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SUMMARY

Toxin-antitoxin-chaperone (TAC) systems are three-part gene clusters encoding a toxin, antitoxin, and 
specialized SecB-like chaperone (SecBTA) with emerging roles in phage defense. To identify and classify 
SecB homologs and associated TACs across bacteria, we surveyed the full RefSeq database. Phylogenetic 
and gene neighborhood analyses reveal three major SecB subfamilies: two housekeeping groups and a 
diverse SecBTA clade associated with eight TAC classes, five of which were previously unknown. Despite 
broad sequence divergence, structural predictions show conserved SecB tetrameric folds and toxin-anti-
toxin interfaces. The SecB chaperone phylogeny is incongruent with the identity of the TA component, sug-
gesting modular shuffling during TAC evolution. We demonstrate toxicity of class 2 ART toxins from Escher-
ichia coli, Bacillus subtilis, and Streptococcus gordonii, all of which we show inhibit protein synthesis. All TAC 
classes can be prophage encoded, indicative of phage-driven mobility and rapid diversification.

INTRODUCTION

Toxin-antitoxin (TA) systems are diverse two-component genetic 
modules present in archaea, bacteria, and temperate bacterio-
phages.1 TA systems are classified into eight categories, types 
I–VIII, based on the nature of the antitoxin and its mechanism 
of toxin neutralization. Among these, type II TAs consist of pro-
teinaceous antitoxins that directly neutralize their cognate toxin 
through the formation of a non-toxic TA complex.1 TAs are 
modular in that they can swap protein partners and are evolu-
tionarily connected to other phage defense systems through 
sharing and recombination of domains during evolution.2 Type 
II TAs have diverse biological functions, including plasmid 
addiction3 and antiphage defense.4–6

Some type II TA modules are encoded in tricistronic operons 
with a SecB-like chaperone, forming tripartite toxin-antitoxin- 
chaperone (TAC) systems.7,8 Housekeeping SecB is a homo- 
tetrameric chaperone found in Pseudomonadota (Proteobacte-
ria) that binds nascent precursor proteins co-translationally, 
supports their correct fold maturation by preventing premature 
folding, and delivers membrane-targeted or secretory sub-
strates to SecA for export via the Sec translocon.9,10 In contrast, 
the TAC-encoded SecB homologs (SecBTAs) are highly special-
ized to safeguard the stability of TAC antitoxins.7 An intrinsically 
disordered region (IDR) located at the C terminus of the antitoxin, 
called the chaperone addiction domain (ChAD), defines the 

TAC TA dependence on SecBTA stabilization.11,12 Removal of 
the ChAD region from the HigA antitoxin of Mycobacterium 
tuberculosis HigBAC converts this TAC system into a SecBTA- 
independent TA.12

Recent studies have established the biological function of four 
Escherichia coli TAC systems in phage defense. These are all 
found in prophage regions of different E. coli strains: HigBAC 
(encoded in NT1F31 strain), CmdTAC PD-T4-9 (ECOR22), 
CmdTAC (O112ab:H26), and MqsRAC (C496_10).13–15

CmdTAC PD-T4-9 and CmdTAC O112ab:H26 protect E. coli 
from Tevenvirinae phage T4, E. coli C496_10 MqsRAC protects 
from Tevenvirinae phage T2, and HigBAC from E. coli strain 
NT1F31 can protect against two siphoviruses (i.e., phages with 
long noncontractile tails), the Queuovirinae coliphage Bas2522 
and Lambdavirus λvir. The ChAD element of HigBAC is critical 
for defense as it competes for chaperone binding with the phage 
protein trigger (tail protein gpV).13 All of the validated TAC toxins 
act as translational inhibitors: HigB and MqsR are ribonucleases 
that degrade mRNAs,16–18 while CmdT ADP-ribosylates 
mRNA.13,14

A foundational bioinformatic survey of TACs in 2013 resulted in 
the discovery of a diverse range of toxins with nuclease activity.8

However, TAC systems employing ADP-ribosylating CmdT 
toxins have gone under the radar until recently,13–15 suggesting 
that sensitive sequence searching of the rapidly expanding 
bacterial sequence space may reveal novel TAC architectures, 
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mechanisms of toxicity, and evolutionary relationships. Here, we 
surveyed 230 million RefSeq proteins to identify and classify 
TACs through large-scale SecB homolog detection and gene 
neighborhood analysis. We define three major SecB subfamilies: 
two housekeeping subfamilies, SecBHK1 and SecBHK2, encoded 
within well-conserved operons, and a more diverse subfamily, 
SecBTA, that includes known and novel putative TACs. We 
sub-classify TACs into eight classes based on the identity of 
the TA modules, including five that were not described previ-
ously. Structural analyses show fold conservation across all 
SecBs and within each toxin and antitoxin class. We confirmed 
toxicity for a previously uncharacterized class 6 HicA toxin, along 
additional class 2 ART toxins. Although novel TAC classes did 
not afford protection against coliphages in a heterologous 
E. coli system, an association of all TAC classes with prophages 
suggests that additional classes of phage-encoded TAC defense 
systems are still likely to be discovered. Strikingly, SecBTA phy-
logeny breaks TAC class boundaries, revealing extensive modu-
larity in which SecB chaperones recombine with different toxin- 
antitoxin modules during evolution.

RESULTS

Genomic context analysis classifies SecB homologs into 
two subfamilies of housekeeping SecBs as well as seven 
subfamilies of TAC-associated SecBTAs
To discover the full diversity of TAC-associated SecBs encoded 
in publicly available genomes, we searched for homologs in the 
NCBI RefSeq protein database with the sensitive iterative 
sequence search method Jackhmmer19 using the E. coli 
HigBAC SecB (RefSeq: WP_112844288.1) sequence as the 
query. We found 13,116 homologs encoded in phyla across all 
bacteria, with the exceptions of Cyanobacteriota and Plancto-
mycetota (Data S1). Leveraging the observation that TAC-asso-
ciated SecBs occur in compact three-gene neighborhoods, 
while housekeeping SecBs are found in longer conserved gene 
clusters,8 we used our tool FlaGs2 (Flanking Genes version 
220) to analyze and classify their gene neighborhoods (Data S2) 
and thereby categorize the TAC systems. Four major groups 
were identified based on neighboring genes (Figure 1A). 
43.58% of the secB sequences are flanked by two or more com-
ponents of the classical SecB export operon, yibN, grxC, or 
gpsA. We refer to this subfamily as SecB housekeeping group 
1 (SecBHK1). The second largest group of SecBs, 25.03%, are 
flanked by a TIM4-like gene and a metabolic operon containing 
homologs of dnaQ, coaAE, aroE, maf, and a putative pyruvate 
phosphatase dikinase regulatory protein. We call this subfamily 
SecB housekeeping group 2 (SecBHK2). 20.14% of the se-

quences were found in tripartite TAC-like systems and were 
grouped in the SecBTA subfamily, and 11.25% did not have a 
conserved tripartite architecture nor had any of the conserved 
genes from the housekeeping operons. These were treated as 
unassigned SecB. The SecBHK1 and SecBHK2 subfamilies are 
mainly found in Pseudomonadota while the SecBTA subfamily 
is more widespread across bacteria (Data S1) and shows diver-
sity in the composition of its tripartite neighborhoods (Figure 1A).

To sub-classify the SecBTA subfamily further, we used the 
sequence clustering of FlaGs220 to identify conserved homologs 
in the putative TA components of the TACs, and predicted pro-
tein domains with the HH-suite package.22 Based on the clusters 
of neighborhood genes, eight classes were identified within the 
SecBTA subfamily (Figure 1B). The most abundant architectures 
are TACs where the putative toxin contains an endonuclease 
domain and the antitoxin has an HTH domain (50.19%). 
Sequence similarity is lower for this group, but it becomes 
more cohesive at the structure level (see dedicated section 
below). This group is classified as class 1 TAC. The second 
most prevalent group contains putative toxin sequences con-
taining ART domains (31.79%). Previously studied CmdTAC sys-
tems are found in this group, which we name class 2 TAC. The 
class 3 TAC group (5.22%) is defined by a putative endonuclease 
toxin located downstream of SecBTA. Class 4 TACs (3.63%) are 
characterized by the presence of a conserved putative toxin with 
an HEPN domain. Class 5 TACs (3.52%) comprise a HicA 
domain-containing putative toxin (HicAv) and a putative antitoxin 
with a DNA-binding domain found in the excisionase RdfS.23

Class 6 TACs (2.54%) are conserved HicAB TAs associated 
with SecBTA, while class 7 TACs (2.16%) are HigBAC TACs 
with conserved HigB-HigA TA modules. Class 8 TACs (0.95%) 
encode a conserved putative TA module with unknown domains 
in the toxin and the DUF6575 domain of unknown function in the 
putative antitoxin, previously associated with phage defense.14

To investigate the diversity and relationships among SecB ho-
mologs, we aligned the 13,116 sequences to construct a phylo-
genetic tree using IQ-TREE21 (Figures 1C and S1A). The tree 
roughly groups the SecBHK1 and SecBHK2 subfamilies in support 
of their gene neighborhood architectures. Long branches 
obscure relationships; however, there is some statistical support 
for monophyly of the two groups in the phylogeny (SH-aLRT and 
UFBoot values over 75; Figure 1C). Full branch support is shown 
in Figure S1A. The SecBTA subfamily lacks resolution, with little 
statistical support for deep branches and no grouping of classes 
into monophyletic clades (Figures 1C and S1A). The lack of res-
olution at this level is not surprising given that SecB is a small 
protein, which, in the case of SecBTAs, has high mobility and 
complex selection pressures arising from host-pathogen 

Figure 1. SecB homologs have different genomic contexts, and these are incongruent with the chaperone’s phylogenetic relationships 
(A) The relative abundance of SecB homologs with different genomic contexts. Phage percentage indicates the incidence of systems found in predicted 

prophages. 

(B) The relative abundance of TAC subfamily classes. Gray shields indicate previously validated defense. 

(C) SecB phylogeny constructed by IQ-TREE.21 Branches are colored by classes as per the inset legend. Branch support is shown with symbols as per the inset 

legend. Full branch support is found in Figures S2A and S2B. 

(D) Gene neighborhood analysis using FlaGs220 with SecB homologs as queries (black), mapped on an IQ-TREE phylogeny. Sequences are ordered as per 

FlaGs2 output by SecB sequence similarity. Colors and numbers indicate protein family clusters, with the annotations of each cluster found in Data S2. Numbers 

on branches are support values (SH-aLRT/UFBoot). Uncolored genes are unconserved in this dataset. Gray shields indicate previously validated defense.
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interactions. To try to better resolve inter-class relationships, we 
carried out phylogenetic analysis of a subset of SecB homologs, 
selecting representatives from each TAC class and HK subfam-
ilies (Figure 1D). Here, we do recover some well-supported 
branches (UFBoot >90), and those relationships are, surpris-
ingly, incongruent with the TAC architecture. For example, class 
7 TAC (where the TAs are HigBA homologs) can be found in 
different parts of the SecB tree, separated by multiple well-sup-
ported branches. The same can be said for DUF6575-containing 
class 8 TACs, and class 6 TACs with HicBA-like components. 
This is a strong indication that, just as toxins and antitoxins 
can swap partners during evolution,2 the chaperone component 
of TACs is also free to recombine into other TAC architecture 
classes during evolution.

Previously characterized HigBAC and CmdTAC systems are 
located in predicted prophage regions.13 To determine the 
occurrence of TACs in prophages, we used geNomad24 to pre-
dict if the SecBs are encoded in prophage-like regions. 504 
(likely an underestimate due to contig-level genome incomplete-
ness in some cases) were found in predicted prophages across 
the SecBTA subfamily, with prophage-encoded representatives 
in every class, while no SecBHK1 or SecBHK2 were predicted as 
prophage-encoded (Figure 1A; Table S1, Data S1). Thus, 
assuming the TACs are generally phage defense systems, the 
phage versus phage defense that we previously observed with 
HigBAC and CmdTAC13 is likely a widespread phenomenon.

SecB homologs possess conserved structural fold, and 
TAs show structural conservation within TAC classes
The multiple sequence alignment of SecB representatives shows 
substantial variability at the sequence level, but with conserved 
residues key for the formation of the tetramer interface across 
all classes except for class 8 (Figure 2A; expanded alignment 
in Figure S1B). Importantly, residues responsible for the SecA- 
SecB interface25 are conserved within the housekeeping groups, 
while they are variable within the TAC subfamily, supporting sub-
functionalization of these paralogous families in the interaction 
regions (Figure 2A).

Previous studies have found that E. coli SecBHK1 and 
M. tuberculosis SecBTA each form tetrameric complexes shaped 
as a cylinder or barrel (Figure 2B).26,27 To evaluate the structural 
conservation of this structural architecture, we clustered the 
13,116 homologs and predicted tetrameric structures of 5,094 
cluster representatives with AlphaFold3 (Data S1), followed by 
structural clustering with Foldseek.28 80% of the sequences 
were grouped within 10 structural clusters (Figure 2C). A bar-
rel-shaped tetramer complex prediction is favored for 95% of 
the clusters, while the remaining 5% include non-barrel-shaped 
complex predictions (Figure 2D).

To determine the structural diversity of toxins and antitoxins 
within and between TAC classes, we predicted the structures 
of class-representative TA components. Pairwise structural 
comparisons of all the predicted toxin and antitoxin structures 
show structural coherence within different classes, although to 
varying degrees (Figure S2; see class-specific results below). 
For all antitoxins, we see a substantial drop in pLDDT at the C 
termini (Figures S3A–S3I). Because pLDDT is a well-established 
indicator of intrinsically disordered regions (IDRs),29 and ChADs 

are known IDRs, this pattern is unsurprising. Indeed, the regions 
after the pLDDT drop-off also correspond to the region predicted 
(although often with low ipTM) to interact with the SecB compo-
nent (Figures S3B–S3I). We therefore suggest that pLDDT 
provides a useful proxy for estimating ChAD boundaries accu-
rate to within a few amino acids. In support of this, the experi-
mentally supported ChADs of HigA112 and HigBAC13 both start 
at the point where the per-residue pLDDT score drops to be-
tween 70 and 50 (Figure S3A).

TA modules of class 1 TACs contain endonuclease toxin 
domains and antitoxins with HTH domains
TA modules of the most abundant TAC architecture, class 1, are 
characterized by the presence of an endonuclease domain in the 
putative toxin and a helix-turn-helix (HTH) domain in the antitoxin 
(Figure 3A). This class contains the classic TAC HigB1-A1-SecB 
from Mycobacterium tuberculosis strain H37Rv12,27 and all the 
TACs identified in a previous systematic search.8 HMM searches 
with HH-suite for Pfam protein domains get hits to a variety of 
related nuclease fold toxin domains belonging to RelE, ParE, 
YafQ, YoeB, and HigB families (Figure 3B), with the significance 
of the top hit not being substantially different from the hits to the 
other related domains, consistent with limited discriminatory 
power arising from high sequence divergence. Class 1 TAC 
members can be found across multiple phyla of bacteria 
(Figure S4A). Both toxins and antitoxins from class 1 TACs are 
diverse at the sequence level, as seen by the lack of coherent 
clustering in FlaGs2 analysis (Figure 3A). To explore the potential 
structural conservation of class 1 toxins and antitoxins, we pre-
dicted the structures of the clustered representatives with 
AlphaFold3 and aligned them with Foldseek (Figure S2). Both 
toxins and antitoxins show structural conservation, with an 
average pairwise TM alignment score of 0.64 ± 0.16 and 
0.68 ± 0.14, respectively (Table S2), supporting the grouping of 
these systems into a single class, despite the sequence diver-
sity. The antitoxin representative structure predicts the C-termi-
nal region corresponding to the ChAD domain is unstructured, 
with a low pLDDT score, comprising the last 38 amino acids 
(Figure S3B). Structural clustering of the toxins resulted in 80% 
being grouped into four clusters (Figures 3C and 3D). Represen-
tatives of the three most abundant clusters, all with mRNase 
folds, are shown in Figure 3D. Thus, while class 1 TACs are 
very divergent at the sequence level, relationships are clearly 
apparent at the fold level, with indications that the nuclease 
activity of the toxins is conserved. As more genomes are 
sequenced in the future, this may enable further sequence- 
based resolution of this class into subclasses.

Class 2 CmdTAC is a large and broadly distributed class 
encoding diverse antitoxins
Despite being overlooked as a TAC type until recently, when they 
were confirmed as phage-phage defense systems,13–15 the sec-
ond largest TAC class is defined by the presence of an ART toxin 
homolog within the two genes upstream of secB (Figures 1C and 
4A). This class is distributed across multiple phyla, with a larger 
presence in Bacillota (Figure S4B). Class 2 TACs show high 
sequence diversity in potential antitoxins, meaning that, as 
with class 1 antitoxins, they do not get automatically clustered 
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Figure 2. SecB homologs in TAC neighborhoods are divergent at the sequence level but conserved at the structural level 
(A) Sequence alignment of SecB homologs from the three subfamilies. Secondary structure is shown above, and gold asterisks indicate key tetramer interface 

residues, while pink asterisks and the dotted CTD region indicate SecBHK1:SecA interface residues.25 See Figure S1B for a fuller alignment. 

(B) Classical E. coli SecBHK1 structure (PDB: 1QYN).26 Colors show individual chains, and conserved interfacing residues from the first alpha helix (marked in A) 

are shown in gold. SecA:SecB interface residues are shown in pink. 

(C) Cumulative SecB homolog sequence coverage by cluster. 

