. For overexpression studies, vapC13 or vapC26 were amplified by
PCR and cloned in the anhydrotetracycline (Atc) inducible vector, pTetR,
pTetR-myc or pTetR-int as per standard protocols™''. M. tuberculosis
strains harbouring deletions in either vapC13, vapBC13, vapC26 or vapBC26
were constructed via homologous recombination using temperature-
sensitive mycobacteriophages as described earlier'”. Briefly, 800 base
pairs of upstream and downstream regions of either vapCI13, vapBCI3,
vapC26 or vapBC26 were cloned in pYUB854 flanking the hygromycin
cassette. The recombinant cosmids were Pac I digested and packaged into
phagemid pYUB159. The recombinant phagemid was electroporated into
M. smegmatis to generate high-titre mycobacteriophages. The mutant
strains were generated by transducing mid-log phase cultures of M. tuber-
culosis H3yRv (ODggonm ~ 0.8) using high-titre temperature-sensitive
mycobacteriophages. The replacement of either vapC13, vapC26, vapBC13
or vapBC26 with the hygromycin resistance gene in their respective mutant
strains was verified by Southern blot. For the generation of the com-
plementation strains, vapBC13 or vapBC26 were PCR amplified and cloned
in an integrative vector, pJEB402, under the transcriptional control of the
hsp65 promoter. The recombinant plasmids were electroporated in their
respective mutant strains, and transformants were selected on 7H11 plates
supplemented with hygromycin and kanamycin.

In vitro growth, stress and drug susceptibility experiments

For growth patterns of overexpression strains, early log phase cultures
(ODggonm ~ 0.2) were induced by adding 50 ng/ml Atc. The effect of over-
expression of VapC13 and VapC26 on M. smegmatis and M. tuberculosis
growth was determined by measuring ODggonrm at regular intervals till the
stationary phase was attained. In order to determine the expression levels of
myc-tagged toxins, recombinant M. smegmatis overexpression strains were
lysed by bead beating and clarified lysates were prepared as per standard
protocols. The expression of myc-tagged toxins in clarified lysates was
determined using anti-myc antibodies (Cell signaling technology) as per the
manufacturer’s recommendations. The growth patterns of parental and
mutant strains were compared by measuring ODggonrm till the stationary
phase was attained. The growth curves were performed using a 10 ml culture
volume in 50 ml sterile polypropylene conical tubes. For biofilm experi-
ments, mid-log phase cultures of various strains were harvested and washed
twice with Sauton’s medium (0.5 g/l aspartate, 1.0 g/l KH,PO,, 2.5g/1
Na,HPO,, 50 mg/l ferricammonium citrate, 0.05 g/l MgSO,.7H20, 0.05 g/l
CaCl, and 0.01 g/1 ZnSO,). Subsequently, washed cultures were diluted and
added to 6 well plates, sealed with parafilm and incubated at 37 °C for 3-4
weeks without shaking. The susceptibility of various M. tuberculosis strains
upon exposure to either oxidative, nitrosative, nutritional, cell wall stress or
drugs was determined as described previously””. For bacterial

enumeration, at designated time points, 10.0-fold serial dilutions were
prepared and plated on MB 7H11 medium at 37 °C for 3-4 weeks.

In vitro transcriptomics, data curation and analysis

RNA-Seq experiments were performed to determine the effect of VapC13
and VapC26 overexpression on transcription profiles of M. tuberculosis. For
RNA-Seq experiments, early-log phase cultures (ODggonm ~ 0.2-0.3) of M.
tuberculosis strains harbouring either pTetR or pTetR-vapCI3 or pTetR-
vapC26 were induced with the addition of 50 ng/ml Atc for 24 h. For total
RNA isolation, induced cultures were harvested by centrifugation, washed
twice with 1x PBS and lysed by bead beating in Trizol (Ambion, Inc). Total
RNA was extracted by phenol-chloroform, precipitated with isopropanol and
eluted using Qiagen RNA isolation kit as per the manufacturer’s instructions.
The extracted RNA was subsequently subjected to DNase I treatment, rRNA
depletion and cDNA library was prepared. The integrity of the DNase-treated
RNA was checked on the 1% agarose gel. The cDNA library was sequenced
using the Illumina His seq platform at MedGenome Pvt. Ltd. Subsequently,
the quality of raw data obtained from the control and overexpression strain
was assessed using FastQC v0.11.4. The reference M. tuberculosis H37Rv
genome was downloaded from the ENSEMBL database, indexed using
Bowtie2, and aligned to the reference genome with TopHat v2.1.1. The
transcripts were assembled using Cufflinks v2.2.1 and merged into a cohesive
set using Cuffmerge. The Cuffdiff output of gene counts was analysed for
differential gene expression using the CummeRbund (R-package) software.

Network analysis and tRNA cleavage site prediction

MtbPPIN (M. tuberculosis protein-protein interaction network) is a com-
plex directed graph of the genome-wide interconnections between proteins
in M. tuberculosis. A condition-specific PPI network was generated by
integrating gene expression data onto the database MtbPPIN in the form of
weights to the nodes and edges. The node weight for gene i (NWi) was
calculated using Eq. (1) as described previously™.

