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Chaperones help TACkle phage infection
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Bacteria have evolved anti-viral defenses, but the mechanisms of sensing and stopping infection are still un-
der investigation. In this issue of Cell Host & Microbe, Mets, Kurata, Ernits et al. describe how direct sensing
of a phage protein by a bacterial toxin-antitoxin-associated chaperone unleashes toxin activity to prevent
infection.
Bacteriophages (phage), the viruses that

infect bacteria, are the most numerous

biological entities on the planet. The

threat of infection posed to bacteria has

led to the evolution of a great many

anti-phage immune defenses whose

diverse mechanisms we are only begin-

ning to understand. Toxin-antitoxin (TA)

systems are two-gene operons that are

widespread in bacterial genomes, and

while their functions have been hotly

debated over the years, many have

been increasingly appreciated to serve

anti-phage defense functions.1 Type II

TA systems are composed of a toxic pro-

tein and a labile neutralizing antitoxin

protein, and their mechanisms of anti-

phage immunity are incompletely under-

stood. In general, it has been observed

that infection-associated signals lead to

the destabilization of antitoxins. This

causes release of the toxin, which inter-

feres with an essential cellular process,

impeding the phage life cycle and usually

leading to growth arrest or death of the

infected cell. A subset of TA systems

contain an additional gene encoding a

SecB-like chaperone, which is required
for stabilization of associated antitoxins

that contain intrinsically disordered

chaperone addiction (ChAD) domains.2

These toxin-antitoxin-chaperone (TAC)

systems were recently shown to protect

their hosts from phage infection.3 How-

ever, it remained unclear how TAC sys-

tems sense invading phage, and activate

toxicity to neutralize infection.

These questions are beautifully tackled

in an exciting new study by Mets, Kurata,

Ernits et al.4 The authors first identify two

TAC systems, HigBAC and CmdTAC,

within different E. coli prophages, and

then show that they protect bacterial

hosts from a diverse range of phages.

They also confirm that these function as

TAC systems; that is, expression of the

toxin causes growth inhibition, and only

the presence of both the antitoxin and

the stabilizing chaperone can rescue

this growth defect. The authors then

sought to understand how the toxins in

these systems interfere with the phage

life cycle. HigBAC homologs have been

studied previously,2,5 and as expected,

HigB, the predicted mRNase toxin, in-

hibited protein synthesis. The toxin
from the CmdTAC system, CmdT, is a

member of the ADP-ribosyltransferase

(ART) family, and surprisingly also in-

hibited protein synthesis. ART family en-

zymes have previously been shown

to ADP-ribosylate proteins and more

recently DNA,6 but for the first time

here (and in complementary work by

Vassallo et al.7), CmdT was shown to

ADP-ribosylate mRNA in a sequence-

specific manner, leading to the inhibition

of translation. The discovery of a distinct

molecular function for ART enzymes

highlights the value of studying anti-

phage immune proteins, and the impor-

tance of performing experiments to vali-

date predicted functions.

Anti-phage toxin-antitoxin systems are

often thought to act by killing the infected

cell, eliminating the viral replicative niche

and sparing the rest of the population.

The toxins in this study both lead to the

loss of new protein synthesis and growth

inhibition when overexpressed. However,

both CmdTAC and HigBAC allowed for

host survival and growth during infection

with some (but not all) phages, even

when infected with viral particles far
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, AI training, and similar technologies.
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Figure 1. Model for the predicted mechanism of action of the two TAC systems in this study
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exceeding the number of cells. This indi-

cates that somehow the translation inhi-

bition from RNA degradation by HigB or

ADP-ribosylation by CmdT impacts the

phage more than the host. Further

studies will be needed to shed light on

how these systems preferentially target

viruses.

Both CmdTAC and HigBAC protect

host bacteria from viruses through a toxin

that stops translation, but how is the toxin

specifically activated during phage infec-

tion? The authors tackle this question

with HigBAC and phage lvir, making use

of structural predictions by AlphaFold

that are well supported by genetic and

biochemical experiments. In the absence

of phage, the disordered ChAD element

of the HigA antitoxin wraps around the

HigC chaperone, with 4 conserved aro-

matic residues playing key roles in the

interaction. This interaction stabilizes

HigA, enabling neutralization of the HigB

toxin. During infection with lvir, the phage

major tail protein directly binds to HigC

through analogous aromatic residues
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and displaces HigA. The free antitoxin is

then degraded by a host protease: clpXP

in the case of CmdA, and an unknown fac-

tor in the case of HigA (unlike the previ-

ously studied HigA, which is also

degraded by clpXP8). With the antitoxin

gone, the toxin is freed to inhibit transla-

tion and halt phage infection (Figure 1).

