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(Background: Mycobacteria harbor a vast array of toxin-antitoxin modules, but their roles remain largely unknown.
Results: Deletion of all TA modules in Mycobacterium smegmatis caused a survival defect and alterations in amino acid

Conclusion: We demonstrate an essential role for TA modules in mycobacterial metabolism and survival.
Significance: These results may explain the basis for 88 TA modules in M. tuberculosis where metabolism must be tightly
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The role of chromosomal toxin-antitoxin (TA) modules in
bacterial physiology remains enigmatic despite their abun-
dance in the genomes of many bacteria. Mycobacterium smeg-
matis contains three putative TA systems, VapBC, MazEF,
and Phd/Doc, and previous work from our group has shown
VapBC to be a bona fide TA system. In this study, we show
that MazEF and Phd/Doc are also TA systems that are consti-
tutively expressed, transcribed as leaderless transcripts, and
subject to autoregulation, and expression of the toxin com-
ponent leads to growth inhibition that can be rescued by the
cognate antitoxin. No phenotype was identified for deletions
of the individual TA systems, but a triple deletion strain
(AvapBC, mazEF, phd/doc), designated ATA'P'°, exhibited a
survival defect in complex growth medium demonstrating an
essential role for these TA modules in mycobacterial survival.
Transcriptomic analysis revealed no significant differences
in gene expression between wild type and the ATAUiPle
mutant under these conditions suggesting that the growth
defect was not at a transcriptional level. Metabolomic analy-
sis demonstrated that in response to starvation in complex
medium, both the wild type and AT A*'P'® mutant consumed a
wide range of amino acids from the external milieu. Analysis
of intracellular metabolites revealed a significant difference
in the levels of branched-chain amino acids between the wild
type and ATA"P'® mutant, which are proposed to play essen-
tial roles in monitoring the nutritional supply and physiolog-
ical state of the cell and linking catabolic with anabolic reac-
tions. Disruption of this balance in the ATA""P!'* mutant may
explain the survival defect in complex growth medium.
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Toxin-antitoxin (TA)?® systems were first discovered as plas-
mid stability systems that rely on the constant production of the
labile antitoxin to prevent the release of active toxin from the
benign protein complex that is normally found in the cell (1, 2).
Active toxin may cause cell death to prevent loss of the plasmid
within the population, or it may inhibit cell growth to allow the
levels of the plasmid to return to normal. TA systems have also
been found in bacterial chromosomes, and at present there has
been considerable debate about the role of these systems in cell
physiology with several hypotheses being presented (3). There
are three types of TA systems, and they differ primarily in the
interactions between the toxin and the antitoxin to form the
benign complex. In type I TA systems, such as the Hok/Sok
system of plasmid R1, the antitoxin is a small RNA that inhibits
the mRNA of the toxin. The complex in type II systems is com-
posed of two proteins, and the toxic protein of the type III
system is inhibited by the antitoxic RNA (4).

Nine families of toxins have been characterized for the type I
TA systems (5, 6). Of these, the mazEF, relBE, and vapBC fam-
ilies have been studied in detail. All three of these toxins cleave
mRNA; RelE requires the ribosome for RNA cleavage, whereas
MazF, HigB, and VapC do not (7-10). The CcdB and ParE tox-
ins inhibit chromosome replication through DNA gyrase (11—
13); the Doc toxin inhibits the 30 S subunit of the ribosome (14),
and HipA phosphorylates the translation factor EF-Tu (15).
Even though the toxins target important components of the
cell, the role of chromosomally encoded TA systems has been
difficult to determine as the phenotypes appear to be pleiotro-
pic. A five TA deletion strain has been created in Escherichia
coli where the mazEF, relBE, yefM-yoeB, chpB, and dinJ-yafQ
TA systems have been deleted (16). No phenotypic difference
was found in response to stress and recovery responses. How-
ever, when Kim et al. (17) investigated the role of TA systems in

3 The abbreviations used are: TA, toxin-antitoxin; HdB, Hartmans de Bont
medium; MU, Miller units; qPCR, quantitative real time PCR; TPP ", methyl-
triphenylphosphonium iodide; TSS, transcriptional start site; ADC, albu-
min/glucose/catalase enrichment; F, forward; R, reverse; Tc, tetracycline;
TSS, transcriptional start site; RACE, rapid amplification of cDNA ends; Doc,
death-on-curing protein.
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biofilms, they found that this five TA deletion strain had
reduced initial biofilm formation and reduced biofilm dispersal.
Each of the five TA systems was found to play a different role in
the process of forming biofilms, with MazF appearing to be the
main effector in the network (18).

Several studies have been performed to identify TA systems
in the chromosomes of sequenced bacteria and archaea (19, 20).
These findings suggest a large amount of diversity in the num-
ber of TA systems in each genome. One group that is of interest
is the genus Mycobacterium. The number of TA systems in the
genome of Mycobacterium tuberculosis has been greatly
expanded with 88 putative TA systems present (19, 21). In con-
trast, the chromosome of Mycobacterium leprae contains
only toxin pseudogenes, whereas Mycobacterium smegmatis
contains only three TA systems (19, 22). The greatest number
of TA modules in M. tuberculosis belongs to VapBC with 47 in
total. The vapBC family of TA systems consists of the antitoxin
VapB and the toxin VapC, which is proposed to be an RNase.
This family has recently been reviewed (23). There are exam-
ples where VapBC systems have been shown to play arole in the
adaptation of the bacteria to an environmental niche (e.g. epi-
thelial cells and root nodules) (24).

To provide a molecular model for understanding the role of
TA systems in mycobacteria, we have characterized all three
TA systems in M. smegmatis at a molecular level. We show that
all three TA systems are bona fide T A modules, and deleting all
three (vapBC-mazEF-phd/doc) in M. smegmatis leads to a sur-
vival defect in complex growth medium.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—All strains and
plasmids used in this study are listed in Table 1. E. coli strains
were grown in Luria-Bertani (LB) medium at 37 °C with agita-
tion (200 rpm). M. smegmatis strain mc®155 and derived strains
were routinely grown at 37 °C, 200 rpm in LB containing 0.05%
(w/v) Tween 80 (LBT), in Middlebrook 7H9 medium (Difco)
supplemented with 10% albumin/glucose/catalase enrichment
(ADC; BD Biosciences) and 0.05% (w/v) Tween 80, or in mod-
ified Hartmans de Bont medium (HdB) (25). The composition
of this medium per liter was as follows: 10 ml of trace metals,
27.4 mM glycerol, 15 mm ammonium sulfate, 21 mm Na,HPO,,
and 11 mm KH,PO, and 0.05% Tween 80. For nutrient lim-
itation studies, glycerol was reduced to 11 mwm for carbon
limitation, ammonium sulfate reduced 100-fold for nitrogen
limitation, and Na,HPO, and K,HPO, reduced 100-fold for
phosphate limitation. During phosphate limitation, the buffer-
ing capacity of the medium was increased by the addition of 50
mM MOPS.

M. smegmatis transformants were grown at 28 °C for propa-
gation of temperature-sensitive vectors and at 40 °C for allelic
exchange mutagenesis. Selective media contained kanamycin
(50 wg ml~* for E. coli; 20 g ml ™! for M. smegmatis), gentam-
icin (20 wg ml~" for E. coli; 5 ug ml ™" for M. smegmatis), hygro-
mycin B (200 ug ml~* for E. coli; 50 pg ml~* for M. smegmatis),
spectinomycin (50 pg ml~" for E. coli), streptomycin (50 pg
ml ™! for E. coli, 20 ug ml~* for M. smegmatis), and ampicillin
(100 pg ml ™" for E. coli). Solid media contained 1.5% agar.
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Growth curves were performed in triplicate in LBT and HdB.
Bacterial cell viability was monitored by cell counts based on
cfuml ™! where serial dilutions of bacterial cell culture in phos-
phate-buffered saline with 0.05% (w/v) Tween 80 (PBS-T) were
spread onto LBT agar plates supplemented with appropriate
antibiotics. For adaptation to hypoxia experiments, 100-ml
serum vials were used, containing 30 ml of LBT or HdB. For
iron limitation the iron chelator, ethylenediamine-N,N’-bis(2-
hydroxyphenylacetic acid), was added to media at a final con-
centration of 10 um, and to supplement the media with extra
iron, iron sulfate was added to a final concentration of 100 um.
External pH of cultures was measured using pH indicator strips
(4.0-7.0 or 7.5-14.0; Merck). Absorbance was measured at 600
nm (Agy,) using culture samples diluted in saline to bring A,
to below 0.5 when measuring in cuvettes of 1-cm light path
length in a Jenway 6300 spectrophotometer.