(D) Structural clusters ordered by size. Inset: structural predictions of representative SecB from the top three largest clusters. Structures are colored by pLDDT 

score according to the upper-right key, and the visible surfaces show the regions with a match to known endonuclease domains with HHpred or Foldseek, as 

indicated.
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together by Jackhmmer in the FlaGs2 pipeline (Figure 4A). Toxin 
and antitoxin pairwise structural alignments give a mean TM 
score of 0.69 ± 0.17 and 0.49 ± 0.13 for the toxin and antitoxins, 
respectively (Figure S2; Table S2). This indicates that the toxins 
in this class are likely homologs, while the antitoxins are more 
ambiguous, with greater structural diversity.30 AlphaFold3 
predicts a complex for the TAC components of the class repre-
sentative, with the TA dimer interfacing with the SecBTA tetramer 
at the A:C through the C-terminal IDR of the putative antitoxin 
(Figure 4B). The low global interface quality of the complex 
(ipTM 0.36; Figure 4B) indicates unreliable interfaces; neverthe-
less, the T:A interface score (ipTM 0.66; Figure 4B) is good and 
indicates that the low ipTM score likely comes from the A:C inter-

face, which is known to be challenging to model confidently.13

The structural prediction of the Streptococcus gordonii TAC 
antitoxin suggests an unstructured ChAD on the last 38 C-termi-
nal amino acids (Figure S3C).

While CmdTACs have previously been validated as genuine 
TAC systems from E. coli,14,15 this has not previously been 
tested for CmdTACs from other bacterial lineages. We have 
tested the toxicity of three TAC ART toxins encoded by E. coli 
MOD1-EC6301, Bacillus subtilis BSn5, and Streptococcus 
gordonii SK184 (Figure 4C). When expressed from a pBAD33 
derivative under the control of an arabinose-inducible PBAD 

promoter and a strong Shine-Dalgarno motif, the B. subtilis 
BSn5 ART toxin fully suppresses the growth of the E. coli 
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(D) Toxin structural clusters ordered by size. Inset structural predictions of the representative sequence from the top three largest clusters. The structures are 
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BW25113 uspC-flhDC::IS5 (VHB17) host strain.31 E. coli MOD1- 
EC6301 and S. gordonii SK184 ART toxins also inhibit 
growth but not fully. We tested the neutralization of TAC 
toxins through ectopic co-expression of either antitoxin alone 
or antitoxin encoded in a bicistronic arrangement with the chap-
erone. In all cases the toxicity was, albeit to varied degrees, 
counteracted by co-expression of the antitoxin-chaperone 
pair. Furthermore, co-expression of the antitoxin alone neutral-

izes B. subtilis BSn5 and E. coli MOD1-EC6301 ARTs. Impor-
tantly, in these experiments the toxin was expressed from one 
plasmid (a pBAD33 derivative), while the antitoxin (either alone 
or together with the chaperone) was expressed from another 
(a pMG25 derivative). This architecture could interfere with 
efficient co-translational assembly of the three polypeptides 
encoded by the TAC operon, thus reducing the efficiency of 
toxin neutralization.
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Figure 4. Class 2 TAC toxins are CmdTA-like ART domain-containing translational inhibitors 
(A and B) (A) Gene neighborhoods of class 2 TAC secB genes. SecB homologs are shown in black, and ART toxin homologs in pink. Colors and numbers are as 

per Figure 1. Thicker borders indicate conserved structural folds. The highlighted system is shown as a predicted complex in (B). Gray shields indicate previously 

known phage defense. Annotations of each cluster are found in Data S2. (B) Structural prediction of the S. gordonii TAC class 2 complex. 

(C) Validation of TAC systems through toxicity neutralization assays. Cultures of E. coli strains transformed with pBAD33 and pMG25 vectors or derivatives 

expressing putative TAC toxins and TAC antitoxins (or antitoxin-chaperon pairs), correspondingly, were adjusted to OD600 1.0, serially diluted from 101- to 108- 

fold, and spotted on LB medium supplemented with appropriate antibiotics and inducers (0.2% arabinose for toxin induction as well as either 500 μM IPTG for 

induction of either antitoxin or the antitoxin-chaperon pair). 

(D–F) Metabolic labeling assays with E. coli BW25113 expressing ART TAC toxins from E. coli MOD1-EC6301 (WP_097331689.1) (D), B. subtilis BSn5 

(WP_015715417.1) (E), and S. gordonii SK184 (WP_061594493.1) (F). 

(G–I) Cell-free expression assays with E. coli MOD1-EC6301 (G), B. subtilis BSn5 (H), and S. gordonii SK184 (I). Quantification of the DHFR band intensities relative 

to the internal control is shown in gray.
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E. coli CmdT toxins have previously been found to inhibit 
translation through sequence-specific mRNA modification.13,14

To assay the mechanism of toxicity of our newly validated 
CmdT toxins, we performed metabolic labeling assays. As with 
the E. coli O112ab:H26 ART toxin,13 E. coli MOD1-EC6301, 
B. subtilis BSn5, and S. gordonii SK184 ART toxins specifically 
interfere with the incorporation of 35S-methionine, suggesting 
an effect on translation (Figures 4D–4F). To establish that the ef-
fect is direct, we tested the effect of the toxin on the production 
of dihydrofolate reductase (DHFR) in a PURE (Protein synthesis 
Using Recombinant Elements) E. coli cell-free protein synthesis 
system.32 The toxin was produced in situ in the PURE system 
both in the presence and absence of the NAD+ cofactor, which 
is essential for ART enzymatic activity, and the DHFR production 
was tested. While E. coli MOD1-EC6301 (Figure 4G) and 
B. subtilis BSn5 (Figure 4H) ART toxins do inhibit DHFR produc-
tion in the PURE system, we detect no inhibitory effect for 
S. gordonii SK184 (Figure 4I). A possible explanation for the 
lack of efficient inhibition by S. gordonii SK184 is that, as 
mRNA-targeting ART CmdTs are sequence-specific,13,14 it is 
also possible that the DHFR-encoding mRNA is a poor substrate 
in this case.

Class 3 TAC systems contain conserved endonuclease 
domain-containing toxins and sequence-diverse 
antitoxins with structurally conserved folds
We found 138 SecBTAs with a conserved downstream endonu-
clease-encoding gene and a diverse third component upstream 
of the chaperone (Figure 5A). This is an unusual TAC architec-
ture and is relatively limited in taxonomy, being exclusively 
within Bacillota (Figure S4C). Structural predictions of the 
TAC complex assign the first component of this tripartite 
operon as the putative antitoxin, interfacing with the SecBTA 

tetramer through the C-terminal ChAD (Figures 5B and S3D). 
The global interface quality of the complex (ipTM = 0.63) 
and the T:A interchain ipTM of 0.82 indicate high confidence 
in the overall model and the TA dimer.30 Despite the lack of 
sequence conservation for the antitoxin, structural alignments 
show that there is fold similarity, with an average TM alignment 
score of 0.62 ± 0.15 (Figure S2; Table S2). Toxicity was tested 
but could not be confirmed in our system (Figure S5A). 
Although this system is particularly novel in terms of architec-
ture, the lack of toxicity and an especially limited taxonomic 
distribution did not encourage us to move to phage defense 
assays for this system.

Class 4 TACs encode the HEPN-MNT TA module
We found 96 SecBTAs associated with a putative TA pair defined 
by a conserved HEPN domain in the putative toxin (class 4; 
Figure 1C). While the HEPN gene is conserved in the class, the 
other component shows considerable sequence diversity 
(Figure 6A). Class 4 TACs can be found across bacteria, 
with the majority found within Bacteroidota (Figure S4D). 
AlphaFold3 predicts the putative antitoxin interfacing with the 
HEPN protein and through the predicted ChAD with the 
SecBTA tetramer (Figures 6B and S3E). The global interface qual-
ity of the complex is low (ipTM = 0.27), while the interchain ipTM 
between the toxin and the antitoxin is much more confident at 

ipTM = 0.74 (Figure 6B). The antitoxins display structural con-
servation, with an average pairwise TM alignment score of 
0.74 ± 0.14 (Figure S2; Table S2). Foldseek annotation indicates 
structural homology to the MNT antitoxin from the HEPN-MNT 
TA system that adenylates the cognate HEPN toxin to inactivate 
it.33,34

To test the toxicity of the HEPN toxin, we expressed the 
predicted toxins from B. thetaiotaomicron and S. epidermidis 
as above. However, neither predicted toxin showed activity in 
the E. coli surrogate host strain (Figure S5A). Because this is a 
particularly novel TAC class containing a known phage de-
fense-associated domain (HEPN), we nevertheless tested the 
complete TAC system from B. thetaiotaomicron for an ability to 
defend against coliphages, in case toxicity might be triggered 
only during infection. However, we observed no protective activ-
ity (Figure S5B), consistent with a lack of HEPN-mediated 
toxicity that would be crucial for phage defense via abortive 
mechanisms.

Class 5 TACs encode an excisionase DNA-binding 
domain-containing protein and sometimes no predicted 
toxin component
93 SecBTAs in our dataset are associated with a conserved up-
stream gene encoding a protein carrying a DNA-binding domain 
(HTH) found in excisionases, DNA-binding proteins that direct 
site-specific excision of integrated viral DNA35,36 (class 5; 
Figure 1B). One-third of those are associated with a conserved 
HicAv toxin domain encoded upstream of the excisionase-like 
gene (Figure 5C). Structural prediction of the TAC complex pla-
ces the excisionase-like protein as the likely antitoxin, binding 
to the HicAv domain gene and the chaperone through the C-ter-
minal ChAD region (Figures 5D and S3F). However, the global 
interface quality of the complex is low (ipTM = 0.36), while the 
interchain ipTM between the toxin and the antitoxin is medium 
confidence at 0.52. Both the putative toxin and antitoxin show 
structural conservation within the class (Figure S2). The toxins 
have a mean TM alignment score of 0.73 ± 0.14, and the anti-
toxins have a mean value of 0.70 ± 0.20 (Table S2). Most of the 
members of this class are found within Actinomycetota 
(Figure S6A). Since most of the members in this group lack the 
HicAv-encoding toxin gene, we tested the toxicity of the single 
protein associated with SecB in this system from Mycolicibacte-
rium smegmatis. Although the presence of a predicted C-termi-
nal IDR suggests that it is an antitoxin, in the absence of a pre-
dicted co-directional toxin gene—and with predicted similarity 
to an excisionase—we can be less sure of its role in the system. 
Furthermore, we also tested a putative HicAv toxin adjacent to 
the excisionase in N. xinjiangensis. However, neither M. smeg-
matis nor N. xinjiangensis proteins showed toxicity upon expres-
sion in E. coli (Figure S5A).

Class 6 HicABC TACs have conserved toxin and 
antitoxin components
We found 67 HicABC TACs, and this architecture was catego-
rized as class 6 (Figure 1C). All the TA components of this class 
are conserved enough at the sequence level to be clustered 
together by FlaGs (Figure 6A) and show structural conservation 
(Figure S2). Toxins have a mean TM alignment score of 
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0.82 ± 0.10, and the antitoxins have a mean value of 
0.67 ± 0.11 (Table S2). The toxins contain the HicA RNase 
domain, while the antitoxins possess a conserved HicB 
domain followed by a variable and unstructured ChAD region 
(Figure S3G). TACs in this class can be found in multiple bacterial 
phyla, predominantly within Gammaproteobacteria (Figure S6B). 
Structural prediction of the TAC complex places the TA dimer 
interfacing with the SecBTA tetramer through the ChAD 
(Figure 6B). This results in a low-confidence complex, with an 
overall global interface quality of 0.42. However, as with the other 

classes, the T:A interface score is much better supported with 
an ipTM of 0.86.

To test the toxicity of the putative HicA toxin, we expressed the 
predicted toxin from C. koseri and a predicted catalytically dead 
mutant H45A, based on previous HicAB TA studies37,38

(Figure 6C), as above. Toxicity of the wild-type protein was 
confirmed, and the active site-substituted variant was non-toxic 
(Figure 6D). Given this positive result, we tested the complete 
TAC system for its ability to defend against coliphages. However, 
we observed no defense (Figure S5C).
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(A) Gene neighborhood analysis of class 3 TACs. SecBTA is in black, colors indicate protein family clusters, and black border genes indicate a conserved structural 

fold. Highlighted system is shown as a predicted structure in (B). 

(B) Structural prediction of the S. aureus class 3 TAC complex. 

(C) Gene neighborhood analysis of class 4 TACs. SecBTA is shown in black, colors indicate protein family clusters, and black border genes indicate a conserved 

structural fold. Highlighted system shown as a predicted structure in (D). 

(D) Structural prediction of the B. thetaiotaomicron class 4 TAC complex. 

(E) Gene neighborhood analysis of class 5 TACs. SecBTA is shown in black, and colors indicate protein family clusters. The highlighted system is shown as a 

predicted complex in (F). 

(F) Structural prediction of the Nocardioides sp. Class 5 TAC complex. Annotations of each protein family cluster are found in Data S2.
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Class 7 HigBAC TACs have conserved toxin and 
antitoxin components
We found 57 HigBAC TACs and categorized this architecture as 
class 7 (Figure 1C). All the TA components of this class are 
conserved enough at the sequence level for them to be clustered 

together with FlaGs (Figure 6D), despite this architecture being 
incongruent with the SecB phylogeny (Figure 1C). The FlaGs 
clustering also shows that these are distinct from the class 1 
toxins, which are distant HigB relatives with similar folds 
(Figures 1C, 3D, and S2). The toxins contain the HigB RNase 
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Figure 6. Class 6 TACs have a conserved HicAB TA pair, class 7 TACs are composed of a conserved HigBA TA system, and class 8 TACs 
show a conserved TA pair with a DUF6575-containing antitoxin 
(A) Gene neighborhood analysis of class 6 TACs. SecBTA is shown in black, colors indicate protein family clusters, and black border genes indicate a conserved 

structural fold. The highlighted system is shown as a predicted complex in (B). 

(B) Structural prediction of the C. koseri class 6 TAC complex. TA interface is shown in the inset, with H45 colored in pink. 

(C) Sequence alignment from the active site of HicA toxin homologs. The conserved histidine residue H45 of C. koseri HicA is marked with a red asterisk. 

(D) Validation of C. koseri HicA toxicity. Overnight cultures of E. coli strains transformed with pBAD33 expressing either wild-type HicA or its H45A variant were 

adjusted to OD600 1.0, serially diluted from 101- to 108-fold, and spotted on LB medium supplemented with appropriate antibiotics and inducers (0.2% arabinose). 

(E) Gene neighborhood analysis of class 7 TACs. SecBTA is shown in black, and colors indicate protein family clusters. The highlighted system shown is as a 

predicted complex in (F). Gray shields indicate previously validated defense. 

(F) Structural prediction of the K. pneumoniae class 7 TAC complex. 

(G) Gene neighborhood analysis of class 8 TACs. SecBTA is shown in black, and colors indicate protein family clusters. The highlighted system is shown as a 

predicted complex in (H). 

(H) Structural prediction of the class 8 TAC complex from C. comes. Annotations of each protein family cluster are found in Data S2.
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domain, while the antitoxins possess a conserved HigA domain 
followed by a variable and unstructured ChAD region.13 All the 
TACs in this class can be found in Gammaproteobacteria, pre-
dominantly within Enterobacteriales (Figure S6C). The experi-
mentally validated HigBAC phage defense system13 belongs to 
this class. Structural prediction of the class representative TAC 
complex places the TA dimer interfacing with the SecBTA 

tetramer through the ChAD, with an overall global interface qual-
ity of 0.42 (Figures 6E and S3H). This results in a low-confidence 
complex; however, the T:A interface score of 0.86 suggests that 
the A:C interface between the IDR ChAD and SecBTA reduces 
the overall score.

Class 8 TACs carry a conserved toxin with unknown 
function and a novel structural fold
Finally, we found 25 SecBTAs associated with a DUF6575 
domain containing gene. These are classified as class 8 TACs 
(Figure 1C). Both putative TA genes in this class were found to 
be conserved at the sequence and structural levels (Figures 6F 
and S2; Table S2). This group is found exclusively within Bacil-
lota, with most of its members within Clostridia (Figure S6D), 
and a strong tendency toward gut bacteria. Structural prediction 
of the TAC complex from C. comes favors a SecBTA dimer bind-
ing to the putative TA system through the DUF6575 protein 
(Figure 6G). However, the global interface quality score below 
0.5 and a T:A high interface score of 0.88 indicative of low-con-
fidence ChAD:SecBTA interface (Figure S3I). Domain searches 
failed to find a known functional domain in the predicted toxin; 
however, Foldseek suggests fold similarity to the ADP ribosylase 
cholera toxin. To test the toxicity of the putative toxin, we ex-
pressed the predicted toxin from C. comes in E. coli BW25113 
surrogate host as above; no toxicity was detected (Figure S5A).

DISCUSSION

Our broad survey of SecB homologs shows that classical house-
keeping SecBs and TAC-associated SecBTAs occupy funda-
mentally different genomic niches. Housekeeping SecBs 
(SecBHK1 and SecBHK2) occur within conserved operons, retain 
the hallmarks expected of chaperones supporting SecA-depen-
dent protein export, and are not predicted to be prophage en-
coded. In contrast, SecBTAs are found in highly variable, often 
prophage-associated genomic regions and lack the conserved 
SecA-binding residues. Although the evolutionary order of 
events cannot be determined with certainty, the most parsimo-
nious scenario, given the current taxonomic distribution of 
SecBHKs and their conserved neighborhoods, is that house-
keeping SecB originated at least before the diversification of 
Beta-, Gamma-, and Alphaproteobacteria within the Pseudomo-
nadota (Figures S1A and S1B). Given this relatively ancient 
origin, and the clear mobility of TAC loci, a plausible scenario 
is that a SecB-like protein was later incorporated into mobile 
TA modules and subsequently specialized in stabilizing anti-
toxins as part of infection-triggered defense systems rather 
than functioning as a secretion chaperone. A shared feature 
that may have facilitated this transition is that both SecBHKs 
and SecBTAs recognize and bind intrinsically disordered protein 
regions.

