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Location, Location, Location: an Antidote That Both Activates
and Neutralizes a Toxin Used in Bacterial Warfare
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ABSTRACT SJ. Jensen, ZC. Ruhe, AF. Williams, D.Q. Nhan, et al. (J Bacteriol 205:¢00113-23,
2023, https://doi.org/10.1128/jb.00113-23) demonstrate that a type VI secretion system
(T6SS) immunity protein, Tli, functions to both neutralize and activate its cognate toxin,
Tle, in Enterobacter cloacae. Their results reveal the surprising finding that Tli function dif-
fers, depending on its subcellular localization. Overall, this study enhances our under-
standing of T6SS immunity proteins, which are commonly viewed as monofunctional
toxin-neutralizing antidotes.
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he type VI secretion system (T6SS) is a protein nanomachine that mediates antagonism

between contacting Gram-negative bacteria. To inhibit the growth of neighboring com-
petitors, attacker cells “inject” a payload of toxic effector proteins into recipient cells in a T6SS-
dependent manner. Effector proteins target conserved cellular structures and metabolites
in the cytoplasm and periplasm, including cell membranes, the cell wall, nucleic acids, and
nucleotides (1, 2). To prevent self-intoxication, T6SS effector genes are cotranscribed with
genes encoding cognate immunity proteins, which typically function by directly occluding
the toxin active site (3). During T6SS-mediated export, effectors dissociate from immunity
proteins in the cytoplasm and are delivered into recipient cells as active toxins (4).
Consequently, immunity genes for effectors that act in the cytoplasm are essential for the vi-
ability of toxin-producing cells (5, 6). In contrast, early work in the T6SS field demonstrated
that immunity genes associated with periplasm-targeting effectors could be mutationally
inactivated without impacting the fitness of effector-producing cells if these cells are grown
under conditions that are not conducive to T65S-dependent intercellular intoxication (e.g.,
growth in liquid media) (7-9). Furthermore, the observation that immunity mutants can suc-
cumb to intercellular intoxication demonstrates that effector activity and delivery via the T6SS
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Interest in characterizing Tle and Tli came from the results of a genetic screen that The views expressed in this article do not
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FIG 1 The function of Tli depends on its subcellular localization. (A) In coculture competition, an attacker
cell (beige) uses its type VI secretion system (T6SS; shown in gray) to “inject” effectors into a recipient cell
to inhibit the growth of a competitor (red). In some instances, the attacker cells are attacked by kin cells
(labeled “kin”; beige), which is a neutral interaction due to the presence of immunity proteins and
therefore does not result in growth inhibition. (B) Tli exists either as a lipoprotein in the periplasm (labeled
Tlipe,i; pink) or as a soluble protein in the cytoplasm (labeled Tlimo; pink) due to alternative start sites
downstream of the lipoprotein signal sequence present within the Tli primary sequence. Four steps take
place within the attacker cell before Tle is exported: (i) inactive Tle (light blue) binds Tli(ytc in the
cytoplasm; (ii) the interaction of Tle with Tli_,, results in the activation of the effector via an unknown
mechanism (depicted as a changing color to dark blue) (iii) the activated Tle and TIicyto dissociate from one
another as the effector is recruited to the T6SS apparatus; and (iv) the active Tle is exported into a
recipient cell and inhibits growth through its phospholipase activity. In addition to the events depicted in
the attacker cell, other neighboring kin cells may inject the attacker with activated Tle, which does not
cause growth inhibition, as periplasmic Tli,,,; immunity inhibits its toxic phospholipase activity.

identifying transcriptional regulators that may be repressing this pathway. A strain of E. cloacae
expressing a glucuronidase-encoding reporter gene fused to the cdi promoter was subjected
to transposon mutagenesis screening to identify potential regulators. To their surprise, the iso-
lated mutants had no effect on the expression levels of the CDI pathway but instead had
increased permeability to the glucuronidase substrate X-gluc. The majority of the transposon
insertion sites mapped to the tli gene, which encodes the ankyrin repeat-containing Tli immu-
nity protein that has previously been shown to neutralize the periplasm-targeting phospholi-
pase T6SS effector Tle (13). These initial findings led the authors to speculate that the observed
hyperpermeability phenotype is due to an unopposed Tle phospholipase activity causing the
perturbation of the cell membranes. Indeed, when a plasmid expressing wild-type tli was
introduced into the mutant strains, they no longer displayed a permeability defect. The
authors further demonstrated that hyperpermeability is T6SS-dependent and therefore
occurs due to the delivery of Tle from neighboring cells.