DNA Manipulation and Cloning of Constructs—Genomic
DNA from M. smegmatis was isolated using the cetyltrimethyl-
ammonium bromide method (26). Restriction or DNA-modi-
fying enzymes and other molecular biology reagents were
obtained from Roche Diagnostics or New England Biolabs. All
primers used in this study are shown in supplemental Table S1.
The tetracycline-inducible expression construct for mazF was
made by amplifying the gene using primers mazFpSE100 F and
mazFpSE100 R. This product was ligated into the BamHI/PstI
sites of pSE100 (27) (Addgene plasmid 17972), creating plasmid
pRF202. This was also done for the mazEF operon using prim-
ers mazEFpSE100 F and mazFpSE100 R, and this created plas-
mid pRF203. Plasmids pRF202 and pRF203 were electropo-
rated into mc155 with pMCls (28), which integrates into the
attB site. The primers docpMind F and docpMind R were used
to amplify the doc gene, and this product was ligated into the
BamHI/Spel sites of pMind (29), creating pRF200. The phd/doc
operon was amplified using primers phd/docpMind F and
docpMind R. This product was also ligated into the BamHI/
Spel sites of pMind, creating pRF201.

To create a construct for the deletion of MSMEG_4447 and
MSMEG_4448 (mazEF), PCR products of ~850 bp flanking the
mazEF genes of M. smegmatis were amplified using the primer
mazEFKOLF F with primer mazEFKOLF R (left flank) and
primer mazEFKORF F with primer mazEFKO RF R (right
flank). Primer mazEFKOLF R and primer mazEFKORF F con-
tain 7-bp overlapping regions. The left flank and right flank
PCR products were used in a second PCR with primer
mazEFKOLF F and primer mazEFKOREF R to generate an over-
lapping PCR product of the mazEF flanking regions with 88% of
the genes deleted. This PCR product was digested with Spel and
ligated into the Spel site of the pBluescript II KS plasmid. The
insert was then subcloned into pX33 (30) generating the
pRF220 plasmid. Allelic replacement was carried out essentially
as described previously (31, 32); it was achieved by growing a
culture of M. smegmatis carrying pRF220 in Middlebrook 7H9-
ADC medium with gentamicin at 28 °C with agitation (200
rpm) to an A4y, of ~0.5, followed by plating on LBT plates with
gentamicin and incubating at 40 °C. Incubation at 40°C
selected for integration of the entire deletion construct into the
chromosome of M. smegmatis via a single crossover event at
either the left or right flank. Colonies that formed a yellow
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product when exposed to 250 mm catechol because of the pres-
ence of the xylE marker were screened by Southern hybridiza-
tion analysis for correct integration of the construct. One inte-
grant was chosen and grown in LBT with gentamicin at 37 °C,
200 rpm to an Ay, of ~0.5, followed by plating onto low salt
LBT plates (2 g of NaCl liter ') containing 10% sucrose and
incubated at 40 °C to select for a second crossover event result-
ing in loss of the plasmid and replacement of mazEF with the
overlapping flanks. Colonies that did not form the yellow prod-
uct after exposure to catechol were picked onto LBT plates to
confirm loss of the plasmid backbone. Candidate clones were
screened by Southern hybridization analysis for correct dele-
tion of mazEF. Replacement of mazEF with the overlapping
flanks created strain RF100 (AmazEF).

To create a construct for the deletion of MSMEG_ 1277 and
MSMEG_1278 (phd/doc), the kanamycin resistance (Km") cas-
sette, encoded by aphA-3, was amplified from pUC18K (33) by
using primers 5'mcspUC F and 3'mcspUC R. The resulting
850-bp product was digested with EcoRI and Pstl. PCR prod-
ucts of ~1000 bp flanking the phd/doc genes of M. smegmatis
were amplified by using the primer phd/docKOLF F with
primer phd/docKOLF R (left flank) and primer phd/docKORF
F with primer phd/docKOREF R (right flank). The left flank PCR
product was digested with Spel and EcoRI, and the right flank
PCR product was digested with Pstl and Spel. Both flanking
products and the kanamycin cassette were ligated into the Spel
site of the pBluescript II KS plasmid. The resulting assembly,
left flank/Km"/right flank, was subcloned as a Spel fragment
into pX33 (30) generating the pRF221 plasmid. The expected
double crossover event would result in a nonpolar deletion
insertion at the phd/doc locus, eliminating 73% of the phd/doc
coding sequence in exchange for the kanamycin resistance
marker. Allelic replacement of phd/doc was carried out essen-
tially as described previously (32) and was achieved by growing
a culture of M. smegmatis carrying pRF221 in Middlebrook
7H9-ADC medium with kanamycin at 28 °C with agitation (200
rpm) to an A, of ~0.5, followed by plating onto low salt LBT
plates (2 g NaClliter ') containing kanamycin and 10% sucrose
at 40 °C, selecting for double crossover events. Replacement of
phd/doc with the kanamycin marker created strain RF101
(Aphd/doc::aphA-3).

To create a AmazEF AvapBC Aphd/doc triple mutant, a
AmazEF AvapBC double mutant was made. Strain RF100 was
transformed with pJR113 (22), and the mutant was created as
described previously, and this is strain RF102. This strain was
then transformed with pRF221, and the triple mutant
(ATA™P!e; RF105) was created using the two-step crossover
protocol. All crossover events were analyzed by Southern
hybridization. For Southern hybridization analysis, EcoRI-di-
gested genomic DNA (Smal-digested genomic DNA was used
for the creation of the AmazEF AvapBC double mutant) of the
putative mutants was separated on a 0.8% agarose/Tris acetate/
EDTA gel and transferred onto a nylon membrane (Hybond-
N™; Amersham Biosciences) by vacuum blotting. Probes were
labeled using Gene Images AlkPhos Direct Labeling and Detec-
tion System (Amersham Biosciences).

To create a transcriptional fusion of the mazEF operon, a
PCR product encompassing 556 bp of DNA upstream of mazE
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and 107 bp of'its coding region was amplified using the primers
mazElac F and mazElac R. The product was cloned into the
BamHI and Asp-718 sites of pJEM15 (34), creating plasmid
pRF210. To create a transcriptional fusion of the phd/doc
operon, a PCR product encompassing 330 bp of DNA upstream
of phd and 96 bp of its coding region was amplified using the
primers phdlac F and phdlac R. The product was cloned into the
Scal site of pSM128 (35), creating plasmid pRF211. The orien-
tation of the insert was checked using primers phdlac F and
3'mcspUC R. This plasmid was then electroporated into M.
smegmatis mc”155 and strain RF101, creating strains RF121
and RF122, respectively. 3-Galactosidase assays were carried
out as described previously (22).

Conditional Expression of Toxins in M. smegmatis—Initial
starter cultures of appropriate strains were grown in LBT to an
Agoo between 0.2 and 0.4 and used to inoculate a second starter
culture in HdB medium. HdB starter cultures were then grown
to an A, between 0.1 and 0.2 and used to dilute 100 ml of HdB
medium in a 500-ml flask to an A, of 0.001. All media were
supplemented with kanamycin (for doc and phd/doc expression
with pMind) or with kanamycin and hygromycin (for mazF and
mazEF expression with pSE100 and pMCls). For all strains,
growth was monitored until an A, of between 0.1 and 0.15 was
reached, and expression was induced with tetracycline HCI (20
ng ml™"). Cell viability was measured over time, and dilutions
were spread onto LBT agar containing the appropriate antibi-
otics and incubated for 3 days at 37 °C to monitor the effects of
expression on growth. Each experiment was performed in trip-
licate with triplicate plates at each time point. To see the effect
of expression on solid medium, each strain was streaked onto
an agar plate supplemented with kanamycin (for doc and phd/
doc expression with pMind) or with kanamycin and hygromy-
cin (for mazF and mazEF expression with pSE100 and pMCls),
with or without tetracycline to induce expression of either the
toxin or the antitoxin-toxin genes. Images of the plates were
taken after 3 days of growth at 37 °C using a Gel Logic 200
Imaging System (Eastman Kodak Co.).

RNA Extraction and Reverse Transcriptase (RT)-PCR—RNA
was extracted from 5 ml of broth culture grown to an A, 0of 0.5
in LBT medium. Cells were harvested by centrifugation
(16,000 X g, 1 min) and resuspended in 1 ml of TRIzol reagent
(Invitrogen). Total RNA was extracted according to the manu-
facturer’s instructions. Cells were ruptured with three rounds
of bead beating in a Mini BeadBeater (Biospec; 5,000 rpm, 30 s).
Contaminating DNA was removed from samples using 2 units
of RNase-free DNase from a Turbo DNA-free kit (Ambion)
according to the manufacturer’s instructions. RNA concentra-
tions were determined using a Nanodrop ND-1000 spectro-
photometer. RNA quality was assessed by agarose gel electro-
phoresis. For the mazEF system, the RT-PCRs were performed
with the primers mazRT-PCR2 F and mazRT-PCR3 R (Table
S1) to determine whether mazE and mazF were co-transcribed
and with primers mazRT-PCR1 F and mazRT-PCR3 R (Table
S1) to detect a potential MSMEG_4446-mazEF transcript. For
the phd/doc system, the RT-PCRs were performed with the
primers docRT-PCR2 F and docRT-PCR3 R (Table S1) to
determine whether phd and doc were co-transcribed, the prim-
ers docRT-PCR1 F and docRT-PCR3 R (Table S1) to determine
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whether there is a MSMEG_1276-phd/doc transcript, and the
primers docRT-PCR2 F and docRT-PCR4 R (Table S1) to
detect a potential phd/doc-MSMEG_1279 transcript. The
Titan One Tube RT-PCR system (Roche Diagnostics) was used
according to the manufacturer’s instructions. The RT step was
carried out with 200 ng of RNA as the template at 42 °C for 30
min, followed by 30 cycles of PCR. Control reactions, with 200
ng of RNA or 150 ng of genomic DNA of M. smegmatis as
template, were performed using Tag DNA polymerase (Roche
Diagnostics) according to the manufacturer’s instructions.

