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Toxin-antitoxin (TA) systems are plasmid- or chromosome-encoded protein complexes composed of a stable
toxin and a short-lived inhibitor of the toxin. In cultures of Escherichia coli, transcription of toxin-antitoxin
genes was induced in a nondividing subpopulation of bacteria that was tolerant to bactericidal antibiotics.
Along with transcription of known toxin-antitoxin operons, transcription of mgsR and ygiT, two adjacent genes
with multiple TA-like features, was induced in this cell population. Here we show that mgsR and ygiT encode
a toxin-antitoxin system belonging to a completely new family which is represented in several groups of
bacteria. The mgsR gene encodes a toxin, and ectopic expression of this gene inhibits growth and induces rapid
shutdown of protein synthesis in vivo. ygiT encodes an antitoxin, which protects cells from the effects of MqsR.
These two genes constitute a single operon which is transcriptionally repressed by the product of ygiT. We
confirmed that transcription of this operon is induced in the ampicillin-tolerant fraction of a growing popu-
lation of E. coli and in response to activation of the HipA toxin. Expression of the MqsR toxin does not kill

bacteria but causes reversible growth inhibition and elongation of cells.

Bacterial toxin-antitoxin (TA) systems (for reviews, see ref-
erences 16 and 54) are complexes consisting of a stable toxin
component and a short-lived antitoxin. Toxins of TA systems
are autotoxic; they target vital functions of the producing bac-
terium itself. TA complexes were discovered because they are
plasmid-stabilizing entities. When a bacterium carries a plas-
mid which encodes a toxin and an antitoxin, both molecules are
produced continuously and have no effect on the activities of
the cell. When the plasmid is lost during cell division, the toxin
is released and kills or inhibits the cell, because the unstable
antitoxin is degraded faster. Chromosomal TA systems were
found later (36), and comparative studies determined that they
are widespread in free-living bacteria (35, 41).

There are two different types of bacterial TA systems, which
depend on the nature of the antitoxin. In type I TA systems,
the antitoxin is a small regulatory RNA (15, 18). In type II TA
systems, which are relevant to this study, both the toxin and the
antitoxin are proteins. Protein antitoxins neutralize toxins by
direct interaction, forming catalytically inactive complexes. All
known TA genes are organized as operons. The antitoxin is
usually encoded by the first gene and always acts as a tran-
scriptional autorepressor of the operon either alone or in a
complex with the toxin molecule. Thus, antitoxins control toxin
activity in two ways: through direct binding and through tran-
scriptional regulation (17).

The toxins of type II systems attack essential functions of a
bacterial cell, either protein synthesis through cleavage of free
or ribosome-bound mRNA (e.g., RelE, MazF, HigB, and
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HicA) (10, 11, 25, 43) or the replication and integrity of DNA
through interference with DNA gyrase (e.g., CcdB and ParE)
(6, 24). TA pairs are grouped into 7 to 10 families (different
authors propose different divisions) based on sequence simi-
larities between the toxins (24, 54). The mechanisms of action
and other characteristics of different TA families have been
reviewed recently (16, 54) and are not discussed here. Targets
of an increasing number of TA systems have been identified
and their crystal structures have been described, but their role
in the physiology of bacterial cells is unclear. Different authors
have ascribed seemingly opposite functions to TA systems (for
reviews, see references 34 and 56). Chromosome-encoded TA
systems have been proposed to act as bacterial programmed
cell death executioners, and in Escherichia coli, mazEF-medi-
ated death under a variety of stressful conditions has been
described by Hazan and colleagues (23). A homolog of MazF
has recently been shown to have an essential role in cell death
and lysis during Myxococcus xanthus fruiting body formation
(39). Other workers have shown that TA toxins are activated in
response to stress and starvation but have not reported any cell
death (12). These workers proposed that TA systems have a
protective role in survival under nutritional stress conditions
and that toxins induce reversible growth arrest. Thus, TA tox-
ins are actually not self-inflicted poisons but rather are global
regulators of cell metabolism, growth, and division. Both ex-
planations are challenged by experiments which have revealed
no effect of deletions of the chromosomal TA operons on the
survival and fitness of organisms (54). Whether the TA toxins
are cytostatic or cytotoxic may depend on the strain back-
ground and experimental setup (29, 54). Growth arrest caused
by a toxin typically can be reversed by controlled overexpres-
sion of the sequestering antitoxin (42). Proponents of the cell
death hypothesis claim that reversal is possible only for a
limited time. Thereafter, cells reach a “point of no return” and
are unable to recover (3, 31).
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Another open question is the role of TA systems in the
formation of persisters. All bacterial populations contain indi-
vidual cells that are not killed by antibiotics. These microbes
are called persisters and are genetically identical to sensitive
cells (33). A key to the nature of persisters seems to be their
temporary nondividing state, since in most cases only prolifer-
ating bacteria are sensitive to the bactericidal effects of anti-
biotics (55). Different experiments have demonstrated that
persisters are temporarily nonproliferating bacteria in a grow-
ing culture that, some time after removal of a drug, switch to
the “normal,” proliferating state (5, 46). Understanding the
mechanisms of persistence requires physical separation of the
nondividing bacteria and analysis of their macromolecular con-
tent. This has been done by using two techniques: (i) killing
and lysing the growing bacteria with ampicillin (27) and (ii) cell
sorting of translationally inactive bacteria (on the basis of de
novo green fluorescent protein [GFP] expression) (52). In both
cases, transcription profiles of the dormant bacteria revealed
strong and reproducible overexpression of chromosomal toxin-
antitoxin operons (27, 52). As transcription of the TA operons
is repressed by antitoxins, increases in transcription indicate
that there are decreases in antitoxin levels and consequently
activation of toxins.

An independent finding linking TA and persisters resulted
from a targeted search for high-persistence mutants in E. coli
(38). The point mutations that increased persister frequency
several orders of magnitude were mapped to the hipA gene
encoding a toxin of the hipBA TA module (31). Recently, the
HipA toxin was demonstrated to have protein kinase activity
and to phosphorylate elongation factor Tu (51). Also, deletion
of hipAB affected survival in the stationary phase (27), and
deletion of another TA toxin gene, yafQ, had a strong effect on
the persister frequency in biofilms (22). Other data cast doubt
on the role of TA systems in persister formation. For example,
individual deletions of relBE, mazEF, or dinJ-yafQ had no
effect on production of persisters by E. coli K-12 (27). A pos-
sible explanation for this is that there is functional redundancy
of all or some of the TA systems. Also, the genome of E. coli
may encode unknown TA systems with no sequence similarity
to known TA pairs.

Among the genes that were induced in ampicillin-tolerant
and quiescent E. coli subpopulations along with the known
toxin-antitoxin operons are b3022 (ygiU, later renamed mgsR
[19]) and b3021 (ygiT) (27, 52). These genes captured our
attention because they have several characteristics of TA cas-
settes. mgsR and ygiT are located next to each other, and there
is just 1 bp between the two open reading frames. Thus, these
genes are probably cotranscribed. The lack of space for a
ribosome-binding site between the two genes suggests that
there is translational coupling, which is another characteristic
of TA cassettes (47).

