
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-07663-2

Understanding the physiological role and
cross-interaction network of VapBC35
toxin-antitoxin system from
Mycobacterium tuberculosis

Check for updates

Neelam Singh1,3, Gopinath Chattopadhyay 2,3, Niranjana Sri Sundaramoorthy1,3,
Raghavan Varadarajan2 & Ramandeep Singh 1

The VapBC toxin-antitoxin (TA) system, composed of VapC toxin and VapB antitoxin, has gained
attention due to its relative abundance in members of theM. tuberculosis complex. Here, we have
functionally characterised VapBC35 TA system from M. tuberculosis. We show that ectopic
expression of VapC35 inhibits M. smegmatis growth in a bacteriostatic manner. Also, an increase in
the VapB35 antitoxin to VapC35 toxin ratio results in a stronger binding affinity of the complex with the
promoter-operator DNA. We show that VapBC35 is necessary for M. tuberculosis adaptation in
oxidative stress conditions but is dispensable forM. tuberculosis growth in guinea pigs. Further, using
a combination of co-expression studies and biophysical methods, we report that VapC35 also
interacts with non-cognate antitoxin VapB3. Taken together, the present study advances our
understanding of cross-interaction networks among VapBC TA systems from M. tuberculosis.

Toxin antitoxin (TA) systems are typically bicistronic and encode for a
stable toxin and a labile antitoxin1–7. TA systems in prokaryotes have
been implicated in various biological processes such as post-
segregational killing, stress adaptation, phage defence, antibiotic per-
sistence, and disease pathogenesis2,3,5,8–16. The antitoxin can be either
an RNA or a protein. Depending on the mechanism of toxin neu-
tralisation of the activity of the cognate toxin, TA systems have been
classified into eight subfamilies2,3. In the Type I-VII subfamily, the
toxin component is a protein, except for Type VIII, where the toxin is
a small non-coding RNA2,3,17–20. In Type II, III and VI TA systems,
antitoxins directly bind to the toxin to inhibit its activity2,3,21,22. The
antitoxins belonging to Type I, V, and VIII TA systems have been
reported to prevent the expression of the toxin by degrading its mRNA
or sRNA. In Type IV TA systems, antitoxin and toxin compete for the
same cellular targets, whereas in Type VII TA systems, the toxin is
post-translational modified by the cognate antitoxin6,17,23. Studies have
shown that the toxin component of the TA system inhibits bacterial
growth by targeting a cellular process essential for bacterial growth.
These pathways include translation, transcription, replication, mem-
brane integrity, cell wall synthesis, ribosome assembly or cytoskeleton

formation4,6,15,19,20,24–26. Among these subfamilies, Type II is the most
abundant and well-characterised subfamily of the TA systems5,18,21,27,28.

The genome of Mycobacterium tuberculosis harbours an extensive
repertoire of Type II TA systems belonging to various subfamilies such as
vapBC, mazEF, relBE, higBA, parDE, hicAB, and mbcAT12,29–31. Among
these, virulence-associated protein B and C (VapBC) is the largest, with 51
members belonging to this subfamily29–31.The vapBCTAsystemencodes for
the labile antitoxin VapB and the stable toxin VapC. The PilT- amino-
terminus domain of VapC toxins consists of a conserved quartet of acidic
residues and a Ser/Thr amino acid residue responsible for coordinating
divalent ions32.Numerous studies havedemonstrated that overexpressionof
most VapC toxins inhibits bacterial growth in a bacteriostatic manner29,33,34.
VapC toxins fromM. tuberculosis recognise and cleave unique tRNAs such
as tRNA10Gln, tRNA32Gln and tRNA3Leu (for VapC11, Rv1561), tRNA2Ala,
tRNA26Ser, tRNA24Ser and tRNA21Cys (for VapC4, Rv0595c), tRNAfmet (for
VapC2, Rv0301 and VapC21, Rv2757c), tRNA25Ser and tRNA28Ser (for
VapC28, Rv0609 and VapC30, Rv0624); and tRNA7Trp (for VapC25,
Rv0277c; VapC29, Rv0617; VapC33, Rv1242, VapC37, Rv2103c and
VapC39, Rv2530c)34–37. In addition to the recognition of tRNAs, VapC
toxins from M. tuberculosis, such as VapC20 (Rv2549c) and VapC4
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(Rv0595c), show distinct endoribonuclease activities34,36,38–41. VapC4 cleaves
mRNA sequences with ACGC and AC(A/U)GC motifs, while VapC20
targets the Sarcin-Ricin loop in 23S ribosomal RNA34,39,41. The three-
dimensional structures for a few of VapBC TA systems, such as VapBC3
(Rv0301-Rv0300, PDB ID: 3H87), VapBC5 (Rv0626-Rv0627, PDB
ID:3DBO), VapBC11 (Rv1560-Rv1561, PDB ID: 6A7V), VapBC15
(Rv2009-Rv2010, PDB ID: 4CHG), VapBC26 (Rv0581-Rv0582, PDB ID:
5X3T), VapBC30 (Rv0623-Rv0624, PDB ID: 4XGQ) andVapC toxins such
as VapC20 (Rv2549c, PDB ID: 5WZ4), VapC21 (Rv2757c, PDB ID: 5SV2)
from M. tuberculosis have been solved39,42–48. The solved structure demon-
strated that the oligomeric state of the VapBC complexes can vary in
solution, ranging from a heterodimer (VapBC5) to a hetero-tetramer
(VapBC15, VapBC30) or a hetero-octamer (VapBC3, VapBC11, and
VapBC26)42–47. Typically, the interactions between cognate toxins and
antitoxins of Type II TA systems are governed by precise molecular
recognition mechanisms. In addition to the interactions between cognate
pairs, cross-talk has been reported between different non-cognate TA sys-
tems fromM. tuberculosis andHaemophilus influenzae49–53. These instances
of cross-talk emphasize a complex regulatorynetwork amongTAsystems in
bacteria.

Previously, it has been shown that a subset of TA systems is differen-
tially expressed after exposure of M. tuberculosis to stress conditions and
drugs29,33,54,55.We also reported earlier that a fewTA systems are essential for
M. tuberculosis to establish infection in host tissues33,44,56. In the present
study, we show that compared to vector control, inducible expression of
VapC35 results in cell elongation and growth inhibition ofMycobacterium

smegmatis. We also report that VapBC35 is required for M. tuberculosis
survival upon exposure to oxidative stress but is dispensable for growth in
macrophages and aerosol-infected guinea pigs. Using various biophysical
methods,wehave alsobiochemically characterized theVapBC35TAsystem
from M. tuberculosis. Co-expression and binding studies revealed that
VapC35 engages in cross-interactions with the non-cognate antitoxin
VapB3. We have also determined the relative stabilities and oligomeric
states of the toxin, antitoxin and reconstituted cognate and non-cognate TA
complexes with varying ratios of both components. This is the first com-
prehensive study to provide insights into the biochemical and functional
role of the VapBC35 TA system fromM. tuberculosis.

