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ABSTRACT The Mycobacterium tuberculosis genome harbors nine toxin-antitoxin (TA)
systems that are members of the mazEF family, unlike other prokaryotes, which have
only one or two. Although the overall tertiary folds of MazF toxins are predicted to be
similar, it is unclear how they recognize structurally different RNAs and antitoxins with
divergent sequence specificity. Here, we have expressed and purified the individual com-
ponents and complex of the MazEF6 TA system from M. tuberculosis. Size exclusion chro-
matography-multiangle light scattering (SEC-MALS) was performed to determine the
oligomerization status of the toxin, antitoxin, and the complex in different stoichiometric
ratios. The relative stabilities of the proteins were determined by nano-differential scan-
ning fluorimetry (nano-DSF). Microscale thermophoresis (MST) and yeast surface display
(YSD) were performed to measure the relative affinities between the cognate toxin—
antitoxin partners. The interaction between MazEF6 complexes and cognate promoter
DNA was also studied using MST. Analysis of paired-end RNA sequencing data revealed
that the overexpression of MazF6 resulted in differential expression of 323 transcripts in
M. tuberculosis. Network analysis was performed to identify the nodes from the top-
response network. The analysis of mRNA protection ratios resulted in identification of
putative MazF6 cleavage site in its native host, M. tuberculosis.

IMPORTANCE M. tuberculosis harbors a large number of type Il toxin-antitoxin (TA)
systems, the exact roles for most of which are unclear. Prior studies have reported
that overexpression of several of these type Il toxins inhibits bacterial growth and
contributes to the formation of drug-tolerant populations in vitro. To obtain insights
into M. tuberculosis MazEF6 type Il TA system function, we determined stability, oli-
gomeric states, and binding affinities of cognate partners with each other and with
their promoter operator DNA. Using RNA-seq data obtained from M. tuberculosis
overexpression strains, we have identified putative MazF6 cleavage sites and targets
in its native, cellular context.

KEYWORDS cleavage recognition site, endoribonuclease, gene regulation, maz, rRNA,
toxin activity

oxin-antitoxin (TA) systems are response elements that have evolved in free-living
bacteria to combat stress conditions like temperature, antibiotics, and other
metabolites, enabling them to survive (1-5). TA systems are typically arranged in a
bicistronic manner with elements comprising of an upstream gene encoding a labile
antitoxin and a downstream gene encoding stable toxin (1-6). Depending on the na-
ture of the antitoxin and its mechanism of toxin neutralization, TA modules can be
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categorized into eight distinct types. In different subfamilies, the toxin is either a pro-
tein (type | to VII) or a small noncoding RNA (type VIII), which, in the absence of anti-
toxin, inhibits essential cellular functions such as replication, transcription, translation,
etc. (5, 7, 8). The antitoxin is either RNA or protein and inhibits the activity of the toxin
by direct binding (type II, lll, and VI), preventing expression of toxin by degrading
mRNA or sRNA of toxins (type |, V, and VIII), competing with the toxin for its substrate
(type IV), or by posttranslational modification by an enzyme antitoxin (type VII) (8-10).
The most abundant and well-characterized subfamily is the type Il TA systems, where
both the toxin and the antitoxin are proteins and antitoxin forms a tight complex with
toxin, thereby neutralizing its activity (11).

Previous studies have indicated that TA pairs play critical roles in diverse functions,
including plasmid maintenance, phage resistance, phage infectivity, adaptive responses to
adverse conditions, antibiotic drug tolerance and persistence, biofilm formation, and mi-
crobial pathogenesis (5, 12-20). While it was initially shown that the simultaneous deletion
of 10 TA systems in E. coli decreased the number of persisters after exposure to either
ciprofloxacin or ampicillin, it was subsequently concluded that the increased drug suscepti-
bility of the TA deletion strain was due to lysogenization by multiple copies of Phi80
phages (21). Notwithstanding this confounding factor, other studies suggest that type Il TA
systems have a role in bacterial drug tolerance and biofilm formation (15, 16, 22, 23).
However, this is a controversial area and more work is required. Additionally, the physiolog-
ical conditions under which TA modules are activated and their potential roles upon activa-
tion need further exploration.

The Mycobacterium tuberculosis genome encodes a large number of type Il TA sys-
tems, such as mazEF, relBE, higBA, parDE, and vapBC (24-27). Previous studies have
reported that the overexpression of the majority of these toxins inhibit growth (24, 28-
31) and also contribute to the formation of drug-tolerant populations in vitro (32-34).

The mazEF operon encodes the labile antitoxin MazE and the stable toxin MazF
(35-37). MazF toxins are sequence-specific endoribonucleases that cleave free RNA
(35-38). The Escherichia coli and Bacillus subtilis MazFs cleave RNAs containing 5'-N|
ACA-3" and 5’-U|ACAU-3’ sequences, respectively (7, 38). The M. tuberculosis genome
harbors nine TA systems of the MazEF family (24, 27). Previous studies have shown that
MazF1, MazF3, MazF4, MazF6, and MazF9 recognize and cleave structurally distinct,
unique RNA sequences (39-43). The cleavage specificities of the remaining (MazF2,
MazF5, MazF7, and MazF8) have not been studied and therefore are still unknown. The
three-dimensional structures of MazEF4 (PDB entry 5XE3), MazEF7 (PDB entry 6A6X), and
MazEF9 (6KYT) of M. tuberculosis have been solved (44-46). The MazEF3 and MazEF9 com-
plex adopts a heterohexamer conformation, whereas MazEF7 adopts a heterotetramer
conformation. The overall homology among MazF toxins is relatively poor (47). Therefore,
structural information on MazEF complexes along with scanning mutagenesis studies (47)
and low-resolution electron microscopy (EM) will lead to identification of critical residues
that are involved in interactions between toxin and antitoxin.

In the current study, we performed detailed functional and biochemical characteri-
zation of the MazEF6 TA system from M. tuberculosis. Using nano-differential scanning
fluorimetry (nanoDSF), we have measured the relative stabilities of the MazE6, MazF6,
and MazEF6 complex. In addition, size exclusion chromatography coupled to multian-
gle light scattering (SEC-MALS) was performed to determine the oligomeric status of
the free toxin, antitoxin, and the TA complexes, which were in vitro reconstituted using
different ratios of toxin and antitoxin. We also performed yeast surface display (YSD)
and microscale thermophoresis (MST) to determine the relative binding affinities of the
toxin with its cognate full-length antitoxin as well as the C-terminal antitoxin peptide.
MST was also employed to determine the relative affinities of antitoxin alone or the
toxin-antitoxin complex, assembled in vitro at different ratios, for binding to mazEF6
promoter-operator DNAs. Transcriptome sequencing (RNA-seq) experiments were per-
formed to identify differentially expressed genes upon MazF6 overexpression. A
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FIG 1 Thermal stabilities of MazEF6 toxin-antitoxin system measured by nanoDSF. (a) Thermal unfolding profiles of 10 uM purified MazE6 [(His);MazE6
(FLAG);] (green), MazF6 [(His);MazF6(FLAG),] (red), and copurified MazEF6 complex [MazE6:MazF6(His)s] (blue). (b) Thermal unfolding profiles at different
ratios of in vitro-assembled MazEF6 complexes [(His)sMazE6(FLAG),:(His);MazF6(FLAG),]. (c) With increase in concentration of the antitoxin, the stability of

the complexes increases and the stability saturates at an approximate antitoxin:toxin ratio of 6:1. The error bars in panel ¢ represent the standard errors
derived from two independent experiments, each performed in duplicate.

detailed bioinformatic analysis was performed to identify putative MazF6 cleavage
sites, cleavage specificities, and substrates in its native, cellular context.