Determination of Transcriptional Start Site (TSS)—The tran-
scriptional start sites of the mazEF and phd/doc operons was
mapped by 5’'-RACE using components of the 3'-/5'-RACE kit
(Roche Diagnostics) according to the manufacturer’s instruc-
tions. For the mazEF operon, the first strand cDNA was synthe-
sized from 4 ug of total RNA of M. smegmatis with the mazF-
specific primer mazF RACE1l R. The resulting cDNA was
purified and dA-tailed following the kit instructions. Purified
dA-tailed cDNA was then used as a template for PCR using the
oligo(dT)-anchor primer and the mazF-specific primer
mazRT-PCR3 R. This reaction was then used as the template
for a second PCR using the PCR adaptor primer and the mazE-
specific primer mazE RACE2 R. This product was gel-extracted
and cloned into pGEM-T Easy (Promega) according to the
manufacturer’s instructions. Several clones were selected and
sent for sequencing (using pGEM-T Easy primers T7 and SP6),
and the last nucleotide before the poly(A) tail to align with the
genome sequence was chosen as the most likely TSS. This same
procedure was also followed for the phd/doc operon. First
strand ¢cDNA was synthesized with the doc-specific primer
docRT-PCR3 R. The first PCR was with the doc-specific primer
doc RACE1 R, and the second PCR was with the phd-specific
primer phd RACE2 R.

Biochemical Assays and Stress Experiments—Stress experi-
ments were performed with mid-exponential phase (A, 0.2—
0.3) cultures grown in LBT medium. For heat shock (55 °C), the
cultures were placed at the indicated temperature without fur-
ther manipulation. For acid and alkaline stress, the cells were
collected by centrifugation (6,000 X g, 15 min) and resuspended
in an equal volume in LBT (pH 7), acidified LBT (pH 4), or
alkaline LBT (pH 9). For oxidative iron chelation and antibiotic
stress, the respective compounds were added directly to the
mid-exponential phase culture. Cultures were incubated under
stress conditions at 37 °C with agitation (200 rpm). Samples
were taken before the stress and 2 h after. Dilutions of each
sample were spread onto agar plates to determine the amount
of survival. All stress experiments were carried out in triplicate
using triplicate plates at each time point. Live/dead staining of
cultures of wild type and ATA™"P' (RF105) were performed by
staining with propidium iodide and SYBR Green I (both from
Invitrogen) during growth in LBT. Samples were incubated for
15 min in the dark before analysis by epifluorescence micros-
copy (Olympus BX51) equipped with a X100 magnification
lens and a bandpass filter at (520 = 30 nm).

The internal pH of cells was measured as described previ-
ously (36), with the following modifications. Samples of cul-
tures were incubated with [**C]methylamine hydrochloride (56
mCi/mmol, 2 um final concentration) at 37 °C for 5 min. The
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cultures were then centrifuged through silicon oil (BDH Labo-
ratory Supplies) in 1.5-ml microcentrifuge tubes (16,000 X g, 5
min), and 20 ul of the supernatant was removed. The tubes and
contents were frozen (—80°C), and the cell pellets were
removed with dog nail clippers. Supernatant and cell pellets
were dissolved in scintillation fluid, and the activity of
["*C]methylamine was counted using an LKB Wallac 1214
Rackbeta liquid scintillation counter (PerkinElmer Life Sci-
ences). For the determination of AW, cells from batch cultures
were added immediately to a glass tube containing [*H]meth-
yltriphenylphosphonium iodide (TPP™) (30 — 60 Ci/mmol) and
[PH]TPP" (2.4 nMm final concentration). After incubation for 5
min at 37 °C, the cultures (900 wl in triplicate) were filtered
rapidly through a 0.45-um cellulose acetate filter (Sartorius) as
adapted from Zilberstein et al. (37). The filters were washed
twice with 2 ml of 100 mm LiCl and dried for 60 min at 40 °C.
Filters were resuspended in 2 ml of scintillation liquid and
counts/min determined using an LKB Wallac 1214 Rackbeta
liquid scintillation counter (PerkinElmer Life Sciences). The
intracellular volume (3.45 ul mg of protein ') was determined
previously (36). The AW across the cell membrane was calcu-
lated from the uptake of [PH]TPP" according to the Nernst
relationship. Nonspecific [PH]TPP" binding was estimated
from cells that had been treated with a combination of iono-
phores, valinomycin and nigericin (20 uM final concentration of
each compound), for 20 min prior to addition of [PH]TPP*.
Supernatant samples of wild type and RF105 were collected
during long term survival to measure external ammonia. The
assay is based on the method used by Horn and Squire (38);
samples were mixed with phenate reagent (25 g/liter NaOH,
100 ml/liter phenol, and 0.25 g/liter sodium nitroferricyanide)
and hypochlorite reagent (household bleach diluted 1:10 and
pH adjusted to 6.5-7.0). Ammonium chloride was used for the
standard. Absorbance was measured at 630 nm after 5 min of
incubation at ambient temperature. The intracellular K* con-
centrations of wild type and ATA"P'® (RF105) cultures were
determined as described previously (39), with the following
modifications. Cell pellets and supernatant samples were col-
lected and digested with 3 M HNO, (ambient temperature,
overnight). Debris was removed by centrifugation (16,000 X g,
10 min), and the K™ concentration was determined with a flame
photometer (Cole-Palmer 2655-00 Digital Flame Analyzer).
ATP was extracted from the cells by perchloric acid and
KOH/NaHCOj, treatment after separation of the cells from the
growth medium as described previously (40) and frozen at
—80 °C. Prior to analysis, samples were thawed, and the potas-
sium perchlorate was removed by centrifugation (16,000 X g, 5
min, 4°C). The ATP concentration was determined by the
luciferin/luciferase method (41). Light output was measured
with a luminometer (model FB12, EG&G Berthold) using ATP
as a standard. Intracellular inorganic phosphate concentrations
of wild type and ATA™P'® (RF105) cells were measured as
described previously (42). Samples were diluted to be within the
linear range of the assay, and a standard containing up to 100
nmol of P; was assayed at the same time. Development reagent
(1% SDS, 10 mM ammonium molybdate, 0.6 M H,SO, and 1.6%
sodium ascorbate) was added to the sample, and after 10 min of
incubation at ambient temperature the A-., was measured.
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Microarray Analysis—Samples of wild type and ATA™P'
(RF105) cultures grown on LBT aerobically were harvested
from cultures incubated for 1 and 5 days for microarray analysis
as described previously (43), and the arrays were performed as
described previously (44). Quantitative real time PCR (qPCR)
was performed as described previously (44).

Sample Preparation and GC-MS Analysis—Cultures of wild
type and ATA™P' (RF105) were grown aerobically in LBT
medium, and samples for metabolomic analysis were collected
after 15 days of incubation. Samples were then processed as
described in Smart et al. (45). The samples were quenched by
rapidly transferring 50 ml of the microbial culture into Fal-
con tubes containing 150 ml of a precooled (—20 °C) solution
of cold glycerol/saline. The quenched samples were quickly
homogenized followed by 5 min of acclimatization in cold
ethanol bath (—20°C). For the analysis of extracellular
metabolites, 10 ml of culture was filtered through a 0.2-um
syringe filter to remove microbial cells. Then the samples
were separated into 3 aliquots of 1 ml each, and 20 ul of
internal standard (v-alanine-2,3,3,3-d, 10 mm) was added to
each aliquot. The samples were then freeze-dried using a
12-liter Labconco freeze dryer (Labconco Corp.). For the
analysis of intracellular metabolites, the quenched samples
were centrifuged at 36,086 X g for 20 min at —20 °C to sep-
arate the microbial cells from the extracellular medium. The
supernatants were discarded, and the cell pellets were sub-
mitted to metabolite extraction as described in Smart et al.
(45). Before extraction, 20 ul of internal standard (L-alanine-
2,3,3,3-d, 10 mMm) was added to each sample. The freeze-
dried samples containing extra- and intracellular metabo-
lites were then resuspended in 200 ul of sodium hydroxide
solution (1 m) and derivatized according to Smart et al. (45).
The derivatized samples were analyzed using a gas chroma-
tography-mass spectrometry (GC-MS) system (GC7890
coupled to a MSD5975, Agilent Technologies), with a qua-
drupole mass selective detector (EI) operated at 70 eV. The
column used for all analyses was a ZB-1701 (Phenomenex),
30 X 250 m (internal diameter) X 0.15 (film thickness), with
a 5-m guard column. The MS was operated in scan mode
(start after 6 min; mass range 38 — 650 atomic mass units at
1.47 scans/s (45).