NW, =|T; - C|l 1

Here, T; and C; are the gene expression of gene i in the test condition
and control condition, respectively. Edge weights (EW;;) between the
interacting nodes i and j were then calculated using the following Egs. (2)
and (3):

EW, = NW, % NW; @

EW';; = (EW puy + EW ) — EW;; (3)

Here, NW; and NW; are the node weights of the edge-forming inter-
acting nodes, EW,,,,, and EW,,,;,, are the maximum and minimum edge
weights of the entire network, respectively, and EW’; is the inversed Edge
weight. A sensitive network mining algorithm was used to identify pertur-
bations in the given condition. It computes all-to-all shortest paths in the
weighted network using Djikstra’s algorithm, computes path scores by
taking the summation of all edge scores, normalizes and ranks them to
identify the most perturbed paths. A stringent threshold was used to capture
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the top ~500 genes from the network. The generated response networks
were visualized using Cytoscape 3.7.1.

Further, SAMtools depth was used to calculate the per-base coverage
individually for all replicates in both control and overexpressed
conditions'". The per-base counts were further normalized by dividing
counts at each nucleotide position by the total count of that replicate and
multiplying by the M. tuberculosis genome size (Eq. (4)).

count;

== x4.4x10°
count; ZCOM}’lti (4)

normalized

where i is the replicate number.

The normalized count average across the triplicates was performed at
each position individually for both conditions (Eq. (5)). This was further
used to calculate the protection ratio. The ratio at each nucleotide position
was calculated as the log, transformed toxin overexpression: control ratio
(Eq. (6)).

> normalized ., ©)

normalized =
number of replicates

count,,,

nOT"maliSedmuntavg(OE)

6
normalised.,,,,, avg(control)) ©

Protection ratio = log, (

In vitro transcription and tRNA cleavage assays

For protein purification, genes encoding for VapCl3 or VapC26 were
amplified by PCR and cloned into pMALc2x or pLimo vectors, respectively.
The recombinant plasmids were transformed into BL21 (A\DE3), pLysE for
protein expression studies. The recombinant strains were cultured in TB
medium till ODgpopm ~ 0.6, and expression of MBP-tagged proteins was
induced by adding 1.0 mM isopropyl p-D-1-thiogalactopyranoside. The
recombinant proteins were purified by affinity chromatography using
amylose resin (New England Biolabs) as per the manufacturer’s recom-
mendations. The purified protein fractions were dialysed, concentrated and
stored in protein elution buffer (20 mM Tris-Cl, pH-8.0, 200 mM NaCl, 1%
glycerol containing protease inhibitor tablet). For in vitro transcription,
oligonucleotides (with T7 overhang in the forward primer) encoding for
various tRNA sequences were synthesized and annealed as per standard
protocols. Next, using these annealed oligos, PCR amplification was per-
formed using the T7 promoter and a second primer corresponding to the 3’
end of the tRNA gene. In vitro transcription for tRNA molecules was per-
formed using gel purified PCR product and T7 RNA polymerase (Takara
Bio Inc) as per manufacturer recommendations. The tRNA preparation was
Dnase 1 treated, ammonium acetate precipitated and resuspended in
nuclease free water. For in vitro tRNA cleavage assays, Dnase I treated tRNA
preparations were incubated with either 10 uM of purified MBP or MBP-
tagged toxins in 1x cleavage buffer (20 mM Tris-Cl, pH-7.4, 60 mM NaCl,
1 mM DTT and 10 mM MgCI2) at 37 °C for 1 h. The reactions were inac-
tivated by adding 1x RNA formamide dye and resolved on 15% UREA-
PAGE as per standard protocols™.

Animal experiments

The Institutional Animal Ethics Committee of the Translational Health
Science and Technology Institute approved the use of animals in these
experiments (Approval ID- THSTI/IAEC/106). The guidelines of the
Committee for Control and Supervision of Experiments on Animals
(CCSEA, Govt. of India) were followed to perform the animal experiments.
For aerosol infection, mid-log phase cultures (ODgponm ~ 0.8) of various
strains were harvested, washed twice with 1x PBS and single-cell suspen-
sions were prepared in normal saline. Subsequently, 6-8 weeks-old female
guinea pigs (Dunkin Hartley strain) were exposed to aerosol infection using
the inhalation exposure system (Glascol) as per standard protocols. The
extent of disease progression was evaluated by determining bacterial loads

and tissue damage in guinea pigs at either 4 or 8 weeks post-infection. For
bacterial enumeration, lungs and spleens were homogenized in 2 ml of
normal saline and 10.0-fold serial dilutions were plated on MB 7H11 agar
plates. For histopathology analysis, a portion of the lung was fixed in for-
malin, paraffin embedded and stained with haematoxylin and eosin. The
images of H&E-stained sections of infected lung tissues were analysed by an
experienced pathologist.

Statistical analysis and data reproducibility

Graph Pad Prism 9.1.1 software (GraphPad Software Inc., CA, USA) was
used for the preparation of graphs and statistical analysis. The P value of
<0.05 was considered to be statistically significant. The number of replicates
and statistical tests used are mentioned in the respective figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The published article and its supplementary information include all the data
generated and analysed in this study. The RNA-Seq data discussed in the
present study have been deposited in NCBI's Gene Expression Omnibus
and is accessible through either GEO Series accession number GSE237792
or Bioproject PRINA996620 (M. tuberculosis) (https://www.ncbi.nlm.nih.
gov/bioproject/PRINA996620)"’. All the source values underlying all fig-
ures and the uncropped and unedited blots are available in supplementary
data set 4. A description of the additional supplementary data files is pro-
vided along with this manuscript.
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