RESULTS

Purification and thermal stability analysis of MazE6, MazF6, and MazEF6
complex. The MazEF6 complex was purified using nickel nitrilotriacetic acid (Ni-NTA)
affinity chromatography following expression in Escherichia coli from the pET-Duet-1
vector, as the MazF6 toxin had an N-terminal 6x His tag (see Fig. S1a in the supple-
mental material). The proteins MazE6 and MazF6 were individually purified from the
pET-15b vector with an N-terminal 6x His tag and C-terminal 3x FLAG tag (Fig. S1b).
The buffer conditions were optimized for the purification of the proteins. Removing imid-
azole and other buffer components was associated with formation of visible aggregates.
The aggregation was reduced by addition of 10% glycerol in all the buffers used in the pu-
rification process. In the present study, purified proteins MazE6 [(His);MazE6(FLAG),] and
MazF6 [(His);MazF6(FLAG);], MazEF6 complex [MazE6:MazF6(His),], and the in vitro-
assembled MazEF6 complex [(His)sMazE6(FLAG),:(His)sMazF6(FLAG),] of different stoichio-
metries were subjected to thermal denaturation as described in Materials and Methods.

The unfolding was monitored using intrinsic fluorescence of tryptophan and tyro-
sine residues with temperature, and the apparent midpoint temperature (T,,) was cal-
culated. Free MazE6 and MazF6 had T,,s of 60°C and 50°C, respectively (Fig. 1a). The
thermal stability of TA complexes has been reported to be higher than that of the free
toxins and antitoxins (48-51). In agreement, we also found a higher thermal stability of
the in vivo-assembled MazEF6 complex (T,, = 85°C) compared to the free toxin or anti-
toxin, indicating stabilization of both the proteins upon complex formation (Fig. 1a).
The relative stabilities of the in vitro-assembled MazEF6 complexes were also higher
than those of the individual toxin and antitoxin (Fig. 1b). As shown in Fig. 1c, the stabil-
ity of the complex increased (in the range of 82°C to 91°C), with an increase in the anti-
toxin concentration. This might be due to the formation of higher-order oligomers
(hetero-octamer/hexamers) in the presence of excess MazE6 or MazF6, which is further
validated from the SEC-MALS experiments as described below.

Previous studies have shown that the fluorescence of the tryptophan and tyrosine
residues in a protein is strongly dependent on the surrounding environment (52), and
changes in the structure of the protein have an effect on both the fluorescence inten-
sity and the emission wavelength.

Analysis of the oligomeric state of MazE6, MazF6, and MazEF6. Previous studies
have shown that free toxins and antitoxins of the MazEF family are homodimers (53-
55). It has also been reported that toxins and antitoxins form heterohexameric com-
plexes (T,A,T,) (53, 54). Next, we determined the oligomeric status of toxins, antitoxins,
and TA complex by SEC-MALS. For individually purified MazE6 [(His);MazE6(FLAG),]
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FIG 2 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 approximately horizontal red and
black lines, respectively. The peaks analyzed for molecular weight determination are numbered in each graph.
(a) MazE6 [(His)sMazE6(FLAG),], (b) MazF6 [(His)sMazF6(FLAG),], (c) copurified MazEF6 complex [MazE6:MazF6
(His)¢]. In vitro-assembled MazEF6 complex [(His);MazE6(FLAG),:(His)sMazF6(FLAG),] at different ratios of MazE6:
MazF6, (d) MazE6:MazF6 of 2:1, (€) MazE6:MazF6 of 4:1, (f) MazE6:MazF6 of 1:2, and (g) MazE6:MazF6 of 1:4.

and MazF6 [(His)sMazF6(FLAG),], peak 1 is the major peak and corresponds to a homo-
dimer (Fig. 2a and b). Peaks 2 and 3 observed for the purified MazF6 correspond to
higher-order aggregates. Two different peaks were observed in the refractive index (RI)
trace for the copurified MazEF6 complex [MazE6:MazF6(His)] (Fig. 2¢c). The calculated
molecular weights of the peaks are shown in Table 1. In the case of the purified
MazEF6 complex [MazE6:MazF6 (His)s], peak 1 has the highest mass fraction (90%) cor-
responding to the mass of a hetero-octamer (T,A,) with molecular mass of 107.1 kDa
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TABLE 1 The mass fractions and corresponding molecular weights of each peak for the proteins analyzed are represented?

Observed molecular Expected molecular

Protein Peak mass (kDa) mass (kDa) Mass fraction (%) Stoichiometry
MazE6 1 30 29.6 100 A, (dimer)
MazF6 1 35 35.6 67 T, (dimer)
2 100 13.9 Aggregate
3 592 19.1 Aggregate
MazEF6 1 107 92 90.0 T,A, (hetero-octamer)
2 1,844 10.0 Aggregate
MazFé: 1 41 327 Free T,/A,
MazE6 (1:2) 2 122 1304 59.1 T,A, (hetero-octamer)
3 1,488 8.2 Aggregate
MazFé: 1 40 14.7 Free T,/A,
MazE6 (1:4) 2 125 130.4 63.1 T,A, (hetero-octamer)
3 2,375 222 Aggregate
MazF6:MazE6(2:1) 1 37 22.2 Free T,/A,
2 97 100.8 64.1 T,A,T, (heterohexamer)
3 3,389 13.7 Aggregate
MazF6:MazE6 (4:1) 1 33 100.8 10.8 Free T,/A,
2 102 84.0 T,A,T, (heterohexamer)
3 1,205 52 Aggregate

qT, toxin; A, antitoxin. The individual monomeric molecular masses of MazE6 antitoxin [(His);MazE6(FLAG),] and MazF6 toxin [(His);MazF6(FLAG),] are 14.8 and 17.8 kDa,
respectively. The individual monomeric molecular masses of MazE6 antitoxin and MazF6 toxin in copurified MazEF6 complex [MazE6:MazF6 (His),] are 9.0 and 14.0 kDa,

respectively.

(Table 1), and the remaining 10% were aggregates (peak 2). The individual monomeric
molecular masses of the MazE6 antitoxin and the MazF6 toxin in copurified MazEF6
complex [MazE6:MazF6 (His)s] are 9.0 and 14.0 kDa, respectively. We also measured
the oligomeric status of the in vitro-assembled MazEF6 complex from purified toxin
and antitoxin [(His)sMazE6(FLAG);:(His)sMazF6(FLAG),] at different ratios, ranging from
1:4 to 4:1 (Fig. 2d to g). We observed a different stoichiometry compared to the cop-
urified complex, which was dependent on the relative molar ratio of MazE6 to MazF6
(Fig. 2 and Table 1). The individual monomeric molecular masses of MazE6 antitoxin
[(His)¢MazE6(FLAG);] and MazF6 toxin [(His)sMazF6(FLAG);] are 14.8 and 17.8 kDa,
respectively. At an equal ratio of both toxin to antitoxin as well as at higher antitoxin-
to-toxin ratios (MazF6:MazE6, 1:2; 1:4), we observed a hetero-octameric complex, simi-
lar to the copurified complex. However, at a higher MazF6-to-MazE6 ratio (MazF6:
MazE6, 4:1; 2:1), we observed a hetero-hexameric complex (T,A,T,). In all cases where
the complexes were reconstituted in vitro, two additional peaks were observed, where
peak 1 corresponds to either free antitoxin or toxin and peak 3 corresponds to higher-
order aggregates. These observations explain the high T,, values obtained for the
MazEF6 complexes formed at different stoichiometries.