Metabolomics Data Analysis—The main objective of this
study was to compare the metabolite profiles generated by the
wild-type strain mc?155 of the bacteria M. smegmatis and
ATA™P'® (RF105). The results produced by the GC-MS were
processed according to Smart et al. (45) using the R package
Metab (46). The samples were analyzed by the automated mass
spectral deconvolution and identification system, which decon-
volutes and identifies GC-MS peaks using an in-house MS
library. The final relative concentration of metabolites was
determined using the GC peak intensity of methyl chlorofor-
mate derivatives. Compounds considered false-positives were
then eliminated, and the intensity of each metabolite was nor-
malized by the peak height of the internal standard (L-alanine-
d,). Because the amount of biomass was identical between rep-
licates, no normalization by biomass was performed.
Extracellular samples were additionally normalized by the rel-
ative abundance of metabolite identified in the uncultured
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medium. Finally, the data were log-transformed to fit the nor-
mal distribution criteria, and ¢ test or analysis of variance was
performed to highlight compounds showing significantly (p
value < 0.05) different relative abundances between
conditions.

RESULTS

M. smegmatis mc’155 Contains Homologs of MazEF and
Doc/Phd Toxin-Antitoxin Modules—M. smegmatis mc>155
contains one vapBC toxin-antitoxin module (22) and two other
putative TA operons, mazEF and phd/doc (19). MazF from M.
smegmatis (MSMEG_4448) is a member of the PemK super-
family (NCBI annotation = transcriptional modulator of MazE;
Pfam number = PF02452), which currently contains 1393 pro-
teins from 376 species of bacteria and archaea. Proteins that
share the highest amino acid sequence with M. smegmatis
MazF are found in Mycobacterium avium subsp. paratubercu-
losis K-10 (MAP_2085, 73% sequence identity), Rhodococcus
jostii RHA1 (RHA1_ro08517, 65% sequence identity), and Rho-
dopseudomonas palustris BisB18 (RPC_0821, 58% sequence
identity). The antitoxin MSMEG_4447 (mazE) does not have
any similarity to other mazE genes. It is annotated as a con-
served hypothetical protein, and is a protein of unknown func-
tion (DUF3018). Proteins that share the highest sequence iden-
tity with M. smegmatis MazE are found in R. jostii RHA1
(RHA1_ro08516, 85% sequence identity) and in the M. tuber-
culosis strains CDC1551, H37Ra, and F11 (MT_2721,
MRA_2673, and TBFG_12662, respectively, 81% sequence
identity). This region of the chromosome appears to be con-
served in these M. tuberculosis strains with an arsenic transport
system upstream.

Doc from M. smegmatis (MSMEG_1278) is a member of the
Fic superfamily (NCBI annotation = death-on-curing protein;
Pfam number = PF02661), which contains proteins from all
three kingdoms (20), and has the conserved residues
HPFXXGNG. Proteins that share the highest sequence identity
with M. smegmatis Doc are found in other mycobacterial spe-
cies, Mycobacterium sp. MCS (Mmcs_0835, 89% sequence
identity), Mycobacterium sp. KMS (Mkms_0853, 88% sequence
identity), and Mpycobacterium kansasii ATCC 12478
(MkanA1_11399, 71% sequence identity); however, there are
no antitoxin-like genes annotated upstream of these toxins.
The antitoxin Phd from M. smegmatis MSMEG_1277) is anno-
tated as a hypothetical protein and shares low sequence simi-
larity with hypothetical proteins from M. kansasii ATCC 12478
(MkanA1_11394, 62% sequence identity) and Microbacterium
sp. MA1 (58% sequence identity).

Conditional Expression of MazF Causes Cell Death of M.
smegmatis—MazF toxins found on the chromosomes of differ-
ent bacteria have varying levels of toxicity when overexpressed
and usually have a bactericidal effect (21, 47-51). To determine
whether the MazF toxin had a similar effect in M. smegmatis,
pRF202 was constructed with the mazF gene under the control
of a tetracycline-inducible promoter, and the tetracycline
repressor gene, fetR, is encoded on the integrative vector
pMCls (Table 1). To ensure the effect observed was due to the
production of MazF alone, the operon mazEF was also cloned
in the same manner, creating pRF203, thus preventing the
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FIGURE 1. Effect of MazF on growth and viability of M. smegmatis. a, M.
smegmatis wild type harboring plasmid pSE100 (empty vector), pSE100-mazF
(expressing the MazF toxin, pRF202), or pSE100-mazEF (expressing the MazEF
operon, pRF203) with or without tetracycline (Tc). M. smegmatis wild type
harboring plasmid pSE100, pSE100-mazF (pRF202), or pSE-mazEF (pRF203)
was grown in HdB medium supplemented with hygromycin and kanamycin
at 37 °C until an Agy, of 0.1-0.15. Induction of expression at 0 h was by the
addition of Tc (final concentration 20 ng ml~"). b, cellular growth (Ag). ¢, cel-
lular viability (cfu/ml) shown as the mean = S.D. of technical replicates of each
time point. Results are representative of three independent experiments.

effect of the toxin by co-expressing the cognate antitoxin. Both
constructs were placed into M. smegmatis mc*155 with pMCls,
which integrates into the attB site (28). The empty vector,
pSE100, was used as a control. In the presence of tetracycline,
cells expressing MazF could not grow on an agar plate, although
cells expressing the antitoxin MazE as well as MazF were able to
grow (Fig. la, right panel). All three strains could grow nor-
mally on agar plates without tetracycline (Fig. 1a, left panel). A
toxic effect was also seen in liquid culture (Fig. 15). Cultures
were induced at an Ay, between 0.1 and 0.15 and were then
monitored by Ay, and cell viability (cfu) measurements. M.
smegmatis mc”155 expressing MazF decreased in cfuml™' by 2
orders of magnitude 12 h after induction (Fig. 1¢). No effect was
seen on cell growth when MazEF was expressed compared with
the empty vector control strain (Fig. 1, b and c¢). Regrowth of the
culture expressing MazF was seen after 22 h of induction. To
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address the molecular basis for regrowth, we sequenced the
plasmid DNA from these cultures. This analysis revealed that
these strains harbored plasmids in which deletions were
detected in either the mazF gene or the Tc promoter region
(data not shown).

M. smegmatis mazEF Is Transcribed as a Single Leaderless
mRNA and Autoregulated by MazEF Complex—The mazEF
genes of M. smegmatis are organized in a manner that suggests
they could be transcribed as a single operon, with a 3-bp gap
between mazE and mazF (Fig. 2a). To confirm this operon
structure, RT-PCR was performed with primers that bound
within the mazEF genes (Fig. 2a, primers 2 and 3). A single
443-bp RT-PCR product was obtained (Fig. 2b, lane 4), and
sequencing confirmed that mazEF of M. smegmatis is a bicis-
tronic message. The open reading frame MSMEG_4446 lies
upstream of the mazEF operon and is in the same orienta-
tion; to investigate whether this gene is also part of the
operon, another set of primers was used (Fig. 2a, primers 1
and 2). No product representing an MSMEG_4446-mazEF
transcript was obtained (Fig. 2b, lane 2). Positive controls
were performed by PCR using template genomic DNA and
products for both primer sets (1 and 2; 2 and 3) were
obtained (Fig. 2b, lanes 1 and 3, respectively). To exclude
DNA contamination in RNA preparations, PCR was per-
formed without a preceding reverse transcriptase step,
which resulted in no product (data not shown). To map the
transcriptional start site of the mazEF operon, 5'-RACE
analysis was performed. The transcriptional start site of
mazEF was determined as the first nucleotide of the ATG
start codon, based on trace data (data not shown), suggesting
mazEF is transcribed as a leaderless mRNA.

A promoter-mazE-lacZ (hereafter PmazE-lacZ) transcrip-
tional fusion was created (pRF210) consisting of 556 bp
upstream of the mazEF transcriptional start site and 107 bp of
the mazE coding region fused to lacZ (Fig. 2d). When the wild
type containing PmazE-lacZ was grown under normal labora-
tory conditions, the expression of PmazE-lacZ was constitutive
during exponential growth and early stationary phase; the 3-ga-
lactosidase activity was in the range of 50—-70 Miller units
(MU), and in late stationary phase the promoter activity was
reduced to around 20 MU (Fig. 2e, top panel).