Results
VapC35 overexpression inM. smegmatis causes growth inhibi-
tion and cell elongation
Previously, it has been reported that overexpression of VapC toxins
belonging to the VapBC TA family inhibits E. coli, M. smegmatis, Myco-
bacterium bovis BCG, or M. tuberculosis growth in a bacteriostatic
manner29,33,34,38. Here, we have functionally characterised the VapBC35 TA
system fromM. tuberculosis. VapC35 was purified with an N-terminal 6X-
His tag for biochemical assays as per standard protocols. We have per-
formed in vitro RNA cleavage assay using MS2 RNA to determine the
ribonuclease activity of the purified VapC35.We observed that the purified
VapC35 toxinpossesses ribonuclease activity andwas able to cleave theMS2
RNAinvitro (Fig. 1A).As expected,wedidnot observe ribonuclease activity
of VapC35 in the presence of EDTA (Fig. 1A). Using an Atc inducible

Fig. 1 | Functional characterization of VapBC35 TA system fromM. tuberculosis.
A Ribonuclease activity was performed by incubating MS2 RNA with 2 µM purified
VapC35 protein at 37 °C for 30min, in the absence or presence of EDTA and electro-
phoresed in 1.2% agarose gel. The data shown in this panel is representative of two
independent experiments.B,CM. smegmatis strains harbouring pTetR or pTetR-vapC35
or pTetR-vapC35E5A were grown till OD600nm ~ 0.2–0.3. The expression of the toxin was
induced by adding 50 ng/ml of Atc. The growth patterns of induced cultures were
determined by measuring OD600nm (B) or bacterial counts (C) at designated time points.
The data shown in (B) is individual replicates from two independent experiments per-
formed in duplicates. The data shown in (C) is mean ± SD of log10 CFU obtained from
two independent experiments performed in duplicates.D, EM. smegmatis harbouring an
integrative and episomal copy of vapC35 and vapB35, respectively, were grown till
OD600nm ~ 0.2–0.3. The expression of toxin and antitoxin was induced by the addition of

Atc and Ac, respectively. The growth patterns of various strains were determined by
measuring either OD600nm (D) or bacterial counts (E). The data shown in (D) is
individual replicates obtained from three independent experiments. The data shown
in (E) is mean ± SD of log10 CFU obtained from three independent experiments.
F The effect of the expression of VapC35 on the cell viability of M. smegmatis was
determined. For live-dead staining, Atc-induced cultures were harvested, stained
using SYTO9/propidium iodide and imaged using a confocal microscope at 100×
magnification. The images shown in this panel are representative of three inde-
pendent experiments. G The length of M. smegmatis harbouring either pTetR or
pTetR-vapC35 was determined from SYTO9/propidium iodide stained cells using
Olympus CellSens software. The data shown in this panel is mean ± SD of the length
obtained from ~200–225 bacilli. The data obtained was statistically analysed using
paired t-test. Source data is provided in supplementary data 1.
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episomal vector, we noticed that compared to the vector control, over-
expressionofVapC35 inhibitedM.smegmatisgrowth (Fig. 1B).As shown in
Fig. 1C, in comparison to the vector control, ectopic expression of
VapC35 significantly reduced the bacterial counts at 9 h and 24 h post-
induction. We also observed that mutation of the glutamic acid residue of
the PIN domain to alanine abrogated the ability of VapC35 to inhibit the
growth ofM. smegmatis upon overexpression (Fig. 1B, C). As expected, the
growth defect associated with the overexpression of VapC35 was restored
upon co-expression of its cognate antitoxin, VapB35, at both time points
(Fig. 1D, E).We also observed that ectopic expression ofVapC35 resulted in
increased cell length in comparison to the strain harbouring vector control
(Fig. 1F). Cell measurement studies showed that the average length of M.
smegmatis harbouring pTetR-vapC35 or vector control was ~6 μm and
4 μm, respectively (Fig. 1G). In summary, our study demonstrates that
VapC35 possesses ribonuclease activity, and its overexpression in M.
smegmatis results in growth inhibition and cell elongation.

VapBC35 TA complex binds to its native promoter in a tox-
in:antitoxin ratio-dependent manner
Previous studies have shown that antitoxins belonging to Type II TA sys-
tems possess a DNA binding motif at the amino-terminus and repress the
transcription of the TAoperon either alone or in a complex formedwith the
cognate toxin57–59. This promoter binding affinity is modulated by the
toxin:antitoxin ratio, and this phenomenon is known as conditional
cooperativity60. Conditional cooperativity enables bacteria to respond and
control the stoichiometric ratios of toxin:antitoxin and finetune the tran-
scriptional activity of theTAoperon61,62. Through conditional cooperativity,
the TA complex fine-tunes transcriptional repression, with the repression
being strongest at a specific stoichiometric ratio of the twoproteins61–64. This
mode of gene regulation prevents random toxin activation and maintains
toxin and antitoxin stoichiometry ratios. Next, we performed microscale
thermophoresis (MST) experiments to determine the apparent binding of
the in vitro assembledVapBC35complexes of different stoichiometrieswith

the vapBC35 promoter-operator region as described in ‘Methods’. The
binding affinity of the VapBC35 complex to the native promoter improved
with an increase in the antitoxin concentration (Fig. 2A–E). We observed
that the binding affinity towards the promoter-operator regions was lowest
for the VapB35:VapC35 (1:4) complex (Fig. 2A). The apparent binding
affinity of the VapB35:VapC35 complex (4:1) towards the promoter was
~5.0-fold higher in comparison to the VapB35:VapC35 complex (1:4)
(Fig. 2A, E, F). Taken together, this study demonstrates that the binding
affinity of the VapBC35 TA complex to its native promoter is dependent on
the relative ratios of VapB35 and VapC35.

Deletion of vapC35 or vapBC35 increases the susceptibility ofM.
tuberculosis upon exposure to oxidative stress
TA systems are differentially expressed in response to various stress con-
ditions andcontribute tobacterial stress adaptation9,13. Previous studieshave
shown that a subset ofVapC toxins are induced in response to relevant stress
conditions such as nitrosative, nutrient-limiting, and low oxygen
conditions29,33. To investigate the role of the VapBC35 TA system in M.
tuberculosis stress adaptation,ΔvapC35 andΔvapBC35mutant strains ofM.
tuberculosis were constructed using temperature-sensitive mycobacter-
iophages. The generation of toxin-deficient (ΔvapC35) or toxin-antitoxin
deficient (ΔvapBC35) strains ofM. tuberculosiswas confirmed by Southern
blot. As shown in Supplementary Fig. 1A, Supplementary Fig. 1B and
Supplementary Fig. 6, the locus-specific probe hybridized with ~2.7 kb,
4.2 kb and3.9 kb fragments of Sma I digestedgenomicDNA fromwild type,
ΔvapC35 and ΔvapBC35 M. tuberculosis strains, respectively. Next, we
compared the ability of wild type, ΔvapC35 and ΔvapBC35 to survive after
exposure to different in vitro stress conditions such as oxidative, nitrosative,
nutritional and acidic stress as described in ‘Methods’. We observed that
deletion of vapC35 increased the susceptibility ofM. tuberculosis by ~20.0-
fold and 64.0-fold after being exposed to oxidative stress for 6 h and 24 h,
respectively (Fig. 3A). In agreement, in comparison to the parental strain,
ΔvapBC35 also showed a growth defect of 24.0-fold upon exposure to