Estimation of dissociation constant of MazE6 and MazF6. Yeast surface display
(YSD) has been used to estimate the dissociation constant between proteins (56). Both
MazE6 and MazF6 were individually expressed on the yeast cell surface, and binding
was measured with the cognate partner. In the case of yeast surface-displayed MazE6,
the K, was around 1,053 pM (Fig. 3a, Table 2). However, when MazF6 was displayed,
the K, was 66 pM (Fig. 3b, Table 2). We found a 16-fold difference in the K, depending
on the displayed protein. In most type Il toxin-antitoxin interactions, the C-terminus of
the antitoxin is usually involved in toxin binding. We observed two different popula-
tions in the case of binding to surface-displayed MazE6 but not surface-displayed
MazF6, indicating the presence of a population with degraded MazE6 in the former
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FIG 3 Estimation of dissociation constant between MazE6 and MazF6 using YSD and MST. (a and b)
Dissociation constant between MazE6 and MazF6 was measured using YSD coupled to FACS. MazE6
(a) and MazF6 (b) were displayed on the yeast cell surface and titrated with serially diluted purified
cognate partner. The binding was measured on a BD Aria Ill flow cytometer. (c and d) Dissociation
constant between full-length MazE6 [(His);MazE6(FLAG),] and MazE6 C-terminal peptide with MazF6
[(His)sMazF6(FLAG);] was measured using MST; 2 nM labeled toxin MazF6 [(His);MazF6(FLAG);] was
titrated with various concentrations of either full-length antitoxin (c) or the C-terminal antitoxin
peptide (residues 48 to 82) (d). Reported standard errors are derived from two independent
experiments, each performed in duplicate.

(Fig. S2a and b). This might be attributed to the labile nature of the C-terminus of the
antitoxins, which is intrinsically disordered (47). We also measured the binding of the
toxin MazF6é [(His)sMazF6(FLAG);] with the C-terminal antitoxin MazE6 peptide using
MST. A fixed dimeric concentration of 2 nM of the labeled toxin was titrated with differ-
ent concentrations of the unlabeled full-length antitoxin [(His)sMazE6(FLAG);] and anti-
toxin peptide (15 pM to 0.5 uM). The obtained data indicates that the toxin MazF6
binds with the full-length antitoxin and C-terminal antitoxin peptide MazE6 (residues
48 to 82) with a K, of about 1,800 and 980 pM, respectively (Fig. 3c and d, Table 2). The
difference in the apparent affinities measured by YSD and MST is most likely due to
the tendency of purified proteins to aggregate as observed from SEC-MALS studies.
Estimation of dissociation constants between antitoxin MazE6 and different
ratios of in vitro-assembled MazEF6 complexes with promoter-operator DNA. We
performed MST to measure the binding of the antitoxin MazE6 [(His)sMazE6(FLAG),] and
the in vitro-assembled MazEF6 complexes [(His)sMazE6(FLAG)5:(His);MazF6(FLAG);] of differ-
ent stoichiometries with the mazEF6 promoter-operator DNA as described in Materials and
Methods. A previous study showed that both MazE6 antitoxin and MazEF6 complex can
bind to the DNA fragment located 99 bp upstream of the mazEF6 operon (57). In the cur-
rent study, we probed the binding of MazE6 as well as the complexes with two different

TABLE 2 Dissociation constants (K,,) of MazEF6 determined by YSD and MST¢

Proteins K, (pM)
MazE®6 full length® 1,053 = 407
MazF6 full length® 68 = 13
MazE6 full-length antitoxin® 1,800 + 580
MazE6 C-terminal peptide® 980 * 140

9Reported standard errors are derived from two independent experiments, each performed in duplicate.
bDisplayed protein in YSD.
‘Determined by MST.
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FIG 4 Dissociation constant of promoter DNA fragments as a function of free MazE6 antitoxin and different
stoichiometries of toxin:antitoxin complexes. The K;, as a function of either free MazE6 antitoxin [(His);MazE6
(FLAG),] or various ratios of the in vitro-constituted MazEF6 complexes [(His);MazE6(FLAG),:(His);MazF6(FLAG),]
with promoter DNA, PO-4 (100 bp), and PO-5 (50 bp) was measured using MST. Reported standard errors are
derived from two independent experiments, each performed in duplicate.

lengths of promoter-operator DNA located 100 bp (PO-4) and 50 bp (PO-5) upstream of
the mazEF6 operon (Fig. 4 and Fig. S3). In all cases the binding affinities were similar for
both PO-4 and PO-5 (Fig. 4 and Fig. S3). The affinity towards the promoter DNAs was low-
est for the MazEF6 (1:4) complex and becomes stronger with increase in the antitoxin con-
centration (Fig. 4 and Fig. S3). The obtained data indicate that with decrease in the MazE6:
MazF6 ratios, the affinity towards the PO-4 and PO-5 DNA is reduced. Taken together, this
study demonstrates that autoregulation of TA operon is dependent on the relative ratios
of MazE6 and MazF6.

Transcriptional response to MazF6 overexpression in M. tuberculosis. RNA-seq
analysis was performed to compare the transcription profiles of control and MazF6
overexpression strains of M. tuberculosis. The overexpression of MazF6 in M. tuberculo-
sis significantly altered the expression of 323 genes (Fig. 5a). These differentially
expressed genes (DEGs) were obtained by using a cut-off log,(fold change) of =1.0
or =—1.0 and P value of <0.05. Among these differentially expressed genes, 163 and
160 transcripts were upregulated and downregulated, respectively (Fig. 5a and Table
S2). These DEGs were further annotated according to their functional category. Based
on that, approximately 36% and 20% of the genes that are conserved hypotheticals
(CHP) are up- and downregulated, respectively (Fig. 5b). For the genes associated with
intermediary metabolism and respiration (IMR), 16% and 26% of the genes were upreg-
ulated and downregulated, respectively (Fig. 5b). The increased expression of MazFé,
Rv2660c, Rv0251c, Rv2007c, and Rv2745c and the decreased expression of Rv1180,
Rv1181, and Rv3614c in the overexpression strain were also validated by gPCR using
gene-specific primers (Fig. 5¢). The expression of Rv1305 slightly varied from the gPCR
results. The log,(fold change) of the above-described transcripts from RNA sequencing
data are shown in Fig. 5d.

We observed that the transcription profiles obtained in M. tuberculosis upon overex-
pression of MazF6, while similar to those obtained from bacteria exposed to stress con-
ditions such as nutrient starvation, enduring hypoxic response (EHR), nonreplicating
persisters (NRP), and drug-induced persisters (Fig. S4a to d), also exhibited some differ-
ences (Fig. 5b). We have only shown the overlap of upregulated genes (Fig. S4a), as the
data for genes downregulated under other stress conditions were either not available
or nonoverlapping. Among the 231 genes that were specific to MazF6 induction, 107
genes were upregulated and 124 genes were downregulated (Fig. 5b). To further delin-
eate the MazF6-specific effects, a higher threshold of =4 fold change. |log,(fold
change)| was used, and it was observed that genes belonging to the functional
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FIG 6 Top-response network of MazF6 overexpressed strain compared to the wild type. Nodes/genes in the network are colored based upon Mycobrowser
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represents the genes that did not show significant differential regulation.