The expression of TA modules has been reported to be reg-
ulated by the toxin-antitoxin complex (5). To study this phe-
nomenon, a single deletion mutant of mazEF was created. The
mazEF deletion mutant was created by allelic exchange
mutagenesis (Fig. 2¢). Eighty eight percent of the mazEF operon
was deleted after the second crossover event; this was con-
firmed by Southern hybridization analysis (Fig. 2¢). EcoRI-di-
gested genomic DNA of the wild type produced a 1.4-kb band
when probed with the left flank after the first crossover event.
When the pRF220 construct had integrated through the right
flank, two bands were detected, one 1.4 kb and the other 4.8 kb
(Fig. 2¢). The deletion mutant had a single band of 2.2 kb, con-
firming that the plasmid had been removed from the genome
correctly. This mutant was designated strain RF100. When
expression of PmazE-lacZ was measured in the mazEF deletion
strain background, the level of B-galactosidase activity in expo-
nential and early stationary phase was in the range of 60-110
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FIGURE 2. Genetic organization and promoter activity of mazEF. a, schematic
of the mazEF genomic region. Open arrows indicate the genetic organization of
ORFs MSMEG_4447 (mazE) and MSMEG_4448 (mazF), as well as the upstream
gene MSMEG_4446 (annotated as a dihydrolipoamide dehydrogenase) and the
downstream gene MSMEG_4449 (annotated as a putative transcriptional regu-
lator). Amplified regions and the primers used are indicated below the ORFs.
b, electrophoresed bands from RT-PCRs using primers 1 and 2 (lane 2) and prim-
ers 2 and 3 (lane 4). PCR-positive controls use genomic DNA and primer pairs 1
and 2 (lane 1) and primer pairs 2 and 3 (lane 3). Molecular weight standards indi-
cated in kb are shown on the left. ¢, replacement of the mazEF operon was
screened by Southern hybridization analysis. EcoRI-digested genomic DNA from
wild-type mc?155, a right flank integrant, and the mazEF deletion strain RF100
was probed with left flank PCR product. Molecular weight standards indicated in
kb are shown on the left. d, diagram of the PmazE-lacZ fusion construct pRF210,
indicating the position of the insert cloned into the episomal vector in relation to
the mazEF genes. The base pairs indicated are relative to the TSS (+1) identified
by 5'-RACE. e, M. smegmatis wild type and the AmazEF strain (RF100) were grown
in LBT (closed circles), and B-galactosidase activity (vertical bars) was measured
(mean = S.D. of technical assays performed on each sample). Results shown are
representative of three independent experiments.

MU and decreased to around 40 MU in late stationary phase
(Fig. 2e, bottom panel). This indicates that one or both MazEF
proteins are required for some autoregulation of the mazEF
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FIGURE 3. Effect of Doc on growth and viability of M. smegmatis. a, M.
smegmatis wild type harboring plasmid pMind (empty vector), pMind-doc
(expressing Doc toxin, pRF200), or pMind-phd/doc (expressing Phd/Doc
operon, pRF201) with or without Tc. M. smegmatis wild types harboring plas-
mid pMind, pMind-doc (pRF200), or pMind-phd/doc (pRF201) were grown in
HdB medium supplemented with kanamycin at 37 °C until an Agy, of 0.1-
0.15. Induction of expression at 0 h was by the addition of Tc (final concentra-
tion 20 ng ml~"). b, cellular growth. , cellular viability shown as the mean +
S.D. of technical replicates of each time point. Results shown are representa-
tive of three independent experiments.

operon. These data demonstrate the mazEF genes in M. smeg-
matis constitute a TA module.

Conditional Expression of Doc Causes Bacteriostasis of M.
smegmatis—To determine whether overexpression of Doc had
an effect on M. smegmatis, pRF200 was constructed with the
doc gene under the control of a tetracycline-inducible promoter
(29). The operon phd/doc was also cloned in the same manner
to ensure that the effect seen was due to production of Doc
alone, and this created pRF201. Both constructs were placed
into the background of M. smegmatis mc>155, and kanamycin
was used for selection. As a control, the empty vector pMind
was used. In the presence of tetracycline, cells expressing Doc
were inhibited in their growth on agar plates, with only very
small colonies being visible after 3 days of incubation (Fig. 3a,
right panel), and growth of M. smegmatis harboring doc (—
tetracycline) was slightly inhibited (Fig. 3a, left panel), but
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pMind has been shown to be leaky (29). The strains harboring
the phd/doc operon or the empty vector were able to grow
normally on agar with or without tetracycline (Fig. 34). The
effect of expression in liquid culture was also investigated (Fig.
3, b and ¢). Cultures were induced at an A, between 0.1 and
0.15 and were then monitored by A, (Fig. 3b), and cell viability
(cfu) measurements (Fig. 3c). M. smegmatis expressing Doc had
aslower growth rate and entered stationary phase at alower cfu
ml ™' compared with the strains expressing Phd/Doc or harbor-
ing the empty vector (Fig. 3, b and c).

M. smegmatis Phd/Doc Is Transcribed as Part of a Larger
Operon and Subject to Autoregulation by the Complex—The
phd/doc genes of M. smegmatis are genetically organized like
many other toxin-antitoxin systems where the upstream gene
phd stop codon overlaps with the start codon of the down-
stream gene, doc, suggesting that these genes might be tran-
scribed as an operon (Fig. 4a). To confirm that the phd/doc
genes are co-transcribed, RT-PCR was performed with primers
that bound within the phd/doc genes (Fig. 4a, primers 4 and 5).
A single 470-bp RT-PCR product was obtained (Fig. 4b, lane 2),
and sequencing confirmed that phd/doc is a bicistronic mes-
sage. The upstream open reading frame, MSMEG_1276, is in
the same orientation, so the RT-PCR was repeated with another
set of primers, which spanned this gene and the phd/doc genes,
to see if this gene is included in the operon (Fig. 44, primers 5
and 6). A single 781-bp product was obtained (Fig. 40, lane 4).
Another RT-PCR was performed with primers that bound to
phd and the downstream gene MSMEG_1279, as this gene is
also in the same orientation (Fig. 44, primers 4 and 7). A single
950-bp product was obtained (Fig. 45, lane 6). Sequencing of
both of these RT-PCR products confirmed that MSMEG_1276-
phd/doc-MSMEG_1279 is part of a larger operon. Positive con-
trols were performed by PCR using genomic DNA as the tem-
plate, and products were obtained for all primer pairs, 4 and 5, 5
and 6, and 4 and 7 (Fig. 4, lanes 1, 3 and 5, respectively). To
exclude DNA contamination in RNA preparations, PCR was
performed without a preceding reverse transcriptase step,
which resulted in no product (data not shown).To map the
transcriptional start site of the phd/doc operon, 5'-RACE anal-
ysis was performed. The transcriptional start site was deter-
mined as the adenyl nucleotide 6 bp after the translational start
site given in the annotated genome (Fig. 4c). A promoter-phd-
lacZ (hereafter Pphd-lacZ) transcriptional fusion was created
(pRF211) consisting of 330 bp upstream of the phd/doc tran-
scriptional start site, and 96 bp of the phd coding region fused to
lacZ (Fig. 4e). This integrative construct was transformed into
the wild-type strain creating RF121. When RF121 was grown
under normal laboratory conditions, Pphd-lacZ expression was
constitutive throughout the growth curve, and the B-galacto-
sidase activity was in the range of 30 — 40 MU (Fig. 4f, top panel).

Using allelic exchange mutagenesis, 73% of the phd/doc
genes were replaced with a nonpolar kanamycin resistance cas-
sette (aphA-3) and confirmed this deletion by Southern hybrid-
ization analysis (Fig. 4c). The wild-type EcoRI-digested
genomic DNA had a 10.9-kb band, when probed with the left
flank, which was shifted to 4.5 kb in the deletion mutant due to
the introduction of another EcoRI site from the kanamycin
resistance cassette (Fig. 4c). This mutant was designated strain
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RF101. The phd/doc deletion strain containing pRF211 (RF122)
showed a constitutive level of expression, but the 3-galactosi-
dase activity was in the range of 60-90 MU (Fig. 4f, lower
panel), indicating that one or both proteins are required for
repression of the phd/doc operon. Taken together, these data
demonstrate that the phd/doc genes in M. smegmatis are a TA
system.

Phenotypic Analysis of Individual TA Deletion Mutants and
Construction of a vapBC-mazEF-phd/doc Triple Deletion
Mutant—To study the role of the MazEF module in M. smeg-
matis, general growth characteristics of the strain RF100
(AmazEF) in comparison with the wild type were analyzed. The
specific growth rates (h™") of the mazEF mutant and isogenic
wild type were compared in LBT, HdB, and HdB limited for
carbon, phosphate, or nitrogen, and no significant difference
was observed (supplemental Table S2). To study the role of the
Phd/Doc module in M. smegmatis, general growth characteris-
tics of the strain RF101 (Aphd/doc) in comparison with the wild
type were analyzed. The growth rates of the phd/doc deletion
mutant and isogenic wild type were compared in LBT, HdB,
and HdB limited for carbon, phosphate, or nitrogen, and no
significant difference was observed (supplemental Table S2).