All protein antitoxins studied so far are transcriptional au-
torepressors. ygiT also encodes a putative DNA-binding pro-
tein consisting of 131 amino acids. The ygiT product contains a
Cro/Cl-type helix-turn-helix DNA-binding domain (http:
/www.uniprot.org/blast/?about=Q46864[74-127]) in its C-ter-
minal region (amino acids 74 to 127) (49). It belongs to
COG1396 (Clusters of Orthologous Groups of proteins; http:
/www.ncbi.nlm.nih.gov/COG), which also contains the known
antitoxins HipB and HigA. The antitoxin gene candidate ygiT
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is the second gene, not the first gene, of the putative operon
(see Fig. 3A); this organization is opposite to the widespread
TA gene order but occurs in the higBA and hicAB toxin-anti-
toxin families (11, 25). mgsR encodes a 98-amino-acid protein
with no similarity to known toxins and has previously been
linked to biofilm formation (19, 45). Disruption of mgsR has
been reported to abolish bacterial motility and reduce produc-
tion of biofilms, particularly autoinducer 2-stimulated forma-
tion of biofilms (19). Moreover, the MgsR (YgiU)-YgiT family
is among the new TA families recently predicted by bioinfor-
matic analyses of microbial genome sequences (35).

Previously, we showed that overexpression of mgsR halts
growth and induces tolerance to ofloxacin and cefotaxime,
while a ygiT null mutant could not be obtained (52). In this
work we determined experimentally that these two neighboring
genes of E. coli K-12 encode a toxin-antitoxin system belonging
to a completely new family.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The E. coli strains and
plasmids used are listed in Table 1. Deletions A(mgsR ygiT), A(ygiV mgsR ygiT),
AmazEF, and AlacZ were made using the method of Datsenko and Wanner (14)
The PCR products for Red-mediated recombination were generated using
knockout primers listed in Table 2. Deletions were verified with primers mqsR1,
ygiT2, ygiV1, mazE1, and mazF2 (Table 2) in combination with primers k1, k2,
and kt (14). For removal of the Kan" cassette from derivatives of HM21 and
HM22, cells transformed with pCP20 were regrown nonselectively at 42°C be-
cause growth of these strains is hampered at 43°C. Single-copy integration of
CRIM plasmid pPTX3 into the aft\ site in HM21A2 was carried out, and
integrants were verified as described by Haldimann and Wanner (21).

Plasmids were constructed as follows. To construct pAT3, ygiT was PCR
amplified with primers ygiT-KpnUP and ygiT-EcoRDWN and inserted into
pBRlacltac using Kpnl and EcoRI. To construct pTX3, mgsR was amplified
using primers mqsR-KpnUP and mqsR-SphDWN and inserted into pBAD33
using Kpnl and Sphl. pTX4; mgsR was amplified with primers mqsR-BglUP and
mqgsR-BamDWN, digested with BgIII and BamHI, and inserted into BamHI-
digested pGEMO9Zf(+). To construct pTX5, DNA of the mgsR and ygiT region
was amplified using primers mqsR-KpnUP and ygiT-EcoRDWN and inserted
into the pGEM9Zf(+) T vector (Promega). To construct pPTX3, the intergenic
region between ygil” and mgsR was amplified with primers PmqsR-SphUP and
PmgsR-KpnDWN and inserted into pAH125 using the Sphl and Kpnl restriction
sites. All PCR amplifications were done using the chromosome of HM21, and all
primers used are listed in Table 2.

Luria-Bertani (LB) broth and LB agar plates were used for growth. To grow
HM21 and its derivatives, media were supplemented with 75 ug ml~! of dia-
minopimelic acid (DAP). Antibiotics were used at the following concentrations:
ampicillin, 100 wg m1~"'; chloramphenicol, 50 pg ml~'; kanamycin, 25 pg ml~';
and tetracycline, 15 pg ml~ %

Growth inhibition experiments and viability counts. Overnight cultures were
inoculated with bacteria obtained from thawed 8% dimethyl sulfoxide (DMSO)
stocks (stored at —80°C) and grown for 18 h in media supplemented with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) and 0.2% glucose. Overnight cul-
tures were diluted 1:1,000 in media supplemented with IPTG at the concentra-
tion indicated below and incubated at 37°C with shaking. L.-Arabinose was added
after 2.5 h. Samples were taken at different time points (see below), and the
optical density at 600 nm was determined. To obtain viable counts, overnight
cultures were diluted 1:1,000 in media supplemented with 50 uM IPTG and
incubated at 37°C with shaking for 3.5 h. Then cultures were diluted 1:8 in media
containing 1 mM L-arabinose. Samples were taken at different time points (see
below) and serially diluted in sterile phosphate-buffered saline (PBS), and ap-
propriate dilutions were plated on LB agar supplemented with 0.2% glucose and
1 mM IPTG. Colonies were counted after 24 h.

Flow cytometry. Bacteria were counted using a bacterial counting kit from In-
vitrogen. Bacteria were grown as described above for the growth inhibition experi-
ments, and 10-pl samples were taken, mixed with 490 l sterile filtered PBS and 1
pl of a solution of the SYTO BC bacterial stain in dimethyl sulfoxide (DMSO)
(Invitrogen), and stained at room temperature for 10 min. Samples were mixed with
500 pl sterile filtered PBS containing 30% glycerol and stored at —80°C. Before
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Strains
MG1655
MG1655A2
MG1655A3
BW23473

BW25113
BW25113 AmotA
BW25113 AfliC
BW25113 AmotA
BW25113 AmgsR

BW25113 AmgsR Kan®

BW25113 AmgsR-ygiT
BW25113 AmazF
BW25113 AmazEF
BW25113 ArelE
BW25113 ArelBE
HM21

HM21A

HM21A2

HM21A2 Py lacZ
HM22

Plasmids
pKD13
pKD46
pCP20
pBAD33
pBRlacltac
pAHI125
pINT-ts
pGEM9Zf
pTX3
pAT3
pPTX3
pTX4
pTXS

Genotype Reference or source

F~ N ilvG r1fb-50 rph-1 7
MG1655 A(mgsR ygiT) This study
MG1655 A(ygiV mgsR ygiT) This study
A(lacIZYA argF)U169 rph-1 rpoS396(Am) robAl creC510 hsdR514 AendA9 uidA(AMIul)::pir(wt) 21

recAl
lacl¥ rrmB3 lacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1 21
BW25113 AmotA::kan 4
BW25113 AfliC::kan 4
BW25113 AmotA::kan 4
BW25113 AmgsR::kan 4
BW25113 AmgsR This study
BW25113 A(mgsR ygiT) This study
BW25113 AmazF::kan 4
BW25113 AmazEF::kan This study
BW25113 ArelE::kan 4
BW25113 ArelBE H. Luidalepp
F* dapA zde-264::Tnl0 tet 38
HM21 A(mgsR ygiT)::kan This study
HM21 A(mgsR ygiT) AlacZ::kan This study
HM21 A(mgsR ygiT) AlacZ att,::pPTX3 This study
F* dapA zde-264::Tnl0 hipA7 cs 38
bla FRT aph FRT PS1 PS2 oriR6K 14
bla Py, gam bet exo pSC101 oriTS 14
bla cat cI857 NPy-flp pSC101 oriTS 14
cat araC Py, pACYCI184 ori 20
bla lacl Ptac pBR322 ori 40
kan lacZ att\ oriR6K 21
bla int\ cI857 NPr-flp pSC101 oriTS 21
bla T7P SP6P orifl, pGEM ori Promega
pBAD33-mgsR This study
pBRlacltac-ygiT This study
PAHI125-P,, ;. ryeir This study
pGEMOZf-mgsR This study
pGEMYZf-mqsRygiT This study

counting, samples were vortexed carefully and sonicated in an ultrasonic bath (Ban-
delin SONOREX Digital 10 P). The same number of sonicated 6.0-pm-diameter
microspheres was added to all samples, and flow cytometry was performed using an
LSRII and a high-throughput sampler (BD) with a laser beam maximum wavelength
of 488 nm. All particles in a 100-pl sample were counted. The results were analyzed
by using FlowJo 7.2.1 software (Treestar, Inc.).