category of stable RNAs, lipid metabolism, and cell wall and cell processes were domi-
nant (Fig. 5e and f). We further performed a network analysis to study the top-ranked
variations observed between the control and the MazF6 overexpression strain. The M.
tuberculosis protein-protein interaction network consists of 3,686 proteins (nodes) and
34,223 molecular interactions (edges). The subnetwork formed by the top-ranked
paths consisted of 582 nodes, of which 62 were DEGs that were upregulated signifi-
cantly by 2-fold (Fig. 6). The subnetwork was analyzed to identify hub nodes (nodes
having a high number of interactions [degree] with other nodes). Among these, tran-
scriptional regulators whiB3, dnaK, and sigB were amongst the highest-degree hubs.
The top response network identified 582 genes, which captures the phenotype-related
perturbations in M. tuberculosis. The hub nodes with repressed gene expression were
whiB3, fadD22, and pks3, whereas the upregulated gene identified was dnaK (Fig. 6).
Based on the RNA-seq differential gene expression data, we observed that the expres-
sion of heat shock response genes, namely, hsp (Rv0251c) and dnaK, are increased
upon overexpression of MazF6. These observations suggest that the presence of free
toxin results in metabolic shutdown and induction of stress response pathways of M.
tuberculosis (31, 58). The upregulation of the heat shock response genes indicate a pro-
teotoxic stress due to the presence of free toxin in M. tuberculosis. The overexpression
of MazF6 toxin also resulted in downregulation of whiB3, a transcriptional regulator
that regulates catabolic metabolism and polyketide biosynthesis (59). Further, other
proteins belonging to the functional category of regulatory protein, information
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pathways, or virulence, detoxification, and adaptation, such as sigB, nuoC, dnaA, and
phoP, were also identified as hub nodes in the network. These observations suggest
that overexpression of MazF6 results in transcriptional reprogramming that enables M.
tuberculosis to adapt to different stress conditions and persist in host tissues.

Mapping of MazF6-dependent cleavage sites. In order to determine the location
of MazF6-dependent cleavages in M. tuberculosis transcripts, RNA cleavage was quanti-
fied by comparing counts at each nucleotide in M. tuberculosis expressing MazF6 to
the corresponding value in the control sample. The cleavage of an mRNA will result in
lower counts at and near the site of cleavage. The regions cleaved by MazF6 were iden-
tified by computing a protection ratio (log, of read counts [+ MazF6:empty vector]) at
each position (36) (Fig. S5). It was observed that a majority of transcripts were cleaved
upon overexpression of MazF6 in M. tuberculosis (Fig. S5a and c). Individual transcripts
were examined, and there were several regions with minima in the protection ratio
plot, which suggests cleavage by MazF6 (Fig. S5b and d). Based on the annotation in-
formation from the GFF file downloaded from Mycobrowser, 84% of the genes were
above the expression threshold (>50 counts). Amongst these, 574 genes had a mini-
mum value of the protection ratio of =—1 following MazF6 overexpression, indicating
RNA cleavage (Fig. S6a). After enriching for these regions with minimum protection
ratio, the average value of the protection ratio minimum was —1.5 and the lowest
value was —6.1.

In vivo cleavage specificity of MazF6é in M. tuberculosis. To understand the effect
of MazF6 overexpression on the M. tuberculosis genome, we examined the level of dif-
ferential expression in transcripts with low protection ratios. A significant correlation
was observed between the extent of downregulation of the gene due to MazF6é over-
expression and the value of its minimum protection ratio (r = 0.79) for cleavage sites
with a minimum protection ratio of =—1 (Fig. 7a). Amongst the 78 genes with MazF6-
dependent cleavage and minimum protection ratio of =—1.5, we found that 50% of
them have log,(fold change) of =—1. The correlation between the minimum protec-
tion ratio and log,(fold change) improved further to 0.86 when a cut-off of =—1.5 was
used for the minimum protection ratio. To determine the sequence specificity of
MazF6 toxin, we selected 118 valleys in the M. tuberculosis cleavage profiles that were
filtered on the basis of a 1.5-fold increase in the protection ratio within 100 nucleotides
upstream and downstream of the minimum protection ratio. This distance from the
local minimum was identified based on the distance between the local minimum and
its neighboring local maxima (Fig. S6b). These cleavage valleys represent clear, defined
regions of MazF6-mediated cleavage. A motif search was performed in the cleavage
valleys for putative sites that have at least 25 occurrences and have the additional con-
straint of being present less than 10 bases upstream or downstream from the putative
cleavage site, identified on the basis of local minimum in the protection ratio (Fig. 7b,
Table 3). Amongst the various hits obtained for the motifs, an enrichment in the dimer
and trimer motifs was found. The results from the dimer motifs suggest an enrichment
of CG and UG motifs both upstream and downstream of the cleavage site (Table 3 and
Tables S4, S5, S9, and S10). Amongst the trimer motifs AHC (H is A/C/U), GGC and UGG
were enriched within 10 nucleotides upstream and downstream of cleavage positions
with minimum protection ratios (Table 3). In the trimer motifs, amongst AHC (H is A/C/
U), ACC shows the highest propensity for sites upstream of the cleavage site and, thus,
was considered among the top four trimer motifs (Table 3). To obtain additional infor-
mation about the consensus in the surrounding nucleotides for the di- and trimer
motifs, the tetra- and pentamer motifs were also searched (Table S4 to S13).

A major limitation is the noise in the data, due to which we were unable to identify
the exact position of the cleavage. A few of the motifs also occur within the identified
cleavage sites. An example of a MazF6 cleavage profile is shown for rrl, which encodes
23S rRNA (Fig. 7c). This region of the rrl transcript contained one UGG and two ACC
sites, which are upstream of the site with minimum protection ratio and identified as
putative cleavage sites of the MazF6 toxin. The occurrence of two UGG motifs
upstream of the cleavage site was also found in rrs, the gene encoding 16S rRNA (Fig.
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7d). There were several other transcripts that showed cleavage of the mRNA at these
putative cleavage sites (Fig. 7c to f). Further, the propensity of the top four di-, tri-, and
tetramer motifs was calculated to understand the rate of occurrence of these motifs in
the genes with cleavage sites (Table 3). The M. tuberculosis genome is rich in GC con-
tent; upon correcting for this, a higher propensity of occurrence amongst the top four
motifs was found for motifs containing U and G nucleotides. High propensity values
were found for UG, UGG, CUGG, and GUGG for motifs both upstream and downstream
from the cleavage sites. This implies that the cleavage due to MazF6 toxin has a degree
of sequence specificity, although for any given site, only a small fraction of sites in the
genome have low protection ratios.

To probe the activity of the purified toxin MazF6, an in vitro ribonuclease assay was
performed with both 16S rRNA and 23S rRNA isolated from M. tuberculosis. We
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TABLE 3 List of four highest-frequency di-, tri-, tetra-, and pentamer motifs identified at positions cleaved by MazF6

Upstream Downstream
Total no. of motifs Total no. of motifs
Propensity of motifs upstream of Propensity of motifs downstream of
Top calculated using putative cleavage Top calculated using putative cleavage
Type motifs base frequency site motifs base frequency site
Dimer CG 4.11 150 CG 3.23 142
uGg? 5.64 90 uGe 3.88 74
ce 3.40 53 AG 235 36
AA 5.27 42 GCb 2.74 36
Trimer GGC 8.79 37 GGC 3.49 33
UGG 14.21 36 UGG 4.16 26
CGC 7.32 33 ACC 3.80 22
ACC 8.53 20 ACG 3.56 16
Tetramer GGCG 24.44 19 GGCG 31.32 14
CCGC 24.44 16 CCGC 19.27 10
CUGG* 47.44 13 CUGG 30.40 9
CGGG 24.44 11 GUGG? 35.08 9

aMotifs with highest propensity value amongst their respective categories of motifs.
bMotifs where actual occurrence in cleaved transcripts is higher than MEME identification.

observed that the MazF6 toxin (1 wM) was able to cleave both 16S rRNA and 23S rRNA
completely, whereas the antitoxin MazE6 (1 wM) did not have any cleavage activity
(Fig. 79). When the toxin MazF6 was incubated with an equal molar ratio of MazE6 anti-
toxin (MazF6:MazE6, 1:1), cleavage was reduced with greater inhibition for 16S rRNA
than 23S rRNA (Fig. 79).