We did not observe any significant phenotypic differences
for the single AmazEF and Aphd/doc mutants constructed in
this study. To study the role of all three TA modules in M.
smegmatis, we constructed a mutant in which all three TA
modules were deleted. To create a triple deletion strain, a dou-
ble mazEF and vapBC mutant was first constructed. Ninety six
percent of the vapBC genes were replaced with the kanamycin
resistance cassette in the AmazEF deletion strain, and this was
confirmed by Southern hybridization (Fig. 54) as in Robson et
al. (22). This double mutant strain was designated strain RF102.
The phd/doc genes were then replaced in strain RF102 with the
kanamycin resistance cassette using a two-step protocol, and
again this was confirmed by Southern hybridization analysis
(Fig. 5b). This triple mutant, which has no TA modules, was
designated strain RF105 and is referred to as ATA'"'P'®, General
growth characteristics of the triple deletion mutant ATA"P'
(RF105), in comparison with the wild type, were analyzed. No
significant differences in growth rate or the final absorbance
reached were seen between the wild type and the ATA""P'
mutant (strain RF105) when grown in LBT and HdB media
(supplemental Table S2). Carbon, nitrogen, and phosphate
limitation also showed no significant difference in growth rate
between the wild type and the ATA™P' mutant (supplemental
Table S2). Single deletion mutants AmazEF (RF100) and Aphd/
doc (RF101) showed similar growth characteristics to the wild
type and ATA"™P'® mutant (supplemental Table S2).

M. smegmatis vapBC-mazEF-phd/doc Triple Deletion
Mutant Is Defective in Survival in Complex Medium—T A mod-
ules have previously been linked to stress responses, where TA
deletion strains have a survival advantage over wild-type
strains. In the wild-type strains, the stress causes an imbalance
between the level of antitoxin and toxin, resulting in free toxin,
which is able to cause cell death. We therefore investigated if
the TA modules of M. smegmatis were beneficial to an expo-
nentially growing culture exposed to different stress conditions
(Fig. 6a). No significant differences between ATA™ P! (RF105)
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FIGURE 4. Genetic organization and promoter activity of phd/doc. a, schematic of the phd/doc genomic region. Open arrows indicate the genetic
organization of ORFs MSMEG_1277 (phd) and MSMEG_1278 (doc), as well as the upstream gene MSMEG_1276 (annotated as a hypothetical protein) and
the downstream gene MSMEG_1279 (annotated as a conserved hypothetical protein). Amplified regions and the primers used are indicated below the
ORF. b, electrophoresed bands from RT-PCR using primers 4 and 5 (lane 2), primers 5 and 6 (lane 4), and primers 4 and 7 (lane 6). PCR-positive controls using
genomic DNA for primer pair 4 and 5 (lane 1), primer pair 5 and 6 (lane 3), and primer pair 4 and 7 (lane 5). Molecular weight standards in kb are shown on the
left. ¢, identification of the TSS of phd/doc operon. Schematic diagram showing the promoter region of the phd/doc operon indicating the translational start site
(+1) as given by the annotated genome. The TSS was determined by 5'-RACE (trace is given in reverse sequence) and identifies the adenyl residue 6 bp
downstream as the TSS. The box indicates the nucleotide C, which represents the A of the start codon for the phd gene. Putative —10 and —35 sequences are
underlined. d, replacement of the phd/doc operon was screened by Southern hybridization analysis. EcoRI-digested genomic DNA from wild-type strain mc?155
and phd/doc deletion strain RF101 was probed with left flank PCR product. e, diagram of the Pphd-lacZ fusion construct pRF211, indicating the position of the
426-bp region in relation to the phd/doc genes that was cloned into the integrative plasmid pSM128. The base pairs indicated are relative to the TSS (+1)
identified by 5’-RACE. f, M. smegmatis wild type and Aphd/doc strain (RF101), both harboring pRF211 (strains RF121 and RF122, respectively), were grown
(closed circles) in LBT, and B-galactosidase activity (vertical bars) was expressed as the mean = S.D. of technical assays performed on each sample. Results shown
are representative of three independent experiments.
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FIGURE 5. Creation of a triple TA deletion mutant. g, replacement of the
vapBC operon with aphA-3 in the AmazEF strain (RF100) was screened by
Southern hybridization analysis. Smal-digested genomic DNA from wild-type
strain mc?155, AmazEF (RF100), and AmazEFAvapBC (RF102) was probed
with left flank PCR. b, replacement of the phd/doc operon with aphA-3 in the
AmazEFAvapBC double deletion strain, RF102, was screened by Southern
hybridization analysis. A two-step procedure was used as RF102 already con-
tained the aphA-3 marker. EcoRI-digested genomic DNA from wild-type
strain mc?155, AmazEFAvapBC (RF102), right flank integrant strain, and
AmazEFAvapBCAphd/doc triple deletion strain RF105 was probed with left
flank PCR product labeled and detected as for RF102.

and the wild type were detectable after 2 h of exposure to the
final concentrations of the following: rifampicin (80 mg ml™"),
streptomycin (2 mg ml™"), ethylenediamine-N,N’-bis(2-hy-
droxyphenylacetic acid) (0.5 mm), mitomycin C (200 ng ml ™),
nalidixic acid (1 mg ml™"), or exposure to acidic pH (pH 4) or
alkaline pH (pH 9) as determined by viable cell counts (Fig. 6a).
The only significant difference was observed for H,O, (17.5
mm) and heat shock (55 °C), with the ATA""P!® being more sen-
sitive than the wild type (Fig. 6a). We attempted to isolate
ATA"P'® mutants (suppressor mutants) that were resistant to
heat shock. This analysis was performed by plating cells at var-
ious temperatures 37, 40, 42, 45, and 50°C and isolating
ATA™P' mutants that grew at high temperature. No ATA ™'
mutants could be isolated under these conditions that were
resistant to heat shock. The percentage survival of wild type and
ATA"P'® was compared during long term survival under aero-
bic conditions in HdB (Fig. 6b) and in LBT (Fig. 6¢). A signifi-
cant and highly reproducible survival defect was seen under
aerobic conditions using complex LBT medium, where the
ATA"P' mutant did not survive past 15 days of starvation (Fig.
6¢). The triple TA deletion mutant was the only mutant to have
this pronounced survival defect compared with single and dou-
ble deletion mutants (supplemental Fig. S1). Confirmation of
this phenotype was demonstrated by live/dead staining with no
viable cells in the ATA™P!® mutant culture (Fig. 6d). The viabil-
ity of the ATA™P' mutant and the wild type was tested under a
number of culture conditions (supplemental Fig. S2). The
ATA™P'® mutant and the wild type did not show a significant
difference in cell viability under the following conditions: self-
induced hypoxia using either LBT or HdB (supplemental Fig.
S2, a and b), exponential (supplemental Fig. S2, ¢ and ) and
stationary phase cells (supplemental Fig. S2, e and f) starved in
PBS-T, and long term survival (25 days) in 7H9 and 7H9 + 10%
ADC (supplemental Fig. S2g).

These data raised the question as to why the ATA™P!* mutant
could not survive long term starvation in complex medium. To
gain molecular insight into this survival defect, we set out to
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isolate suppressor mutants of the ATA™P!® mutant. Cells were
starved for 25 days, and survivors (suppressor mutants) were
plated (no dilution) onto agar plates incubated at various tem-
peratures (25, 28, and 37 °C). Under no conditions could we
isolate suppressor mutants to the survival defect of the
ATA"™P' mutant. This led us to investigate a number of cellular
parameters required for cell viability (Fig. 7). It should be noted
that at days 15-25 in LBT medium the external pH was ~9 (i.e.
very alkaline), and this was due to the production of ammonia
(60 mm). However, even at this very alkaline pH, the intracellu-
lar pH of the ATA""P'* mutant was not compromised at days
20-25 where cell death was observed (Fig. 7a). The membrane
potential was similar between the ATA™"P'* mutant and the wild
type suggesting that the ability to generate a protonmotive
force was not affected in the ATA"P'® mutant (Fig. 7b). In
accordance with the membrane potential data, we did not
observe any significant difference in intracellular potassium
concentration between the wild type and ATA"'P'® mutant sug-
gesting critical ion homeostasis was unaffected in the ATA"P'®
mutant (Fig. 7¢). The intracellular ATP concentration of the
wild type and ATA™"P!'* mutant decreased with days of starva-
tion, but importantly there was no significant difference
between the wild type and the mutant (Fig. 7d). The intracellu-
lar phosphate concentration did not vary significantly between
the wild type and the mutant (Fig. 7d).