As microbial conflicts are likely ancient,39 an alternative inter-
pretation is that a defense-related SecB function evolved first, 
with the secretion-related role in Pseudomonadota arising later 
through co-option. One piece of circumstantial support for this 
comes from the observation that the taxonomic distribution of 
TACs is broader (although patchier due to mobility) than that of 
housekeeping SecBs, with representatives in multiple major 
phyla of bacteria (Data S1).

Whatever the order of events, nearly all SecB homologs— 
including those within TACs, with the exception of class 8— 
retain the predicted conserved barrel-shaped tetrameric fold 
characteristic of SecB, and key tetramer-stabilizing residues 
remain preserved. In contrast, residues mediating the classical 
SecA:SecB interaction are not conserved in SecBTAs, consistent 
with the absence of selection for protein-export functions.

AlphaFold predictions can provide valuable insights into the 
organization of TAC antitoxins, particularly the ChAD regions 
that mediate SecBTA binding. Because ChADs are intrinsically 
disordered, they lack clear sequence markers that define the 
boundary between the structured antitoxin domain and the 
disordered ChAD, making this transition difficult to identify 
from sequence alone. In some antitoxins, the presence of a 
conserved domain found in non-TAC systems helps indicate 
where the structured region ends,12 but this approach is less 
effective for more divergent or novel antitoxins. Across TAC 
classes, however, our predicted antitoxin structures consistently 
show a pronounced drop in pLDDT scores at the C terminus, 
corresponding to the expected position of the ChAD 
(Figure S3). Thus, the pLDDT signature provides a practical 
proxy for estimating the minimal ChAD region and its approxi-
mate extent.

One of the most striking findings of our study is the incongru-
ence between the SecB phylogeny and the architecture of the 
associated TA units. This disconnection suggests extensive 
recombination, where SecBTA chaperones are repeatedly paired 
with diverse toxin-antitoxin modules. Such modularity echoes 
previous observations in TA systems more broadly,2 where 
recombination likely enables adaptation to different functional 
contexts or triggers. In the case of TACs, this modular flexibility 
may be particularly important for maintaining and adapting de-
fense mechanisms under phage-driven evolutionary pressure. 
Additionally, while we were unable to validate phage defense 
here, the frequent prophage association of TAC loci suggests 
that TACs are often employed as phage-versus-phage warfare 
machinery. The rapid evolution of phages is likely what allows 
continual reshuffling and fine-tuning of TAC components to 
counter evolving threats.

Conclusion
The iterative sequence-search approach applied here identifies 
multiple previously unrecognized TAC classes and shows that 
TACs are far more diverse and widespread than earlier appreci-
ated. We find that structural conservation often underpins 
sequence-level variability. These findings broaden our under-
standing of TA system diversity and evolution, provide functional 
validation for a previously unknown TACs, and show that there is 
much still to be discovered about TACs from across diverse 
bacterial lineages.
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Limitations of the study
By surveying TAC systems broadly across the bacterial Tree of 
Life, our study uncovers a diversity of candidates that would 
likely remain undetected in screens limited to E. coli and its close 
relatives. Experimental testing, however, was necessarily carried 
out in a heterologous E. coli system in which many TACs, partic-
ularly those from distant lineages, are unlikely to function as they 
would in their native hosts. This likely explains why phage 
defense assays did not detect activity despite evidence that 
TACs can act in antiviral defenses.13,14 Work in B. subtilis and 
its phages has been instrumental in validating numerous anti-
phage defense systems,40 underscoring the importance of 
host-phage systems that better match the native biological 
context. We therefore anticipate that alternative models, such 
as B. subtilis, will be particularly useful for future mechanistic 
studies of the diverse TACs identified here.

Technical limitations mean our survey likely captures only part 
of the true diversity and mobility of TAC systems. Prophage 
prediction is constrained by the quality and completeness of 
available genome assemblies, and phage-prediction tools may 
miss highly divergent or cryptic elements. Our analysis also 
reflects RefSeq data as of February 2023. As additional bacterial 
lineages are sequenced, especially from understudied clades, 
we anticipate that many more TAC variants and mobile systems 
will emerge.
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For strains used see Data S3 N/A N/A

For bacteriophages used see Data S3 N/A N/A

Chemicals, peptides, and recombinant proteins

Phusion High-Fidelity PCR Master Mix Thermo Fisher Scientific Cat# 10402678

FastDigest DpnI Thermo Fisher Scientific Cat# 10819410

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat# E2621L

T4 Polynucleotide Kinase New England Biolabs Cat# M0201L

T4 DNA Ligase Thermo Fisher Scientific Cat# 10723941

DreamTaq PCR Master Mix Thermo Fisher Scientific Cat#11816843

BD Bacto Dehydrated Agar Thermo Fisher Scientific Cat#214010

Bacto Tryptone Thermo Fisher Scientific Cat#211705

Bacto Yeast Extract Thermo Fisher Scientific Cat#212750

Sodium chloride VWR Chemicals Cat#27808.366

IPTG ITW Reagents Panreac Cat#A1008

Ampicillin sodium salt Sigma-Aldrich Cat#A8351

L-(+)-Arabinose Sigma-Aldrich Cat#A3256
35S methionine Hartmann Cat# ARS0104A
3H uridine Hartmann Cat# MT6036
3H thymidine Hartmann Cat# MT799

Ammonium chloride Sigma-Aldrich Cat#21236.267

Calcium chloride Sigma-Aldrich Cat#C1016

Potassium sulfate Sigma-Aldrich Cat#P9458

Magnesium chloride hexahydrate VWR Chemicals Cat#M2670

Sodium chloride VWR Chemicals Cat#27808.366

Iron (II) sulfate heptahydrate Sigma-Aldrich Cat#F8633

Dipotassium hydrogen phosphate VWR Chemicals Cat#33612.268

Ammonium molybdate tetrahydrate Sigma-Aldrich Cat#M1019

Boric acid Sigma-Aldrich Cat#B0394

Cobalt (II) chloride hexahydrate Sigma-Aldrich Cat#255599

Copper (II) sulfate pentahydrate Sigma-Aldrich Cat#209198

Manganese (II) chloride tetrahydrate VWR Chemicals Cat#25222.233

Zinc sulfate heptahydrate Sigma-Aldrich Cat#Z0251

MOPS Sigma-Aldrich Cat#A1076

Tricine Sigma-Aldrich Cat#T9784

Trichloroacetic acid Thermo Fisher Scientific Cat#A11156.0B

Glycerol VWR Chemicals Cat#24388.364

Magnesium sulfate heptahydrate VWR Chemicals Cat#25167.298

Imidazole Thermo Fisher Scientific Cat#A10221.36

β-mercaptoethanol Sigma-Aldrich Cat#M6250

Anhydrotetracycline hydrochloride (aTc) Thermo Fisher Scientific Cat#J66688-MB

Brilliant Blue G250 Sigma-Aldrich Cat#27815

Critical commercial assays

Monarch PCR & DNA Cleanup Kit New England Biolabs Cat# T1030

QIAprep Spin Miniprep Kit QIAGEN Cat# 27104
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Bacterial strains, plasmids, and phages
Bacterial strains, plasmids and phages used in this study are listed in Data S3. Unless stated otherwise, microbiology experiments 
were performed using motile E. coli BW25113 strain, BW25113 uspC-flhDC::IS5 (VHB17).31

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PURExpress in vitro protein synthesis kit New England Biolabs Cat# E6800

RNase Inhibitor Murine New England Biolabs Cat# M0314S

Oligonucleotides

For primers used for cloning of E. coli 

plasmids see Data S3

N/A N/A

Recombinant DNA

For E. coli plasmids see Data S3 This paper N/A

Software and algorithms

SnapGene v8.2.1 GSL Biotech LLC RRID:SCR_015052

UCSF ChimeraX v1.9 Pettersen et al.41 RRID:SCR_015872

Igor Pro v7.08 WaveMetrics, Inc. RRID:SCR_000325

GraphPad Prism v10.4.1 GraphPad Software, LLC RRID:SCR_002798

Adobe Illustrator v29.8.2 Adobe Inc. RRID:SCR_010279

HMMER v3.3.2 Eddy19 RRID:SCR_005305

FlaGs2 Saha et al.20 https://github.com/GCA-VH-lab/FlaGs

HHblits HHsuite v3.3.0 Remmert et al.42 https://github.com/soedinglab/hh-suite

HHsearch HHsuite v3.3.0 Söding43 https://github.com/soedinglab/hh-suite

Pavian Breitwieser and Salzberg.44 RRID:SCR_016679

MAFFT L-INS-i v7.505 Katoh and Standley.45 N/A

Jalview v.2.11.2.0 Waterhouse et al.46 RRID:SCR_006459

trimAl v1.2 Capella-Gutierrez et al.47 RRID:SCR_017334

IQ-TREE 2 v2.1.4 Minh et al.21 RRID:SCR_017254

R v4.3.0 R Core Team48 N/A

GGTREE v3.10.0 Yu et al.49 RRID:SCR_018560

Treeio v1.26.0 Wang et al.50 N/A

geNomad v1.11.2 Camargo et al.24 N/A

AlphaFold v3.0.1 Abramson et al.51 N/A

MMseqs2 Release 15-6f452 Steinegger and Söding52 N/A

NCBI-Datasets v16.41.0 O’leary et al.53 N/A

Other

Grant Instruments OLS Aqua Pro Orbital 

and Linear Shaking Bath

Thermo Fisher Cat#15345802

MaxQ 6000 Incubated/Refrigerated 

Stackable Shaker

Thermo Scientific Cat#SHKE6000-8CE

Cytiva Whatman Binder-Free Glass Microfiber 

Filters, Grade GF/C Sheets

Thermo Fisher Cat#11340594

Tri-Carb 4910TR-scintillation counter Perkin Elmer Cat#425-209

EcoLite(+) Liquid Scintillation Cocktail MP Biomedicals Cat#IC882475

Scintillation vials Sarstedt Cat#73.662.500

Alignments, FlaGs2 output, and phylogenetic tree This paper https://github.com/GCA-VH-lab/TAC

Predicted alphafold structures This paper https://data-sharing.atkinson-lab.com/ 

TAC_survey/tac_survey_af3_models.tar.gz
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METHOD DETAILS

Sequence retrieval and gene neighborhood analysis
SecB homologues sequences were identified in bacterial proteomes from NCBI RefSeq database (downloaded in February 2023) using 
Jackhmmer from HMMER version 3.3.219 using an E-value threshold of 1e−10 and HigBAC SecB (WP_112844288.1) as the query. To 
avoid the inclusion of aberrant predicted fusion proteins, we excluded sequences longer than 250 residues (SecB homologues are 
∼150 residues) as well as sequences annotated as partial because they occur at contig boundaries. The remaining 13,116 homologues 
were grouped in clusters with a minimum identity of 0.4, coverage of 0.8, and coverage mode 0, using MMseqs cluster from MMseqs2 
Release 15-6f452.52 The 849 representative sequences were used as queries for FlaGs220 (https://github.com/GCA-VH-lab/FlaGs2) 
(Data S2). HHblits and HHsearch from HH-suite22 were used to identify protein domains from FlaGs2 clustered families from the repre-
sentative subset. FlaGs2 analysis was performed with the full set of homologues with two flanking genes, and TAC classes were 
defined by the identified protein families from the preliminary analysis. Taxonomic distribution was visualised with Pavian.44

Sequence alignment and phylogenetic analysis
Sequence alignments with fewer than 200 sequences were generated using MAFFT v7.50545 with the L-INS-i strategy and otherwise 
default parameters. Larger datasets were aligned using MAFFT v7.505 with default settings. Alignments were visualised using 
Jalview v.2.11.2.0.46 Alignment positions with >50% gaps were removed with trimAl v1.2.47 Phylogenetic analysis was carried out 
using IQ-TREE 2 v2.1.4 with parameters -B 1000 -alrt 1000.21,54 The ‘LG + I + G’ substitution model was determined as the best- 
fit by the program. Trees were visualised with attached data in R v4.3.0 using GGTREE v3.10.0,49 Treeio v1.26.0.50

Prophage searching
The genomic file for each assembly from the SecB homologue search (Data S1) was downloaded from NCBI using NCBI-Datasets 
v16.41.0 (datasets download genome).53 Prophage prediction was performed with geNomad version 1.11.2 using end-to-end 
annotation.24

Structural predictions and alignment
The 13,116 SecB homologues were grouped into 5,094 clusters using MMseqs cluster (Identity 0.9, Coverage 0.9, and Coverage 
mode 0). Protein structure predictions of representative SecBs were made with AlphaFold v3.0.1 with standard runtime parameters 
and databases.51 We share the structures at https://github.com/GCA-VH-lab/TAC but note that the use of AlphaFold3 output is sub-
ject to the terms found at https://github.com/google-deepmind/alphafold3/blob/main/OUTPUT_TERMS_OF_USE.md. The quality of 
predictions was assessed using the predicted template-modelling (pTM) scores: pTM for scoring all residues of the model, and ipTM 
for scoring only the interfacing residues. Models with scores ≥0.5 are likely to have the correct overall fold and we considered models 
with scores ≥0.7 to be of good quality. Antitoxin structural alignments were performed with TM-align (last update: 2022/4/12)55 and 
the Foldseek server28 was used for the structural homology search. Protein structures were visualized using ChimeraX-1.9.56 Statis-
tical analysis of results was performed in R with ggplot2 library used for visualization.57

Bacterial growth and phage infections
All microbiology experiments were performed using. coli BW25113 strain (VHB987) or the motile strain BW25113 uspC-flhDC::IS5 
(VHB17).31 E. coli strains were grown at 37◦C on solid (1.5% w/v agar) or in liquid LB medium. To select for plasmids, the medium 
was when needed supplemented with 25 μg/mL chloramphenicol, 100 μg/mL carbenicillin/ampicillin, and/or 50 μg/mL kanamycin. 
The expression from inducible promoters were controlled by supplementing the medium with appropriate concentrations of glucose/ 
arabinose and/or IPTG. For phage infection of liquid cultures, the medium was supplemented with 10 mM MgSO4 and 2.5 mM CaCl2.

Phages were propagated using the double-agar overlay ‘ using E. coli BW25113 uspC-flhDC::IS5 (VHB17) strain31 as the host. Top 
agar was prepared as LB agar (0.5% w/v agar) supplemented with 20 mM MgSO4, and 5 mM CaCl2. Phage stocks were prepared 
from the top agar layer and stored in SM buffer (0.1 M NaCl, 10 mM MgSO4, and 0.05 M Tris-HCl pH 7.5) at 4◦C.

Construction of plasmids
All plasmids were constructed with either circular polymerase extension cloning (CPEC)58,59 with Phusion polymerase (Thermo Sci-
entific) or Gibson assembly.60 To clone TAC genes, we ordered the synthesized DNA fragments shown in Data S3. pBAD33 plasmid 
(arabinose inducible PBAD promoter) was used to express toxins, TAs and TACs, pMG25 plasmid (IPTG inducible PA1/O4/O3 promoter) 
was used for expression of chaperones and antitoxins and pET24d plasmid (T7 promoter) was used to produce toxin proteins in vitro 
translation reaction. In the plasmid used for in vivo gene expression, TAC genes were cloned with a strong Shine-Dalgarno and a 
spacer sequence (AGGAGGAATTAA).

TA and TAC toxicity assays
The toxin regions of Class-2 TAC systems from E. coli MOD1-EC6301 (gene: WP_097331689.1; plasmid: VHp1144), S. gordonii 
SK184 (RefSeq: WP_061594493.1, VHp1133), and B. subtilis BSn5 (RefSeq: WP_015715417.1, VHp1137); Class-3 TAC 
from S. aureus T126_A17_C01 (RefSeq: WP_000705255.1, VHp2223); Class-4 TAC from B. thetaiotaomicron MSK.16.57 
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(WP_217718571.1, VHp1712) and S. epidermidis 4320 (RefSeq: WP_002491514.1, VHp1713); Class-5 TAC from N. xinjiangensis 
SYSUD00778 (RefSeq: WP_210503345.1, VHp2224); Class-6 TAC from C. koseri CK1008 (RefSeq: WP_013819429.1, VHp2222) 
and the single site mutant H45A (VHp2260); Class-8 system from C. comes 2789STDY5608832 (RefSeq: WP_055246662.1, 
VHp1710); and antitoxin region from Class-5 TAC system from M. smegmatis atR9 (WP_003893515.1, VHp1711) were expressed 
from arabinose inducible pBAD33 with a strong Shine-Dalgarno sequence and spacer (AGGAGGAATTAA). Antitoxins and chaper-
ones from E. coli MOD1-EC6301 (WP_064363165.1, WP_097331688.1 - VHp1146, VHp1147), S. gordonii SK184 (RefSeq: 
WP_061594494.1, WP_061594495.1 - VHp1135, VHp1136), and B. subtilis BSn5 (RefSeq: WP_015715418.1, WP_015715419.1 - 
VHp1138, VHp1139) were expressed with a strong SD from IPTG inducible pMG25 plasmid. Plasmids were transformed into 
E. coli strain VHB17 or, for TAC Class-2 assays, VHB98731 Bacterial cultures from single colonies were grown for five to six hours, 
adjusted to OD600 1.0, serially diluted (101- to 108-fold) and spotted on LB medium supplemented with 100 μg/mL carbenicillin (Fisher 
Bioreagents), 25 μg/mL chloramphenicol (AppliChem) and inducers (0.2% arabinose for TA induction, 0.2% glucose for TA repres-
sion, 50 μM or 500 μM IPTG for chaperone induction). Plates were incubated 16–17 h at 37◦C and scored.