Fig. 2 | Apparent dissociation constant of vapBC35 promoter fragment across a
range of toxin:antitoxin complex stoichiometries. A–E The dissociation constant
between in vitro re-constituted VapBC35 complexes with vapBC35 promoter-
operator DNA was measured using MST. The data was fitted using MO. Affinity
Analysis software and the fitted data were plotted. F The KD, as a function of various
ratios of the in vitro constituted VapBC35 complexes with promoter DNA. The

increase in the antitoxin concentration resulted in an apparent increase in the
affinity of the VapBC35 complex towards the P-O DNA. The data shown in these
panels is from individual replicates and the mean fit of the values is obtained from
two independent experiments performed in duplicates. Source data is provided in
supplementary data 1.
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oxidative stress for 24 h (Fig. 3E). As shown in Fig. 3A and Fig. 3E, the
growth defect associated with these mutant strains upon exposure to oxi-
dative stress was restored in the complemented strains. The survival of
parental and complemented strains was comparable after exposure to oxi-
dative stress.We observed that bothVapC35 andVapBC35 TA systems are
dispensable for M. tuberculosis adaptation to other conditions such as
nitrosative for 72 h or nutritional for 14 days or acidic stress for 14 days
(Fig. 3B–D, F–H). The contribution of TA systems to antibiotic persistence
is debatable21,65. Nevertheless, some studies indicate that the activation ofTA
systems may contribute to the formation of drug-tolerant persisters66,67. It
has also been reported that expression of toxins such as RelE1, RelE2, RelE3,
MazF3, orVapC21 enhances the survival ofM. smegmatisorM. tuberculosis
after drug exposure49,68–70. Also, the expression of a subset of TA systems is
increased in M. tuberculosis persisters54,55. In the present study, we also
compared the survival ofwild type,ΔvapC35 andΔvapBC35M. tuberculosis
strains upon exposure to either rifampicin, isoniazid or levofloxacin. As
shown in Supplementary Fig. 2A, B, deletion of either VapC35 or VapBC35
does not impair the survival of M. tuberculosis upon exposure to various
drugs. These results suggest that VapC35 and VapBC35 are required forM.
tuberculosis survival under oxidative stress conditions.

VapC35 and VapBC35 are not required forM. tuberculosis to
establish disease in guinea pigs
Previous studies have shown that a subset of VapBC TA systems belonging
to the type II subfamily is essential forM. tuberculosis to establish infection
in guinea pigs and mice33,44,56. In addition to VapBC TA systems, toxins
belonging to either MazEF or HigBA1 or MenAT TA systems are essential
forM. tuberculosis pathogenesis71–74. Since we observed that both ΔvapC35
and ΔvapBC35 are susceptible to oxidative stress killing compared to the
wild-type strain, we hypothesised that VapBC35 might be essential forM.
tuberculosis survival in macrophages. However, we did not observe any
significant differences in the growth of the mutant strains in THP-1 mac-
rophages relative to the wild-type strain at day 0, 2, 4 and 6 post-infection
(Supplementary Fig. 2C, D). Mouse and guinea pig models of TB infection
have been extensively used to identifymutant strains that are attenuated for

growth in vivo75. Studies have shown that in contrast to mice, the tuber-
culous granulomas formed in guinea pigs are hypoxic76,77. It has also been
previously reported that M. tuberculosis-infected guinea pigs show the
formation of caseating granulomas, as reported in humans75,78. Since in vivo
models are more reliable in studying disease pathogenesis than in vitro
studies, we next compared the ability of wild type,ΔvapC35 andΔvapBC35
to establish disease in guinea pigs.We noticed that the bacterial loads in the
lungs and spleens of guinea pigs infected with wild type and ΔvapC35 are
comparable at 4- and 8-week post-infection. The lung bacillary loads inwild
type infected guinea pigs were log10 5.28 and log10 4.90 at 4- and 8-week
post-infection, respectively (Fig. 4A, B). The lung bacillary loads in guinea
pigs infected with ΔvapC35 strain were log10 5.42 and log10 4.63, respec-
tively, at 4- and 8-week post-infection (Fig. 4A, B). As shown in Fig. 4C, the
growth of ΔvapBC35 was comparable relative to the wild-type strain in the
lungs and spleens of aerosol-infected guinea pigs at 8-weeks post-infection.
The lung bacterial loads in guinea pigs infected with wild-type and
ΔvapBC35 guinea pigs were log10 5.43 and log10 5.40, respectively (Fig. 4C).
In agreement with the bacterial burdens, the tissue damage seen in H & E
stained sections of lung tissues infected with either wild type orΔvapC35 or
ΔvapBC35 strains was comparable at both time points (Fig. 4D–F). Overall,
these findings suggest that both vapC35 and vapBC35 are dispensable forM.
tuberculosis to establish infection in macrophages and guinea pigs. These
observations also suggest that functional redundancy exists between the
VapBC TA system, and a phenotype might only be observed upon simul-
taneous deletion of multiple TA systems.

VapC35 toxin interacts with non-cognate VapB3 antitoxin
Earlier studies have shown cross-interaction between non-cognate TA
systems in microorganisms such as E. coli, M. tuberculosis and H.
influenzae49,52,53,79–81. Here, we performed experiments to determine cross-
talk between VapC35 and non-cognate antitoxins. Using co-expression
studies, we determined the ability of non-cognate antitoxins belonging to
the Type II subfamily, such as VapBC, MazEF, RelBE or ParDE, to restore
the growth defect associated with overexpression of VapC35 in M. smeg-
matis. The recombinant constructs were electroporated in M. smegmatis,

Fig. 3 | VapC35 and VapBC35 are required for the survival of M. tuberculosis
under oxidative stress in vitro. Early log phase cultures (OD600nm ~ 0.2–0.3) of
various strains were subjected to either oxidative stress (A, E) or nitrosative
stress (B, F) or nutritional stress (C, G) or acidic stress (D, H) as described in
‘Methods’. The values shown for the wild-type strain in (A) and (E) are similar.

The data shown for time zero readings for wild type and ΔvapBC35 strain are
similar in (F) and (H). The data shown in this panel is mean ± SD of log10 CFU
obtained from two or three independent experiments performed in duplicates.
The data obtained was statistically analysed using paired t-test. Source data is
provided in supplementary data 1.
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harbouring an Atc inducible integrative copy of vapC35. The expression of
antitoxin and VapC35 in early-log phase cultures of recombinant M.
smegmatis strains was induced by adding Ac and Atc, respectively, and
growth was monitored by measuring absorbance at regular intervals. As
expected, we did not observe any growth inhibition in M. smegmatis
coexpressing both VapB35 and VapC35 (Fig. 5A). We noticed that among
the various VapB non-cognate antitoxins, co-expression of VapB3 was able
to restore the growth defect associated with VapC35 expression. We also
noticed that co-expression of non-cognate MazE, RelB or ParD antitoxins
could not restore the growth defect associated with overexpression of
VapC35 in M. smegmatis (Fig. 5B–D). In our repeat experiments, as
expected, co-expression of VapB35 and VapB3 restored the growth defect
associated with VapC35 expression inM. smegmatis in liquid cultures and
spotting assays (Fig. 5E, F).Wedidnot observe any growth restorationupon
co-expression of other non-cognate VapB antitoxins such as VapB5,
VapB19, VapB29, VapB38, VapB46 or VapB47 (Fig. 5E). Taken together,
these results suggest that VapC35 also interacts with non-cognate anti-
toxin, VapB3.