DISCUSSION

In M. tuberculosis, around 80 TA modules have been identified so far (60, 61). Most
TA systems in M. tuberculosis belong to the vapBC and mazEF families. It has been
shown that overexpression of some of these toxins using an inducible vector inhibits
the growth of either E. coli, M. bovis BCG, or M. smegmatis (24, 28, 30, 31). Studies have
shown that the expression of a subset of toxins is induced in M. tuberculosis upon ex-
posure to different drugs, such as streptomycin, isoniazid, and rifampicin, or stress con-
ditions (24, 30, 31, 62). These observations suggest that these toxins might be impor-
tant for survival of M. tuberculosis under these conditions.

mazEF was originally discovered on the E. coli chromosome and remains one of the
best-characterized TA modules. The E. coli MazEF complex forms a heterohexameric
(T,A,T,) structure (53). The C-terminus of each MazE monomer wraps around the interface
of the MazF homodimer to neutralize the toxin (53). E. coli MazF specifically cleaves RNA at
ACA sequences in single-stranded RNA. The current study involves characterization of the
MazEF6 TA system of M. tuberculosis. As expected, thermal unfolding experiments showed
that the complexes have higher stability than the individual proteins. The free toxin MazF6
and the antitoxin MazE6 are dimeric in solution. The copurified MazEF6 complexes have a
hetero-octameric structure with two dimers of toxin interacting with two dimers of anti-
toxin (T,A,), unlike MazEF homologues from other organisms (44, 46, 53, 54) but similar to
the VapBC TA complexes from M. tuberculosis (63-66). Although the overall sequence simi-
larity among these MazF toxins is relatively poor, the overall structural fold is highly con-
served. Structures of MazEF complexes solved from M. tuberculosis, E. coli, or B. subtilis
reveal that it forms a heterohexameric complex. In the present study, we observed that
altering the ratio of MazF6 to MazE6 resulted in various oligomeric forms of the complexes.
We have recently employed Asp and Arg scanning mutagenesis to probe the structure of
the M. tuberculosis MazEF6 complex (47). In contrast to the other MazEF6 structures, where
the C-terminal region is primarily involved in antitoxin binding, we found that residues 31
to 66 in the middle of the antitoxin contribute significantly to toxin binding (47). This
points to an altered complex structure relative to other MazEF complexes. The affinity of
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interaction between cognate toxin and antitoxin was also estimated for the studied
MazEF6 system using YSD and MST. The dissociation constant (K,,) for this interaction was
found to be in the picomolar range. The physiological relevance of the different oligomers
was further tested by their ability to bind to promoter-operator DNA. It was observed that
an increase in the toxin:antitoxin ratio lowered the affinity of the complex toward the pro-
moter DNA, indicating the role of stoichiometry of toxin:antitoxin in regulation of the
operon.

We had previously shown that the overexpression of putative MazF homologs (MazF3,
MazF6, and MazF9) is bacteriostatic in M. bovis BCG and M. tuberculosis (31). In another
study, it was shown that overexpression of M. tuberculosis MazF6 inhibits the growth of E.
coli in a bactericidal manner (31, 62, 67). The discrepancy in results could be attributed to
(i) different levels of expression obtained from either isopropyl-3-p-thiogalactopyranoside
(IPTG)-inducible or anhydrotetracycline-based expression vectors, (ii) presence of endoge-
nous antitoxin in M. bovis BCG, or (iii) different cellular targets in E. coli and mycobacteria.
In the present study, analysis of the transcriptional response to the overexpression of
MazF6 in M. tuberculosis resulted in differential gene expression of 323 transcripts that was
associated with increased transcript levels of regulatory proteins and other non-cognate
toxins. It was also found that toxin overexpression led to the upregulation of transcripts
involved in cell wall and cell processes, such as mpt70 and mpt83. mpt70 is soluble secreted
antigen, while mpt83 is an exported lipoprotein associated with the bacterial surface (68).
Previous studies have shown that although mpt83 and mpt70 are expressed at low levels
in vitro, they are highly immunogenic during infection of mice (68). Further, mpt70 was
shown be upregulated in response to gamma interferon (IFN-)) or nutrient/oxygen depri-
vation of in vitro-infected macrophages (69). Several other lipoprotein genes, such as Ipgs,
IpgD, and IppP, that have been previously reported to be associated with adaptive
responses to different growth conditions and have been linked to M. tuberculosis virulence,
also show an increase in their expression levels due to toxin overexpression (70, 71). The
genes involved in intermediary metabolism and respiration have also been induced, such
as trxB1, cyp144, cysK2, cysA2, and cysA3. Previous studies have shown the expression of
major antioxidant genes, including thioredoxins (trxB1, trxB2, and trxC), was increased
under acidic conditions (72). The cysK2 gene is overexpressed in various dormancy models
under conditions such as oxidative stress and hypoxia (73). The sulfate transporters in M.
tuberculosis such as cysA2 and cysA3 also have been found to be upregulated in dormancy
(74). Interestingly, there is upregulation of non-cognate antitoxins such as mazE3, vapB17,
vapB31, vapB42, and parE2 due to MazF6 overexpression. This suggests that transcriptional
responses due to toxin overexpression have similarities with the ones observed in dor-
mancy and other stress conditions, although there are also distinct differences (Fig. 5b).

We hypothesize that overexpression of MazF6 in M. tuberculosis results in shutdown of
metabolism due to growth inhibition (31). To adapt to this metabolic shutdown, the expres-
sion of various stress-responsive genes is induced, explaining the similarities with bacteria
exposed to different stress conditions, such as nutritional stress or low-oxygen stress (66, 75,
76). Additionally, there were a significant number of genes whose RNA levels were specifi-
cally altered (=4 |log,(fold change)|) upon MazF6 toxin induction, which belonged to func-
tional categories of stable RNAs, lipid metabolism, and cell wall and cell processes. This is
contrary to a recent study that showed that transcriptional upregulation of TA systems is
not correlated with toxin release or activity (77). In agreement, the profiles obtained from
the M. tuberculosis VapC21 overexpression strain were also similar to M. tuberculosis exposed
to different stress conditions, such as nutritional or low-oxygen stress (34). The changes in
expression profiles upon overexpression of MazF6 could be attributed to increased expres-
sion of transcriptional regulators such as sigB, sigC, sigD, sigE, virS, and csoR and hypothetical
proteins in MazF6 overexpression strains. In concordance with previous studies, we have
observed that upregulation of sigB and virS transcriptional regulators is associated with up-
regulation of genes involved in lipid metabolism (kasA); cell wall and cell processes (wag31,
mmpS3, Rv0559c, IpgS, and ctpG); PE/PPE (Rv3514, Rv3508, and Rv2490c); intermediary me-
tabolism and respiration (aroG, argC, Rv2672, and pdc); and regulatory proteins (c/gR) and
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virulence, detoxification, and adaptation (hsp, dnak, and ahpC) (78-80). A similar trend was
observed for csoR, which caused the upregulation of genes such as cysk2, mprA, and argR,
which were previously shown to be downregulated under csoR deletion (81).