Experimental phage infections
To assess the effect of the B. thetaiotaomicron Class-5 TAC (RefSeq: WP_217718571.1, WP_217718573.1, WP_217718575.1; 
plasmid VHp2118) and the C. koseri class 6 TAC on phage infectivity (RefSeq: WP_248129368.1 - WP_248129369.1 - 
WP_248129370.1; plasmid VHp2261), we performed efficiency of plating assays using E. coli VHB17 strain31 as a surrogate host. 
The experiments were performed essentially as described previously,13 using a subset of common laboratory phages. Briefly, over-
night cultures of E. coli VHB17 cells carrying either an empty vector (pJD1423 (VHp1423), a pBR322 derivative lacking the tetracycline 
resistance cassette) or the TAC-expressing pJD1423 derivatives (VHp2118 and Vhp2261) were mixed with top agar (LB with 0.5% 
agar, 20 mM MgSO4, and 5mM CaCl2), to a final concentration of 0.075 OD600, and overlayed on LB-agar plates (1.5% agar). 
Individual phage stocks were 10-fold serially diluted in SM buffer (0.1 M NaCl, 10 mM MgSO4, and 0.05 M Tris-HCl pH 7.5) and 
2.5 μL of each of eight dilutions spotted on solidified top agar plates. Plaque formation was monitored after 6 and 24h of incubation 
at 37◦C.

In vivo functional assays
Metabolic labeling with 35S-methionine, 3H-uridine and 3H-thymidine
The experiments were performed essentially as described previously.13 For metabolic labeling experiments the E. coli VHB987 strain 
was co-transformed with the D33 plasmid carrying the toxin gene of interest for L-arabinose-inducible expression and the empty 
pMG25 vector. Transformed cells were initially plated on LB plates supplemented with 100 μg/mL carbenicillin, 25 μg/mL chloram-
phenicol, and 0.2% glucose (to suppress leaky toxin expression). Using individual E. coli colonies for inoculation, 2 mL liquid cultures 
were prepared in defined Neidhardt MOPS minimal media,61 supplemented with 100 μg/mL carbenicillin, 25 μg/mL chloramphenicol, 
0.1% casamino acids, and 0.2% glucose, and grown overnight at 37◦C with shaking. Subsequently, experimental 15 mL media were 
prepared in 125 mL conical flasks in MOPS medium, supplemented with 0.5% glycerol, 100 μg/mL carbenicillin, 25 μg/mL chloram-
phenicol, as well as a set of 19 amino acids (lacking methionine), each at a final concentration of 25 μg/mL. The overnight cultures 
were inoculated to the experimental media at a final OD600 of 0.05 and grown at 37◦C with shaking until the OD600 reached 0.2. At this 
point, 1 mL aliquots (designated as the pre-induction zero time-point) were transferred to 1.5 mL Eppendorf tubes containing 10 μL of 
the respective radioisotope (4.35 μCi 35S methionine [Hartmann], 0.65 μCi 3H uridine [Hartmann] or 2 μCi 3H thymidine [Hartmann]) 
and placed in a heat block at 37◦C. Toxin expression in the remaining 14 mL culture was induced by adding L-arabinose to a final 
concentration of 0.2%. Throughout the toxin induction time course, 1 mL aliquots were taken from the experimental culture and 
transferred to 1.5 mL Eppendorf tubes containing 10 μL of the appropriate radioisotope (35S methionine, 3H uridine, or 3H thymidine). 
Radioisotope incorporation was halted after 8 min of incubation at 37◦C by adding 200 μL of ice-cold 50% trichloroacetic acid (TCA) 
to the 1 mL cultures. Additionally, 1 mL aliquots were periodically sampled for OD600 measurements. The resultant 1.2 mL culture/ 
TCA samples were loaded onto GF/C filters (Whatman) prewashed with 5% TCA and unincorporated label was removed by washing 
the filter twice with 5 mL of ice-cold TCA followed by a 5 mL wash with 95% EtOH (twice). The filters were placed in scintillation vials, 
dried for at least two hours at room temperature, followed by the addition of EcoLite-scintillation cocktail (5 mL per vial; MP Biomed-
icals). After shaking for 15 min, radioactivity was quantified using Tri-Carb 4910TR-scintillation counter (PerkinElmer). Isotope incor-
poration was quantified by normalizing radioactivity counts (CPM) to OD600, with the pre-induction zero time-point serving as the 
reference (set to 100%). All experiments were conducted in triplicates (n = 3), using three independent cultures initiated from distinct 
colonies.

In vitro translation assays
The experiments were performed essentially as described previously.13 PURExpress in vitro protein synthesis kit (NEB, E6800) sup-
plemented with 0.8 U/μL RNase Inhibitor Murine (NEB, M0314S) was used for reactions as per the manufacturer instructions. All re-
actions contained each ART template plasmids (10 ng/μL, VHp1219, VHp1220 or VHp1222) with or without 0.1 mM NAD+. After a 
10-min incubation at 37◦C, a 1.3 μL aliquot of the reaction mixture was taken and quenched by addition of 13.7 μL of 2× SDS- 
PAGE sample buffer (100 mM Tris:HCl pH = 6.8, 4% SDS, 0.02% bromophenol blue, 20% glycerol, 20 mM DTT and 4% 
β-mercaptoethanol), and DHFR Control Template plasmid was added to the remaining reaction mixture at a final concentration of 
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20 ng/μL. After further incubation at 37◦C for 1 h, the reaction mixture was mixed with 9-fold volume of 2× sample buffer, denatured at 
95◦C for 5 min and resolved on SDS-PAGE gel (18% acrylamide/bis-acrylamide = 37.5:1). The SDS-PAGE gel was fixed by incu-
bating for 5 min at room temperature in 50% ethanol solution supplemented with 2% phosphoric acid, washed three times with water 
for 20 min at room temperature, and stained with ‘‘blue silver’’ solution (0.12% Brilliant Blue G250 (Sigma-Aldrich, 27815), 10% 
ammonium sulfate, 10% phosphoric acid, and 20% methanol) overnight at room temperature. After washing with water for 3 h at 
room temperature, the gel was imaged on an Amersham ImageQuant 800 (Cytiva) imaging system. The intensities of reporter 
DHFR band that of the ribosomal protein used as internal control were quantified using ImageJ v. 1.54g.62

QUANTIFICATION AND STATISTICAL ANALYSIS

Precision measures (mean, SEM, and SD) were computed using R v4.3.0 and are shown in Table S2.
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M I C R O B I O L O G Y

The Viral AlphaFold Database of monomers and 
homodimers reveals conserved protein folds in viruses 
of bacteria, archaea, and eukaryotes
Roni Odai1, Michèle Leemann2, Tamim Al- Murad1, Minhal Abdullah1,3, Lena Shyrokova1,  
Tanel Tenson3, Vasili Hauryliuk1,3,4,5,6*, Janani Durairaj2,7*, Joana Pereira2,7*, Gemma C. Atkinson1,4,6*

Viruses are the most abundant and genetically diverse entities on Earth, yet the functions and evolution of most 
viral proteins remain poorly understood. Their rapid evolution often obscures evolutionary relationships, limiting 
the ability to assign functions using sequence- based methods. Although the conservation of protein fold can re-
veal deep homologies, viral proteins remain underrepresented in structural databases. We address this by cluster-
ing viral sequences from RefSeq and predicting the structures of ~27,000 representative proteins using AlphaFold2 
to create the Viral AlphaFold Database (VAD). We uncover conserved folds in diverse viruses infecting bacteria, ar-
chaea, and eukaryotes. We predict homodimers and make comparisons to the Protein Data Bank, providing data on 
oligomerization potential. We reveal considerable functional darkness in the viral protein universe and report the 
discovery and validation of an uncharacterized toxin- antitoxin system. The VAD provides a foundation for explor-
ing viral structure- function relationships, including ancient folds shaping viral interactions across all life.

INTRODUCTION
Modern deep learning structural prediction methods, such as Alpha-
Fold and RosettaFold, have revolutionized the ability to use struc-
tural information in research (1–3). As well as the use of inferred 
folds to make predictions about the function that can be tested ex-
perimentally, structure versus structure comparison methods allow 
the discovery of homology that is not detectable at the sequence level 
using tools such as Foldseek (4) and distance- matrix alignment 
(Dali) (5). This can be especially informative for proteins of viruses, 
which evolve fast because of short generation times, large population 
sizes, high mutation rates, and host- virus arms races (6, 7). The taxo-
nomic domain of viruses includes both eukaryote- infecting viruses 
and bacteriophages that infect bacteria and archaea. Despite the fun-
damental differences between their hosts—including cell structure, 
gene regulation, and evolutionary history—viruses across these do-
mains can share conserved protein folds. The single jellyroll is one of 
the most common capsid folds and can be found in various phages 
and eukaryote- infecting viruses (8), while the capsid protein of bac-
teriophage HK97 has homologs in herpes viruses, adenoviruses, and 
viruses of archaea and protists (8, 9). Most recently, phosphodiester-
ases of both phages and eukaryote- infecting viruses have been found 
to contain the same fold and been experimentally confirmed to have 
a shared role in immune evasion (10, 11).

The ability to search for homologous proteins and infer the func-
tion at the fold level depends upon the availability of large and di-
verse protein structure databases. The Protein Data Bank (PDB) has 
been an essential resource for structural comparisons for decades, 
storing and organizing experimentally determined structures of 
proteins and complexes (12). A massive increase in the numbers and 

diversity of publicly available structures came with the release of the 
EBI AlphaFold database (AFDB) (13), which includes predicted 
structures for most proteins in the UniProt database, vastly expand-
ing the number of available protein structures beyond what is pres-
ent in the PDB. The structural comparison of these millions of 
protein folds has enabled the construction of networks of structural 
communities, annotated with their functional “brightness” or “dark-
ness,” depending on how well annotated the biochemical and bio-
logical functions of those proteins are (14).

A substantial portion of the known protein fold universe remains 
functionally dark, and this is likely an underestimate of the true ex-
tent of structural and functional dark matter. One group that re-
mains underexplored in structural biology is viruses. Despite being 
regarded as the most abundant biological entity on Earth and being 
an immense reservoir of genetic diversity (15, 16), viruses have so 
far been excluded from the EBI AFDB. This is primarily due to the 
problem of polyproteins. Polyproteins are composed of multiple vi-
ral peptides that are translated as a single concatenated peptide and 
subsequently proteolytically cleaved into individual mature proteins 
using viral or host proteases (17, 18). While these polyprotein struc-
tures complicate structural prediction, the potential benefits of un-
covering viral protein structural diversity outweigh these challenges. 
Recent viral structure databases, such as the BFVD (19) and Nom-
burg24 (10) projects, have addressed this gap to a large extent. How-
ever, these resources rely on less accurate methods than the reference 
AlphaFold2 implementation and are limited to monomeric struc-
tural predictions.

Here, we have clustered 647,000 unique viral sequences from the 
National Center for Biotechnology Information (NCBI) RefSeq data-
base (20), predicted the structure of ~27,000 representatives using Al-
phaFold2 (1), and predicted higher- order oligomeric states where 
possible. This represents a high- quality resource for exploring viral 
protein diversity, including in the context of host taxonomy. We have 
identified 1142 clusters of viral proteins that share the same fold across 
viruses infecting two or more domains of cellular life (bacteria, 
eukaryotes, or archaea). We have characterized the functional 
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darkness of viral folds, predicted homodimerization tendencies and 
structures for almost all proteins in our database, and predicted 
higher- order multimeric states where possible. Through searching for 
functionally dark protein structures in conserved neighborhoods, 
we have uncovered and experimentally validated a previously un-
identified type II toxin- antitoxin (TA) system, KreTA, found in pro-
phages of bacteria and mapped conserved and variable folds across 
virus- host interactions, including defense and antidefense systems. 
All structures are available at data- sharing.atkinson- lab.com/vad/, 
and the structural clusters can be searched and explored at vad.
atkinson- lab.com.

RESULTS
Clustering the diversity of viral proteins at the sequence 
level reveals homology among proteins from viruses that 
infect hosts in different domains of life
Because of the computational challenges of predicting structures for 
all available viral protein sequences, we aimed to assemble and fold 
a representative subset that captures broad diversity across the se-
quence space. To do this, we first downloaded protein sequences 
from the NCBI RefSeq database (20), limiting by taxonomy to virus 
(NCBI taxonomy ID 10239). The taxonomic distribution of these 
647,000 sequences is depicted in fig. S1, spanning the 10 most abun-
dant viral taxa across the kingdom, phylum, and family levels. The 
host of each virus was assigned by querying the Virus- Host database 

(21). Protein sequences were then clustered using MMseqs2 (22), 
with relatively lenient identity and coverage thresholds (30% and 
0.01, respectively) to minimize the number of clusters while main-
taining sufficient separation between them (Fig. 1A). This clustering 
process yielded 117,479 clusters and 61,868 singletons, with an aver-
age cluster size of 5.5 members (table S1 and dataset S1).

The assignments from the Virus- Host database (21) allowed us 
to group proteins by host domain (bacteria, archaea or eukaryotes), 
where a cluster with multiple hosts associated with the proteins 
within is referred to as a heterohost cluster. It is important to note 
that this does not imply that the same protein can be found in vi-
ruses infecting vastly different hosts; rather, the cluster is composed 
of homologous proteins that can be found in different host- infecting 
viruses. Therefore, heterohost cluster composition reflects molecu-
lar patterns that are common across viral life. Reflecting the original 
taxonomic distributions, most clusters comprise proteins from vi-
ruses infecting bacteria (Fig. 1B). In total, 388 clusters were assigned 
a sequence- level heterohost label, most of which comprise proteins 
from viruses with either bacterial or eukaryotic hosts (Fig. 1C). The 
distribution of host domain (eukaryota, bacteria, or archaea) before 
and after clustering is shown in Fig. 1D. To reduce ambiguity, we 
excluded from these counts any viruses annotated as infecting other 
viruses, such as virophages that parasitize giant viruses and phage 
satellites (23). Most unique viral protein hosts are bacteria (79.9%), 
followed by eukaryotes (15.4%). Archaeal hosts are assigned for 
only 1.1% of the proteins (Fig. 1D).
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While some of the sequence- level heterohost clusters contain 
proteins annotated as structural proteins, i.e., tail fibers, capsids, or 
their chaperones, most heterohost clusters represent proteins that 
are annotated to interact with or modify nucleotides or nucleic acids 
(dataset S1). The most prevalent are proteins involved in replication, 
nucleases, nucleotide hydrolases, nucleotide modification enzymes, 
helicases, nucleic acid ligases, and methyltransferases. The largest 
heterohost sequence cluster (567 proteins, found in viruses infecting 
either bacteria or eukaryotes) contains homologs of cytidine and 
deoxycytidylate deaminase—an enzyme that viruses can use to 
modulate nucleotide pools to favor their own replication (24) and 
that sometimes serves as a component of antiphage defense (25). 
The second biggest sequence cluster contains proteins homologous 
to the clamp loader of DNA polymerase, which enables efficient and 
processive replication and is found in bacteriophages and viruses of 
protists. Last, there are 20 sequence clusters spanning bacteria, eu-
karyote, and archaeal hosts. The largest of these contains DNA 
methyltransferases (dataset S1). Thus, at the sequence level, con-
served nucleotide- processing functions are often the most readily 
identifiable across host domains.

Prediction of representative protein structures to 
create the VAD
Representatives from the viral protein sequence clusters were folded 
with AlphaFold2 (1), limiting to clusters with a size of 5 or greater. 
To sample sequence diversity in smaller clusters, we also randomly 
selected a set of 7243 sequence clusters, with an average cluster size 
of 1.6. We did not set a strict amino acid length limit but rather 
folded all proteins that we could, given our computational resourc-
es. Compared to the two other predicted structure databases for 

viral proteins, BFVD (19) and Nomburg24 (10), our length distribu-
tion is most similar to BFVD, with an average length of 176 amino 
acids (fig. S2). The length distribution in our database has a longer 
tail because of not using a length cutoff; our largest predicted fold is 
from a 3595 amino acid–long protein. Nomburg24 predictions tend 
to be longer on average, probably due to eukaryote- infecting viruses 
having longer proteins on average than phages. The final Viral Al-
phaFold Database (VAD) structure dataset consists of 26,962 pre-
dictions for monomers and 26,754 homodimer cofolding attempts 
(of which only a subset is confident homodimers; see below) (data-
set S1). The taxonomic distribution of VAD is depicted in fig.  S3 
(full lineage information is found in dataset S1) and covers the full 
diversity of viral kingdoms, phyla, and families seen in the starting 
sequence set (figs. S1 and S3).

The quality of the predictions in the dataset is assessed with the 
predicted local difference test (pLDDT) metric (1). The VAD dataset 
has a global average pLDDT of 78, with most predictions reaching 
an average pLDDT of ~90, reflecting high overall model confidence 
(Fig. 2A). Compared to Nomburg24 (10) and BFVD (19), the VAD 
demonstrates improvements in prediction quality. Among near- 
identical proteins (>90% sequence identity and coverage) shared 
between the VAD and BFVD, 74% of VAD models have higher aver-
age pLDDT scores, and 54% show an increase of more than 5 units. 
This highlights the accuracy gains of the standard AlphaFold2 pipe-
line, with differences in prediction quality likely attributable to 
BFVD’s use of faster, but potentially less sensitive, multiple sequence 
alignment construction approaches. Examples of such cases are 
shown in Fig. 2B.