The full-length VapBC complexes adopt diverse oligomeric
states in solution
Previously, it has been shown that toxins and antitoxins belonging to the
VapBC family form homodimers44,48,49,82,83. It has also been reported that
toxins and antitoxins form either hetero-hexameric (T2A2T2) or hetero-
octameric (T4A4) complexes49,84–86. Next, we purified and determined the
oligomeric status of toxins (VapC3, VapC35) and antitoxins (VapB3,
VapB35) by size exclusion chromatography coupled to multi-angle light
scattering (SEC-MALS). For individually purifiedVapB35,VapC35, VapB3
and VapC3, peak 1 corresponds to a homodimer (Fig. 6A, B, H, I, Table 1).
Peak 2 observed in the case of purified VapC3 corresponds to higher order
aggregates (Fig. 6I). We also measured the oligomeric status of the in vitro

assembled cognate TA complexes (VapB35:VapC35, VapB3:VapC3) at
different stoichiometric ratios. We observed different oligomeric states of
the VapBC complexes depending on the relative molar ratios of VapB to
VapC. At a 1:1 ratio of cognate antitoxin and toxin as well as at a higher
antitoxin to toxin ratio (VapB:VapC, 2:1; 4:1), we observed the formation of
a hetero octameric complex (T4A4) (Fig. 6E, F,G,K, L, Table 1).However, at
a higher VapC to VapB ratio (VapB:VapC, 1:2; 1:4), we observed that a
hetero-hexameric complex (T2A2T2)was formed(Fig. 6C,D, J, Table 1).We
also noticed two additional peaks in cases where the complexes were
reconstituted in vitro. As shown in Fig. 6C, D, L, peak 1 corresponds to free
antitoxin or toxin. Notably, peak 2, observed in Fig. 6J, K corresponds to
higher-order oligomers and peak 3, observed in Fig. 6J corresponds to
aggregates. Further, we also determined the oligomeric status of the in vitro
constituted non-cognate TA complex (VapB3:VapC35) at different stoi-
chiometric ratios of 1:1 and 2:1. We observed distinct hetero-oligomeric
states in non-cognate TA complex, where peak 1, peak 2 and peak 3 cor-
respond to the formation of hetero hexamer (T2A2T2) or hetero octamer
(T4A4) or higher order aggregates, respectively (Fig. 6M, N, Table 1). In
summary, our analysis has revealed a range of oligomeric states of the in
vitro-constituted VapBC complexes. The formation of these oligomeric
states varies significantly depending on the stoichiometric ratios of antitoxin
and toxin.

Thermal stability and binding studies of cognate and non-
cognate TA systems
Next, purified proteins VapB3, VapB35, VapC3, and VapC35, and the in
vitro assembledVapBC35, VapBC3, VapB3:VapC35 complexes of different
stoichiometries were subjected to thermal denaturation as described in
‘Methods’. Proteinunfoldingwasmonitoredusing the intrinsicfluorescence
of tryptophan and tyrosine residues with temperature, and the apparent Tm
was calculated. We observed that VapB35 and VapC35 displayed Tm of

Fig. 4 | VapC35 and VapBC35 are non-essential
for M. tuberculosis growth in guinea pigs.
A–CGuinea pigs were infected with either wild type
or ΔvapC35 or ΔvapBC35 via the aerosol route. The
bacterial loads were determined in the lungs and
spleens of the infected animals at 4-weeks (A) or
8-weeks (B, C) post-infection. The data shown is
mean ± SD of log10 CFU obtained from 6 animals
per group per time point. D–F Histopathological
analyses of lungs infected with various strains at
4-and 8-weeks post-infection were performed by
staining the tissue sections with haematoxylin and
eosin and viewed at a magnification of 10×. The
images shown in this panel represent data obtained
from 6 animals. Scale bar, 500 μm. Source data is
provided in supplementary data 1.
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51 °C and 58 °C, respectively (Fig. 7A). In agreement with previous studies,
we also observedhigher thermal stability of the in vitro assembledVapBC35
complexes in comparison to free toxin or antitoxin (Fig. 7A)49,81,87–91. These
observations indicate stabilization of both proteins upon complex forma-
tion.As shown inFig. 7B, the stability of the complex increased (in the range
of 71–73 °C), with an increase in the antitoxin concentration. As shown in
Fig. 7C, VapC3 and VapBC3 displayed Tm of 56 °C and 86 °C, respectively
(Fig. 7C). Further, we also determined the stabilities of in vitro assembled
VapB3:VapC35 complexof different stoichiometries (Fig. 7C).Weobserved
that non-cognate complex (Tm in the rangeof 70–76 °C)hadhigher thermal
stability as compared to toxins VapC35 (Tm 58 °C) and VapC3 (Tm 56 °C),
but similar thermal stability as compared to the cognate VapBC35 complex
(Tm in the range of 71–73 °C) or lower thermal stability as compared to the
cognate VapBC3 complex (Tm 86 °C) (Fig. 7C). We next determined the
binding of VapC35 with the full-length antitoxins VapB3, VapB9, VapB15,
VapB34 and VapB35, respectively, using MST as described in ‘Methods’.
We observed that VapC35 binds with VapB35 antitoxin with an affinity of
1 nM(Fig. 7D). The binding ofVapC3withVapB3 antitoxin displayed aKD

value of ~7 nM (Supplementary Fig. 3). Among various non-cognate
antitoxins, we observed that VapB3 binds to VapC35 with a KD value of
~14 nM (Fig. 7D). As expected, we did not observe any interaction between
VapC35 with other non-cognate antitoxins VapB9, VapB15, and VapB34.

Discussion
TAsystemswere initially reported to be important for plasmidmaintenance
in prokaryotes92. However, later studies revealed that chromosomally
encoded TA systems in prokaryotes are essential for stress adaptation,
persistence, biofilm formation and establishment of successful infection in
the host18,20,93–97.M. tuberculosis possesses a remarkably large number of TA
systems, most of which belong to the VapBC family29–31. Despite significant
advances in the field of TA biology, the contribution of most of these TA
systems to the pathophysiology ofM. tuberculosis is still not understood.We
have earlier functionally characterized TA systems such as VapBC3,
VapBC4, VapBC22, VapBC28, VapBC21, HigB1, MazEF3, MazEF6,
MazEF9,MenAT2,MenAT3andMenAT4 fromM. tuberculosis33,44,49,56,71–74.
Here, we have functionally characterized the VapBC35 TA system fromM.
tuberculosis. As reported in the case of other VapC toxins, we also show that
ectopic expression of VapC35 inhibitsM. smegmatis growth in a bacterio-
static manner33,34. As expected, this growth defect was restored upon co-
expression of its cognate antitoxin VapB35. Previous studies have shown
that toxins belonging to Type II TA systems inhibit bacterial growth by
targeting essential cellular processes such as translation, DNA replication,
cell-wall synthesis, transcription, replication,membrane integrity, ribosome
assembly, cytoskeleton formation and cell-wall synthesis4,19,24,25. VapC tox-
ins are characterized by the presence of the PIN domain, and most of these

Fig. 5 | Co-expression of VapB3 restores the growth defect associated with
overexpression of VapC35 inM. smegmatis. A–D M. smegmatis harbouring an
Atc inducible integrative and Ac inducible episomal copy of vapC35 and anti-
toxin (vapB, (A), mazE, (B), relB, (C) and parE, (D)) were grown till early log
phase (OD600nm ~ 0.2–0.3). The expression of toxin and antitoxin was induced
by the addition of Atc and Ac, respectively. The heat map represents the growth
patterns of variousM. smegmatis strains as determined by measuring OD600nm at
regular intervals. E Growth kinetics of M. smegmatis harbouring an integrative

copy of VapC35 either alone or in the presence of VapB35, VapB3, VapB5,
VapB19, VapB29, VapB38, VapB46 or VapB47. The growth of various strains
was determined by measuring OD600nm at regular intervals. The data shown in
(A–E) are representative of two independent experiments. F The induced cul-
tures were serially diluted at time zero, 12 h post-induction, 24 h post-induction
and spotted on MB7H11 plates at 37 °C for 48 h. The images shown in this panel
are representative of two independent experiments. Source data is provided in
supplementary data 1.
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proteins possess ribonuclease activity98. In agreement, we also show that the
VapC35 toxin possesses ribonuclease activity and can cleaveMS2RNA.We
observed that compared to vector control, overexpression of VapC35 inM.
smegmatis resulted in growth inhibition and increased cell length. We
speculate that this increase in bacterial length might be associated with the
interference of the activity of cell division proteins in the VapC35 over-
expression strain.