Epifluorescence microscopy. Bacteria were grown as described above for the
growth inhibition experiments and collected by centrifugation. Cells from 1 ml of a
culture were resuspended in 200 to 400 pl of nutrient-free M9 medium (37) and
stained with the SYTO BC bacterial stain (Invitrogen) at room temperature for 10
min. Bacteria were spotted onto a solidified 1% agarose pad on a glass slide, the
excess fluid was allowed to dry, the slide was covered with a coverslip, and the
bacteria were observed immediately. Fluorescence microscopy was performed by
using an Olympus BX51 microscope (magnification, X1,000), images were captured
by using a charge-coupled device (CCD) camera and Cell B software (Olympus),
and the lengths of 100 cells per slide were measured using Image J software.

Northern blotting. Overnight cultures were grown as described above for the
growth inhibition experiments, diluted 250-fold in 20 ml of medium (250 ml for
isolation of RNA from cells refractory to ampicillin lysis), and grown at 37°C for
2.5 h. To induce a cold shock, cultures were transferred to 25°C and incubated
for 1.5 h. For isolation of RNA from bacteria refractory to ampicillin lysis,
ampicillin (100 pg ml~') was added and cultures were incubated at 37°C for 3 h
to lyse the sensitive bacteria. RNA was isolated using Trizol reagent (Invitrogen).
In vitro mgsR-ygiT mRNA was synthesized from plasmid pTX5 cut with Ndel
using a T7 transcription kit (Fermentas). RNA samples (10 pg of total RNA and
5X serial dilutions of an in vitro transcription reaction mixture) were separated
by electrophoresis in a denaturing 1.2% agarose gel and transferred onto posi-
tively charged nylon membranes (Roche) by capillary blotting. The membranes
were prehybridized for 1.5 h and hybridized with a 5’,3'-fluorescein-labeled

oligonucleotide DNA probe (1 pmol ml™!; Metabion) overnight at 42°C in
modified Church buffer (53) in a rolling bottle in a hybridization oven or in bags
or on a rocker-incubator. Prehybridization buffer was prepared according to the
instructions in the DIG application manual for filter hybridization (Roche).
Stringency washes were performed as described by Trayhurn et al. 53.

After the stringency washes, each membrane was rinsed in maleic acid buffer
(0.1 M maleic acid, 0.15 M NaCl; pH 7.5) supplemented with 0.3% Tween 20 for
3 min and blocked with a 1% solution of blocking reagent (Roche) in maleic acid
buffer for 1 h at room temperature with gentle rocking. Fluorescein-labeled
oligoprobe-mRNA hybrids were detected by chemiluminescence using antifluo-
rescein-alkaline phosphatase conjugate (Fab fragments; Roche) and the CDP
Star alkaline phosphatase substrate (Sigma-Aldrich). The membrane was incu-
bated with antibody conjugate in blocking solution for 30 min, washed twice for
15 min in maleic acid buffer containing 0.3% Tween 20, and equilibrated in
detection buffer (0.1 M Tris-HCI, 0.1 M NaCl; pH 9.5) for 5 min. AP detection
was performed according to the recommendations in the CDP Star instruction
manual, and the membrane was exposed to X-ray film.

5’ RACE. Rapid amplification of cDNA ends (RACE) was used to map the 5’
end of the mgsR mRNA essentially as described by Sambrook and Russell (48).
Total RNA from a log-phase culture of HM22 was isolated using Trizol reagent
(Invitrogen) as described above for Northern blotting. Additional DNase treat-
ment was performed, and the DNA-free RNA was purified using a Nucleospin
RNA II kit (Macherey-Nagel). The cDNA was synthesized using primer race-P1
and 1.2 pg of total RNA as the template. All primers used in the experiment are
listed in Table 2. Free nucleotides and primers were removed with an MSB Spin
PCRapace kit (Invitek). cDNA was poly(dG) tailed using a terminal deoxyribo-
nucleotidyl transferase (Fermentas) and dGTP. Free nucleotides and primers
were removed as described previously. A chain complementary to the tailed
c¢DNA was then synthesized using primer C-anchor and performing a single-cycle
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TABLE 2. Oligonucleotides used in this study

Oligonucleotide

Sequence (5'—3")"

Knockout primers
mgqsR11
ygiV1l
ygiT24
lacZ11
lacZ24
mazE11l
mazF24

Other PCR primers

TTCCATTAATTAACGGATTTCATTCAATAGTTCTGGATGCTTATCCAGAAGTGTAGGCTGGAGCTGCTTC
ACCGCTCCCGGGACGCGTTCCCGGGAATAATTTCGCAGGGAGGCAAAATGGTGTAGGCTGGAGCTGCTTC
TTCATTGCTGTAATTAACCTTTTAGGTTATAACTAAAGTAACAGGGAGGCATTCCGGGGATCCGTCGACC
ATTTTTGACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTGAGCTGGGTGTAGGCTGGAGCTGCTTC
CGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCATTCCGGGGATCCGTCGACC
AGATTGATATATACTGTATCTACATATGATAGCGGTTTGAGGAAAGGGTTGTGTAGGCTGGAGCTGCTTC
TCTGTCAGGTGGAAACCTGTGACCAGAATAGAAGTGAGTTAGTAACACTAATTCCGGGGATCCGTCGACC

mqsR1 TAGAGAGGAGCCGCACTTAC
yeivl ATCCCTGCGTGACGACACCT

ygiT2 AATGCGCCACTTTCTTATATGGTC

mazE1 TAGCGACACCAAACAGCAAC

mazF2 AGGTGGAAACCTGTGACCAG

mqsR-KpnUP CGGGGTACCGGAGCCAACAATATGGAAAAACGCACACCACA
mgsR-SphDWN ACATGCATGCTTACTTCTCCTTAAACGAGA

yei T-KpnUP CGGGGTACCGGAGCCAACAATATGAAATGTCCGGTTTGCCA
yeiT-EcoRDWN CCGGAATTCTTAACGGATTTCATTCAATA

PmqsRSphUP CCAACGCATGCGCCTGACTCCAGCTTCCCTT

PmMASRKPNDWN ..o CGGGGTACCAACCCCCGCCTCCCTGT

mqsRBglUP CGGAGATCTGGAGCCAACAATATGGAAAAACGCACACCACA
mqsRBamDWN ACGGATCCTTACTTCTCCTTAAACGAGA

race P1 CGAGACGATCAGTACGTCATG

race P3 GCCTGTAACAAGCCTGGGTC

C-anchor GGCCACGCGTCGACTAGTACC, s

arb2 GGCCACGCGTCGACTAGTAC

mqsR-seqDWN AGCCTGGGTCTGTAAACATC

Hybridization probes
P1

TAGTTGAGCAATTCAGGGCTACAGCGGTGCGGCAACATCGCCACA

P2 TAAGGAAAGTGATTGACCATATAAGAAAGTGGCGCATTAGTAGCG
P3 GATAAACCTGGCCTGTAACAAGCCTGGGTCTGTAAACATCCTGCC
P4 CGAAGCCCGAAATGCCTTTACTTGCGCCATGAAAGCATCTGACTC
P5 GTTCGCTCAAACTTATCGCGAGTGATTTGGCTCACACTCCGGTAA