Structure- based all- versus- all searches using the ~27,000 VAD clus-
ter proteins identify more than twice as many unique cluster- to- cluster 

C

BA

E

D

Fig. 2. VAD comparison with other databases of viral predicted structures. (A) Density plot of average pLDDT distributions for the VAD, BFVD, and Nomburg24. 
pLDDT is averaged per prediction in each dataset. (B) Three examples where the VAD structure pLDDT is higher than the corresponding BFVD structure pLDDT. (C) UpSet 
plot detailing overlaps of nonsingleton structural clusters (with Foldseek easy- cluster coverage of 0.7 and default parameters) across the VAD, BFVD, and Nomburg24 with 
singleton cluster counts listed. (D) Three examples of VAD cluster singletons with >80 pLDDT. (E) Three examples of clusters unique to the VAD with >80 pLDDT.
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relationships as sequence- based searches can find across all 647,000 
viral proteins. This indicates that this relatively small, structure- 
representative set effectively captures relationships within the viral 
NCBI RefSeq database. The VAD is structurally diverse, as seen by the 
12,763 structural clusters and 6721 singletons encompassing the 26,962 
VAD cluster proteins (Fig. 2C). In addition, despite its smaller size, the 
VAD dataset spans a substantial portion of the nonsingleton structural 
clusters found in both BFVD and Nomburg24, which contain 2.5× and 
13× more structures, respectively (Fig.  2C). Examples of singletons 
and unique VAD clusters are shown in Fig. 2 (D and E, respectively). 
Together, these results show that the VAD dataset both is structurally 
diverse and has high confidence, making it a valuable resource for 
structural searches and for advancing our understanding of viral pro-
tein function and evolution.

Proteins with the same structural fold in the VAD are found 
in viruses infecting bacteria, archaea, and eukaryotes
Sequence clustering shows that the vast majority of cluster represen-
tatives comes from viruses infecting bacterial hosts (Fig. 1B). To test 
whether structure- based clustering reveals broader relationships 
across host types, we examined whether proteins from viruses in-
fecting different domains of life share similar folds even when their 
sequences diverge. We therefore clustered the 26,962 structures in 
the VAD using Foldseek (4) in TMalign mode, which groups pro-
teins by structural similarity. This resulted in 12,894 clusters with 
9753 singletons, with an average cluster size of 2.1 (table S2 and da-
taset S1). Host domains (bacteria, archaea, or eukaryotes) were then 
assigned to structural clusters using the same host annotations and 
criteria as for sequence clusters.

Structural clusters show a shift in host distribution: Although 
bacterial host- type clusters still dominate, the proportion of eukary-
otic host- type clusters increases (Fig. 3A). Heterohost clusters also 
expand markedly; 913 clusters include proteins from both bacterial 
and eukaryotic viruses, with additional clusters spanning archaea- 
bacteria, archaea- eukaryota, and all three domains (Fig. 3B). While 
fewer than 1% of VAD proteins belong to heterohost sequence clus-
ters, this jumps to 35.8% in structural clusters (Fig. 3C). This no-
table increase, visualized in the network of fig.  S4, suggests that 
folds are conserved across greater evolutionary distances and are more 
frequently shared across viral life than sequence similarity alone 
would indicate.

Next, we examined how proteins from viruses infecting specific 
host domains are distributed across structural clusters (Fig. 3D), as 
we did for sequence clusters in Fig. 1D. Most proteins from bacte-
riophages (62.9%) fall into clusters that also contain proteins from 
other bacterial viruses, but a substantial fraction (25.5%) is in het-
erohost clusters. Similarly, 31.1% of proteins from viruses infecting 
eukaryotes are in heterohost clusters, suggesting widespread struc-
tural reuse across viral lineages despite divergent host range. Ar-
chaeal viruses also show notable structural overlaps, with 62.3% of 
their proteins falling into archaeal- only clusters and 37.6% into het-
erohost clusters.

To identify common structural themes across diverse viruses, we 
examined the largest structural clusters in more detail (Fig.  3D). 
Most large structural heterohost cluster representatives are small 
mixed α/β folds, comprising ~4% of all proteins belonging to 
structural heterohost clusters (dataset S1). The largest, third largest, 
and fifth largest cluster representatives are α- β sandwiches: 
two meander folds and one split fold. The fourth largest cluster 

representative is an α- β OB (oligonucleotide/oligosaccharide–
binding)–fold (Fig. 3E). These small folds are typical “urfolds”—
three- dimensional architectures that can be formed from vastly 
different sequences, allowing for extensive functional innovation 
(26). The second largest structural heterohost cluster representative 
features an HK97 fold found in capsid proteins of various viruses. 
Overall, apart from the capsid fold, the largest clusters seem to rep-
resent common ancient core folds, not limited to viruses but also 
found in proteins across all life on Earth.

Most of the large structural eukaryotic monohost cluster repre-
sentatives are α- domain structures. The two largest of these clusters 
are likely pentatricopeptide and ankyrin- repeat proteins, where 
both repeat four- helix bundles. These tandem repeat clusters com-
prise ~1% of all proteins belonging to structural eukaryotic clusters 
and ~3% of proteins belonging to nonsingleton clusters (dataset S1). 
The third largest cluster is a singular α helix with unstructured ter-
mini; the members of this cluster are similarly simple, with a minor-
ity exhibiting a turn between two α helices. The fourth largest of 
these clusters is a globular α- domain protein, the M11L- like apopto-
sis regulator (Fig. 3E). Thus, most of these eukaryote host–specific 
protein folds are likely all involved in hallmark eukaryote- like 
protein- protein and protein- RNA interactions (27,  28). This may 
reflect viral adaptation to the complex and compartmentalized reg-
ulation characteristic of eukaryotic hosts (29).

Bacterial monohost cluster representatives consist mostly of 
small β- barrel folds. The largest, fourth largest, and fifth largest of 
these clusters have SH3/Tudor- like folds (Fig.  3E). These putative 
Tudor fold clusters cover ~1.3% of all proteins in bacterial structural 
clusters and ~2.6% of proteins belonging to nonsingleton clusters 
(dataset S1). The second largest cluster contains tail tube proteins 
from λ- like phage tail tube proteins, while the third largest cluster 
contains wHTH (winged helix- turn- helix) folds that are often in-
volved in DNA binding (Fig. 3E) (30). Archaeal structural clusters 
consist almost entirely of singletons, where member proteins are 
uncharacterized, reflecting the paucity of data for viruses infecting 
this domain of life.

Oligomerization states across viral proteomes
Many viral proteins exert their biological functions as oligomers 
rather than monomers. To explore oligomerization tendencies, we 
predicted homodimeric structures for all but the ~200 largest pro-
teins of VAD monomers with AlphaFold- Multimer (31). These 
homodimers include 26,754 predictions, of which 11,313 exhibit a 
confident fold and 2957 exhibit a good fold [with interface pre-
dicted template modeling (ipTM) thresholds set to 0.5 for “confi-
dent” and to 0.8 for “good”] (Fig. 4A). Multiple VAD monomers 
are not predicted to form homodimers; the average ipTM score for 
VAD homodimers is 0.44 (dataset S1), below the cutoff for “good” 
models. To determine whether low- quality monomeric predic-
tions skewed the quality of homodimer counterparts, we filtered 
monomers with pLDDT scores lower than 50 (fig. S5). The effect 
of this filtering was marginal without much change in the distribu-
tion density of predictions by the ipTM score. In 1188 cases, the 
pLDDT of the dimer (max across the two chains) is >5 units high-
er than the monomer pLDDT, with Fig. 4B showing three extreme 
examples, where the monomer and dimer structures have signifi-
cant differences. Where we do see good scores for homodimeriza-
tion, this can potentially include homodimers in the strictest sense 
(two monomers interacting alone), as well as larger homo-  and 
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hetero- oligomeric complexes that include an interface between two 
identical protein subunits. To address potentially larger complexes 
of VAD proteins, we predicted oligomeric arrangements of mono-
mers in the VAD. We compared monomeric structures with those 
in the PDB: Structural hits of monomers found more than once 
in a complex in a PDB structure were classified as homo- oligomeric 
(3864 VAD clusters), while those found with other monomers 
were classified as hetero- oligomeric (2623 VAD clusters) (dataset 
S1).  Figure  4A, indicating turquoise density, shows the dimer 
ipTM distribution of all VAD clusters compared to those having 
homomer PDB hits, showing a shift toward higher ipTM scores 
for the latter. AlphaFold- Multimer seems able to predict dimeric 

structures in their higher- order oligomeric state, as shown by the 
two examples in  Fig.  4C where the closest Foldseek- Multimer 
PDB hit is a homotrimer and the predicted dimer adopts the 
trimeric configuration. As AlphaFold- Multimer was trained on 
complexes from the PDB, predicted oligomeric conformations 
may simply reproduce those present in the training data for close 
homologs. In addition, PDB structures used as templates can 
project oligomeric states onto homodimeric predictions. How-
ever, oligomeric awareness can also be seen at low sequence 
identities, as seen in the deoxyuridine 5′- triphosphate nucleotido-
hydrolase (dUTPase) examples in Fig. 4C, which share only 28% 
sequence identity.
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Fig. 3. Structural clustering of VAD proteins reveals core folds in viruses infecting different domains of life. (A) Distribution of structural clusters by host type. 
(B) Distribution of structural heterohost clusters based on host domain composition. (C) Sequence and structure cluster host- type distribution of VAD proteins. (D) Distri-
bution of proteins by viral host (inner ring) and structural cluster host type (outer ring), where viral host segments correspond to cluster type segments, displaying the 
cluster host- type membership of proteins by viral host. (E) Radial histogram of the five largest structural clusters, their sizes, and the structures of select cluster representa-
tives colored by pLDDT. The contributing host taxa are shown within the heterohost segments (B, bacteria; A, archaea; E, eukaryota). The third largest eukaryote specific 
cluster (15 proteins; marked with an asterisk) consists of a single helix topology and is not shown.
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One unexpected observation in the VAD is the prevalence of pep-
tidyl tRNA hydrolases (Pths) across a variety of different viruses and 
phages. By cleaving peptides bound to tRNA, Pth plays a crucial role 
in protein synthesis by both rescuing stalled ribosomes and freeing 
up the pool of free tRNAs (32, 33). We have found that Pth is en-
coded in various bacteriophages and viruses that infect birds and 
insects, and its dimeric structure is conserved (Fig. 4D). A functional 
Pth encoded in the bacterial host has previously been found to be 
important for λ phage translation of two- codon minigenes that are 
otherwise toxic because of accumulation of “dropped- off ” peptidyl- 
tRNA (34). Thus, by carrying their own Pths, viruses may ensure ef-
ficient translation of their proteins and avoid ribosome stalling and 
toxicity. Our predictions suggest that the Pth sequence- level hetero-
host clusters are primarily homodimers. Superposition of AlphaFold 
Pth predictions from the Caulobacter phage and Flamingopox virus 
with the PDB structure of Pth from archaeon Methanocaldococcus 
jannaschii shows excellent structural alignment (Fig. 4D).

Structural matches to the Protein Atlas; functional darkness 
and brightness of viral protein structures
We asked how similar or dissimilar viral proteins are to other pro-
teins with known structures. A Foldseek search of VAD structures 
against UniProt3D community representatives (14) and the AFDB50 
Foldseek database revealed 12,473 representatives (covering 292,376 
viral sequences) falling into connected components in UniProt3D, 
209 representatives (3635 sequences) into unconnected “dust” Uni-
Ref50 clusters, 2627 representatives (55,922 sequences) having 
matches to AFDB proteins not present in UniProt3D v1 because of 

the pLDDT threshold of 90 used, and 9279 representatives (115,750 
sequences) having no good match to either database (Fig.  5A). 
Among those with matches to known structural communities, most 
are functionally bright—a term used to describe proteins with 
known or inferred biological function (14). However, a substantial 
fraction falls into dark communities, meaning that they lack func-
tional annotation and remain poorly understood despite having a 
predicted structure (Fig.  5B). When examined by host taxonomy, 
proteins from viruses infecting bacteria and archaea were more like-
ly to have high- confidence structural matches to the AFDB, whereas 
proteins from eukaryotic viruses had the highest proportion of no 
matches (Fig. 5, C and D). Among proteins that did yield a struc-
tural hit, the confidence (as measured by LDDT) was broadly simi-
lar across host types, suggesting that once a structural analog is 
found, the quality of the alignment does not depend strongly on 
host taxonomy.

VAD proteins are related to functionally dark bacterial 
protein communities that include prophage- encoded 
TA systems
A previous exploration of the universe of functionally dark protein 
folds led to the discovery of previously unknown type II TA systems 
(14). Given that we have uncovered additional dark proteins in the 
VAD, we asked whether there could be further undiscovered TAs in 
our data. We focused on VAD proteins in Protein Atlas communities 
that also include bacteria, because TAs can be frequently found on pro-
phages integrated into bacterial chromosomes (35, 36). Specifically, we 
focused on small operon–encoded proteins encoded in communities 
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containing Escherichia coli, the model system for our validations. Using 
GCsnap and FlaGs, we analyzed gene neighborhoods, searching for 
conserved bicistronic gene operons characteristic of TA systems. We 
found a pair with homologs across Gammaproteobacteria, consistently 
localized in prophage- like regions of Enterobacteriales (Fig. 6A). This 
includes annotated pathogenic strains isolated from clinical and food 
sources. The conserved two- gene architecture is strongly suggestive of 
a TA system. We name this putative TA system KreTA after the mythi-
cal heroic twins in the Albanian folk epic Kângë Kreshnikësh.

KreT and KreA proteins are predicted confidently to dimerize 
(Fig. 6B). The proteins are classed as functionally dark in that they 
belong to communities that have no functional domain hits (dataset 
S1) (14). Foldseek (4) also does not identify any homologous pro-
teins with known function. However, Dali (5) indicates distant but 
significant fold similarity of KreT to ribonuclease RegB, an en-
doribonuclease that controls the expression of multiple phage early 

genes and which has no identifiable sequence similarity to anything 
else of known function (fig.  S6A) (37,  38). The closest structural 
relative of KreT in the VAD is annotated as RegB, but the two pro-
teins are not confidently alignable at the sequence level. In the 
KreTA dimer, KreA binding sequesters the predicted ribonuclease 
(RNase) active site of KreT (Fig. 6B), indicative of KreA acting as an 
antitoxin. Furthermore, Dali suggests that KreA may have a broadly 
similar fold to the immunity protein TriTu that neutralizes the ade-
nosine 5′- diphosphate (ADP) ribosylase toxin TreTu (fig. S6B) (39).

To test our prediction that KreTA is a TA, we carried out a toxicity 
neutralization assay. While the expression of KreT is toxic to E. coli, 
this toxicity is efficiently neutralized by the KreA antitoxin, validating 
that this is TA system (Fig.  6C). To investigate the mechanism of 
KreT toxicity, we performed metabolic labeling using radioactive 
precursors for translation, transcription, and replication. As mani-
fested by the selective inhibition of 3H- methionine incorporation, 
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KreT inhibits translation, which is characteristic of RNase TA toxins 
(Fig. 6D) (40). Together, the fold similarity of KreT to endonucleases 
and its inhibition of translation suggest that it may function by cleav-
ing mRNA, as observed for many known TA toxins (40). While KreT 
and KreA are viral in origin, being encoded on prophages, there are 
no relatives of either in the VAD that are identifiable at the sequence 
level. This highlights another challenge for understanding viral pro-
teome diversity: that viruses can go under the radar by hiding within 
the genome of their hosts. While “cryptic” infections are most well 
known for phages, this is even the case for some eukaryotic viruses 
(41, 42).

Conserved enzymatic folds are co- opted in antiviral defense 
and counterdefense
Viruses are territorial; when they have infected a host cell, it is in 
their interest to keep out competitor viruses. This is called superin-
fection exclusion and is observed in viruses that infect bacteria as 
well as eukaryotes (43,  44). Temperate bacteriophages have been 
found to carry a rich diversity of phage defense systems (45). To 
analyze defense- like folds in the VAD, we used Foldseek to search 
our structures against the DefenseFinder database (46).

The largest number of hits to one defense system protein is for 
the DarG protein from the DarTG system with nine hits to the same 
heterohost structural cluster with a eukaryotic host- type representa-
tive (Fig. 7A; pink bar). Proteins in this cluster are all annotated as 
macrodomain or ADP- ribosyl glycohydrolase proteins (dataset S1). 
The alignments of these proteins to DarG align solely to their mac-
rodomain and not to the C- terminal region implicated in binding 
DarT (fig.  S7) (47). These hits may actually be counterdefense- 
related via the reversal of host ADP- ribosylation catalyzed in eu-
karyotic antiviral responses (48). However, given that macrodomains 
have multiple functions, we cannot rule out other roles beyond 

defense or counterdefense. Notably, six of the structural heterohost 
cluster proteins with hits to DarG belong to sequence monohost 
clusters, indicating a conservation of macrodomain folds across vi-
ruses infecting different domains of life, even when sequence simi-
larity is not apparent (Fig. 7A).

Another notable hit to defense proteins is that of gp28 in the 
Panchino system. This protein contains restriction, modification, 
and specificity domains of type I restriction modification proteins 
(49). The VAD protein, which matches Panchino_gp28, is a hypo-
thetical protein belonging to a heterohost structural cluster with a 
eukaryotic host- type representative. Within this cluster, the best- 
aligning protein is a bacterial host- type methyltransferase (Fig. 7A 
and dataset S1). Proteins in this cluster all have PDB hits to methyl-
transferase proteins (dataset S1). The alignments to Panchino_gp28 
cover mostly the methyltransferase domain but also extend to the 
restriction domain (Fig. 7A). As before with DarG, the VAD protein 
with a hit to Panchino_gp28 belongs to a sequence monohost clus-
ter and a structural heterohost cluster, providing another example of 
cross- domain conservation of folds not apparent on the sequence 
level (Fig. 7A).