Previously, it has been shown that a subset of toxins and antitoxins are
differentially expressed in conditions thatM. tuberculosismight encounter
inhost tissues, suchasnitrosative, oxidative,nutrient-limitingor lowoxygen
conditions29,33. These observations suggest that TA systems might con-
tribute either alone or in a cumulative manner to the ability of M. tuber-
culosis to adapt to different stress conditions. It has been reported that
deletion of vapC22 or overexpression of VapB22 increases the susceptibility
of M. tuberculosis to oxidative stress56. Previously, we have shown that
VapBC3, VapBC4, VapBC11 and VapC22 are essential forM. tuberculosis
pathogenesis33,44,56. In the present study, we also determined the contribu-
tion of the VapC35 toxin and VapBC35 TA system in stress adaptation and
pathogenesis ofM. tuberculosis. The results revealed that both VapC35 and
VapBC35 are required for M. tuberculosis to survive upon exposure to
oxidative stress. We also observed that VapC35 and VapBC35 are dis-
pensable forM. tuberculosisgrowthafter exposure toother stress conditions,
such as nitrosative, acidic and nutrient-limiting growth conditions. Pre-
viously, it has been reported that, similar to humans, oxidative stress con-
ditions exist in the guinea pig model of TB and thatM. tuberculosis strains
more susceptible to oxidative stress show attenuated phenotype in guinea

pigs73,74,99–101. Since both ΔvapC35 and ΔvapBC35 strains are susceptible to
oxidative stress, we speculated that compared to the wild-type strain, these
strains might be defective in their ability to establish disease in guinea pigs.
Surprisingly, ourmacrophage and guinea pig infection studies revealed that
neither VapC35 nor VapBC35 are required byM. tuberculosis to establish
infection in host tissues. The absence of an attenuated phenotype for
ΔvapC35 andΔvapBC35 in guinea pigsmight be attributed to the following
reasons. Firstly, the extent and duration of oxidative stress encountered by
M. tuberculosismight vary in our in vitro experiments and in vivo. Secondly,
M. tuberculosis encounters multiple stress conditions such as oxidative,
nitrosative, acidic, low oxygen or nutritional stress inside host tissues. Since
VapBC35 is dispensable for survival in other stress conditions, there is a
possibility that the deletion of vapC35 or vapBC35 does not affect the sur-
vival of M. tuberculosis in an environment where the bacteria is simulta-
neously exposed to multiple stress conditions. Lastly, the lack of attenuated
phenotype in vivo could be attributed to functional redundancybetweenTA
systems inM. tuberculosis, which could potentially compensate for the lack
of VapC35 and VapBC35 under in vivo conditions.

Among the VapBC TA systems fromM. tuberculosis, three-dimensional
structures of VapBC3, VapBC5, VapBC11, VapBC15, VapBC26, and
VapBC30 have been determined42–47. These structures have provided insights
into the oligomeric states and interactions within these complexes, revealing
the binding interfaces between cognate toxin and antitoxin components. The
backbone root-mean-square error of superposition (RMS) between the solved
structures of the VapBC TA complexes ranges between 1.86 and 4.79Å (Fig.
S4)102. In comparison, the toxins (VapC20, VapC21) exist as dimers in

Fig. 6 | Oligomeric analysis of purified proteins by SEC-MALS. Traces for
refractive index are shown in blue. The molar mass and fits of all traces are
plotted as a function of elution time as black dots and red lines, respectively.
Elution profiles for purified toxins, antitoxins and in vitro constituted VapB:-
VapC complexes at different stoichiometric ratios are shown. A VapB35,
(B) VapC35, in vitro assembled VapB35:VapC35, complexes at different
ratios of VapB:VapC (C) VapB35:VapC35::1:4, (D) VapB35:VapC35::1:2, (E)

VapB35:VapC35::1:1, (F) VapB35:VapC35::2:1, (G) VapB35:VapC35::4:1. Pur-
ified (H) VapB3, (I) VapC3, in vitro assembled VapB3:VapC3 complexes at
different ratios of VapB:VapC (J) VapB3:VapC3::1:2, (K) VapB3:VapC3::1:1, (L)
VapB3:VapC3::2:1, in vitro assembled VapB3:VapC35, complexes at different
ratios of VapB:VapC (M) VapB3:VapC35::1:1, (N) VapB3:VapC35::2:1. Data is
representative of two independent experiments. Source data is provided in
supplementary data 1.
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solution39,48. The toxin structures are highly conservedwith a backbone RMS of
2.21Å. The composition of residues at the interface among different TA
systems is highly conserved (Fig. S5A–F). The interfaces show a consistently
high prevalence of amide and aromatic residues, followed by basic and acidic
residues (Fig. S5G). In addition, mutational scanning approaches such as
aspartate or cysteine scanning have been performed to elucidate the secondary
structure of antitoxins and functional residues within TA systems81,103. These
studies have resulted in the mapping of binding interfaces and the identifi-
cation of crucial residues that are important for TA complex formation. Since
neither the crystal structure normutational scanning data of the VapC35 toxin
or the VapBC35 complex are available, we performed a detailed biophysical
characterisation of the VapBC35 TA system. SEC-MALS studies revealed that
depending upon the stoichiometric ratios of antitoxins and toxins, the
VapBC35 complex adapts hetero-hexameric and hetero-octameric states.
These observations are consistent with previous findings for other TA systems,
such as MazEF3, MazEF6, MazEF9, VapBC11, VapBC21, VapC20 and
VapC2244,48,49,56,81,82,91. As expected, the VapBC35 TA complex was thermally
more stable than the VapC35 toxin and VapB35 antitoxin. In agreement with
SEC-MALS data, higher antitoxin concentrations led to increased complex
stability, possibly due to the formation of higher-order oligomers.

The autoregulation of TA operons by cognate TA complexes under-
scores the importance of maintaining a precise balance between toxin and
antitoxin levels to regulate bacterial growth and responses to stress
conditions57,104–106. In agreement with earlier reports, we observed that the
binding affinity of the VapBC35 complex to the native promoter is con-
tingent on the antitoxin-to-toxin ratios, with higher antitoxin concentra-
tions enhancing promoter binding. This observed autoregulation is
governed by conditional cooperativity, which has also been reported for
other TA systems61–63. We have not performed promoter binding assays at
VapB35:VapC35 ratios of greater than 1:4 because, at these ratios, excess
antitoxinmight outcompete theTAcomplex, thereby resulting in unreliable
KD estimations. Furthermore, increasing the concentration of these

complexes resulted in visible precipitation, which compromises the accu-
racy of protein concentration measurements that are important for the
accurate determination of KD values. In addition to autoregulation, cross-
interaction between TA systems has been reported in various micro-
organisms such as E. coli,M. tuberculosis, andH. influenzae49,52,53,79,80. Using
co-expression studies in M. smegmatis, we report that co-expression of
VapB3 was able to restore the growth defect associated with the inducible
expression of VapC35. SEC-MALS and MST experiments also confirmed
interactions between non-cognate VapC35 and VapB3 proteins. In agree-
mentwith the co-expression study,MSTstudies revealed thatVapC35binds
with a higher affinity with VapB3 in comparison to other non-cognate
antitoxins. Based on these observations, we speculate that regulatory net-
works exist betweenTA systems, and these networks are important for their
functioning.