Amongst the top response network hubs, whiB3 was identified in the MazF6 overex-
pression strain. whiB3 is a redox-sensitive transcriptional regulator that regulates the
expression of several genes encoding polyketide synthases, such as pks2 and pks3 (59,
82). In agreement, pks3 is also identified as a hub node in the top-response network,
showing the interaction with whiB3 in the network. Similar to pks3, another gene
involved in lipid metabolism, fadD22, was also identified as a hub node. Among the
other hub nodes in the top-response network, genes involved in virulence, detoxifica-
tion, adaptation, and lipid metabolism were also differentially expressed upon overex-
pression of MazF6 toxin.

We also applied a paired-end RNA sequencing-based method for mapping and
quantifying the cleavage of endoribonucleases to map cleavage sites that result from
the overexpression of MazF6 by calculation of the mRNA protection ratio (36). Apart
from the 16S and 23S rRNA genes, which showed low protection ratios, there were sev-
eral other genes belonging to polyketide synthases, such as pks1, pks2, and pk3, genes
involved in lipid metabolism such as fadD9, which also showed significantly lower pro-
tection ratio. In contrast, the genes that were upregulated under stress conditions,
such as mpt70, mpt83, trxB1, IpgD, IpgS, cyp144, and cysK2, show a high protection ratio
with MazF6 toxin overexpression. Similarly, higher protection ratios were also observed
for sig family, virS, and csoR transcriptional regulators.

The analysis revealed several motifs in the M. tuberculosis mRNA and rRNA that may
be putative recognition sites for MazF6 cleavage (Table 3; see also Tables S4 to S13 in
the supplemental material). Since the M. tuberculosis genome is GC rich, we normalized
our data accordingly and the top motifs were identified. The highest propensity values
for trimer and tetramer are UGG and CUGG, respectively, located upstream of the puta-
tive cleavage site. These sites differ from those identified earlier using primer extension
and MORE-seq approaches for MazF6 (40, 42). This might be attributed to the use of
different strategies and host strain used in these studies. Using a combination of phage
MS2 RNA and CspA, an RNA chaperone, it has been shown that MazF6 cleaves RNA at
UU|CCU or CU|CCU (40). Further, in a recent RNA sequencing study, MORE-seq
revealed that the MazF6 toxin also cleaves RNA at U|CCUU and identified a cleavage
site in 23S rRNA within the helix/loop 70 and in 16S rRNA at the anti-Shine Dalgarno
sequence (42). In our study, we have performed experiments in M. tuberculosis to
determine the cleavage site. It is possible that we may have identified a few secondary
cleavage sites due to the presence of endogenous RNase or increased expression of
other toxins, such as VapC18, in our experiments (67).

Cleavages at loci identified earlier to be cleaved by MazF6 toxin (Rv1545 and Rv1685c)
as well as those that were resistant to cleavage (Rv0490 and Rv0685) were not consistent
with our results (42) (Fig. S7). This is because either no local minima at these loci were iden-
tified during the present protection ratio array search or, even if they were identified, the
protection ratio was not more negative than — 1.5, which was used as a cut-off in our anal-
ysis. Therefore, these loci were filtered out from downstream analysis (Table S14). In addi-
tion, the above-described study identified U|CCUU as the cleavage site, in contrast to the
present study. We identified multiple positions for cleavage based on the local minimum
values. A possible reason for the discrepancy between the two sets of results could be
because in the previous study, MazF6 overexpression was carried out in E. coli and a 50-
fold enrichment (+MazF6 cells/-MazF6 cells) in the 5" end of the putative targets was used
as a cut-off to identify the cleavage site. In contrast, in the present study, overexpression
was carried out in the native context in M. tuberculosis and the MazF6 cleavage sites were
identified by computing a protection ratio (log, of read counts [+ MazF6:empty vector]) at
each position (36). We also partially validated our cleavage results by in vitro ribonuclease
activity of purified MazF6 toxin with 16S rRNA and 23S rRNA isolated from M. tuberculosis.
The major difficulties with accurate identification of cleavage sites from the protection ratio
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are the noise in the data and possible exonuclease degradation following the initial cleav-
age; these can be partially overcome by averaging over a large number of putative sites, as
we have attempted to do in the present study. Thus, further work is required to confirm
which of these motifs are likely to be the correct motifs that occur at the site of cleavage.
Both in the present as well as earlier studies, only a small fraction of sites containing the
cleavage motif(s) actually appear to be cleaved in vivo. This suggests that other features,
such as RNA secondary and tertiary structure, are likely to be important modulators of
MazF6-mediated cleavage in vivo.

MATERIALS AND METHODS

Plasmids and host strains. The mazE6 and mazF6 genes were cloned individually under the control
of the T7 promoter in the pET-Duet-1 vector for purification of the MazEF6 complex. For expression of
MazF6 and MazE6, genes were individually cloned under the control of the T7 promoter in pET-15b vec-
tor. E. coli host strain GBO5-dir was used for in vivo recombination of the pET-15b vector backbone with
the maz genes. GBO5-dir harbors an arabinose-inducible recombination machinery (83). E. coli host strain
BL21-(ADE3) pLysE was used for expressing the proteins. The primer sequences used for cloning are
reported in Table S1 in the supplemental material.

Protein expression and purification. The toxin, antitoxin, and complex were purified as described pre-
viously (34). Briefly, cultures were grown in TB medium and induced with 1.0 mM IPTG at an optical density
at 600 nm (ODy,,) of 0.6 for 5 h at 37°C for MazE6/MazF6 (His), complex expression, for 16 h at 20°C for
(His);MazE6(FLAG), expression, and 7 h at 20°C for (His);MazF6(FLAG), expression. Cells were harvested by
centrifugation (1,800 x g, 20 min, 4°C). The pellet was resuspended in lysis buffer, pH 8.0 (10 mM HEPES,
100 mM NacCl, 100 mM t-arginine, 10% glycerol containing protease inhibitor tablet [Roche]) and sonicated,
followed by centrifugation at 25,000 x g, 30 min, 4°C. The cell lysate was incubated with 2 mL Ni-NTA
Sepharose 6 Fast Flow (GE Healthcare) for 4 h at 4°C. The unbound fraction was removed, and the resin was
washed with 25 column volumes of wash buffer (10 mM HEPES, 100 mM NacCl, 100 mM t-arginine, 50 mM im-
idazole, 10% glycerol, pH 8.0). The complex was then eluted with 1 mL of elution buffer (10 mM HEPES,
100 mM NaCl, 100 mM L-arginine, 10% glycerol, and a gradient of imidazole [100 mM to 900 mM], pH 8.0).
The eluted fractions were subjected to 15% Tricine SDS-PAGE, and the protein concentration was determined
by absorbance measurements. All of the proteins were stored in storage buffer (10 mM HEPES, 100 mM Nacl,
100 mM t-arginine, 500 mM imidazole, 10% glycerol, pH 8.0, with additional cOmplete protease inhibitor
cocktail [Roche] added for antitoxins) at —80°C after concentration.

The final concentration of MazEF6 [MazE6:MazF6(His),] complex was 2 mg/ml, and the corre-
sponding yield was 2 mg/liter. The concentrations of purified MazE6 [(His);MazE6(FLAG),] and
MazF6 [(His);MazF6(FLAG),;] were 1 mg/mL and 0.1 mg/mL, and their corresponding yields were
2 mg/liter and 0.3 mg/liter, respectively. The subsequent studies were performed using the tagged
version of the proteins as described above.