As well as defending against superinfection, viruses carry coun-
terdefense systems. To investigate whether counterdefense folds are 
found in the VAD, we searched against antidefense proteins in the 
DefenseFinder database (46) and dbAPIS (50). The antidefense pro-
tein with the most hits to VAD proteins is AcrIIA8 (Fig. 7B), a phage 
head- tail adapter protein that—unexpectedly—is implicated in anti-
defense by inhibiting Cas9 activity (51). AcrIIA8 has seven hits 
within the same structural cluster containing bacterial and archaeal 
host- type proteins, along with one hit to a bacterial host- type single-
ton cluster (Fig. 7B). When clustered by sequence, AcrIIA8 hits be-
long to either archaeal or bacterial host- type clusters, and these 
clusters merge at the structure level, reflecting a conserved fold 
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Fig. 6. KreTA is a prophage- encoded TA system. (A) Gene neighborhood analysis identifies putative TA system kreTA encoded in prophage regions of bacterial genomes 
(visualized here with FlaGs). The kreT gene used as a FlaGs query is shown in black. Proteins encoded by the numbered genes are annotated as follows: 1: KreA; 2: recombi-
nase/integrase; 3: major capsid protein; 4: tape measure protein; 5: deoxyribose- phosphate aldolase; 6: thymidine phosphorylase; 7: phosphopentomutase; 8: purine- 
nucleoside phosphorylase; 9, 13, and 14: hypothetical proteins; 10: pyridoxal- dependent decarboxylase; 11: DksA/TraR family zinc finger protein; 12: MFS transporter; 15: 
LysR family transcriptional regulator. (B) KreA and KreT are predicted to form a dimer. Putative RNase active site residues determined from (37) and interfacing residues are 
shown as sticks. Interfacing active site residues are colored yellow. (C) Expression of KreT is toxic to E. coli BW25113 cells, but the toxicity is efficiently rescued by the anti-
toxin KreA. (D) Metabolic labeling assays follow the incorporation of 3H- methionine (black traces), 3H- uridine (red), and 3H- thymidine (blue) upon the expression of KreT.
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A

B

Fig. 7. Antiphage defense–related proteins in the VAD. Hits are colored by structural cluster host type and numbered by structural cluster size (left) and by sequence 
cluster host type and sequence cluster size (right). Each panel includes an example defense system protein, a VAD hit aligned to it, and a protein from a different host type 
within the same structural cluster, aligned using Dali. (A) DefenseFinder structural hits, with the example alignment showing Panchino_gp28 (z score = 68.5), a VAD hit 
(eukaryotic host hypothetical protein; z score = 18.2), and a different host type protein (bacterial host DNA methyltransferase; z score = 12.1). Numbers on bars refer to 
the size of the cluster that the protein with a hit to a defense protein belongs to. For example, DarG has 11 hits to two different cluster host types, each of which has a size 
of 17. (B) Combined structural hits from AntiDefenseFinder and dbAPIS, with the example alignment showing AcrIA1 (z score = 44.6), a VAD hit (phage CRISPR- Cas protein; 
z score = 27.9), and a different host type protein [viral exonuclease (eukaryotic host); z score = 10.7].
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across host types (Fig. 7B). Proteins in these clusters are similarly 
annotated as phage head, neck, and tail structural proteins, and it is 
unclear whether they could also have additional moonlighting anti-
defense functions (dataset S1).

AcrIA1, an anti- CRISPR exonuclease affecting spacer acquisition 
in CRISPR- Cas–mediated defense (52), has hits to VAD proteins be-
longing to sequence and structure heterohost clusters (Fig. 7B). Struc-
tural representatives of these clusters are annotated as CRISPR- Cas 
associated and/or exonucleases, including a PD- (D/E)XK superfamily 
nuclease (dataset S1) (53). AcrIA1 aligns well with its bacterial host- 
type CRISPR- Cas–associated hit, as well as a eukaryote- host exonucle-
ase found in the same structural cluster (Fig. 7B). This eukaryote- host 
exonuclease is remarkably similar in both sequence and structure to 
phage exonucleases (dataset S1). Furthermore, it has a hit to another 
CRISPR- Cas–associated antidefense protein, VCRX093 (Fig. 7B and 
dataset S1) (54). Given that eukaryotes do not carry CRISPR- Cas im-
mune systems, this nuclease likely has an as- yet- undefined role in nu-
cleic acid cleavage during the viral life cycle. In addition, its Foldseek 
hits to R354—a Cas4- like nuclease from the MIMIVIRE virophage 
resistance system in mimiviruses (55)—raise the possibility that it may 
represent a functionally analogous, virophage defense or genome pro-
cessing element.

Last, phosphodiesterases have been found to be conserved across 
viruses that infect bacteria and eukaryotes (10). This class of proteins 
includes the antidefense protein anti- CBASS protein (Acb1), which 
degrades cyclic nucleotides (11, 56). Acb1 also has hits to VAD pro-
teins belonging to a structural heterohost cluster (Fig. 7B), further 
supporting its functional role in cross- domain counterdefense.

DISCUSSION
Comprising high- quality structural predictions of monomers and 
dimers, the VAD provides a resource for exploring viral diversity, 
evolution, and biology. There are significant functional “darkness” 
within viral proteomes and much novel biology awaiting discovery. 
Through searching for similarities of viral protein structures to 
communities of proteins in the dark corners of the protein universe, 
we have uncovered a previously unidentified Enterobacteriales pro-
phage–encoded TA system, KreTA.

Our large- scale structural analysis reveals that despite vast se-
quence diversity, viruses often rely on conserved protein folds that 
cross host boundaries and recur across the tree of life. The struc-
tural similarities between viral proteins and defense- related systems 
highlight the repeated co- option of enzymatic folds in microbial 
conflicts. The observed conservation in viral defense and counterde-
fense systems is primarily confined to relatively large enzymes such 
as methyltransferases, ADP- ribose–processing macrodomains, and 
exonucleases. In contrast, small inhibitors, which are particularly 
common in counterdefense, appear to be less conserved. However, 
it is important to note that small proteins are inherently more 
difficult to detect confidently in structural homology searches, 
especially if their function depends on—and the structure changes 
upon—oligomerization. Overall, while viruses use diverse strategies 
to evade or counteract host defenses, the structural folds of enzy-
matic proteins involved in these processes are more likely to be pre-
served—or at least detectably conserved—across different domains 
of life. Notably, these conserved enzymatic folds are not unique 
to viruses but are repurposed from universal protein architectures 
that span across bacteria, archaea, and eukaryota. This structural 

conservation highlights the reuse of molecular mechanisms in 
host- virus interactions, underscoring that core and likely ancient 
protein folds remain essential components of defense and counter-
defense systems. Together, our findings show that conserved struc-
tural frameworks underpin key functions in infection, defense, and 
adaptation across all domains of life.

MATERIALS AND METHODS
Sequence acquisition and host assignment of proteins
A total of 647,000 virus protein sequences was downloaded from 
the NCBI RefSeq (20) database (ncbi.nlm.nih.gov; April 2023). 
NCBI records for each protein sequence in the RefSeq virus dataset 
are used to attain taxonomy IDs for the virus the protein is found in. 
These IDs are then matched to entries in the Virus- Host database 
(21) to assign a host lineage to each protein. Approximately 10,000 
RefSeq virus records lack taxonomy IDs, and about 3000 virus tax-
onomy IDs are not found in the Virus- Host database. Proteins as-
sociated with these missing or unrecognized taxonomy IDs, as well 
as those from viruses that infect other viruses and proteins without 
assigned hosts in the Virus- Host database, are labeled as “Host un-
defined.” While these proteins are included in the dataset, they do 
not contribute to host- type classifications. Through manual cura-
tion, certain Virus- Host database hosts were determined to be 
wrongly or insufficiently classified. Viral lineages Flyfo siphovirus 
Tbat1_6, uncultured phage, and Leviviridae sp. were set to bacteria- 
infecting. Viral lineages Dunaliella viridis virus and Tetraselmis 
viridis virus were set to “Host undefined.”

Sequence clustering and host assignment of clusters
MMSeqs2 (version 15.6f452) (22) was used to cluster RefSeq viral 
sequences and select representatives for structural analysis. The se-
quence identity threshold was set to 30%, and the query to target 
coverage threshold was set to 10%. This resulted in 117,479 clusters 
with 61,868 singletons. The clusters were assigned a host type on the 
basis of the host types of the proteins within them. To limit the effect 
of possible isolated cases of virus- host misannotation on heterohost 
assignment, we set a minimum threshold on the number of mixed 
hosts in order for a cluster to be assigned a heterohost label. We re-
quired that at least three proteins or 1% of the total cluster size 
(whichever is bigger) be of different host origin. The remaining clus-
ters are classified as archaea, bacteria, or eukaryota monohost clus-
ters. Only clusters composed solely of proteins without a defined 
host are classified as “Host undefined.”

Structural prediction of monomers and homodimers
Protein structure predictions were made with AlphaFold2 version 
2.3.2 (1) with default parameters. Homodimers were predicted with 
the AlphaFold- Multimer protocol (31). The structural template cut-
off date was set to 14 May 2020 (- - max_template_date = 2020- 05- 
14). Sixty- three sequence cluster representatives were not predicted 
because of out- of- memory and database asynchronicity errors in 
the AlphaFold2 pipeline.

The quality of structural predictions was assessed with pLD-
DT (1) scores for monomers and predicted template modeling 
(pTM  +  ipTM) (31) and predicted DockQ (pDockQ) (57) 
scores for homodimers. The best models, determined by pLD-
DT scores for monomers and pTM +  ipTM scores for homodi-
mers, were selected for further analysis. Foldseek (4) exhaustive search 
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without thresholds was used to perform all- versus- all align-
ments of VAD monomers.

Structural clustering and host assignment of clusters
The VAD was structurally clustered with Foldseek (version 
8.ef4e960) (4) in TMalign mode. Threshold parameters for the clus-
tering were set at 90% for alignment coverage, 0.4 for the template 
modeling score (TM- score), and 0.001 for the E- value. Structural 
clusters were assigned a host type as was done with sequence clusters.

Searches against other databases
VAD structures and Foldseek (4) were used to search against the fol-
lowing structural databases: AFDB (13), PDB (12), and UniProt3D 
community representatives (14). The Dali webserver (58) was also 
used to search the PDB (12).

Genomic context analysis
For the 871 viral protein clusters belonging to prokaryotic hosts (i.e., 
bacteria, archaea, and bacteria and archaea) with a match to a dark 
community in the Protein Universe Atlas network (i.e., median 
functional brightness below 5%) with at least five protein members, 
genomic context analysis was conducted using GCsnap (59) with 
default parameters. For the 2313 tested Protein Universe Atlas com-
munity (14), all UniProt IDs linked to that community were used as 
input targets. To aid the visual inspection of gene neighborhoods, 
FlaGs2 (60) was also used.

Conserved genomic windows identified by GCsnap were analyzed 
for the distribution of protein family names (as automatically assigned 
by GCsnap) around viral protein targets. To uncover communities 
containing conserved bicistronic gene arrangements with characteris-
tics of TA systems, genomic contexts containing target proteins from at 
least six different species were systematically screened. This approach 
was based on criteria adapted from NetFlax (35) and further general-
ized through the analysis of GCsnap outputs across diverse datasets. 
The gene pattern prediction relied on the following criteria: (i) Genes 
within a pattern must appear in the same order; (ii) intergenic distanc-
es between genes within the pattern should not exceed 100 nucleotides, 
while distances to conserved genes outside the pattern should exceed 
100 nucleotides; (iii) neighborhood conservation should be restricted 
to the genes within the pattern; and (iv) the relative frequency differ-
ence between a pattern and the most frequent longer variant (i.e., one 
additional gene) should be maximal within the genomic context. This 
screening approach identified the most promising dark communities 
potentially harboring TA systems, providing a focused set of candi-
dates for further inspection and functional analysis.

Predicting higher- order oligostates
Oligomeric states for PDB structures were obtained from the Swiss- 
Model Template Library (61). To predict the oligomeric state of a 
VAD cluster protein, we ran a Foldseek search against all chains in the 
PDB with a TM- score threshold of 0.5 and returned the most com-
mon oligomeric state of all the hits found weighted by the TM- score.

Searching against defense and antidefense databases
DefenseFinder (46) models were downloaded from https://defense-
finder.mdmlab.fr/wiki/structure on 16 January 2025. For each de-
fense system protein, one monomeric model was used in analyses. 
Antidefense protein hidden Markov models were manually down-
loaded from https://github.com/mdmparis/defense- finder- models 

(commit ca8f119). The PyHMMER (version 0.10.15) (62) function 
most_probable_sequence was used to extract sequences from hid-
den Markov models. AlphaFold2 (1) version 2.3.2 was used to mod-
el sequences extracted with the same runtime parameters as VAD 
structure prediction. This dataset is referred to as AntiDefenseFind-
er. dbAPIS (50) models were downloaded from https://bcb.unl.edu/
dbAPIS/downloads/ on 9 February 2024. Foldseek search without 
prefiltering and with a TM- score threshold of 0.5 was used to com-
pare VAD structures to DefenseFinder, AntiDefenseFinder, and 
dbAPIS models. For each VAD protein, the hit with the best identity 
fraction time query coverage was kept. After exhaustive searching, 
further filters were applied when plotting hits. DefenseFinder: align-
ment TM- score >0.65, E- value <0.001, average alignment coverage 
>0.6, cluster average TM- score >0.5. AntiDefenseFinder + dbAPIS: 
alignment TM- score >0.65, E- value <0.001 (for AntiDefenseFinder 
only), average alignment coverage >0.5, cluster average TM- 
score >0.5, intracluster alignment length >100. In addition, when 
plotting, AntiDefenseFinder and dbAPIS hits were combined where 
the hit with the best TM- score per VAD protein was kept.

Construction of plasmids
All primer and plasmid map designs were generated using Snap-
Gene (GSL Biotech LLC) and Geneious Prime (Biomatters). All 
plasmids were constructed using circular polymerase extension 
cloning (63,  64) using Phusion High- Fidelity DNA Polymerase 
(Thermo Fisher Scientific). Detailed cloning strategies, including 
primer sequences and assembly schemes, are provided in table S3.

TA neutralization assays
The experiments were performed as described earlier, with minor 
modifications (14). The genes encoding the candidate toxin kreT 
(WP_000632671.1) and candidate antitoxin kreA (WP_ 001008346.1) 
were cloned into pBAD33 and pMG25 backbones, respectively, 
yielding VHP1906 (kreT) and VHP1970 (kreA) plasmids. E. coli 
BW25113 cells were cotransformed either with the plasmid pair ex-
pressing the TA system in trans or with one of the two protein- 
expressing plasmids being swapped for the appropriate empty vector. 
The cells were grown for 5 hours at 37°C with shaking at 200 rpm in 
an LB medium supplemented with carbenicillin (100 μg/ml; to main-
tain pMG25 and its derivatives), chloramphenicol (25 μg/ml; to 
maintain pBAD33 and its derivatives), and 0.2% glucose for the re-
pression of the toxin expression. Next, the cells were diluted in an LB 
medium to a final optical density at 600 nm (OD600) of 1.0, and se-
rial 10- fold dilutions (from 10−1 to 10−7) were made in LB. The dilu-
tions were spotted on LB agar plates supplemented with carbenicillin 
(100 μg/ml), chloramphenicol (25 μg/ml), 50 μM IPTG (isopropyl- 
β- d- thiogalactopyranoside; for antitoxin expression), and 0.2% arab-
inose (for toxin expression). The plates were scored after an overnight 
incubation at 37°C.

Metabolic labeling assays
The labeling assays were also performed as described earlier, with 
minor modifications (14). A single colony of E. coli BW25113 cells 
expressing the KreT toxin from the pBAD33 derivative plasmid un-
der the control of arabinose- inducible PBAD promoter (VHP1976) 
was grown overnight in 2 ml of Neidhardt Mops minimal medium 
(65) supplemented with 1% glucose, 0.1% casein hydrolysate, and 
chloramphenicol (25 μg/ml) at 37°C with shaking at 160 rpm in MaxQ 
6000 Shaker (Thermo Fisher Scientific) . The overnight culture was 
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used to inoculate a 20- ml culture in MOPS minimal medium sup-
plemented with 0.5% glycerol as well as a set of 19 amino acids lack-
ing methionine (each at 25 μg/ml) to the final OD600 of 0.05.

The cells were grown in a 100- ml flask at 37°C with shaking 
(160 rpm) in OLS Aqua Pro Shaking Water Bath (Grant Instruments) un-
til recovery after the diauxic shift was observed (OD600 ~ 0.2 to 0.3). At 
this moment, 1- ml zero- time- point aliquots were taken and com-
bined in 1.5- ml sterile Eppendorf tubes with either 3H- thymidine 
(PerkinElmer) (10 μl per point, 4.5 μCi “hot” and 4.8 μM “cold” 
nucleotides in autoclaved distilled water), 3H- uridine (PerkinElmer) 
(10 μl per point, 0.56 μCi “hot” and 4.97 μM “cold” nucleotides in 
autoclaved distilled water), or 3H- methionine (Revvity) (10 μl per 
point, 0.67 μCi “hot” and 14.99 μM “cold” amino acids in autoclaved 
distilled water). After an 8- min incubation at 37°C, the zero- time- 
point labeling reactions were quenched by the addition of 200 μl of 
ice- cold 50% trichloroacetic acid (TCA) and transferred on ice.