¢ Restriction sites in noncomplementary overhangs are underlined. Start and stop codons are indicated by bold type.

reaction with a PCR apparatus with the following program: 5 min at 95°C,
increase the temperature from 55 to 65°C in 10 min, and 10 min at 72°C. Free
nucleotides and primers were removed again as described above, and the DNA
was amplified with primers arb2 and race-P3 using 30 cycles consisting of 1 min
at 95°C, 1 min at 55°C, and 1 min at 72°C. The PCR product was then purified
with the MSB Spin PCRapace kit (Invitek) and directly sequenced using primer
mqsR-seqDWN.

B-Galactosidase assay. B-Galactosidase levels were determined using the
modified protocol of Miller (37). Overnight cultures were diluted 100-fold in 2 ml
fresh medium containing 1 mM IPTG or no IPTG and grown at 37°C for 4 h, and
the optical density at 600 nm (A4(,) of each culture was determined. Samples (50
wl) were mixed with 350 pl Z buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10
mM KCl, 1 mM MgSO,, 50 mM B-mercaptoethanol; pH 7.0). Cells were per-
meabilized with 5 .l of chloroform and 10 pl 0.1% SDS, and 80 pl of a substrate
solution (1 mg ml~! o-nitrophenyl-p-galactoside in Z buffer) was added. When a
sufficient amount of yellow color had developed, the reaction was stopped by adding
200 wl of 1 M Na,COs, the cell debris was removed by centrifugation at 14,000 X g
for 2 min, and the optical density at 420 nm (A4,,) of the supernatant was deter-
mined. B-Galactosidase levels were determined as follows: A4, X 1,000 X ¢~ X
V1 X Agpo ™!, where ¢ and V are the time (in minutes) of the reaction and the
volume (in milliliters) of the culture used in the assay, respectively.

Pulse-labeling. Bacteria were grown as described above for the growth inhi-
bition experiments. Optical densities at 600 nm of the cultures were determined
at sampling time points. For measurement of translation, 100-pl portions of a
culture were mixed with 10 pl of [3S]methionine (200 p.Ci ml~'; 1,175 Ci
mmol ") and incubated for 3 min at 37°C. For measurement of the transcription
rate, 200-p.l samples were mixed with 10 pl [5'-*H]uridine (5 mCi ml~'; 27 Ci
mmol ") and incubated for 6 min at 37°C. For measurement of DNA synthesis,
200-p.1 samples were mixed with 10 l [methyl->H]thymidine (400 wCi ml~'; 80Ci
mmol ') and incubated for 4 min at 37°C. Incorporation of the label was stopped
by adding 1 ml of 5% trichloroacetic acid (TCA) supplemented with 2%
Casamino Acids (CAA) and cooling the preparation on ice for 1 h. Before
precipitation on ice, [**S]methionine-labeled samples were heated for 10 min at
95°C. Precipitates were collected on glass fiber filters prewetted with 5% TCA,
washed with 5 ml 5% TCA and then with 96% ethanol, air dried for 15 min at
65°C, and counted using 5 ml of scintillation fluid (ScintiSafe 3; Fisher Scientific).

In vitro coupled transcription-translation assay. In vitro coupled transcription-
translation was performed using the E. coli T7 S30 extract system for circular
DNA (Promega) according to the manufacturer’s instructions. The reaction
mixtures (25 pl) contained 1 g of each template plasmid. For radioactive
labeling of in vitro-synthesized proteins, 1 ul of [**S]methionine (10 mCi ml™%;
1,175 Ci mmol ') was added. The reaction mixtures were incubated at 37°C for
1 h and frozen. For analysis of in vitro-synthesized proteins, 5-ul aliquots of a
reaction mixture were mixed with 20 pl of acetone and incubated for 10 min on
ice. Each precipitate was centrifuged for 5 min at 12,000 X g, dried under a
vacuum for 15 min, dissolved in 20 pl of SDS-PAGE sample buffer, and heated
at 95°C for 5 min. Aliquots (5 wl) were analyzed by SDS-PAGE using a 14%
polyacrylamide gel.

Biofilm formation. Biofilm formation was monitored in microtiter plates as
described by Pratt and Kolter (44). Overnight cultures were diluted 100-fold in
150 pl LB media and grown in polystyrene 96-well plates for 48 h at 30°C without
shaking. The optical densities at 600 nm of grown cultures were determined using
a Tecan Sunrise microplate reader. Planktonic cells were removed by rinsing
preparations with deionized water. Each biofilm was stained with 160 wl of a 1%
crystal violet (CV) solution for 20 min, and excessive dye was washed off with
deionized water. Plates were dried for 10 min, and the absorbed CV dye was
dissolved in 170 pl of an ethanol-acetone (80:20) mixture. The adsorption at 590
nm of 125 pl of the solution in a microtiter plate was measured. The background
value for the control sample containing no bacteria was subtracted. Three to five
biological replicates (individual overnight cultures) and eight technical replicates
(eight wells started from each overnight culture) of each strain were analyzed.

Identifying mqsR-ygiT gene pairs. We used the MqsR protein sequence of E.
coli (gil16130918) as a query and performed a search against the complete
microbial genome database at NCBI (Genomic Blast) by using BLASTP (2). The
BLAST output was restricted by an E value of 1.

RESULTS

MgsR inhibits bacterial growth, and YgiT relieves the tox-
icity of MgsR. To test if mgsR and ygiT encode a toxin-anti-
toxin pair, both genes were cloned into expression vectors. The
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ygiT sequence was inserted into the vector plasmid pBRlacItac
(40) downstream of the IPTG-inducible Ptac promoter, result-
ing in plasmid pAT3. The mgsR gene was inserted into
pBAD33 (20) under control of the arabinose-inducible Py,
promoter, resulting in pTX3. Because of the toxic effects of
mgsR, cloning of this gene was possible only after introduction
of the ygiT expression plasmid pAT3 and induction of the YgiT
protein during growth of competent cells used for transforma-
tion of the ligation product. We found that HM21A, which
contained both expression plasmids (pAT3 and pTX3), re-
quired constant low-level induction of ygiT for growth (Fig.
1A). This was probably because of the low levels of MgsR
produced due to leakage of the Py, promoter, which could
not be stopped completely by addition of glucose to the growth
medium. We tested the effects of expression of the candidate
toxin and antitoxin on bacterial growth and found that MgsR
halts growth and that expression of YgiT is able to suppress the
inhibitory effect. Expression of YgiT alone did not influence
bacterial growth (Fig. 1A). These observations show that mgsR
encodes a toxic protein and that the product of ygiT can protect
cells from the toxicity of MgsR.