NanoDSF studies. Thermal unfolding of both purified and in vitro-assembled MazEF6 complex,
MazE6 antitoxin, and MazF6 toxin were performed using nanoDSF (Prometheus NT.48). The sample was
filled into capillaries by capillary force action and then placed into the instrument as described previ-
ously (84, 85). All the thermal unfolding experiments were carried out with 10 uM of each protein.
Briefly, the samples were excited at 280 nm and emission was detected at 330 nm and 350 nm to derive
the F350/F330 ratio for data analysis, with a bandwidth of measurement set at 5 nm. The first derivative
of the ratio (F = d?) is normalized using equation 1:

Normalized fluorescence (F}\,) = Y Vmin n
Ymax — Ymin

where y is the first derivative of the observed fluorescence (F350/F330 ratio), y,.;, is value of the first de-
rivative minimum, and y, .. is the value of the first derivative maximum. F350/F330 ratio was used to
monitor protein unfolding. At the midpoint (T,,) of the thermal unfolding transition, the fraction
unfolded was 0.5 and the first derivative of F350/F330 will be either at a maximum or a minimum
depending on whether F350/F330 is increasing or decreasing with temperature. This in turn will depend
on the environment of the tryptophan residues in the folded and unfolded states.

SEC-MALS. MazEF6 complexes and MazE6 and MazF6 proteins were analyzed on a Superdex-200 an-
alytical gel filtration column (GE Healthcare) equilibrated in elution buffer (10 mM HEPES, 100 mM NaCl,
100 mM t-arginine, 500 mM imidazole, pH 8.0) with in-line UV (Shimadzu), MALS (mini DAWN TREOS;
Wyatt Technology orp), and refractive index detectors (WATERS 24614) for molecular weight analysis.
For each run, 100 ug of each protein was injected. UV, MALS, and Rl data were collected and analyzed
using ASTRA software (Wyatt Technology).

Binding studies of MazE6 with MazF6 using yeast surface display coupled to flow cytometry.
The affinity of MazE6 and MazF6 was measured using YSD. The proteins (either full-length MazF6 or
MazE6) were expressed on the yeast cell surface, and the level of expression was measured using anti-
hemagglutinin (HA) antibody and goat anti-chicken antibody conjugated to Alexa fluor 488 against the
yeast cell surface displayed protein as explained earlier (86, 87). Binding was measured by incubating
the yeast cells expressing either full-length MazE6 or MazF6 with different concentrations of its cognate
partner (0.5 pM to 1 uM) having a 3x FLAG tag. The bound protein amount was detected by the anti-
FLAG antibody (1:300 dilution) and rabbit anti-mouse conjugated to Alexa fluor 633 secondary antibody
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(1:1,600 dilution). In all binding studies, the dimeric concentration of proteins was used. The binding
was measured on a BD Aria Il FACS machine, and binding mean fluorescence intensity (MFI) was fitted
against the concentration of added ligand to estimate the dissociation constant, K, using the equation
Y = B« X X/(K, + X), where Y is the MFI of binding at each protein concentration, X, in nanomolars
(NM), B,.,.« is the maximum MFI of binding, and K, is the equilibrium dissociation constant, in nM.

Binding studies of toxin to full-length antitoxin and C-terminal antitoxin peptide by MST. The
toxin MazF6 was buffer exchanged in 10 mM HEPES, pH 8.4, and labeled using the Monolith protein
labeling kit RED-NHS (NanoTemper Technologies) according to the manufacturer’s instructions. Labeled
MazF6 was used as target at a dimeric concentration of 2 nM and titrated with different concentrations
of unlabeled full-length and C-terminal (residues 48 to 82) antitoxin peptide MazE6, ranging from 15 pM
to 0.5 uM. The measurement was done at LED/excitation power setting 40 to 60% and two MST power
settings, medium and high. Data were analyzed using MO Affinity Analysis software (version 2.2.5;
NanoTemper Technologies) at different standard MST-off times (88-90).

Binding studies of MazE6 alone or different ratios of in vitro-assembled MazEF6, with its
cognate promoter-operator DNA, by MST. The antitoxin MazE6 was buffer exchanged in 10 mM
HEPES, pH 8.4, and labeled using the Monolith protein labeling kit RED-NHS (NanoTemper Technologies)
according to the manufacturer’s instructions. Labeled MazE6 was used as a target at a dimeric concen-
tration of 200 nM and titrated with different concentrations of unlabeled promoter-operator DNA from
10 nM to 25 uM. Two lengths of promoter-operator DNA, 100 bp (PO-4) and 50 bp (PO-5) upstream
from the start of the mazEF operon, were used for binding studies. The labeled antitoxin at a dimeric
concentration of 200 nM was incubated with different concentrations of unlabeled toxin MazF6 (50, 100,
200, 400, and 800 nM) to form different stoichiometries of MazEF6 complexes (MazE6:MazF6, 4:1, 2:1,
1:1, 1:2, and 1:4). Subsequently, the relative binding of the in vitro-assembled complexes with both PO-4
and PO-5 DNA was determined. The measurement was done at LED/excitation power setting 20 to 40%
and two MST power settings, medium and high. Data were analyzed using MO Affinity Analysis software
(version 2.2.5; NanoTemper Technologies) at different standard MST-off times (88-90).

RNA sequencing experiments. The gene encoding mazF6 was PCR amplified using gene-specific pri-
mers and cloned into an anhydrotetracycline (Atc) inducible vector, pTetR-int (30). The recombinant plasmid
pTetR-int-mazF6 was electroporated into M. tuberculosis H37Rv, and transformants were selected on 7H11
plates supplemented with kanamycin. The expression of mazFé was induced by the addition of Atc at an
ODy,, of ~0.2 for 18 h. Total RNA was isolated from M. tuberculosis harboring either pTetR-int or pTetR-int-
mazF6 using Qiagen RNAeasy columns as previously described (91). The isolated RNA was submitted to
Agrigenome Pvt. Ltd. for RNA-seq analysis as previously described (30, 34). The quality of raw data obtained
from the control and overexpression strain was assessed using FastQC v0.11.8 (92). The adaptor sequences
were removed from QC-passed reads using Trim Galore v0.6.4, and the cleaned reads were subjected to fur-
ther analysis (93). The reference M. tuberculosis H37Rv genome was downloaded from the ENSEMBL data-
base. Reads were indexed using Bowtie2, and the trimmed paired-end reads were aligned to the reference
genome with TopHat v2.1.1 using default parameter settings (94, 95). The resulting mapped files in SAM for-
mat were converted to BAM format using SAMtools v1.9 c. The transcripts were assembled using Cufflinks
v2.2.1 and were further merged into a cohesive set using Cuffmerge. The differentially expressed transcripts
were identified using Cuffdiff (96). This provided an average expression value for an individual gene in the
form of fragment per kilobase of transcript per million mapped reads (FPKM) as the output. The ratio of
FKPM values was calculated for each transcript relative to the vector control to obtain the fold change values.
The Cuffdiff output of gene counts was subsequently analyzed for differential gene expression using the
CummeRbund (R-package) software. The volcano plots for the identified transcripts were plotted using the
basic plot function in R software.

qPCR analysis. For gqPCR analysis, total mRNA was isolated from M. tuberculosis harboring either pTetR-
int or pTetR-int-mazF6. Approximately 1 ug of the mRNA was subjected to DNase | treatment followed by
cDNA synthesis using Superscript lll reverse transcriptase. The synthesized cDNA was subsequently used as a
template for qPCR using gene-specific primers and SYBR green mix. The obtained data were normalized to
the transcript levels obtained for the housekeeping gene sigA as described previously (91).