Tli possesses an N-terminal lipoprotein signal sequence that directs its localization to the
periplasm so that it can protect against incoming Tle injections by neighboring cells, which
is a common property of immunity proteins for periplasm-targeting effectors (7-9). The ma-
jority of the transposon insertions that were identified in tli by Jensen et al. (10) were within
this lipoprotein signal sequence region, and the authors showed that, in contrast to the
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wild-type protein, these transposon-disrupted variants of Tli are not exported across the
inner membrane to the periplasm and thus cannot confer protection against periplasm-
delivered Tle. In addition to the insertion mutants that were present within the N-terminal
lipoprotein region of Tli, Jensen et al. (10) notably observed that mutants with insertion
sites downstream of the lipoprotein region exhibited more modest permeability to X-gluc.
This is particularly striking, as one would expect insertions in the tli gene that disrupt the
mature form of the protein to be equally detrimental, if not more detrimental, to immunity
function. The authors extended these findings to show that a Atli mutant also does not exhibit
hyperpermeability, despite it expressing Tle to wild-type levels. Furthermore, E. cloacae strains
containing Tli insertion mutations within the lipoprotein signal sequence exhibit a competitive
advantage in coculture competition assays against Tle-sensitive recipients, whereas mutants
with insertion sites downstream of this region do not. This suggests that cytoplasmic Tli is
functional and necessary for Tle-mediated growth inhibition.

These findings led the authors to suspect that Tli may be required for the recruitment of
Tle to the T6SS apparatus and/or may be required to activate Tle prior to export. Whereas
the former was not addressed directly, Jensen et al. (10) fused the lipase domain of Tle to the
secreted T6SS spike protein, VgrG2, to ensure that the lipase would be delivered into the tar-
get cells. Notably, coculture competition assays with chimeric VgrG2-lipase showed that this
fusion is only toxic if coexpressed with Tli. This finding is quite interesting, as it demon-
strates that even when effector export is ensured, the immunity-effector interaction is still
required to facilitate the growth inhibition of target cells.

Our current understanding of the role of T6SS immunity proteins in effector stability
and export stems from an analysis by Li et al. on the Tse2-Tsi2 effector-immunity pair from
Pseudomonas aeruginosa (4, 14). These authors showed that Tsi2 stabilizes Tse2 in the cyto-
plasm but that this stabilizing effect is not required for effector export through the T6SS
apparatus. Tse2 is a cytoplasm-targeting effector. Therefore, the analyses conducted by Li
et al. necessitated the use of a nontoxic Tse2 variant to generate an immunity-deficient strain.
Consequently, it was not possible to assess the effect of immunity interaction on effector acti-
vation. In the current study by Jensen et al., the authors demonstrate that the wild-type Tle
effector is stable in the absence of its cognate immunity but cannot inhibit target cell growth,
regardless of whether export is ensured. To our knowledge, this is the first study to show that
the genetic perturbation of an immunity protein impacts the toxic activity of its cognate
effector.

The discovery made by Jensen et al. (10) provides an important starting point for
the further examination of the additional functions of T6SS immunity proteins, beyond
toxin neutralization, and raises several interesting questions. First, how does the T6SS ap-
paratus itself impact the Tle-Tli interaction? Tle presumably dissociates from cytosolic Tli
after its activation and prior to its export, but the mechanism for this remains unknown.
Future experiments involving the heterologous expression of periplasm-directed Tle in
the presence or absence of Tli may help ascertain whether the T6SS apparatus itself is
necessary for Tle activation. Second, how is Tle activation maintained during a T6SS
injection event after Tli dissociation occurs? If interaction with cytoplasmic Tli induces a
conformational change in Tle that makes it enzymatically active, it is unclear how this
conformation would be maintained during the Tle transit of the T6SS apparatus. Finally,
what is the molecular basis for Tle activation by Tli? The authors’ findings suggest that
there may exist Tli mutants that prevent the activation of the toxin. An in-depth analysis
of the specific contacts between Tle and Tli, coupled with approaches such as the ran-
dom mutagenesis of Tli, may uncover important residues that are necessary for Tle acti-
vation. Previous studies suggest that the immunity-dependent activation of effectors is
likely not generalizable, as the immunity mutants of several phospholipase and amidase effec-
tors that have been previously characterized by Russell et al. deliver active effectors between
adjacent cells via the T6SS (7, 8). Thus, it will be interesting to see how widespread the immu-
nity-dependent activation of effectors is among the many T6SS effectors that have been iden-
tified to date.
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