Immediately after the collection of the zero time, the KreT ex-
pression was induced by adding l- arabinose to the culture to a final 
concentration of 0.2%. At 2, 5, 10, and 15 min postinduction, 1- ml 
culture aliquots were taken, combined with the “hot” label and 
processed analogously to the zero- time- point samples. OD600 values 
were recorded for each time point. The TCA- quenched samples were 
filtered through GF/C filters (Whatman) prewashed with 5 ml of 5% 
TCA. The filters were washed with 5 ml (twice for 3H- methionine 
and 3H- uridine and three times for 3H- thymidine) of ice- cold 5% 
TCA and then with 95% ice- cold ethanol (5- ml washes, twice for 3H- 
methionine and 3H- uridine and three times for 3H- thymidine). The 
filters were placed in 20- ml scintillation vials (Sarstedt) and air dried 
until they were dry (at least for 2 hours) at room temperature. Five 
milliliters of EcoLite Liquid (MP Biomedicals) scintillation cocktail 
was added to each vial, followed by shaking for 15 min before count-
ing. The radioactivity was quantified in CPM (counts per minute) 
using a Hidex 600 SLe automatic liquid scintillation counter (Hidex). 
CPM values were normalized to OD600 at each time point, and incor-
poration percentages were calculated by dividing the normalized 
CPM/OD600 values by the corresponding value at zero- time- point 
values. All experiments were performed using three independent 
biological replicates and presented as the mean values ± SD.

Data visualization
The VAD network was built using NetworkX (version 3.4.2) (66). 
The network was drawn and visualized with Gephi (version 0.10.0) 
(67). Structures were visualized and superimposed with Chimera 
(68), and metabolic labeling data were visualized using Igor Pro 7 
(WaveMetrics). The Pavian package (69) was used to plot Sankey 
diagrams. The VAD network was built using NetworkX (version 
3.4.2), drawn and visualized with Gephi, and deployed with sigma.
js. Web application protein structures are displayed using Mol* (70).

Supplementary Materials
The PDF file includes:
Figs. S1 to S7
Tables S1 and S2
Legend for table S3
Legend for dataset S1

Other Supplementary Material for this manuscript includes the following:
Table S3
Dataset S1
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LoVis4u: a locus visualization tool for comparative 
genomics and coverage profiles 
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Abstract 
Comparativ e genomic analy sis often in v olv es visualization of alignments of genomic loci. While se v eral softw are tools are a v ailable f or this 
task, ranging from Python and R libraries to stand-alone graphical user interfaces, a tool is lacking that offers fast, automated usage and the 
production of publication-ready vector images. Here we present LoVis4u, a command-line tool and Python API designed for highly customizable 
and fast visualization of multiple genomic loci. LoVis4u generates vector images in PDF format based on annotation data from GenBank or GFF 
files. It is capable of visualizing entire genomes of bacteriophages as well as plasmids and user-defined regions of longer prokaryotic genomes. 
A dditionally, L oVis4u offers optional data processing steps to identify and highlight accessory and core genes in input sequences. Finally, LoVis4u 
supports the visualization of genomic signal track profiles from sequencing e xperiments. L oVis4u is implemented in Python3 and runs on Linux 
and MacOS. The command-line interface covers most practical use cases, while the provided Python API allows usage within a Python program, 
integration into external tools, and additional customization. The source code is a v ailable at the GitHub page: github.com/ art-egorov/ lovis4u . 
Det ailed document ation that includes an e xample-driv en guide is a v ailable from the softw are home page: art-egoro v.github.io/lo vis4u . 
Introduction 
The exponential growth of microbial genome databases has 
unlocked numerous opportunities for comparative genomic 
analyses [ 1 ]. Various tasks such as analysis of gene neighbour- 
hood conservation [ 2 , 3 ], annotation of functional short open 
reading frames (ORFs) [ 4 , 5 ], and investigation of genomic 
variability hotspots [ 6–8 ] often require visualization of multi- 
ple genomic loci. Several software tools have been developed 
for this purpose. A subset of these have graphical user inter- 
faces (GUIs), such as the Artemis Comparison Tool [ 9 ], Easyfig 
[ 10 ], GeneSpy [ 11 ], and Geneious Prime (geneious.com). An- 
other category comprises web-based applications like Gene 
Graphics [ 12 ]. Additionally, there are libraries such as the 
R packages genoPlotR [ 13 ] and gggenes [ 14 ], as well as the 
Python package GenomeDiagram [ 15 ]. Some tools integrate 
multiple approaches, creating hybrid solutions. For example, 
GEnView is a Python pipeline combined with an interactive 
web application [ 16 ], and Clinker & clustermap.js [ 17 ] is a 
popular tool with a command-line interface and an interac- 
tive web application that can generate vector graphics. While 
many of these tools feature interactivity through GUIs or web 
applications, there is a lack of a user-friendly command-line 
tool suitable for handling multiple input genomes, containing 
data analysis steps, flexible customization options, and with 
fast production of aesthetically pleasing publication-ready 
figures. 

Here we present LoVis4u (Locus Visualization), a scalable 
software tool designed for customizable and fast visualiza- 
tion of multiple genomic loci. LoVis4u offers a command- 
line interface without requiring user-side scripting and pro- 
vides a Python API for additional customization and integra- 
tion within Python programs. In addition to visualization fea- 

tures, our tool has optional data analysis steps that include 
protein clustering to find groups of protein homologues with 
subsequent identification of accessory and core genes that can 
be highlighted with visualization. In addition, hidden Markov 
model searches enable fast functional annotation of proteins 
using a broad set of model databases. At the nucleotide level, 
LoVis4u can visualize sequencing track data such as GC con- 
tent and GC skew, along with next-generation sequencing 
coverage profiles. While LoVis4u was designed for annotat- 
ing and visualizing multiple bacteriophage genomes or their 
loci, it can also be used for visualizing defined regions of any 
prokaryotic genome. 
Materials and methods 
Design and implementation 
The LoVis4u pipeline includes several default data process- 
ing steps, which are optional depending on user needs (Fig. 
1 A). LoVis4u supports input data in either GenBank or ex- 
tended GFF (concatenated with the corresponding nucleotide 
sequence in fasta format) file format. GFF files in this format 
are produced by the widely used prokka [ 18 ] and pharokka 
[ 19 ] genome annotation tools. 

By default, LoVis4u applies the MMseqs2 [ 20 ] protein 
clustering algorithm to all encoded protein sequences to 
identify groups of homologous proteins. Alternatively, a ta- 
ble with predefined protein groups can be used as input. 
Based on the defined protein groups, LoVis4u constructs a 
matrix of pairwise proteome composition similarity scores 
that reflect the fraction of shared homologous proteins be- 
tween sequences, and a corresponding proteome composition 
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Figure 1. LoVis4u workflow and visualization example. ( A ) Schematic description of the LoVis4u pipeline and its input and output. ( B ) Visualization of 
multiple regions for a set of P2-like phage genomes. Conserved genes are shown in grey, while variable protein groups are highlighted with distinct 
colours. Homologous protein groups defined by MMSeqs2 clustering and located on different genomes are connected by grey homology lines. As can 
be set in the configuration file, protein labels are hidden for hypothetical proteins or proteins of unknown function. Labels for conserved proteins are 
shown only for the first occurrence since homology lines indicate additional occurrences. Label positions are arranged automatically by the algorithm to 
a v oid o v erlaps of te xt. PHR O G and PyHMMER functional annotations [ 38 ] are indicated b y coloured lines beneath each ORF, according to the colour 
code at the bottom of the panel. ( C ) Visualization of a set of P2-like phage genomes that showcases a compact visualization of full-length sequences, 
where functional annotation tracks and individual x -axes are hidden. Instead, a scale line at the bottom is displa y ed to indicate region size. 
distance matrix. The clusters and order of input sequences for 
visualization are determined using hierarchical clustering with 
average linkage applied to the distance matrix. This approach 
allows us to consider a set of genes for each cluster analo- 
gously to pangenome analyses, where we define ‘conserved’, 
‘intermediate’, and ‘variable’ protein group classes that are 
roughly equivalent to ‘core’, ‘shell’, and ‘cloud’ terms of 
pangenomics [ 21 ]. Finally, the optional PyHMMER [ 22 , 23 ] 
hmmscan search step for protein functional annotation can 
be applied. The list of available databases for search includes 
DefenseFinder and CasFinder (defence) [ 24 , 25 ], PADLOC 
(defence) [ 26 ], dbAPIS_Acr (anti-defence) [ 27 ], VFDB (viru- 
lence factors) [ 28 ], and AMRFinderPlus (AMR genes) [ 29 ]. 
LoVis4u can read genomic signal data in bedGraph and big- 
Wig file formats [ 30 ]. A detailed workflow description is avail- 
able on the LoVis4u home page ( art-egorov.github.io/lovis4u ). 

LoVis4u can be run in quick-start mode, with few required 
options, but also has a range of advanced customization op- 
tions to give users full control over the output. Sequence or- 

der, sequence clusters, and protein group classes can be man- 
ually specified through feature and locus annotation tables, 
which can be provided as optional arguments. LoVis4u has 
a set of editable configuration files with advanced param- 
eters already adjusted for different tasks and page layouts, 
including one- and two-column A4 page layouts. Users can 
also customize colours and labels with these files. A step-by- 
step guide on the home page demonstrates how to experi- 
ment with and optimize visualizations using these features. 
Finally, LoVis4u uses the ReportLab library API to gener- 
ate the output vector image, which is saved in PDF format. 
This format allows further editing of all objects in vector 
image-editing programs like Adobe Illustrator or Inkscape if 
needed. 

LoVis4u is implemented in Python3 and uses multiple 
Python3 libraries: biopython [ 31 ], bcbio-gff, scipy [ 32 ], con- 
figs, argparse, pandas [ 33 ], distinctipy [ 34 ], matplotlib [ 35 ], 
seaborn [ 36 ], reportlab, pyhmmer [ 22 , 23 ], progress, and re- 
quests. LoVis4u also uses MMseqs2 [ 20 ] and bigWigToBed- 
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Figure 2. LoVis4u identifies regions of homology within the B A SEL phage collection. Visualization of a set of B A SEL [ 40 ] phage genomes. Colours and 
annotations are as per Fig. 1 . 
Graph [ 30 ] as non-Python dependencies, which are embedded 
in the library. 
Results 
Demonstration of LoVis4u key features in 
comparative genomics 
To test and demonstrate a subset of the tool’s key features, we 
visualized a set of P2-like phage genomes obtained from the 
RefSeq database [ 37 ] (Fig. 1 B and C). LoVis4u allows users 
to specify multiple regions for each sequence, which are dis- 
played on a single line. Additionally, if a sequence is circular 
(as is the case with many phage and plasmid sequences), the vi- 
sualization will continue without a gap between sequence end 
and start coordinates. By default, LoVis4u highlights ‘vari- 
able’ proteins by automatically assigning different colours to 
each homologous protein group. Alternatively, conserved pro- 
teins can be highlighted. LoVis4u also automatically interprets 
PHROG [ 38 ] functional group annotations, as provided in 
GFF and GenBank files produced by Pharokka together with 
results of PyHMMER search, and can display these annota- 
tions with a functional category line beneath the ORFs. To 
better visualize long sequences, LoVis4u includes options for 
a more minimalistic and compact design as shown in panel 

Fig. 1 C. A step-by-step guide for creating these figures can be 
found in the user guide on the tool’s home page together with 
the gallery of more examples and command-line options to 
reproduce them: art-egorov.github.io/ lovis4u/ Gallery/ gallery . 

The capabilities and potential of the LoVis4u API was re- 
cently demonstrated in the systematic annotation of variable 
hotspots in phage genomes and plasmid sequences, where Lo- 
Vis4u was integrated for high-throughput and fast visualiza- 
tion of millions of loci [ 39 ]. 
Exploration of the BASEL collection of phages with 
LoVis4u 
To demonstrate full-length sequence visualization of a larger 
set of sequences, we used LoVis4u to create an overview of the 
complete BASEL collection of 78 phages [ 40 ] in a single fig- 
ure, highlighting the variable genes ( Supplementary File S1 ). 
The pipeline, which includes clustering of 13 630 protein se- 
quences, hierarchical clustering of sequences, and generating 
the final graphic output, completed in only 50 seconds on an 
M1 MacBook Pro laptop. Beyond visualization, a key feature 
of LoVis4u is its ability to identify clusters of similar pro- 
teomes within the dataset and distinguish accessory and core 
proteins within each cluster. LoVis4u also generates a pair- 
wise proteome similarity matrix, visualized for the BASEL col- 
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Figure 3. LoVis4u genome browser mode. Visualization of the Bas01 Esc heric hia phage Auguste Piccard genome. The functional annotation track and 
gene map are as shown in Fig. 1 . GC content and GC skew tracks are centred at average values, with positive and negative relative values represented 
by different colours. The range and average values are annotated in the bottom right corner of each track. The genomic signal track is shown in the 
lo w est track, in dark red. Multiple additional signal tracks, e.g. to compare wild type and mutants, can be added below. 
lection in Supplementary Fig. S1 . The dendrogram produced 
through clustering has been used to illustrate results from a 
phage screening experiment [ 41 , 42 ]. Visualization of a sub- 
set of six BASEL phages is presented in Fig. 2 , highlighting an 
additional capability of LoVis4u: its ability to process non- 
coding features, such as tRNAs. 
Genome browser mode 
In addition to comparative analysis and visualization of mul- 
tiple related loci, another common task in microbiology is the 
analysis of a single genome and the visualization of coverage 
profiles from sequencing experiments (e.g. DNA-seq or RNA- 
seq), either for an entire genome or for user-defined windows. 
To address this, LoVis4u includes a genome browser mode 
specifically designed for prokaryotic genomes. In addition to 
visualization of multiple genomic signal tracks from sequenc- 
ing experiments (e.g. DNA-seq, RNA-seq), it can generate out- 
put figures with sequence property tracks, such as GC con- 
tent and GC skew profiles. LoVis4u also automatically applies 
moving-average smoothing to signal tracks when needed, tak- 
ing into account the image width and the size of the visualized 
window. 

To demonstrate this mode, we applied LoVis4u to Bas01 
Esc heric hia phage Auguste Piccard from the BASEL collection 
[ 40 ], using a genomic signal track obtained from an example 
DNA-seq experiment (data distributed with the package sam- 
ple data) (Fig. 3 ). 
Discussion 
Comparative genomic analysis in microbiological studies of- 
ten requires specialized visualization tools for various tasks. 
Here, we present LoVis4u, a software tool designed to produce 
publication-quality figures of genomic loci with several auto- 
mated analysis steps integrated into the pipeline. LoVis4u of- 
fers a much-needed compromise between tools with advanced 
R / Python APIs and those with user-friendly graphical inter- 

faces and interactivity. It can be used for fast and automated 
generation of multiple figures in bioinformatics pipelines or 
other libraries, or can be used as a stand-alone tool for data 
exploration. By sensitively finding and annotating conserved 
and variable regions, LoVis4u can facilitate comparative evo- 
lutionary analyses of genomes or genomic regions, and the dis- 
covery of new biology . Finally , the LoVis4u genome browser 
mode provides a powerful tool for exploring results from se- 
quencing experiments, such as DNA-seq or RNA-seq, facili- 
tating both analysis and visualization to address different mi- 
crobiological problems. 
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References 
1. Koonin EV, Makarova KS, Wolf YI. Evolution of microbial 

genomics: conceptual shifts over a quarter century. Trends 
Microbiol 2021; 29 :582–92. 
https:// doi.org/ 10.1016/ j.tim.2021.01.005 

2. Saha CK, Sanches Pires R, Brolin H et al. FlaGs and webFlaGs: 
discovering novel biology through the analysis of gene 
neighbourhood conservation. Bioinformatics 2021; 37 :1312–4. 
https:// doi.org/ 10.1093/ bioinformatics/ btaa788 

3. Pereira J. GCsnap: interactive snapshots for the comparison of 
protein-coding genomic contexts. J Mol Biol 2021; 433 :166943. 
https:// doi.org/ 10.1016/ j.jmb.2021.166943 

4. Andrews SJ, Rothnagel JA. Emerging evidence for functional 
peptides encoded by short open reading frames. Nat Rev Genet 
2014; 15 :193–204. https:// doi.org/ 10.1038/ nrg3520 

5. Egorov AA, Atkinson GC. uORF4u: a tool for annotation of 
conserved upstream open reading frames. Bioinformatics 
2023; 39 :btad323. 
https:// doi.org/ 10.1093/ bioinformatics/ btad323 

6. Yutin N, Tolstoy I, Mutz P et al. Jumping DNA polymerases in 
bacteriophages. bioRxiv, 
https:// doi.org/ 10.1101/ 2024.04.26.591309 , 27 April 2024, 
preprint: not peer reviewed.

7. Rousset F, Depardieu F, Miele S et al. Phages and their satellites 
encode hotspots of antiviral systems. Cell Host Microbe 
2022; 30 :740–53. https:// doi.org/ 10.1016/ j.chom.2022.02.018 

8. Hochhauser D, Millman A, Sorek R. The defense island repertoire 
of the Esc heric hia coli pan-genome. PLoS Genet 
2023; 19 :e1010694. https:// doi.org/ 10.1371/ journal.pgen.1010694 

9. Carver TJ, Rutherford KM, Berriman M et al. ACT: the Artemis 
Comparison Tool. Bioinformatics 2005; 21 :3422–3. 
https:// doi.org/ 10.1093/ bioinformatics/ bti553 

10. Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison 
visualizer. Bioinformatics 2011; 27 :1009–10. 
https:// doi.org/ 10.1093/ bioinformatics/ btr039 

11. Garcia PS, Jauffrit F, Grangeasse C et al. GeneSpy, a user-friendly 
and flexible genomic context visualizer. Bioinformatics 
2019; 35 :329–31. https:// doi.org/ 10.1093/ bioinformatics/ bty459 

12. Harrison KJ, Crecy-Lagard V, Zallot R. Gene Graphics: a genomic 
neighborhood data visualization web application. Bioinformatics 
2018; 34 :1406–8. https:// doi.org/ 10.1093/ bioinformatics/ btx793 

13. Guy L, Kultima JR, Andersson SG. genoPlotR: comparative gene 
and genome visualization in R. Bioinformatics 2010; 26 :2334–5. 
https:// doi.org/ 10.1093/ bioinformatics/ btq413 

14. Wilkins D. gggenes: draw Gene Arrow Maps in ‘ggplot2’ . R 
package version 0.5.0. 2023. https:// wilkox.org/ gggenes/ (21 
January 2025, datelast accessed).