Network analysis. A previously reported global protein-protein interaction network for M. tuberculo-
sis (MtbPPIN) was used as a base network to generate a condition-specific network (97). This MtbPPIN is
a complex directed graph of the genome-wide interconnections between proteins in an organism. In
this graph/network, protein-coding genes are represented as nodes, and interactions between the
nodes are represented as edges that are assigned directions based on evidence from the literature or
databases such as KEGG or STRING (98, 99). A condition-specific PPl network was generated by integrat-
ing gene expression data onto the base MtbPPIN in the form of weights to the nodes and edges of the
network. The node weight for gene i (NW,) was the absolute log,(fold change), calculated using equation
2 as described previously (100):

NW; = |T; = i (2)
Here, T, and C, are the gene expression of gene i in the test condition and control condition, respec-
tively. Edge weights (EW,)) between the interacting nodes j and j were then calculated using the follow-

ing (equations 3 and 4):

EW;; = NW; x NW; 3
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EW}; = (EWpmax + EWpnin) — EWj (4)
Here, NW; and NW; are the node weights of the edge-forming interacting nodes, EW,,, and EW,
are the maximum and minimum edge weights of the entire network, respectively, and EW; is the
inversed edge weight. To identify perturbations in a given condition (compared to its control), a sensi-
tive network mining algorithm was used that (i) computes all-to-all shortest paths in the weighted net-
work using Djikstra’s algorithm (implemented in the Zen library), (ii) computes path scores by taking the
summation of all edge scores in that path, and (iii) normalizes and ranks them to identify the most per-
turbed paths and constitutes the top-response network (101). A stringent threshold (top-ranked 0.013
percentile of all paths, to capture top ~500 genes from the network) was used to identify the highest
perturbations. The generated response networks were visualized using Cytoscape 3.7.1 (34, 102).
RNA-seq data analysis for per-base coverage. The mapped alignment files for the control and
MazF6-overexpressed condition were used to calculate the per-base coverage using SAMtools depth
(103). The depth was calculated individually for all the replicates under both control and overexpressed
conditions. The depth was then normalized within the replicates of control and overexpressed condi-
tions by dividing the counts at each nucleotide position by the total counts of that replicate and multi-
plying them by a scaling factor (equation 5). In this case, the scaling factor used was M. tuberculosis ge-
nome size.

min

count;

E count;
where i is the replicate number.
The experiment for the control and MazF6 overexpressed condition was performed in triplicates, so
the normalized count averages across the replicates were performed at each position individually for

both conditions (equation 6).
E normalized ount,

number of replicates

Normalizedcouny, = x 4.4 x 10° (5)

Normalizedcoumw =

(6)

The normalized count averages for both control and overexpressed conditions were further used to
calculate the protection ratio. The ratio at each nucleotide position was calculated as the log, trans-
formed toxin overexpression (OE) missing control ratio (equation 7).

)

. . normalizedcount,,, (OE)
Protection ratio = log, =

normalizedcount,,, (control)

Since most analyses with the protection ratio involved taking the minimum protection ratio in a
gene, it is important that the genes have sufficient counts in the control strain for accurate calculation.
The control counts at each nucleotide were added for individual transcripts and further normalized with
respect to the transcript length (t,e,,g,,,) (equation 8).

E tcounts

Normalized;, =
tlenglh

(8)

where t represents the individual transcript in the control and i represents the replicate number. These
normalized counts for each transcript were then averaged across the replicates (equation 9).

E normalized;,

Normalized,,, = e S— 9)

To ensure that all cleaved regions were transcribed and of high quality, any transcript that was
below the cut-off of 50 counts in the control strain was removed. Based on the gene names, their posi-
tions, and gene ontology categories extracted from Mycobrowser, 3,505 transcripts passed the filter of a
minimum of 50 counts in the control strain.

Identification of MazF6 cleavage sites and cleavage motifs in M. tuberculosis. To identify the
regions cleaved following MazF6 overexpression, Gaussian smoothing of the protection ratio array was con-
ducted using the smoothed data function in Matlab R2019b. The Gaussian filter method was used in this
function with a smoothing factor of 0.2. Further, this smoothed protection ratio data was searched for local
minima. Only those positions with local minimum value of protection ratio of =—1.5 were considered for
subsequent analyses. The method used for the identification of cleavage sites was implemented as described
previously, with a few modifications as described below (36). The respective positions for local minima were
searched for true minima in the array of the unsmoothed protection ratio. To ensure that the cleavage sites
surrounding these local minima were well defined, the upstream and downstream regions within 100 nucle-
otides were examined. The first position on each side of a local minimum that had a protection ratio >0.5
larger than the protection ratio at the local minimum was identified. The region between these boundaries
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was defined as the cleaved region. Stretches containing local minima that failed to meet the above-described
criteria were removed from the subsequent analyses.

On the basis of the depth between the local maxima and local minima from the smoothed data, the

difference between the local minimum and the neighboring local maximum was calculated. Based on
the distribution of these differences, the initial minimum search distance from the local minima was cho-
sen to be 100 nucleotides for motif identification. The sequences matching the above criteria were sub-
mitted to MEME (104) for identification of motifs and generation of position weight matrix and sequence
logo. Prior to submission to MEME, either the positive- or negative-strand sequence was chosen based
on the corresponding gene annotation of orientation in the M. tuberculosis genome. The cleaved regions
were analyzed for enrichment in di-, tri-, tetra-, and pentamer sequences. For each MEME search, the
number of motifs searched was 20 and the minimum number of sites that should contain the motif was
set to 25. The option used to describe the distribution of motif sites was any number of repetitions (anr).
Selective differential enrichment function was the objective function in MEME. Only those motifs that
occurred fewer than 10 nucleotides upstream or downstream of the putative cleavage site identified on
the basis of the criteria described above were finally selected. For searching the top four motifs with
maximum number of cleavage sites, the number of conserved bases per position was =2 nucleotides

for dimer and trimer motifs and =3 nucleotides for tetramer and pentamer motifs.
Calculation of propensity of motif sequences in the cleaved transcripts. The occurrence of a

given motif was obtained in the transcripts with cleavage sites identified as described above using cus-
tom scripts. Only sequences with 10 nucleotides upstream and downstream of the cleavage site with
log,(protection ratio) of =—1.5 were considered for motif identification. The total of all occurrences of
the most frequent motifs (identified using MEME) was calculated in transcripts with cleavage sites. The
fraction of occurrences of a given motif sequence in the set of transcripts with cleavage sites was calcu-

lated (Fraction
culosis genome (Fraction

genome)

ceaved)- FUrther, the fraction of occurrences of a given motif was calculated in the M. tuber-
. This was approximated as a product of fractions of individual bases at

each position based on the GC content in M. tuberculosis genome (65.6%). Thus, the propensity of occur-
rence of a given motif (Propensity,,..;) is calculated using equation 10.

. " Fractiongeaved
TOPensity o = 7 ——
motif Fractlongenome

(10)

In vitro ribonuclease assay with purified toxin MazF6, antitoxin MazE6, and in vitro-assembled

MazEF6 complexes. To further assay the activity of the toxin MazF6, 165 rRNA and 23S rRNA was iso-
lated from M. tuberculosis (ODy,, of ~1.0); 500 ng of gel-purified RNA was then incubated with purified
MazF6 toxin and MazE6 antitoxin and in vitro-assembled MazEF6 complex (MazF6:MazE6, 1:1) at final
concentrations of 1, 2, and 4 uM.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.7 MB.
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