MgsR causes reversible growth inhibition and elongation of
bacterial cells. To test if MgsR kills bacteria or causes growth
inhibition, we induced MqgsR production by addition of 1 mM
L-arabinose to a growing culture, took samples at different time
points, and plated them on solid media containing IPTG for
ygiT induction. The number of colony-forming bacteria did not
decrease during 5 h of continuous expression of MgsR, show-
ing that later production of YgiT can rescue cells from the
inhibiting effect of the toxin (Fig. 1B). Thus, we found that
production of MgsR does not kill bacteria but causes a tem-
porary, reversible growth arrest. Actually, both the optical den-
sity of the culture and the number of colonies continued to
increase slowly after induction of the MqsR toxin (Fig. 1B).
This could indicate that there was continuation of slow growth;
alternatively, the increase in optical density might have been
caused by cell filamentation and the increase in the number of
CFU might have reflected an improved ability to form colo-
nies. To test these hypotheses, we determined the absolute
numbers of bacterial cells by flow cytometry (Fig. 1C; see Fig.
S1 in the supplemental material) and, in parallel, examined the
possible changes in cell shape and size using a microscope (Fig.
2). Fluorescence-activated cell sorting (FACS) counting
showed that there were increases in the numbers of cells (Fig.
1C). Thus, expression of MgsR did not halt growth completely,
and bacteria continued to divide slowly.

Microscopy showed that there was elongation, but not fila-
mentation, of bacteria in response to production of MgsR.
Normally, exponentially growing cells of the HM21 strain and
its A(mgsR ygiT) derivative used in our experiments were short
rods resembling the stationary-phase cells of E. coli (Fig. 2A).
Induction of mgsR increased the length of bacteria consider-
ably (Fig. 2B). Both the average cell length and the variability
of the cell length increased during the first 3 h after mgsR
induction. After this, the average cell length and the variability
of the cell length started to decrease (Fig. 2C), indicating that
there was relaxation of the MqsR-induced block of cell divi-
sion. The MgsR-arrested bacteria were also fatter; the average
diameter increased gradually, and at 3 h after induction of
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FIG. 1. MgsR induces growth arrest which is reversible by expres-
sion of YgiT. HM21A contained plasmid pAT3 for IPTG-inducible
ygiT expression and plasmid pTX3 for rL-arabinose-inducible mgsR
expression. (A) Effect on bacterial growth as measured by A4,. Bac-
teria were grown without IPTG (squares) (YgiT—), in the presence of
50 pM IPTG (triangles) (YgiT+), or in the presence of 5 mM IPTG
(diamonds) (YgiT++). At time zero, some cultures (filled symbols)
(MgsR+) were supplemented with 1 mM L-arabinose. (B) Colony
formation after induction of mgsR. Bacteria were grown in the pres-
ence of 50 uM IPTG, and mgsR was induced at time zero by addition
of 1 mM L-arabinose. At the time points indicated, samples were
taken, the A4y, was measured, and appropriate dilutions were plated
onto solid medium supplemented with 0.2% glucose and 50 pM IPTG.
Colonies were counted after 24 h, and the number of CFU per ml of
culture was calculated. (C) Counting of individual bacteria after in-
duction of mgsR. Bacteria were grown, mgsR was induced, and samples
were taken as described above for the plating experiments. Bacteria
were stained with the SYTO BC dye and mixed with a constant num-
ber of standard microspheres. Particles were counted by flow cytom-
etry. All results are averages of three independent experiments. The
error bars indicate standard deviations.

mgsR it was 0.94 = 0.09 wm, compared to 0.60 = 0.08 wm for
the control.

mgqsR and ygiT form an operon. To map the transcripts of the
mgsR-ygiT region and to verify the expression array data from
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FIG. 2. MgsR causes elongation of bacterial cells. Expression of
mgsR was induced in the logarithmic growth phase at time zero by
addition of 1 mM L-arabinose to a culture of HM21A cells bearing
plasmids pAT3 (ygiT expression) and pTX3 (mgsR expression). An
uninduced culture of the same strain was used as a control. Samples
were taken at the times indicated, and bacteria were stained with the
SYTO BC dye and examined by epifluorescence microscopy. Control
bacteria (A) and the MgsR-arrested bacteria (B) were observed 4 h
after induction of mgsR. (C) Average lengths of 100 bacterial cells.
Filled squares, MqsR-expressing bacteria; open squares, uninduced
control. The vertical bars indicate the limits of cell length (the longest
and shortest bacteria in a set of cells).

previous studies (27, 52), the mRNA of these two genes was
analyzed by Northern hybridization. For validation of the re-
sults, serial dilutions of an in vitro-synthesized mqsR-ygiT tran-
script consisting of 806 bases were blotted as a positive control
(Fig. 3B, lanes 7 to 9). Hybridization with a DNA oligoprobe
complementary to mgsR revealed two major transcripts that
were approximately 700 and 800 bases long (Fig. 3B). The
A(mgsR ygiT) deletion mutant did not express either transcript
(Fig. 3B lane 1), indicating that these two transcripts do cor-
respond to the mgsR mRNA. Further mapping using probes
complementary to ygiT and different regions near the mgsR-
ygiT locus (Fig. 3C) indicated that mgsR and ygiT are cotrans-
cribed and that the two major transcripts cover both genes. The
5’ ends of these transcripts are apparently identical and start at
a promoter of the operon. Exact mapping of the 5’ end by the
5" RACE method located the transcription start site 18 bp
upstream of the start codon of mgsR (Fig. 3A). The 3’ end of
the longer transcript extends farther downstream of the ygiT
coding sequence, into the intergenic region, while the shorter
transcript ends farther upstream and could not be detected
with the P5 probe (Fig. 3C, lanes P3 to P5). Several minor,
shorter transcripts map to the 5" region of the operon (Fig. 3C,
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lane P3). The ygil” gene upstream of mgqsR is transcribed sep-
arately (Fig. 3C, lane P1).

To reexamine expression of mgsR and ygiT in the nondivid-
ing subpopulation, we isolated RNA from cells of the HM22
high-persistence (hip) mutant refractory to lysis by ampicillin
and analyzed it by Northern hybridization (Fig. 3B, lane 6).
The increase in frequency of persisters due to the hipA7 mu-
tation was considered to be a direct result of activation of the
HipA toxin in a subpopulation of bacteria (38, 50). The same
mutation also conferred cold sensitivity, indicating that there
was HipA activation in all bacteria in the population at a lower
temperature. Thus, we decided to look at mgsR and ygiT tran-
scription in a cold-arrested HM22 culture as a model popula-
tion consisting of artificially generated persisters. Our North-
ern blot data confirmed the previously described array results
(27, 52); the level of expression of the mgsR-ygiT mRNA was
considerably higher in a subpopulation of bacteria that were
not sensitive to ampicillin lysis (Fig. 3B lane 6). An increase in
mqsR-ygiT transcription in HM22 after transfer to a lower
temperature (25°C) was observed as well (Fig. 3B, lane 5). The
mgsR-ygiT transcripts, which were induced in the nondividing,
HipA-arrested bacteria, were the same major transcripts that
were observed in growing cells. At the same time, the level of
expression of the major mgsR-ygiT transcripts was not higher in
the growing cells of the hipA7 mutant than in the wild-type
parent (HM21) (Fig. 3B, lanes 2 and 4) and was not induced in
response to a decrease in the growth temperature in the wild-
type strain (Fig. 3B, lanes 2 and 3). However, in the wild type,
we observed induction of a small transcript corresponding to
the 5’ portion of mgsR at 25°C (Fig. 3B, lane 3). Shorter
transcripts were also detected in the the hipA7 mutant both in
ampicillin-refractory bacteria and in response to the tempera-
ture downshift (Fig. 3B, lanes 5 and 6).