This is the first study reporting a detailed functional and biophysical
characterization of the VapBC35 TA system fromM. tuberculosis. We show
that inducible expression of VapC35 exhibits a bacteriostatic effect upon
expression in M. smegmatis, which is reversed by co-expression of cognate
antitoxin, VapB35 and non-cognate antitoxin, VapB3. We also report that
despite being necessary for the adaptation of M. tuberculosis to oxidative
stress, VapBC35 is dispensable for in vivo growth. These observations suggest
functional redundancy exists between TA systems, and these modules might
function cumulatively in vivo. Future studies would involve the construction
ofmultiple deletionmutants to understand the cumulative role of TA systems
in M. tuberculosis pathogenesis. The extensive biophysical characterization
revealed multiple oligomeric states of the VapBC35 complex, with higher
antitoxin concentrations promoting complex stability and tighter auto-
regulation. Future studies would involve identifying the residues involved in
cognate (VapB35:VapC35) and non-cognate (VapB3:VapC35) TA systems
using a combination of various methodologies such as high-throughput
display methods, screening mutagenesis libraries, flow cytometry and next-
generation sequencing as reported earlier81,103,107–111. This study also expands

Table 1 | The mass fractions and corresponding molecular weights of each peak for the proteins analysed are represented
(T: Toxin, A: Antitoxin)

Proteins Peaks Observed molecular weight (KDa) Expected molecular weight (KDa) Mass fraction Stoichiometry

VapB35 Peak1 22.9 22.8 97.2 A2 (Dimer)

VapC35 Peak1 25.2 32.2 96.7 T2 (Dimer)

VapB35:VapC35 (1:4) Peak1
Peak2

55.7
91.2

32.2/22.8
87.6

19.5
80.5

T2/A2 (Dimer)
T2A2T2 (Hetero-hexamer)

VapB35:VapC35 (1:2) Peak1
Peak2

50.4
92.0

32.2/22.8
87.6

63.5
36.5

T2/A2 (Dimer)
T2A2T2 (Hetero-hexamer)

VapB35:VapC35 (1:1) Peak1 113.8 110.0 97.5 T4A4 (Hetero-octamer)

VapB35:VapC35 (2:1) Peak1 104.3 110.0 90.2 T4A4 (Hetero-octamer)

VapB35:VapC35 (4:1) Peak 1 123.4 110.0 86.2 T4A4 (Hetero-octamer)

VapB3 Peak1 31.0 30.2 99.9 A2 (Dimer)

VapC3 Peak1
Peak2

42.8
10310

40.2
n.a.

23.4
76.6

T2 (Dimer)
Aggregate

VapB3:VapC3 (1:2) Peak1
Peak2
Peak3

166.8
267.2
4026

191.0
281.6
n.a.

72.7
21.6
5.7

T2A2T2 (Hetero-hexamer)
T4A4 (Hetero-octamer)
Aggregate

VapB3:VapC3 (1:1) Peak1
Peak2

159.4
270.4

191.0
281.6

75.7
24.3

T2A2T2 (Hetero-hexamer)
T4A4 (Hetero-octamer)

VapB3:VapC3 (2:1) Peak1
Peak2
Peak3

34.6
161.4
260.5

30.2/40.2
191.0
281.6

41.9
48.3
9.8

T2/A2 (Dimer)
T2A2T2 (Hetero-hexamer)
T4A4 (Hetero-octamer)

VapB3:VapC35 (1:1) Peak1
Peak2
Peak3

141.2
178.5
3187

159.0
189.2
n.a.

73.2
25.2
1.6

T2A2T2 (Hetero-hexamer)
T4A4 (Hetero-octamer) Aggregate

VapB3:VapC35 (2:1) Peak1
Peak2
Peak3

136.4
207.0
4230

159.0
189.2
n.a.

77.0
13.6
9.4

T2A2T2 (Hetero-hexamer)
T4A4 (Hetero-octamer) Aggregate

n.a.: Cannot be determined.
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our understanding of the regulatory networks that exist between non-cognate
TA systems from M. tuberculosis.

Methods
Bacterial strains and culture conditions
The strains and plasmids used in the study are listed in Table 2. Escherichia
coli strains (XL-1 blue, (λDE3, plysE) or Rosetta (DE3), HB-101) used in the
studywere grown inLuria-Bertani (LB) broth and Luria-Bertani agar plates.
Various mycobacterial strains were grown in 7H9 medium with 0.2% gly-
cerol, 0.05%Tween-80with 1xADS andon 7H11 agarwith 1xOADSas per
standard protocols112. All cultures were grown by incubating at 37 °C,
150 rpmunless specified. Themedia were supplementedwith antibiotics, as
appropriate. All chemicals, unless specified, were procured from Sigma
Aldrich.

Generation of mutant and complemented strain ofM.
tuberculosis
The sequences of primers used in the study are listed in Supplementary
Table 1.M. tuberculosisH37Rvwas used as the parental strain for constructing
mutant and complemented strains. M. tuberculosis strain lacking either
vapC35 (Rv1962c) or vapBC35 (Rv1962a-Rv1962c) was constructed using
temperature-sensitive mycobacteriophages113. To construct mutant strains,
approximately 800 bp flanking upstream and downstream regions of either
vapC35 or vapBC35 were PCR amplified using gene-specific primers and

cloned into pYUB854 cosmid flanking the hygromycin cassette. The resulting
cosmids pYUB854-ΔvapC35 or pYUB854-ΔvapBC35werePac I digested and
packaged into pYUB159 phagemid using MaxPlax™ lambda packaging
extract. The resulting phagemids pYUB159-ΔvapC35 or pYUB159-
ΔvapBC35 were electroporated into M. smegmatis mc2155 strain to generate
high-titre temperature-sensitive mycobacteriophages. Subsequently, mid-log
phase cultures of M. tuberculosis (OD600nm ~ 0.8–1.0) were transduced with
high titre of mycobacteriophages and transformants were selected on
MB7H11 plates supplemented with hygromycin. The replacement of either
vapC35 or vapBC35 in the respective mutant strains with the hygromycin
resistance gene was confirmed by Southern blot using a locus-specific probe.
To construct the complemented strain, the vapBC35 locus was PCR amplified
and cloned into pJEB402, resulting in pJEB402-vapBC35. The recombinant
DNA was electroporated in electrocompetent cells of ΔvapC35 and
ΔvapBC35 to generate complemented strains, and the transformants were
selected on MB7H11 plates supplemented with kanamycin and hygromycin.

Growth inhibition studies
For growth inhibition studies inM. smegmatis, vapC35 was PCR amplified
and cloned into either an anhydrotetracycline (Atc) inducible episomal
(pTetR) or integrative vector (pTetR-int) resulting in pTetR-vapC35 and
pTetR-int-vapC3533. Also, vapC35E5A harbouring a mutation in glutamic
acid residue at the 5th position of the PIN domain was PCR amplified and
cloned into pTetR, resulting in pTetR-vapC35E5A. The resulting plasmids

Fig. 7 | Determination of thermal stabilities and dissociation constants for
cognate and non-cognate VapBC complexes. A Thermal unfolding profiles of
10 μM of purified VapB35, VapC35, and different ratios of in vitro assembled
VapB35:VapC35 complexes are shown. B The stability of the VapBC35 complex
(Tm) increases as the VapB35:VapC35 ratio increases. C Thermal unfolding profiles
of 10 μM of purified VapC3, in vitro assembled full-length VapB3:VapC3 complex
(1:1), and different ratios of in vitro assembled VapB3 and VapC35 complexes are
shown in this panel. D The dissociation constant between VapC35 and various

antitoxins such asVapB35 (red), VapB3 (blue), VapB9 (yellow), VapB15 (green) and
VapB34 (magenta) was measured using MST. The data shown in (A) and (C) is
representative of two independent experiments. The data shown in (B) ismean ± SD
of Tm obtained from two experiments performed in duplicates. The data shown in
(D) is from individual replicates and the mean fit of the values is obtained from two
independent experiments performed in duplicates. Source data is provided in sup-
plementary data 1.
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were electroporated in M. smegmatis, and transformants were selected on
MB7H11 plates supplemented with either hygromycin (for pTetR con-
structs) or kanamycin (for pTetR-int constructs). The expression of vapC35
or vapC35E5A in early-log phase cultures of M. smegmatis
(OD600nm ~ 0.2–0.3) was induced by adding 50 ng/ml Atc. For co-
expression studies, various antitoxins were cloned into an acetamide (Ac)

inducible vector, pLam12 and electroporated intoM. smegmatisharbouring
an integrative copy of VapC35 as reported earlier49. The addition of Atc and
Ac induced the expression of toxin and antitoxin, respectively, in early-log
phase cultures of recombinantM. smegmatis strains. The growth patterns of
various recombinant strains were determined by measuring OD600nm or
bacterial counts or by spotting at different time points post-induction.