Transcriptional Profile of ATA""* (RF105) Compared with
Wild Type—To determine whether there was a transcriptional
difference between the AT A"'P'® mutant and the wild type that
caused the survival defect of the mutant in LBT, microarray
analysis was performed on cells incubated for 1 and 5 days in
LBT. We rationalized that the transcriptional response
observed at these time periods would prepare the cells for sur-
viving in LBT as the cells grew into stationary phase (see Fig.
6¢). The microarray data from the cells grown in LBT for 1 day
showed that a total of 19 genes were differentially expressed (p
value < 0.05, expression ratio >2 or <0.5) in ATA™P!'* mutant
compared with the wild type (supplemental Table S3). Of these
19 genes, 12 were up-regulated and 7 were down-regulated.
After 5 days of growth in LBT, a total of 72 genes were differ-
entially expressed (p value <0.05, expression ratio >2 or <0.5)
in ATA"™"P'* (RF105) compared with the wild type (supplemen-
tal Table S4). Of these 72 genes, three were up-regulated and 69
were down-regulated (supplemental Table S4). MSMEG_1280
and MSMEG_1282 were the only genes (Fig. 8a) that were sig-
nificantly up-regulated in both the day 1 microarray analysis
and in qPCR (Fig. 8, b and ¢). The qPCR did show that the phd
antitoxin has been deleted from the chromosome of the triple
TA deletion strain. In the microarray it appeared to be up-reg-
ulated, but this was due to the first 30 bp of the gene, which are
still present in the deletion strain and are part of the oligonu-
cleotide used on the microarray slide for phd (Fig. 85). The gene
with the highest fold change in expression level on day 1 in the
ATA™P'® mutant compared with wild type was MSMEG_1279,
and this gene is predicted to be in an operon with
MSMEG_1280, MSMEG_1281, and MSMEG_1282 (Fig. 8a),
which were also up-regulated in this analysis. The phd/doc and
vapBC TA systems flank these genes, and a schematic of this
region of the chromosome is shown in Fig. 84, and a heat map
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FIGURE 6. Phenotypic analysis of triple TA deletion mutant
AmazEFAvapBCAphd/doc (ATA™P'), g, percentage survival of wild type
and ATA'P'® (RF105) was compared under various stress conditions in liquid
culture. Mid-exponential phase cells were exposed to stress conditions as
detailed under “Experimental Procedures.” Viable cell counts were performed
before the stress (100%) and after 2 h of exposure. Technical replicates were
performed at each time point, and results shown are the mean = S.D. for
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showing the expression level from the transcriptomic analyses
of these genes in ATA™"P'® (RF105) compared with wild type is
shown in Fig. 8. MSMEG_1280 was also significantly up-reg-
ulated in the day 5 transcriptomic analysis. The RT-PCR results
from the phd/doc region suggest that MSMEG_1279 is co-tran-
scribed with the phd/doc TA system, making it possible that
MSMEG_1276-1282 form a large operon. As described above,
it is not clear if MSMEG_1276 is part of this operon as its
expression level is unchanged in the transcriptomic analyses,
although the other genes are up-regulated (Fig. 80) and the TSS
was mapped to the start of phd. MSMEG_1279-1281 were
annotated as hypothetical proteins, but a position-specific iter-
ated (PSI) BLAST analysis revealed that these genes have
sequence homology to the mukBEF genes from E. coli. These
genes are involved in chromosome condensation and organiza-
tion (52, 53). In M. smegmatis the genes MSMEG_1279-1281
are the result of a duplication of another region
(MSMEG_0368-0370), which also share homology with the
mukBEF genes. MSMEG_1282 contains a topoisomerase
domain and is probably also involved in DNA organization.

If the genes MSMEG_1277-1282 do form a large operon,
then the up-regulation seen in the microarray and qPCR may be
due to loss of the autoregulation of this operon by Phd/Doc. If
this was the case, then the up-regulation would also be seen in
the Aphd/doc but not in the other TA deletion strains. To test
this  hypothesis, qPCR investigating MSMEG_1279,
MSMEG_1280, MSMEG_1281, and MSMEG_1282 expression
levels in the wild type, AmazEF (RF100), Aphd/doc (RF101),
AvapBC (JR121), and the ATA™P!® (RF105) was performed (Fig.
8d). The fold changes in the TA deletion strains were deter-
mined based on the values for the wild type. The four genes
were all up-regulated in Aphd/doc (RF101) and in ATA""P'e
mutant (Fig. 84), confirming that it is due to deletion of the
phd/doc genes or due to the introduction of the kanamycin
resistance cassette used for creating the deletion. The Aphd/
doc strain RF101 does not have the same survival defect as
ATA""P'® (RF105) when grown for a long period of time in LBT
(see supplemental Fig. S1). Based on this observation, we con-
clude that the up-regulation of these genes in the ATA"P'
mutant are not likely to be the cause of the survival defect. Two
of the genes were significantly down-regulated in the AmazEF
strain; however, the change in expression was less than 2-fold.
MSMEG_1282 was up-regulated in AvapBC 3-fold, but the rea-
son for this is unknown. MSMEG_1282 has been shown to be
part of a separate mRNA transcript to the vapBC TA system
(22). However, the vapBC operon is autoregulated, and the pro-
moter region overlaps with MSMEG_1282, so in the deletion
strain the removal of the VapBC complex from binding to that
region of the DNA may allow some up-regulation.

three independent experiments. b, long term survival of wild type and
ATAYP'e mutant (RF105) was measured in HdB over 30 days. Technical repli-
cates were performed at each time point, and results shown are the mean =
S.D.for three independent experiments. ¢, long term survival of wild type and
ATA"P'® mytant was measured in LBT over 30 days. Dotted line indicates
where cfu counts were no longer obtained for ATA""P'® mutant. Technical
replicates were performed at each time point, and results shown are the
mean = S.D. for three independent experiments. d, live/dead staining of wild
type and ATA""P'® mutant cells grown in LBT for 2 and 30 days.
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MSMEG_1282 as determined by microarray analysis (black bars) and qPCR (gray bars) performed on the same RNA samples. Fold changes were tested for
significance (¥, p =< 0.005). Results are shown as mean = S.D. for four (black bars) and three (gray bars) biological replicates. d, fold changes in expression of the
genes MSMEG_1279-MSMEG_1282 in AmazEF (RF100), Aphd/doc (RF101), AvapBC (JR121), and AmazEFAvapBCAphd/doc (RF105) compared with wild type
grown in LBT for 1 day. Fold changes were tested for significance (*, p < 0.05). Results are shown as mean = S.D. for three biological replicates.

Metabolomic Analysis of Wild type and ATA""" Mutant
Cultures Reveals Differences in Intracellular Levels of Branched-
chain Amino Acids—Because of the lack of significant differ-
ences in gene expression between the ATA""P'® mutant and
wild type, we propose the observed phenotype (survival defect)
could be due to metabolic differences between the two strains.
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To address this hypothesis, we measured the extracellular and
intracellular metabolite profile of the ATA™"P'® mutant and wild
type grown in LBT for 15 days. The analysis identified 59
metabolites in the wild-type extracellular samples, 55 in RF105
extracellular samples, 57 in the wild-type intracellular samples,
and 57 in RF105 intracellular samples from the in-house library

VOLUME 287+NUMBER 8+FEBRUARY 17,2012



of MS spectra of ultra-pure metabolite standards (45). The
metabolites that showed statistically significant differences (p
value =0.05) between the wild type and ATA™P'® mutant are
shown in Fig. 9. At an extracellular level, the amino acids pro-
line, lysine, phenylalanine, asparagine, threonine, glycine,
aspartic acid, alanine, and glutamic acid were all depleted from
the medium by both the wild type and ATA"*P'® mutant (Fig.
9a). Amino acid metabolism was in general higher in the
ATA"™P' mutant, particularly for lysine, proline, alanine, aspar-
tate, and tryptophan (Fig. 9a4). The majority of intracellular
metabolites were similar between the wild type and ATA™P'
mutant, but significant differences were observed for proline
and the branched-chain amino acids leucine, isoleucine, and
norleucine (Fig. 9b). Isoleucine was not detected in the
ATA""P'® mutant, but high levels of norleucine were present in
the mutant and absent from the wild type. To address the
hypothesis that a defect in the synthesis of the branched-chain
amino acids leucine, isoleucine, and norleucine caused a sur-
vival defect in the ATA"'P'® mutant, we repeated the survival
experiment in complex LBT medium containing the addition of
leucine, isoleucine, and norleucine (all at 5 mMm final concentra-
tion). As was observed in Fig. 6¢, the ATA™"P'® mutant failed to
survive past 15 days of starvation demonstrating that the
mutant could not be rescued by exogenous branched-chain
amino acids (data not shown).