To summarize, the Northern blot results confirmed that the
mgsR and ygiT genes constitute an operon which is transcrip-
tionally induced both in response to HipA activation and in the
nondividing subpopulation of a growing culture.

YgiT is a transcriptional repressor of the mgsR-ygiT operon.
We used the B-galactosidase assay to test the potential auto-
regulation of the mgsR-ygiT operon by YgiT antitoxin. The
intergenic region between ygil” and mgsR was fused to the lacZ
reporter and inserted as a single copy into the chromosome of
an HM21 derivative lacking both the mgsR-ygiT operon and
lacZ. Expression of YgiT from the pAT3 plasmid was induced
with IPTG. After YgiT induction, the levels of B-galactosidase
were repressed more than 20-fold (Fig. 3D). This confirmed
the ability of YgiT to strongly repress transcription from the
mgsR-ygiT promoter.

MgsR induces inhibition of protein synthesis in vivo. The
molecular target of MgsR could not be predicted on the basis
of its primary sequence. Therefore, we performed pulse-label-
ing experiments to measure the effect of the toxin on macro-
molecular synthesis in vivo. As shown in Fig. 4, induction of
mgsR caused rapid inhibition of protein synthesis, whereas the
decrease in RNA synthesis was slower and the effect on DNA
synthesis was not clearly pronounced. The rate of protein syn-
thesis dropped about 5-fold within 8 min and remained at that
level.

To determine if translation is the primary target of MqgsR,
we examined the effect of MgsR in a cell-free system. MqsR
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FIG. 3. Organization and transcription of the mgsR-ygiT operon. (A) Map of the mgsR-ygiT region in the E. coli K-12 chromosome. The arrows
represent the open reading frames. The stop codon of mgsR and the start codon of ygiT are underlined. The gray box represents the P, g o1
promoter region cloned in front of the lacZ reporter in the pPTX3 promoter probe plasmid. The Pribnow (—10) box, the 5" end of the mgsR-ygiT
transcript, and the start codon of mgsR are indicated by uppercase letters in the nucleotide sequence of P,,,,r.,q7- P1 to PS5 indicate the locations
of oligoprobes used in Northern hybridization. (B) Northern analysis of mqgsR-ygiT transcription in different strains and under different conditions.
Lane 1, HM21A [A(mgsR ygiT)]; lanes 2 and 3, HM21 (wt); lanes 4, 5, and 6, HM22 (hipA7); lanes 7, 8, and 9, 5-fold serial dilutions of the in
vitro-synthesized mqsR-ygiT transcript. Bacteria were grown at 37°C for 2.5 h (to the exponential growth phase), and the cultures used for lanes
3 and 5 were transferred to 25°C and incubated for an additional 1.5 h. Ampicillin (100 pg ml~') was added to the culture used for lane 6, and
the culture was incubated at 37°C for additional 3 h to induce lysis of the sensitive bacteria and isolate the ampicillin-tolerant subpopulation. Total
RNA was extracted from each sample, and 10-pg aliquots were subjected to electrophoresis, transferred to a membrane, and hybridized with
fluorescein-labeled oligoprobe P3. Hybrids were detected using antifluorescein-AP conjugate and chemiluminescent detection. (C) Mapping of
mgsR-ygiT transcripts by Northern oligoprobe hybridization. RNA was extracted from HM21 cells grown at 37°C for 2.5 h, and 10-pg portions were
subjected to electrophoresis and transferred to a membrane. The membrane was cut into strips and hybridized with different fluorescein-labeled
probes. P1 to P5 indicate the probes used for hybridization. (D) Repression of transcription from the P,,,, r..;7 promoter by YgiT. E. coli HM21A2
Prx lacZ carries a single copy of a P, g.7i:lacZ transcriptional fusion in the chromosome and was transformed with plasmid pAT3 for
IPTG-inducible expression of YgiT. Overnight cultures were diluted 100-fold in fresh medium lacking IPTG (IPTG—) or containing 1 mM IPTG,
and B-galactosidase levels were determined after 4 h. The values are the averages of results from two assays. The error bars indicate the standard
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was expressed from the T7 promoter in an in vitro coupled
transcription-translation reaction. As shown in Fig. 5, a
polypeptide with the predicted molecular mass of MqsR (11.2
kDa) was produced in an S30 extract and did not inhibit the
production of two heterologous proteins, B-lactamase (28
kDa) expressed from the pGEM-9Zf vector and Lacl (38.6
kDa) expressed from pAT3. The product of ygi7T with predicted
molecular mass of 14.7 kDa could not be detected, probably
due to the instability of this protein.

Phyletic distribution of mgsR-ygiT homologues. We searched for
genes encoding homologues of the MqsR toxin in 914 fully
sequenced bacterial genomes. A total of 42 genes coding for
MgsR homologues were found in 40 genomes, and most of
them were found in gamma- and betaproteobacteria (Fig. 6).
We also found putative MqgsR toxins in alpha- and deltapro-
teobacteria, in chlorobi, and in a species of Acidobacter,
whereas phyla such as the Firmicutes and actinobacteria did
not contain MqgsR toxins. Most of the genomes contained a
single mgsR gene; only Geobacter uraniireducens contained
three mgsR genes. As a general rule, the presence of the mgsR
gene in strains of the same species is variable. For example,

only about one-half of the sequenced E. coli genomes contain
this gene. Thirty-six homologous proteins were proteins whose
sizes were similar to that of the E. coli MgsR used as the query
and showed homology throughout the sequence, whereas five
homologues were truncated and lacked either ~40 (4 proteins)
or 27 (Ralstonia eutropha) N-terminal amino acids. The MgsR
of Pseudomonas fluorescens Pf-5 had a 43-amino-acid N-termi-
nal extension (see Table S1 in the supplemental material).

All of the genes encoding MgsR homologues were followed
by a downstream gene encoding a putative DNA-binding pro-
tein having a helix-turn-helix (HTH) motif, a gene encoding a
putative antitoxin, a functional analogue of YgiT (see Table S1
in the supplemental material). Many of these open reading
frames followed the mgsR gene at a distance of a few nucleo-
tides or overlapped the mgsR gene, suggesting that there is
translational coupling of the encoded proteins.

