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Abstract

Long before pathogenic interactions with eukaryotic cells evolved, bacteria were competing with
one another for limited resources. In this issue of Cell, Ting and colleagues identify previously
unappreciated players in the interbacterial arms race that may be the evolutionary ancestors of
eukaryotic cell-targeting ADP-ribosyltransferase toxins.

PREVIEW

Bacteria are locked in constant inter- and intraspecies competition to accrue

limiting nutrients, space, and resources. Apart from determining the fate of

individual cells, interbacterial competition also drives emergent properties of microbial
ecosystems, including community structure and dynamics, pathogenicity, and evolutionary
diversification. Contact dependent inhibition (CDI) systems, including the EXS/type 7
secretion system (T7SS) in Gram-positive bacteria and the type 6 secretion system (T6SS) in
Gram-negative bacteria, are the primary weaponry in this never ending war. In CDI systems,
complex molecular machines transverse the cell envelopes of both the donor and recipient
cells to translocate toxic effectors directly into the target cell. The effectors are delivered
indiscriminately and principally target conserved, essential macromolecules or co-factors
(e.g. peptidoglycan, membrane lipids, DNA, and NAD), thereby conferring broad protection
against a swath of environmental competitors. To protect themselves from intoxication,
donor cells encode cognate immunity proteins that physically block the toxin active site
until effector translocation. Interbacterial effectors are postulated to serve as evolutionary
“stepping stones” from which eukaryotic cell-targeting effectors and toxins have evolved.
Indeed, many prokaryotic and eukaryotic cell-targeting toxins—including phospholipases
and NADases—share similar mechanisms despite disparate delivery systems (Sun et al.,
2015; Whitney et al., 2015). A subset of T6S effectors, including the recently identified
Pseudomonas aeruginosa phospholipase Tpel, are even able to intoxicate both prokaryotic
and eukaryotic cells (Jiang et al., 2016). In this issue of Cell, Ting et al. further advance this
narrative and describe a novel interbacterial effector that has hallmarks typically associated
with potent eukaryotic cell-targeting toxins.
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Combining bioinformatics with functional characterization, the authors identify a
widespread family of effector-immunity pairs encoding an ADP ribosyltransferase (ART)
and an ADP-ribosylhydrolase (ARH), respectively. Although ADP-ribosylation is among
the most prevalent (and earliest described) mechanisms of eukaryotic cell intoxication by
bacterial pathogens (e.g. diphtheria toxin and cholera toxin), this modification was not
thought to play a role in interbacterial competition (Simon et al., 2014). Using the predicted
ART/ARH pair Trel/Tril of Serratia proteamaculans as a model, the authors systematically
validate the role of both the toxin and immunity protein in both intra- and interspecies
antagonism in a T6S-dependent manner. Importantly, ADP ribosylation as a mechanism of
intoxication is unlikely to be restricted to T6S competent bacteria: bioinformatic analysis
identified ART/ARH pairs in Gram-positive species, including Listeria monocytogenes, in
association with genes encoding components of the EXS machinery.

To identify the targets of ADP-ribosylation, and thus the proximal cause of intoxication,
the authors subjected lysates of £. coli cells expressing functional homologs of Trel to
mass spectrometry, identifying seven ribosylated targets, including the highly conserved,
essential cell division protein FtsZ. A tubulin homolog, FtsZ polymerizes into treadmilling
filaments that serve as a foundation for the cell wall synthesis machinery during cytokinesis
(Bisson-Filho et al., 2017; Yang et al., 2017). Although FtsZ assembly is controlled by

a host of endogenous regulatory proteins, the only exogenous factors previously known

to target it are virally derived, including the 45-residue Kil peptide from bacteriophage A
(Haeusser et al., 2014). Significantly, FtsZ embodies many qualities of an attractive target:
cell division is an essential process, and unlike most of the division machinery, FtsZ is
highly conserved among bacteria.