Table 2 | List of strains and plasmids used in the study

Strains Description Reference

E. coli XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIq ZΔM15
Tn10 (Tetr)]

Stratagene, USA

E. coli HB-101 F-, thi-1, hsdS20 (rB- mB), supE44, recA13, ara-14, leuB6, proA2, lacY1, galK2, rpsL20
(strr), xyl-5, mtl-

Promega, USA

E. coli BL21 (λDE3, plysE) F-, ompT, hsdSB (rB-mB-), dcm, gal, λ(DE3), plysS, Cmr Merck, USA

E. coli BL21 Rosetta (DE3) F-, ompT, hsdSB (rB- mB-), gal dcm (DE3), pRARE2, Cm Merck, USA

M. smegmatis mc2155 M. smegmatis parental strain. A kind gift from Professor Anil K.
Tyagi, UDSC

M. tuberculosis H37Rv M. tuberculosis parental strain. ATCC

M. tuberculosis ΔvapC35 M. tuberculosis harbouring deletion in vapC35. This study

M. tuberculosis ΔvapBC35 M. tuberculosis harbouring deletion in vapBC35. This study

M. tuberculosis ΔvapC35:vapBC35 ΔvapC35mutant strain complemented with vapBC35. This study

M. tuberculosis ΔvapBC35:vapBC35 ΔvapBC35 mutant strain complemented with vapBC35. This study

Plasmids

pGEM-T easy T/A cloning vector. Promega, USA

pTetR Anhydrotetracycline (Atc) based mycobacterial expression vector. 33,118

pTetR-vapC35 pTetR harbouring Rv1962c from M. tuberculosis. This study

pTetR-vapC35E5A pTetR harbouring Rv1962cE5A mutant This study

pTetR-Int Atc-based mycobacterial expression integrative vector. 33,118

pTetR-Int vapC35 pTetR-Int harbouring Rv1962c from M. tuberculosis. This study

pLam12 Acetamide (Ac) inducible episomal mycobacterial expression vector. A Kind gift from Prof. Manikuntala Kundu,
Bose Institute.

pLam12-vapBx pLam12 derivatives harbouring vapB antitoxins from M. tuberculosis. 49

pLam12-mazEx pLam12 derivatives harbouring mazE antitoxins from M. tuberculosis. This study

pLam12-relBx pLam12 derivatives harbouring relB antitoxins from M. tuberculosis. This study

pLam12-parDx pLam12 derivatives harbouring parD antitoxins from M. tuberculosis. This study

pJEB402 Shuttle integrative expression vector. A kind gift from Dr. Amit Kumar
Pandey, THSTI.

pJEB402 vapBC35 pJEB402 harbouring Rv1962c and Rv1962a from M. tuberculosis. This study

pYUB854 Cosmid cloning vector. 114

pYUB854-ΔvapC35 pYUB854 harbouring vapC35 upstream and downstream region flanking the
hygromycin resistance cassette.

This study

pYUB854-ΔvapBC35 pYUB854 harbouring vapBC35 upstream and downstream region flanking the
hygromycin resistance cassette.

This study

pYUB159 Phagemid DNA. 114

pYUB159-ΔvapC35 pYUB159 derivative to replace vapC35 with hygromycin resistance gene in M.
tuberculosis.

This study

pYUB159-ΔvapBC35 pYUB159 derivative to replace vapBC35 with hygromycin resistance gene inM.
tuberculosis.

This study

pET15b IPTG-based expression vector in E. coli. Novagen, USA

pET15b-vapB3 pET15b harbouring Rv0550c from M. tuberculosis. This study

pET15b-vapC3 pET15b harbouring Rv0549c from M. tuberculosis. This study

pET28b IPTG-based expression vector in E. coli. Novagen, USA

pET28b-vapB35 pET28b harbouring Rv1962a from M. tuberculosis, This study

pET28b-vapC35 pET28b harbouring Rv1962c from M. tuberculosis. This study

pET28b-vapB9 pET28b harbouring Rv0959A from M. tuberculosis. This study

pET28b-vapB15 pET28b harbouring Rv2009 from M. tuberculosis. This study

pET28b-vapB34 pET28b harbouring Rv1740 from M. tuberculosis. This study
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Live-dead staining and cell length measurement
To determine the effect of overexpression of VapC35 on cell length and
viability ofM. smegmatis, a live dead staining assay was performed as pre-
viously reported49. For live dead staining, induced cultures were harvested,
washed with 1x phosphate-buffered saline (1x PBS) and single-cell sus-
pension was prepared as per standard protocols. The single-cell suspension
of washed bacilli was stained with SYTO9/Propidium iodide and viewed
under confocal microscope (Olympus FV3000, Japan). The length of
approximately 220–250 individual bacilli in Atc-induced cultures was
measured using Olympus cellSens software.

In vitro growth, stress and macrophage experiments
The growth patterns of wild type, ΔvapC35 and ΔvapBC35 strains of M.
tuberculosis were determined by measuring OD600nm till the stationary
phase was attained. To study the role of vapC35 and vapBC35 in stress
adaptation, early-log phase cultures (OD600nm ~ 0.2–0.3) of various strains
were exposed to different stress conditions such as oxidative (5mMH2O2 in
MB7H9 medium for 6 or 24 h), nutritional (1x tris-buffered saline with
0.05% Tween-80 for either 7 or 14 days), nitrosative (MB7H9 medium pH
5.2, 5 mMNaNO2 for either 24 or 72 h) and acidic stress (MB7H9medium,
pH5.2 for either 7 or 14 days) as previously reported49,112. For drug tolerance
experiments, mid-log phase cultures (OD600nm ~ 0.8–1.0) of various strains
were exposed to either 0.4 µg/mL of rifampicin or 10 µg/mL of levofloxacin
or 10 µg/mL of isoniazid for either 7 or 14 days as reported earlier49,112. The
samples were collected at designated time points, 10.0-fold serial dilutions
were prepared and plated on MB7H11 agar at 37 °C for 3–4 weeks. For
macrophage infection studies, THP-1 monocytes (National Centre for Cell
Science, Pune) were differentiated into macrophages using 20 ng/mL of
phorbol 12-myristate 13-acetate for 48 h. The differentiated macrophages
were washed once with 1x PBS and supplemented with RPMI containing
10% FBS. After 24 h, the cells were infected with either wild type or mutant
strains at a multiplicity of infection of 1:10. At 4 h post-infection, macro-
phageswere overlaidwithRPMImediumcontaining amikacin (200μg/mL)
to remove extracellular bacteria. After amikacin treatment for 2 h, macro-
phages were washed twice with 1x PBS and overlaid with complete RPMI
medium. At designated time points, infectedmacrophages were lysed using
1x PBS containing 0.1% Triton-100. For bacterial enumeration, at desig-
nated time points, 10.0-fold serial dilutions were prepared and plated on
MB7H11 agar at 37 °C for 3–4 weeks.