Effects of mgsR on biofilm formation and growth depend on
the strain background. Disruption of mgsR has been reported
to reduce biofilm formation (19). This phenotype was demon-
strated previously in the MG1655 background for a mutant
that had a Tn5 insertion in the mgsR open reading frame (26).
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FIG. 4. Effect of mgsR expression on macromolecular synthesis in
vivo. Pulse-labeling experiments showed that there was incorporation
of radiolabeled precursors into protein (A), RNA (B), and DNA (C).
Ectopic expression of mgsR (filled symbols) was induced at time zero
by addition of L-arabinose (1 mM) to HM21A cultures bearing plas-
mids pAT3 (for ygiT expression) and pTX3 (for mgsR expression).
Open symbols indicate the results for the negative control (no L-
arabinose added). Samples were taken at the times indicated, radio-
active precursors were added, and samples were incubated at 37°C for
3 min (A), 6 min (B), and 4 min (C) for optimal labeling. Incorporation
of the label was stopped by adding trichloroacetic acid (TCA). The
rates of synthesis are expressed as the number of cpm incorporated
during a pulse-labeling reaction divided by the A, of the bacterial
culture. The values are the averages of three independent experiments;
the error bars indicate the standard deviations.
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FIG. 5. MgsR does not inhibit protein synthesis in vitro. Coupled
transcription-translation was carried out using the E. coli T7 S30 ex-
tract system for circular DNA. Templates for expression of B-lacta-
mase as a positive control ()GEM9Zf) (lanes 2 and 5), MgsR (pTX4)
(lanes 4 to 6), and YgiT plus Lacl (pAT3) (lanes 3 and 6) were added.
In vitro-synthesized proteins were labeled with [**S]methionine and
analyzed by SDS-PAGE using a 14% polyacrylamide gel. The positions
of synthesized proteins are indicated on the right.

Recently, a defect in biofilm formation was reported for an E.
coli strain with deletions in five chromosomal TA operons,
while single deletions of the corresponding toxin genes did not
cause this phenotype. Multiple TA deletions decreased both
bacterial attachment and dispersal (28). Here, we decided to
reexamine the effect of mgsR using deletion mutants with dif-
ferent strain backgrounds. We tested three E. coli K-12 strains
lacking either the toxin gene or the entire TA operon. In
parallel, we examined similar mutants with mutations in the
relBE and mazEF systems. Bacteria were grown for 48 h in LB
medium in 96-well plates, and crystal violet staining was used
for measurement of biofilms (Fig. 7). Since the densities in all
of the wells were very similar, we did not normalize biofilm
data using planktonic growth. Two known biofilm-defective
mutants (fliC and motA mutants) were used as controls in the
BW25113 background (44).

Our results show that the mgsR-ygiT system does affect bio-
film formation, although this apparently depends on the strain
background (Fig. 7). We observed a negative effect of the
mqsR-ygiT deletion on biofilm formation in both HM21 and
BW25113. The ability of the mgsR single mutant from the Keio
collection (4) to form a biofilm, however, was not reduced
compared to the ability of wild-type strain BW25113. Unex-
pectedly, elimination of the kanamycin resistance cassette from
the chromosome of this mutant strain resulted in a decrease in
biofilm formation. The production of biofilms by the BW25113
ArelBE and AmazEF deletion mutants was also reduced, while
individual deletions of relE and mazF had the opposite effect.
Under our assay conditions, E. coli MG1655, for which the
biofilm-related phenotype of mgsR was originally reported,
was a poor biofilm producer, and deletion of mgsR-ygiT had no
effect on biofilm formation by this strain.

The study which reported that mgsR affected the biofilm
phenotype also indicated that expression of this gene in frans
could restore biofilm formation. This seemed to be incompat-
ible with our observations; we had difficulty cloning mgsR when



2916 KASARI ET AL.

Cl: Gamma-
proteobacteria

A1 T

¢

Cl: Beta|
proteo
bacteria

Gt

Cl: Alpha-
proteobacteria

|

Cl: Delta-
proteobacteria

Ph: Chlorobi

—
—

Ph: Acidobacteria

Ph: Firmicutes
Ph: Actinobacteria
Yersinia pseudotuberculosis IP 32953

Yersinia pestis Pestoides F
Yersinia pestis Antiqua

Yersinia pestis biovar Microtus str. 91001

Yersinia pseudotuberculosis PB1/+
Yersinia pestis CO92

Yersinia pestis Nepal516

Yersinia pseudotuberculosis IP 31758
Escherichia coli IAI39

Escherichia coli K-12 MG 1655
Escherichia coli ATCC 8739
Thioalkalivibrio sp. HL-EbGR7
Pseudomonas fluorescens Pf-5
Pseudomonas fluorescens SBW25
Pseudomonas_putida_W619
Pseudomonas putida KT2440
Pseudomonas putida F1
Pseudomonas_putida_GB-1

Xylella fastidiosa 9a5¢

Xylella fastidiosa M23

Xylella fastidiosa Temecula1
Polaromonas naphthalenivorans CJ2
Polaromonas sp. JS666

Nitrosospira multiformis ATCC 25196
Bordetella parapertussis 12822
Bordetella bronchiseptica RB50
Bordetella pertussis Tohama |
Burkholderia sp. 383

Burkholderia multivorans ATCC 17616
Cupriavidus taiwanensis

Ralstonia eutropha H16

Nitrobacter hamburgensis X14
Rhodopseudomonas palustris BisA53
Desulfovibrio magneticus RS-1
Geobacter uraniireducens Rf4
Syntrophus aciditrophicus SB

Cl: Epsilon-proteobacteria

Ph: Bacterioides

Chlorobaculum parvum NCIB 8327
Pelodictyon phaeoclathratiforme BU-1
Chlorobium limicola DSM 245
Acidobacteria bacterium Ellin345

Ph: Fusobacteria

Ph: Thermotogae

Ph: Chlamydiae

Ph: Aquificae

Ph: Cyanobacteria

Ph: Chloroflexi

Ph: Spirochaetes

Ph: Deinococcus-Thermus

J. BACTERIOL.

MgsR Genomes

analyzed
190
106

*

186

*

66

*

*

126

35

26
60

10

41
11
17
5

0O0O0D0CDO0OCDODODORBEI- . OO0~ wW-Bl . . . 0 0 02O a8 aaaaaasaaa oo

Total

N
N

910

FIG. 6. Phyletic distribution of MgsR homologues on a cladistic tree of bacteria. Phyla for which only one or two genomes have been sequenced
are not shown, and the total number of genomes analyzed was 914. Asterisks indicate MqsR variants with a ~40-amino-acid N-terminal truncation.
The cladistic tree was constructed by using a deeper branching order (phylum [Ph] and class [Cl] levels) than an NCBI microbial taxonomic tree
(Genome Browser taxonomic tree). The more subtle branching order of genomes which contained toxin-antitoxin pairs is based on a 16S rRNA
alignment retrieved from RDP II (13) and was computed by using neighbor-joining tools of MEGA4 (32).

ygiT was not overexpressed. In another study by the same
research group, the toxicity of MqsR was reported and deletion
of the nearby ygil” gene was shown to reduce this toxicity in
MG1655 (59). Therefore, we studied the effect of ectopic ex-
pression of MgsR in MG1655 and found that this strain is

indeed less toxic than HM21 (see Fig. S2 in the supplemental
material). MG1655A2 bearing pAT3 and pTX3 grows normally
without addition of IPTG to the medium. However, we were
not able to confirm the effect of ygil” on the toxicity of MqsR
in the MG1655 background. No differences between the
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FIG. 7. Biofilm formation by wild-type and mutant E. coli K-12 strains. Bacteria with the genotypes indicated were diluted from an overnight
culture and grown in LB medium in 96-well polystyrene microtiter dishes at 30°C without shaking. Eight wells were inoculated using a single
overnight culture. After 48 h, the microtiter plates were rinsed and stained with crystal violet. The surface-bound stain was dissolved and quantified
by measuring the adsorption at 590 nm. The averages of three to five independent experiments are shown for each strain. The error bars indicate
the standard errors. kan’, kanamycin resistant (contains resistance cassette acquired during disruption of mgsR); kan®, kanamycin sensitive

(resistance cassette eliminated). wt, wild type.