The authors present several lines of evidence supporting FtsZ as a physiologically relevant
target of Trel: 1) FtsZ is a target of Trel homologs from both S. proteamaculans and
Pseudomonas putida, which share limited amino acid identity, 2) Trel intoxication leads

to filamentous cells, a characteristic of malfunctioning division machinery, and 3) genetics
indicating the modified arginine residue on FtsZ, Arg147 is likely essential for FtsZ function
in the Enterobacteriaceae (Koppelman et al., 2003). Despite this, modification may be an
artifact of overexpression, rather than a physiological target of Trel due to FtsZ high cellular
abundance; furthermore, the morphological shift upon intoxication may reflect a stress
response, downstream of a direct effect on the division machinery. To firmly establish FtsZ
as a bona fide target of Trel, the authors interrogate Z ring dynamics /n vivo and FtsZ
polymerization /n vitro in the presence of physiological levels of effector. Compellingly,
their findings are consistent with the modified FtsZ monomers failing to polymerize into
nascent filaments and terminating polymerization of existing filaments—both activities that
are likely to poison cell division. The authors suggest that ART factors might be leveraged
to probe the mechanics of FtsZ assembly, dynamics, and polarity /n vivo. At the same time,
this idea might be premature. ART enzymes lack specificity—FtsZ is just one of seven
modified several modified target proteins in Trel intoxicated cells — and overexpression of
catalytically inactive Trel also leads to aberrant cell morphology, suggest an ADP-ribosylase
independent mode of action.
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During their analysis of the immunity protein Tril, the authors make the unexpected
observation that the enzyme removes ADP-ribosylation of the target protein FtsZ with

the same efficiency as a control, non-target protein. Supporting atypical promiscuity of
these ARH enzymes, a non-cognate ARH homology from L. monocyotgenes is capable of
reversing this modification despite being unable to interact with S. proteamaculans ART
effector. Based on the ability of the immunity factor to mediate nonspecific protection and
the widespread nature of ART/ARH effector/immunity protein pairs, the authors postulate
that this family of ARH enzymes may promote fitness even in the absence of a cognate
effector. Indeed, bioinformatic analysis supports this hypothesis and suggests at least three
separate instances of duplication and divergence of housekeeping ARH enzymes, which may
function to detoxify toxic antagonistic ADP-ribosylation modifications.

Altogether, this study adds ART/ARH pairs to the arsenal of effectors in the interbacterial
arms race. The key challenge remains reconstructing the evolutionary history of these
molecules to establish whether they emerged as a result of selective pressure in natural
competitor populations and how these interactions have shaped bacterial evolution in

more recent timescales. One intriguing possibility is that evolution of promiscuous ARH
enzymes in target bacteria catalyzed the expansion of redundant and synergistic effectors

in antagonistic strains, curtailing the ability of the recipient cells to evolve resistance
(LaCourse et al., 2018). Beyond interbacterial warfare, clarifying the relationship between
prokaryotic and eukaryotic cell-targeting ART toxins also promises to shed light on the
evolution of modern scourges of humanity—did formidable pathogens Vibrio cholerae and
Corynebacterium diphtheriae evolve their namesake toxins from interbacterial effectors, or is
ADP-ribosylation an example of convergent evolution? No doubt, Ting and colleagues have
laid the groundwork for future studies to address these questions.
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ART/ARH enzymes modulate FtsZ assembly.
The cellular FtsZ pool exists in two states: unpolymerized monomers and treadmilling

filaments. Although donor cells (blue background) encode a toxic ADP ribosyltransferase
(ART) effector capable of introducing a toxic adduct on FtsZ, they also encode a cognate
ADP hydrolase (ARH) immunity protein, which neutralizes effector activity enzymatically
and physically. ART translocation into recipient cells (yellow background) results in ADP-
ribosylation of FtsZ monomers, leading to impaired polymerization, cell division failure,
and intoxication. However, some recipient cells encode a non-cognate, promiscuous ARH
enzyme and are able to hydrolyze the toxic modification, restoring wild-type FtsZ assembly

dynamics and broadly protecting against ART activity.
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