Notably, Vassallo et al. also recently iden-

tified the T4 capsid protein as the acti-

vator of a distinct CmdTAC system.7 In

both cases, evidence suggests that the

chaperone acts as the sensor of phage

infection. Both capsid and tail are struc-

tural proteins produced late during infec-

tion, indicating it may be common for

TACs to directly sense these types of

pathogen-associated molecular patterns.

Coupling sensing of proteins that are not

expressed until the end of an infection cy-

cle with induction of a response that is

toxic to the host makes sense as a last

resort and appears to be a common

mechanism of abortive infection systems.

Finally, the authors sought to test

whether the chaperone sensors are inter-
changeable and dictate phage specificity,

as CmdTAC and HigBAC were found to

protect against nonidentical sets of

phages. Unexpectedly, a chimeric TAC

composed of CmdTA and HigCwas found

to protect against all phages targeted by

CmdTAC and HigBAC, and even some

that were not targeted by either parent

system. These findings show that the

genes in these TAC systems could be

swapped during evolution to provide pro-

tection against new threats. There aremul-

tiple plausible explanations for the

expanded range of phages neutralized by

the chimeric TAC system. Though the ge-

netic and biochemical experiments in this

paper thoroughly establish the chaperone

as a central player in sensing infection, it

is possible that the toxin and/or antitoxin

also influence sensing. We also propose

that some of the phages tested here may

encode inhibitors of HigBA that account

for their resistance to HigBAC but suscep-

tibility to CmdTA/HigC. These possibilities

may be distinguished in the future by

investigating the stability of the antitoxin

during infection with each phage.

Interestingly, the two systems studied

here are often found on prophages, that

is, phages that have integrated into the

host genome. This raises the intriguing

possibility that TAC systems play a role

in inter-phage conflicts by protecting

both the prophage and its host from infec-

tion by a competing phage. Until reactiva-

tion, prophages do not produce structural

proteins such as the phage tail detected

by HigBAC and could have ways to con-

trol the detection of these proteins during

reactivation. Further studies on TAC sys-

tems in their native prophage context

may provide interesting insights into con-

flicts between viruses and how hosts bal-

ance the risks and benefits of having a

prophage.

An interesting outstanding question is

why the SecB-like chaperones have

evolved to perform this phage sensing

function. TA systems alone can function

in anti-phage defense, with the anti-

toxins usually acting as the sensors.

TAC systems can even be converted to

TA systems with the removal of the

ChAD from the antitoxin (these no longer

sense phage). Phages are known to use

chaperones for proper protein folding,9

so we wonder whether the SecB-like

chaperones in TAC systems may serve

as decoys to sense viral proteins that
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rely on chaperones. This may limit the

ability of phages to evolve away from

detection by TAC systems; mutations

in phage proteins that cause them to

no longer be sensed by TACs may also

inhibit their ability to interact with the

necessary chaperones to form stable

proteins.

In sum, this study from Mets, Kurata,

Ernits et al. provides important mecha-

nistic insights into how bacterial immune

systems can both sense and inhibit phage

infection and further confirms the biolog-

ical function of TAC systems.
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Breathe and bloom: Gut hypoxia
limits C. albicans growth
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Multiple host and microbial factors dictate whether Candida albicans can colonize the mammalian gastroin-
testinal tract. In this issue of Cell Host & Microbe, Savage et al. demonstrate that restoration of intestinal
epithelial hypoxia is sufficient to restore Candida albicans colonization resistance, even when other Candida
inhibitory effectors remain depleted.
Candida albicans, the most common hu-

man fungal pathogen, is a dominant

member of the human mycobiota, partic-

ularly in individuals residing in western

countries.1 The colonization fitness of

Candida is dictated by the interplay of

host immune effectors (antimicrobial

peptides, cellular immunity), fungal de-

terminants (morphology, anti-microbial

resistance) and gut bacterial micro-

biota.2 Candida albicans (Ca) gastroin-

testinal colonization levels in a healthy

host is limited in the presence of a
healthy microbiome replete with Clostri-

dia and Bacteroidota species. Ca rapidly

expands after antibiotic-induced disrup-

tion of the gut microbiota, most pro-

nounced with antibiotics effective in

depleting Clostridia and Bacteroidota

species.3 Mechanistically, these gut mi-

crobiota induce intestinal epithelial anti-

microbial peptides, which are effective

in killing Ca.3

In the current study, Savage et al.

demonstrate that gut microbiota-depen-

dent modulation of intestinal epithelial ox-
ygen levels is a critical determinant of Ca

gut colonization.4 This study builds on

previous work showing that antibiotic-

induced gut dysbiosis results in depleted

levels of the short-chain fatty acid buty-

rate and a concomitant increase in the

availability of intestinal epithelial oxygen

allowing facultative anaerobic bacterial

species (e.g., Salmonella) to utilize aero-

bic respiration pathways and expand in

the gut.5,6

Here, the authors utilized an unbiased

metabolomics screen coupled with
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, AI training, and similar technologies.
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