A(mgsR ygiT) and A(ygiV mqsR ygiT) mutants in either the
ability to form a biofilm (Fig. 7) or inhibition of growth by
MgsR were detected (see Fig. S2 in the supplemental mate-
rial). In conclusion, the strain background had a considerable
effect on MgsR activity.

DISCUSSION

The existence of the new MqsR (YgiU)-YgiT toxin-antitoxin
family was predicted by sequence analysis (35) and our initial
observation of the growth-inhibiting effect of MqsR (52). The
present study confirmed experimentally that the mgsR-ygiT
locus of E. coli K-12 encodes a toxin-antitoxin system. We
showed that this locus shares essential properties of known TA
loci: (i) mgsR encodes a toxic protein that inhibits bacterial
growth and induces rapid inhibition of protein synthesis; (ii)
the product of ygiT counteracts the toxicity of MqsR; (iii) these
two genes are cotranscribed, forming an operon; and (iiii)
YgiT is a transcriptional repressor of the promoter of this
operon.

Growth inhibition is a vague parameter and must be inter-
preted with caution; overproduction of a single enzyme sub-
unit, for example, may be detrimental to growth and can be
compensated for by simultaneous production of the other,
interacting subunit (1). The specialized nature and different
half-lives of the subunits in a protein complex are definitive
characteristics of a toxin-antitoxin pair. The only activity of
known TA toxins is toxicity, and the only function of antitoxins
is control of this toxicity both by complex formation and at the
transcriptional level. The sequence data and experimental ev-
idence indicate that YgiT is a specialized antitoxin that lacks
any known function except control of MgsR. Primary sequence
analysis of the MgsR protein revealed no similarity to any of
the previously described toxins, which allowed us to classify
MgsR and YgiT as members of a new TA family. MgsR

homologues are encoded in the genomes of many bacteria
(mostly members of different groups of proteobacteria), and
the genes are always paired with a putative antitoxin-encoding
open reading frame (ORF). However, the arrangement of the
toxin and antitoxin genes in all gene pairs belonging to the
mgqsR-ygiT family is unusual; the toxin gene precedes the anti-
toxin gene. Previously, this gene order has been described for
hicAB (25) and the higBA family (8). An important difference
is that the higA gene has its own promoter located in AigB (8),
whereas we did not find a separate promoter in front of ygiT
and careful mapping indicated that major transcripts of the
operon cover both genes (Fig. 3C).

We were unable to identify the target of MqgsR. Expression
of the toxin caused rapid inhibition of translation in living cells
but had no effect on protein synthesis in an S30 extract an in
vitro coupled transcription-translation reaction. The MgsR
protein itself was effectively produced in vitro. A similar con-
tradiction has been reported previously for HipA (31). An-
other important feature of the TA systems is the instability of
the antitoxin. The stability of YgiT remains to be determined.

In this study, we confirmed by Northern hybridization that
transcription of the mgsR and ygiT genes is highly upregulated
in cells refractory to ampicillin lysis (Fig. 3B). According to our
previous analysis (46), this subpopulation contains persisters
along with more numerous cells that remain quiescent after
transfer into ampicillin-free medium. We do not know if these
two groups of bacteria have the same transcription profile and
if TA operons are overexpressed in both groups. It is notewor-
thy that transcription of mgsR and ygiT is also induced in
response to activation of another toxin, HipA (Fig. 3B), given
that the cold sensitivity of a hipA7 mutant is obviously due to
activation of HipA at lower temperatures (50, 51). The same
mutation causes an increase in the frequency of persisters.
However, we cannot say if the ampicillin-tolerant cells of
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HM?22 (hipAT), which were used for RNA isolation, were dor-
mant due to the HipA activity. Actually, we do not know why
these cells are not sensitive to ampicillin or even if this sub-
population is homogeneous or composed of physiologically
diverse bacteria which entered into dormancy due to different
causal mechanisms. Wild-type strains also produce a large frac-
tion of ampicillin-tolerant cells (46; A. Joers, H. Luidalepp,
and T. Tenson, unpublished data), and transcription of the TA
operons was similarly induced in dormant bacteria in wild-type
cultures (52). Our observation that HipA activation leads to
induction of the mgsR-ygiT system is not a unique example of
sequential or simultaneous activation of different TA systems.
Ectopic expression of VapC toxins originating from Salmonella
and Shigella activated YoeB mRNA interferase in E. coli (57).
Also, production of the Doc toxin activated RelE in E. coli
(16), and amino acid starvation in E. coli activated both RelE
and MazF (ChpA) (9, 10). Further studies are needed to shed
light on the spread and mechanisms of this kind of serial TA
activation.

Another interesting finding was the confirmation of the ef-
fect of the mgsR-ygiT system on biofilm formation and similar
effects of the well-studied relBE and mazEF systems (Fig. 7).
Deletion of five different TA systems in E. coli has been dem-
onstrated to influence biofilm formation via YjgK (TabA) and
fimbriae (28); however, the molecular mechanism(s) by which
a toxin-antitoxin system affects this trait is not clear. The effect
could be due to production of a fraction of lysing or dormant
cells which somehow contribute to biofilm development or due
to some limited, non-growth-inhibiting toxin activity in growing
bacteria. The latter explanation would mean that TA systems
not only are guardians of extreme stresses responding to cat-
astrophic events but also may work as “normal” regulators of
gene activity. Because of the complexity of biofilm formation
and the strong effects of the strain background observed in this
work (Fig. 7), further studies are required to identify the role
of TA systems in different states in this process. Currently, it is
not known why deletions of full toxin-antitoxin operons and
single toxin genes have different effects. While this paper was
being prepared, Kolodkin-Gal et al. described the effects of
individual deletions of five TA operons on biofilm formation
(30). These authors (i) demonstrated that there is a significant
fraction of dead bacteria in an E. coli biofilm and (ii) showed
that deletion of mazEF and deletion of dinJ-yafQ strongly
reduced biofilm production, while Are/BE had a smaller effect.
All of these results were obtained using the MC4100reld™*
strain background, for which MazEF-dependent death has
been reported by the same research group.

To test the hypotheses about the physiological role of TA
systems, it is important to create model organisms devoid of all
TA loci (54). Here we found a new TA system in addition to
the previously characterized TA loci for eight families previ-
ously found in the chromosomes of sequenced E. coli isolates
(25, 56). Finding all existing TA loci and deleting them from
the chromosome of a TA-free model bacterium will be crucial
for conducting experiments to test the role of TA systems in
formation of persisters, as well as all other potential functions
of these genes.

After the original submission of this paper, two research
groups reported that mgsR and ygiT encode a TA system and
showed that the MgsR toxin is an mRNA interferase that
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cleaves RNA independently of translation (12, 58). The same
authors also mapped the promoter of the mgsR-ygiT operon
and showed that it is transcriptionally repressed by YgiT. The
transcription start site reported by Christensen-Dalsgaard and
coworkers (12) is supported by our data.
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