In vivo infection experiments
The animal experiments were approved by the animal ethical committee of
the Translational Health Science and Technology Institute (THSTI) and
performed as per the guidelines of the committee for the purpose of control
and supervision of experiments on animals (CCSEA). The performed ani-
mal experiments complied with all relevant ethical regulations. 6–8-week-
old female Duncan Hartley Guinea pigs (250–300 g) were procured from
Lala Lajpat Rai University of Veterinary and Animal Sciences, Hisar, India.
The guinea pigswere housed in individually ventilated cages in group of 3 in
a biosafety level 3 facility. The guinea pigs were housed at a room tem-
perature of 22 ± 3°C, relative humidity of 30 to 70%, 15–20 air changes/hr,
light intensity of 325–350 lux with a 14 h light/10 h dark cycle and noise
intensity of <85db. For infection studies, the guineapigswere infected using
a Glas-Col aerosol inhalation exposure chamber with approximately
50–100 bacteria of either wild type or ΔvapC35 or ΔvapBC35 strains ofM.
tuberculosis. For bacterial enumeration at 4- and/or 8-week post-infection,
lungs and spleen tissues were harvested, homogenised, serially diluted and
plated onMB7H11plates at 37 °C for 3–4weeks. To determine the extent of
tissue damage, a portion of lung tissue was fixed with 10% formalin and
stained with haematoxylin and eosin112.

Bioinformatic analysis of the solved VapBC TA complex
structures
To determine the structural conservation among different VapBC complex
structures, the backbone root mean square error of superposition (RMS)

was calculated using TopMatch-web, a pairwise structure alignment tool102.
The amino acid propensities at the interfaces of the TA complexes with
solved structures were determined using PDBsum114,115. In addition, the
abundance of different functional groups of amino acids (e.g., amide, aro-
matic, basic and acidic) at the interface of the TA complex was also
determined.

Cloning, protein expression, and purification
For protein purification, individual toxins (vapC3, Rv0549c or vapC35,
Rv1962c) and antitoxins (vapB3, Rv0550c, or vapB35, Rv1962a, or vapB9,
Rv0959a, or vapB15, Rv2009, or vapB34, Rv1740) were PCR amplified,
cloned into either pET15b or pET28b and transformed intro either BL21
(λDE3, plysE) or Rosetta (DE3). The recombinant BL21 (λDE3, plysE for
purification of VapB3 and VapC3) and Rosetta (λDE3, for purification of
VapB35,VapC35,VapB9,VapB15 andVapB34) strainswere cultured inTB
medium until an OD600nm ~ 0.8 was attained. The expression of recombi-
nant proteins was induced by adding 1.0mM isopropyl β-D-1-
thiogalactopyranoside overnight at 20 °C. The induced cultures were har-
vested by centrifugation, and bacterial pellets were resuspended and soni-
cated in lysis buffer (10mM HEPES, pH-8.0, 100mM NaCl, 100 mM L-
arginine, 10% glycerol containing protease inhibitor). The clarified lysates
were prepared by centrifugation and incubated with Ni-NTA Sepharose 6
Fast Flow for 4 h at 4 °C. Subsequently, the protein-bound resinwaswashed
with twenty-five column volumes of wash buffer (10mM HEPES, pH-8.0,
100mM NaCl, 100 mM L-arginine, 50mM imidazole, 10% glycerol). The
recombinant protein fractions were eluted with elution buffer (10mM
HEPES, pH-8.0, 100mM NaCl, 100 mM L-arginine, 10% glycerol and a
gradient of imidazole (100–900 mM)). The eluted fractions were subjected
to 15% tricine SDS-PAGE, and the protein concentration was determined
using densitometric analysis. The purified fractions were dialysed, con-
centrated and stored in storage buffer (10mM HEPES, pH-8.0, 100mM
NaCl, 100 mM L-arginine, 500mM imidazole, 10% glycerol, protease
inhibitor) at −80 °C till further use.

Ribonuclease assays
For ribonuclease assays, 0.5 μg of MS2 RNA was incubated with 2 μM
purified VapC35 protein at 37 °C in the absence or presence of 50mM
EDTA. After incubation for 30min, the reactions were electrophoresed on
1.2% agarose at 60 V, and images were captured using the gel documenta-
tion system (Bio-Rad ChemiDoc MP imaging system).

nanoDSF experiments
Thermal unfolding of purified toxins, antitoxins and in vitro assembled TA
complexes at different stoichiometric ratios was performed using nanoDSF
(Prometheus NT.48). The sample was filled into capillaries and placed into
the instrument as reported earlier86,116. All the thermal unfolding experi-
ments were performed at 10 µM of purified protein. Briefly, the samples
were excited at 280 nm, and emissionwas detected at 330 nmand350 nm to
derive the F350/F330 ratio for data analysis, with a bandwidth of measure-
ment set at 5 nm.

The first derivative of the ratio (F0 ¼ dF350F330
dT ) is normalised using Eq. 1:

Normalised FluorescenceðF0
N Þ ¼

y � ymin

ymax � ymin

. . . ð1Þ

Where y is the first derivative of the observed fluorescence (F350/F330 ratio),
ymin is the value of the first derivative minimum, and ymax is the value of the
first derivative maximum.

SEC-MALS experiments
100 μg of the purified toxins, antitoxins and TA complexes at different
stoichiometric ratios were analysed on a Superdex-200 analytical gel fil-
tration column (GE Healthcare) equilibrated in elution buffer (10mM
HEPES, pH-8.0, 100mM NaCl, 100 mM L-arginine, 500mM imidazole)
with in-line UV (SHIMADZU), MALS (mini DAWN TREOS, Wyatt
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Technology Corp.) and refractive index detectors (WATERS24614) for
molecular weight analysis. UV, MALS and RI data were collected and
analysedusingASTRATM software (WyattTechnology) as reported earlier49.

MST experiments
For MST experiments, purified toxins were equilibrated in 10mMHEPES,
pH-8.4 and labelled using the Monolith™ Protein Labelling Kit RED-NHS
(NanoTemper Technologies) according to the manufacturer’s instructions.
The labelled toxins were used at a dimeric concentration of 500 nM and
20 nM for VapC3 and VapC35, respectively, and titrated with different
concentrationsofunlabelled full-length cognate andnon-cognate antitoxins
ranging from 1 pM to 5 µM in 10mM HEPES, pH-8.4 at 25 °C. For pro-
moter binding studies, labelledVapC35was used at a dimeric concentration
of 40 nM and was incubated with 160, 80, 40, 20 and 10 nM of cognate
antitoxin VapB35 to form 4:1, 2:1, 1:1, 1:2 and 1:4 (A:T) complexes. Sub-
sequently, serially diluted cognate VapBC35 promoter-operator DNA
(concentrations from 10 nM to 25 µM) was added. The measurement was
performed usingMST power settings, medium and high, at LED/excitation
power settings of 40–60%. Data was analysed using MO. Affinity Analysis
software (version 2.2.5, NanoTemper Technologies)86,117.

Statistical analysis and data reproducibility
The statistical analyses and the graphs were plotted using GraphPad Prism
version 9.5.1 (GraphPad Software Inc., CA, United States). Groups with a P
value < 0.05 were considered statistically significant. The respective figure
legends mention the number of replicates and the statistical tests used.

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. All the source values underlying all
figures and the uncropped and unedited blots are available in supplemen-
tary data 1.
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