DISCUSSION

The genome of the bacterial pathogen M. tuberculosis har-
bors 88 putative TA systems (19, 21), and it has been hypothe-
sized that these TA systems might be important during adap-
tation to changing growth rate, long term dormancy, and in
generating bacilli that survive multidrug chemotherapy (54—
56). Although this is an attractive hypothesis to explain the
large number of TA systems present in M. tuberculosis, no stud-
ies have assessed overall TA function directly through gene
deletion studies due to the extraordinary large number of genes
involved. M. smegmatis contains only three TA systems (19, 22)
and therefore represents an attractive model to uncover the
role(s) of TA systems in a mycobacterial species.

In this study, we confirm that the open reading frames
MSMEG_4447-MSMEG_4448 (mazE-mazF) and MSMEG_
1277-MSMEG_1278 (phd-doc) encode bona fide TA modules,
and in addition to the vapBC genes previously characterized
(22), we demonstrate the presence of three functional TA mod-
ules in M. smegmatis. All three TA modules were expressed as
leaderless transcripts throughout the growth cycle and auto-
regulated by the TA complex. Leaderless transcripts are trans-
lated more efficiently during adverse conditions such as carbon
limitation, stationary phase, and slow growth, due to a higher
prevalence of 70 S monosomes (57-59), and this feature would
be congruent with the role of TA systems in responding to cell
stress (5, 60). Many studies have sought to define a role for TA
systems through overexpression of TA systems in the native
host and in non-native hosts (i.e. typically E. coli). For example,
the genome of M. tuberculosis harbors 47 homologs of the
VapC family, 9 of MazF, 3 of RelE, 2 of ParD, 1 of HigB, and 26
novel systems (21). Of the 88 putative TA systems identified, 78
were cloned and expressed in M. smegmatis, and 30 were con-
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FIGURE 9. Metabolite differences of M. smegmatis mc?155 wild type and
ATA™Pl after 15 days of growth in LBT. Metabolites were extracted from cul-
tures and analyzed by GC-MS, and the metabolic profiles were compared. The
final relative concentration of metabolites was determined using the GC-peak
intensity of methyl chloroformate derivatives. Compounds considered false-pos-
itives were then eliminated, and the intensity of each metabolite was normalized
by the peak height of the internal standard (L-alanine-d,). Because the amount of
biomass was identical between replicates, no normalization by biomass was per-
formed. The metabolites identified as statistically different between the strains as
determined by analysis of variance (p < 0.05) for extracellular (a) and intracellular
(b) samples are shown. Metabolites that were only identified in less than half the
samples were considered false-positives and were not included. Results are from
two biological replicates and three technical replicates from each strain. The error
associated with these technical replicates is shown.

firmed to function as TA systems (21). In a separate study, 30
out of 38 putative TA systems from M. tuberculosis were func-
tional when expressed in E.coli (61). Of the nine MazF
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homologs identified in M. tuberculosis, seven have been studied
and shown to cause growth arrest when expressed in E. coli (49,
62, 63). Han et al. (55) reported that expression of Rc1102c in
M. smegmatis, a mRNA interferase (49), caused a reversible
bacteriostasis and contributed to the formation of drug-toler-
ant persisters in M. smegmatis. Survival of the ATA™P' Al
smegmatis mutant to streptomycin and rifampin challenge was
not impaired compared with the wild-type cells suggesting that
the three TA modules in M. smegmatis were not required to
generate drug-tolerant cells. M. tuberculosis harbors three Rel
toxin-antitoxin module, and expression of all three in M. smeg-
matis and M. tuberculosis caused growth inhibition that was
neutralized by their respective cognate antitoxin (64, 65). Fur-
ther worked showed that expression of the RelE2 toxin in M.
tuberculosis induced the formation of drug-specific persisters
in vitro; however, deletion of relE2 did not affect the level of
persisters of M. tuberculosis in rifampin-treated mice ruling out
a role for relE2 in the generation of bacilli that survive multi-
drug therapy (66). The M. smegmatis genome contains no rel
homologs but does contain a phd/doc module not found in M.
tuberculosis. Based on these studies, mycobacteria harbor a
number of TA modules that can contribute to growth arrest
and persistence to drugs. However, it is important to note that
in none of the aforementioned studies was the TA module-
mediated cell bacteriostasis/inhibition shown to function in a
physiologically relevant situation, and therefore, more studies
are required in this area to ascertain the biological role(s) of TA
systems in M. tuberculosis.

To gain a better understanding of the role of TA systems in a
native host, a strain of E. coli was created in which all TA sys-
tems were deleted, i.e. AmazEF ArelBE AchpB AyefM-yoeB
AdinJ-yafQ (designated A5) (16). The A5 mutant was studied to
determine its ability to survive and recover from various
stresses compared with the isogenic wild type. All of these
E. coli toxins cause mRNA cleavage and have been proposed to
be involved in responding to stress (7, 8, 67—70). Surprisingly,
given the previous literature on these TA systems in E. coli,
there was no significant difference between the A5 mutant and
wild type when challenged with rifampicin, amino acid starva-
tion, acidic stress, or nutritional downshift (16). Additionally
there was no difference in competition experiments during
amino acid starvation, nutritional downshift, or long term cul-
tures. This study was not able to find a benefit or a disadvantage
to having these five TA systems in the chromosome of E. coli.
Only recently did researchers show that the A5 strain was found
to form less biofilm after 8 h and more biofilm after 24 h (17).
Transcriptome analysis identified only one gene (yjgK) that was
differentially regulated in the A5 compared with the wild type
under these conditions (17). The product of this gene, YjgK, was
found to repress fimbriae, which are needed for formation of
the biofilm, but are not required when cells are released from
the biofilm into planktonic growth. Similar studies have been
performed in Streptococcus mutans, which harbors two TA sys-
tems in its genome, one from the mazEF family and one from
the relBE family (71).

To provide a molecular model for the role of TA systems in
mycobacteria, we deleted all three TA modules in M. smegma-
tis. A number of typical stressors were tested (e.g. antibiotic
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stress, mitomycin C, nalidixic acid, acid pH, iron chelators, high
pH, heat shock, and oxidative stress), and only for oxidative and
heat shock stress did we observe a difference between the wild
type and the mutant, and in both cases the mutant was more
susceptible than the wild type to the imposed stress. When the
ATA™P'® mutant was grown in complex medium and viability
was monitored over an extended period, a survival defect was
observed. Cell death was not due to a critical ion (K™) or intra-
cellular ATP loss, and the membrane potential and internal pH
of the ATA""P'® mutant was comparable with the wild-type
strain. The survival defect of the ATA"P'® mutant was not
observed in either minimal medium or PBS-T aerobically or in
LBT medium under anaerobic conditions, but it was unique to
complex medium. We hypothesize that this survival defect is
due to the combination of stressors that mycobacterial cells
encounter in complex medium after aerobic growth, i.e. high
cell density, high pH, accumulation of reactive oxygen species,
and toxic end products. Consistent with this hypothesis was the
observation that we could not rescue the survival defect of the
ATA™P' mutant with single nutrients (e.g. excess iron, carbon,
nitrogen, or phosphate) and were unable to isolate suppressor
mutants to this phenotype, which suggested a complex network
of cellular changes. No significant differences at a transcrip-
tional level were noted between the wild type and ATA"P'
mutant, which is similar to findings reported for studies per-
formed with the E. coli A5 mutant versus wild type (16).
Analysis of the intracellular and extracellular metabolites of
the wild type and ATA"™P!® mutant at day 15 in LBT medium
revealed that the catabolism of M. smegmatis was geared
toward the metabolism of amino acids. Analysis of the intracel-
lular metabolite profile revealed significant variations in the
intracellular levels of the branched-chain amino acids leucine
and isoleucine. The intracellular concentration of branched-
chain amino acids in bacteria has been linked to the nutritional
supply and physiological state of the cell (72, 73), as well as
serving a central role in linking catabolism with anabolism (74).
Isoleucine was not detected in the ATA™P'® mutant, and high
levels of norleucine were detected. Norleucine is a methionine
analog that is incorporated into proteins in place of methionine.
We propose that due to the high levels of intracellular norleu-
cine in the ATA™P!® mutant, it is highly likely that norleucine is
incorporated into proteins under these conditions. Methionine
has been shown to act as an endogenous antioxidant protecting
the protein in which they are located and other macromole-
cules (75). In contrast, proteins with norleucine incorporated
have been shown to be more sensitive to oxidative damage (75).
Moreover, oxidatively damaged Salmonella typhimurium can
be rescued by the addition of branched-chain amino acids (76)
suggesting a potential link between branched-chain amino
acids and oxidative stress in bacteria. The ATA"'P'* mutant was
more sensitive to H,O, stress compared with the wild type, and
taken together these observations suggest a potential link
between cell death (oxidative stress-mediated) of the mutant
and accumulation of intracellular branched-chain amino acids.
The role of TA modules in regulating nitrogen and carbon flux
(e.g amino acids) in mycobacteria remains to be investigated.
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