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Article Addendum

Adtivation of a built-in bacterial programmed cell death system
as a novel mechanism of action of some antibiotics
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The modes of action of antibiotics are mainly characterized by
their effects on their targets. Previously,!"? and in a recent paper,’
we have reported our discovery of a new mechanism for the action
of some antibiotics. Rather than directly interfering with a vital
bacterial pathway, these antibiotics act by triggering the bacterial
toxin-antitoxin chromosomal module mazEF, thereby causing the
bacteria to commit suicide. We also showed that antibiotics that
inhibit transcription and/or translation cause mazEF-mediated
cell death by forming Reactive Oxygen Species (ROS).> Moreover,
we found that after treatment by such antibiotics, the mazEF
system cannot be activated, and thus ROS cannot be formed,
without the presence of communication signaling peptide called
the Extracellular Death Factor (EDF). Our results challenge the
classical division between bacteriostatic and bactericidal antibi-
otics. Our study further provides evidence that mode of action of
antibiotics may also be determined by the ability of the bacteria
to communicate through the signaling peptide EDE In this
Addendum article we present a model of how the presence of some
antibiotics may result in this novel downstream pathway.

As multi-drug resistance among bacterial pathogens is becoming
more and more widespread, the scientific and medical communities
are desperately seeking new antibiotics.®>

Currently, the most common approach is to create a second
generation of these antibiotics in which the activities of the existing
antibiotics are improved.4 However, this approach is also limiting.
Probably, the only solution to the lack of new antibiotics will be
through a deeper understanding of the events occurring downstream

to the antibiotics-target interaction in the bacterial cell.
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Traditionally, antibiotics have been divided into two separate
groups: (i) bacteriostatic antibiotics inhibit cellular functions and
thus lead to the arrest of cell growth; (ii) bactericidal antibiotics cause
cell death.® The mechanisms of antibiotic action have mainly been
studied in relation to their primary target interactions. Three main
kinds of mechanisms have been distinguished: Inhibitors of protein
synthesis, DNA damage-causing agents and inhibitors of cell wall
biosynthesis.” Only more recently, the mechanisms of the action
of antibiotics has been studied in relation to common downstream
mechanisms, like ROS-formation, that lead to cell death.?® We have
reported on one such ROS-formation pathway triggered by antibi-
otics in E. coli.? In this pathway, the outcome of the action of the
antibiotics appears to be unique: instead of preventing one or more
vital bacterial cellular pathway, the antibiotic activates a built-in bacte-
rial death pathway that we have called the E. coli mazEF programmed
cell death system.? mazEF is a toxin-antitoxin (TA) module found on
the chromosomes of many bacteria including pathogens.”!? E. coli
mazF specifies for the stable toxin MazF, and mazE specifies for the
labile antitoxin, MazE.? Since MazE is a labile protein, preventing
MazF-mediated lethal action requires the continuous production of
MazE. Thus, any stressful condition that prevents the expression of
the chromosomally borne mazEF module will lead to the reduction
of MazE in the cell, permitting the toxin MazF to act freely.9’14’15
Such stressful conditions can be caused by (i) antibiotics, like rifam-
picin, that inhibit transcription and/or translation,! and (ii) those,
like nalidixic acid, that cause DNA damage.ls’18 We found that anti-
biotics of both groups cause: (a) mazEF-mediated cell death; and (b)
the production of ROS through MazF action.? In addition, we found
that antibiotics in the first group cause mazEF-mediated cell death
that is ROS-dependent.?> Moreover, we have recently discovered that
E. coli mazEF-mediated cell death is a population phenomenon,
which occurs in a dense culture but not in a diluted culture.!® This
because for mazEF activation a quorum sensing communication
molecule called Extracellular Death Factor (EDF) is also required.
EDF is the linear penta-peptide NNWNN. !

Perhaps our most striking discovery is that adding synthetic EDF
to an E. coli mazEF* strain that is defective in the production of
EDF causes a switch in the anti-bacterial action of the transcrip-
tional inhibitor rifampicin (Figs. 1A and 5 in ref. 3). Activation of
the EDF-mazEF system causes rifampicin, that is normally bacterio-
static, only causing growth arrest, to become bactericidal, causing cell
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Figure 1. Traditionally, rifampicin was thought to
arrest the growth of bacterial cultures by generally
inhibiting cellular transcription by inferfering with
the activity of its primary target, RNA polymerase.
Previously,!2 and in our recent paper,® we showed
that rifampicin prevents the expression of the chro-
mosomally borne mazEF module and leads to the
reduction of MazE in the cell, permitting foxin MazF
to act freely. The activation of MazF requires the
quorum sensing factor Extracellular Death Factor
(EDF) (in yellow). (B) Graphic illustration of (A).
Following treatment by rifampicin, EDF, the com-
munication signaling peptide, activates the mazEF
system, resulting in ROS formation and subsequently
in cell death.

death. (Fig. 1A and B). We further confirmed
the fundamental role of the communication
factor EDF in the bactericidal action of rifam-
picin by showing that adding the inhibitor of
EDF (iEDF) along with EDF neutralized the
action of EDF so that under those conditions,
rifampicin remains bacteriostatic (Fig. 5E in
ref. 3).

In summary, we deal with two novel aspects
of the modes of action of antibiotics: (a) The
results of our study’ challenge the classical
division between bacteriostatic and bactericidal
antibiotics: under some conditions, we found
that bacteriostatic antibiotics could become
bactericidal; (b) We reported,3 for the first
time, that the mode of action of antibiotics can
be determined by the ability of the bacteria to
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communicate through a bacterial communication signaling molecule
(Fig. 1B). Thus, we have introduced novel conceptual dimensions
to our understanding of the modes of action of various antibiotics.

Moreover, more practically, we offer a method that may become the

bas

is for designing new, much needed, antibiotic drugs.
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