15. Pritchard L, White JA, Birch PR et al. GenomeDiagram: a python 
package for the visualization of large-scale genomic data. 
Bioinformatics 2006; 22 :616–7. 
https:// doi.org/ 10.1093/ bioinformatics/ btk021 

16. Ebmeyer S, Coertze RD, Berglund F et al. GEnView: a 
gene-centric, phylogeny-based comparative genomics pipeline for 
bacterial genomes and plasmids. Bioinformatics 2022; 38 :1727–8. 
https:// doi.org/ 10.1093/ bioinformatics/ btab855 

17. Gilchrist CLM, Chooi YH. clinker & clustermap.Js: automatic 
generation of gene cluster comparison figures. Bioinformatics 
2021; 37 :2473–5.

18. Seemann T. Prokka: rapid prokaryotic genome annotation. 
Bioinformatics 2014; 30 :2068–9. 
https:// doi.org/ 10.1093/ bioinformatics/ btu153 

19. Bouras G, Nepal R, Houtak G et al. Pharokka: a fast scalable 
bacteriophage annotation tool. Bioinformatics 2023; 39 :btac776. 
https:// doi.org/ 10.1093/ bioinformatics/ btac776 

20. Steinegger M, Soding J. MMseqs2 enables sensitive protein 
sequence searching for the analysis of massive data sets. Nat 
Biotechnol 2017; 35 :1026–8. https:// doi.org/ 10.1038/ nbt.3988 

21. Brockhurst MA, Harrison E, Hall JPJ et al. The ecology and 
evolution of pangenomes. Curr Biol 2019; 29 :R1094–103. 
https:// doi.org/ 10.1016/ j.cub.2019.08.012 

22. Eddy SR. Accelerated profile HMM searches. PLoS Comput Biol 
2011; 7 :e1002195. https:// doi.org/ 10.1371/ journal.pcbi.1002195 

23. Larralde M, Zeller G. PyHMMER: a Python library binding to 
HMMER for efficient sequence analysis. Bioinformatics 
2023; 39 :btad214. 
https:// doi.org/ 10.1093/ bioinformatics/ btad214 

24. Tesson F, Planel R, Egorov AA et al. A comprehensive resource for 
exploring antiphage defense: DefenseFinder webservice,wiki and 
databases. Peer Community J 2024; 4 :e91. 
https:// doi.org/ 10.24072/ pcjournal.470 

25. Couvin D, Bernheim A, Toffano-Nioche C et al. CRISPRCasFinder, 
an update of CRISRFinder, includes a portable version, enhanced 
performance and integrates search for Cas proteins. Nucleic Acids 
Res 2018; 46 :W246–51. https:// doi.org/ 10.1093/ nar/ gky425 

26. Payne LJ, Todeschini TC, Wu Y et al. Identification and 
classification of antiviral defence systems in bacteria and archaea 
with PADLOC reveals new system types. Nucleic Acids Res 
2021; 49 :10868–78. https:// doi.org/ 10.1093/ nar/ gkab883 

27. Yan Y, Zheng J, Zhang X et al. dbAPIS: a database of 
anti-prokaryotic immune system genes. Nucleic Acids Res 
2024; 52 :D419–25. https:// doi.org/ 10.1093/ nar/ gkad932 

28. Liu B, Zheng D, Zhou S et al. VFDB 2022: a general classification 
scheme for bacterial virulence factors. Nucleic Acids Res 
2022; 50 :D912–7. https:// doi.org/ 10.1093/ nar/ gkab1107 

29. Feldgarden M, Brover V, Gonzalez-Escalona N et al. 
AMRFinderPlus and the Reference Gene Catalog facilitate 
examination of the genomic links among antimicrobial resistance, 
stress response, and virulence. Sci Rep 2021; 11 :12728. 
https:// doi.org/ 10.1038/ s41598- 021- 91456- 0 

30. Kent WJ, Zweig AS, Barber G et al. BigWig and BigBed: enabling 
browsing of large distributed datasets. Bioinformatics 
2010; 26 :2204–7. https:// doi.org/ 10.1093/ bioinformatics/ btq351 

31. Cock PJ, Antao T, Chang JT et al. Biopython: freely available 
Python tools for computational molecular biology and 
bioinformatics. Bioinformatics 2009; 25 :1422–3. 
https:// doi.org/ 10.1093/ bioinformatics/ btp163 

32. Virtanen P, Gommers R, Oliphant TE et al. SciPy 1.0: fundamental 
algorithms for scientific computing in Python. Nat Methods 
2020; 17 :261–72. https:// doi.org/ 10.1038/ s41592- 019- 0686- 2 

33. The pandas development team. pandas-dev / pandas: Pandas. 
Version 2.2.2. Zenodo, 2024. 
https:// doi.org/ 10.5281/ zenodo.3509134 

34. Roberts J, Crall J, Ang K-M, Brandt Y. 
alan-turing-institute / distinctipy: v1.3.4. Zenodo, 2024. 
https:// doi.org/ 10.5281/ zenodo.3985191 

35. Hunter JD. Matplotlib: a 2D graphics environment. Comput Sci 
Eng 2007; 9 :90–5.

36. Waskom M. seaborn: statistical data visualization. J Open Source 
Softw 2021; 6 :3021. https:// doi.org/ 10.21105/ joss.03021 

D
ow

nloaded from
 https://academ

ic.oup.com
/nargab/article/7/1/lqaf009/8039213 by guest on 14 M

ay 2026

https://github.com/art-egorov/lovis4u
https://doi.org/10.5281/zenodo.14800717
https://art-egorov.github.io/lovis4u/
https://doi.org/10.1016/j.tim.2021.01.005
https://doi.org/10.1093/bioinformatics/btaa788
https://doi.org/10.1016/j.jmb.2021.166943
https://doi.org/10.1038/nrg3520
https://doi.org/10.1093/bioinformatics/btad323
https://doi.org/10.1101/2024.04.26.591309
https://doi.org/10.1016/j.chom.2022.02.018
https://doi.org/10.1371/journal.pgen.1010694
https://doi.org/10.1093/bioinformatics/bti553
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/bty459
https://doi.org/10.1093/bioinformatics/btx793
https://doi.org/10.1093/bioinformatics/btq413
https://wilkox.org/gggenes/
https://doi.org/10.1093/bioinformatics/btk021
https://doi.org/10.1093/bioinformatics/btab855
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btac776
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1016/j.cub.2019.08.012
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.1093/bioinformatics/btad214
https://doi.org/10.24072/pcjournal.470
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1093/nar/gkab883
https://doi.org/10.1093/nar/gkad932
https://doi.org/10.1093/nar/gkab1107
https://doi.org/10.1038/s41598-021-91456-0
https://doi.org/10.1093/bioinformatics/btq351
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.5281/zenodo.3985191
https://doi.org/10.21105/joss.03021


6 Egorov and Atkinson 
37. O’Leary NA, Wright MW, Brister JR et al. Reference sequence 

(RefSeq) database at NCBI: current status, taxonomic expansion, 
and functional annotation. Nucleic Acids Res 2016; 44 :D733–45. 
https:// doi.org/ 10.1093/ nar/ gkv1189 

38. Terzian P, Olo Ndela E, Galiez C et al. PHROG: families of 
prokaryotic virus proteins clustered using remote homology. NAR 
Genom Bioinform 2021; 3 :lqab067. 
https:// doi.org/ 10.1093/ nargab/ lqab067 

39. Egorov AA, Hauryliuk V, Atkinson GC. Systematic annotation of 
hyper-variability hotspots in phage genomes and plasmids. 
bioRxiv, https:// doi.org/ 10.1101/ 2024.10.15.618418 , 16 October 
2024, preprint: not peer reviewed.

40. Maffei E, Shaidullina A, Burkolter M et al. Systematic exploration 
of Esc heric hia coli phage–host interactions with the BASEL phage 
collection. PLoS Biol 2021; 19 :e3001424. 
https:// doi.org/ 10.1371/ journal.pbio.3001424 

41. Gapinska M, Zajko W, Skowronek K et al. Structure-functional 
characterization of Lactococcus AbiA phage defense system. 
Nucleic Acids Res 2024; 52 :4723–38. 
https:// doi.org/ 10.1093/ nar/ gkae230 

42. Mets T, Kurata T, Ernits K et al. Mechanism of phage sensing and 
restriction by toxin–antitoxin–chaperone systems. Cell Host 
Microbe 2024; 32 :1059–73. 
https:// doi.org/ 10.1016/ j.chom.2024.05.003 

Received: November 24, 2024. Revised: January 16, 2025. Editorial Decision: February 3, 2025. Accepted: February 5, 2025 
© The Author(s) 2025. Published by Oxford University Press on behalf of NAR Genomics and Bioinformatics. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nargab/article/7/1/lqaf009/8039213 by guest on 14 M

ay 2026

https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/nargab/lqab067
https://doi.org/10.1101/2024.10.15.618418
https://doi.org/10.1371/journal.pbio.3001424
https://doi.org/10.1093/nar/gkae230
https://doi.org/10.1016/j.chom.2024.05.003


Nature Chemical Biology | Volume 21 | February 2025 | 182–192 182

nature chemical biology

Article https://doi.org/10.1038/s41589-024-01630-4

Mechanisms of neutralization of toxSAS 
from toxin–antitoxin modules

Lucia Dominguez-Molina1,5, Tatsuaki Kurata2,5, Albinas Cepauskas1,5, 
Dannele Echemendia-Blanco1, Safia Zedek1, Ariel Talavera-Perez    1, 
Gemma C. Atkinson    2,6  , Vasili Hauryliuk    2,3,4,6   & Abel Garcia-Pino    1,6 

Toxic small alarmone synthetase (toxSAS) enzymes constitute a 
family of bacterial effectors present in toxin–antitoxin and secretion 
systems. toxSASs act through either translation inhibition mediated by 
pyrophosphorylation of transfer RNA (tRNA) CCA ends or synthesis of the 
toxic alarmone adenosine pentaphosphate ((pp)pApp) and adenosine 
triphosphate (ATP) depletion, exemplified by FaRel2 and FaRel, respectively. 
However, structural bases of toxSAS neutralization are missing. Here we 
show that the pseudo-Zn2+ finger domain (pZFD) of the ATfaRel2 antitoxin 
precludes access of ATP to the pyrophosphate donor site of the FaRel2 
toxin, without affecting recruitment of the tRNA pyrophosphate acceptor. 
By contrast, (pp)pApp-producing toxSASs are inhibited by Tis1 antitoxin 
domains though occlusion of the pyrophosphate acceptor-binding site. 
Consequently, the auxiliary pZFD of AT2faRel is dispensable for FaRel 
neutralization. Collectively, our study establishes the general principles of 
toxSAS inhibition by structured antitoxin domains, with the control strategy 
directly coupled to toxSAS substrate specificity.

Small alarmone synthetases (SASs) are a diverse group of monofunc-
tional RelA/SpoT Homolog (RSH) enzymes that catalyze the transfer 
of the adenosine triphosphate (ATP)-derived pyrophosphate moiety 
on the 3′ ribose position of the acceptor substrate1. The acceptor sub-
strate is commonly a purine nucleotide, either guanosine triphosphate, 
diphosphate or monophosphate (GTP, GDP or GMP, yielding guano-
sine pentaphosphate ((pp)pGpp) alarmone nucleotides)2–4 or their 
adenosine equivalents (ATP, ADP or AMP, yielding (pp)pApp)5,6. SASs 
also catalyze pyrophosphate transfer to the adenine moiety of the 3′ 
CCA end of transfer RNAs (tRNAs), yielding pyrophosphorylated tRNA 
(tRNA-PP)7. As such, the substrate specificity of SASs is broadly deter-
mined by their biological function; guanosine-specific SASs are bacte-
rial stress response factors that modulate the intracellular levels of the 
(pp)pGpp alarmone3,8,9, while adenine-specific toxic SASs (toxSASs) 
are potent inhibitors of bacterial growth5,7,10,11. The accumulation of 

toxSAS-produced (pp)pApp abrogates ATP production5,6, while pyroph-
osphorylation of tRNA CCA abrogates protein synthesis by rendering 
the modified tRNA aminoacylation incompetent7.

Due to their extreme toxicity, the enzymatic activity of toxSASs is 
tightly controlled. Acting in trans, dedicated immunity proteins and 
antitoxins sequester toxSASs into inactive complexes5–7,11. Acting in cis, 
the pseudo-Zn2+ finger domain (pZFD) autoinhibitory antitoxin ele-
ment of the monomeric fused single-polypeptide toxin–antitoxin sys-
tem (TA) CapRelSJ46 inhibits its toxic enzymatic domain (toxSYNTH)10. 
The pZFDCapRel was predicted to block access of ATP, the pyrophosphate 
donor, through a conserved YXXY sequence motif that switches to a 
310-helical conformation when anchored to the toxSYNTH of CapRelSJ46 
for neutralization10. Furthermore, pZFDCapRel also acts a phage sen-
sor domain that mediates the activation of the toxin via the recogni-
tion of the phage SECΦ27 major capsid protein Gp5710. The proposed 
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to the topology level, these two small β/α elements may have evolved 
independently.

Changes in topology in the antitoxin elements likely reflect the 
in cis versus in trans neutralization of different toxSASs. Presumably, 
ATfaRel2 fully dissociates from FaRel2 when the toxin becomes active. 
Conversely, in the fused CapRels, dissociation of pZFDCapRel is not pos-
sible and activation is believed to be mediated by a conformational 
change10 (Supplementary Fig. 2d,e). Despite these topological varia-
tions, both domains retain strong structural similarities, including the 
YXXY sequence motif linked to toxSYNTH inhibition in CapRelSJ46. This 
suggests that ATfaRel2 and pZFDCapRel neutralize toxSYNTH domains 
by a common mechanism.

The YXXY motif is crucial for toxSYNTH inhibition
In CapRelSJ46, the conserved YXXY motif is located in the switch region 
of the pZFD and is predicted to lock the enzyme in a catalytically inac-
tive state with both Y residues blocking the donor pyrophosphate 
ATP-binding site of toxSYNTH (Supplementary Fig. 2c–e). Substitutions 
directly or indirectly targeting this motif render CapRelSJ46 constitu-
tively active10. In the crystal structure of the catalytically active state 
of CapRelSJ46, the YXXY motif assumes an extended conformation10. 
Conversely, in the AlphaFold2-generated neutralized state model, the 
YXXY motif is predicted to fold into a 310-helix that locks into the donor 
site (Supplementary Fig. 2d,e).

The structure of the free ATfaRel2 reveals that the 51YXXY54 motif 
indeed folds into a 310-helix structure that was predicted to be key 
for toxSAS neutralization, scaffolded by β-strands β1 and β3 (Fig. 1a 
and Supplementary Fig. 1b). This suggests that, even in the absence 
of the toxin, ATfaRel2 is primed for efficient FaRel2 neutralization. 
Guided by the structural similarities between ATfaRel2 and pZFDCapRel, 
we probed the role of the individual residues of the 51YXXY54 motif 
in the neutralization of FaRel2 toxicity in vivo (Fig. 1e). While Y54A 
substitution fully ablates the neutralizing activity of ATfaRel2, I45A 
and Y51A result in modest but clearly detectable defects in FaRel2 
neutralization. Our isothermal titration calorimetry (ITC) assays lend 
further support to the in vivo neutralization results. To overcome the 
challenges of producing an otherwise highly toxic FaRel2, we followed 
a well-established substitution strategy for RSH enzymes10,12,13 and we 
used a catalytically impaired Y128F-substituted variant, FaRel2-Y128F. 
The substitution interferes with the accommodation of the acceptor 
nucleotide in the active site but is located far from the predicted 
pZFDCapRel–toxSYNTH interface. We characterized complex forma-
tion between FaRel2-Y128F and wild-type (WT) ATfaRel2 or variants 
carrying substitutions in the 51YXXY54 motif (Fig. 1f,g and Supplemen-
tary Table 3). V43A and A50M substitutions had a negligible effect 
on complex stability. These mutant antitoxins bound FaRel2-Y128F 
with KD values of 78.8 nM and 38.0 nM, respectively, compared with 
a KD value of 35.2 nM in the case of WT ATfaRel2. The destabilizing 
effect was more pronounced in the case of I45A and Y51A variants. 
While these substitutions resulted in 25-fold and 43-fold reductions 
in affinity, respectively, the remaining affinity was still sufficient for 
partial neutralization in vivo (Fig. 1e). Lastly, the Y54A variant, which 
was unable to neutralize FaRel2 in vivo, had a 250-fold lower affinity 
to the toxin than WT ATfaRel2.

FaRel2 binds ATP in a partially folded state
Next, we determined the structure of the catalytically impaired 
FaRel2-Y128F bound to the non-hydrolyzable ATP analog adenosine-
5′-[(α,β)-methyleno]triphosphate (APCPP) at 2.6-Å resolution (Fig. 2a). 
The toxSYNTH domain of FaRel2 shares the overall topology of other 
nucleotide pyrophophotransferases, retaining a presumably ances-
tral fold composed of a central five-stranded β-sheet framed by two 
α-helices, α3 and α6 (refs. 13,14) (Fig. 2b). The core toxSYNTH domain is 
very similar to that of the (pp)pApp alarmone synthetase Tas1 (Protein 
Data Bank (PDB) 6OX6) and the tRNA-pyrophosphokinase CapRelSJ46 

disengagement of pZFDCapRel from the toxSYNTH active site enables 
CapRelSJ46-mediated tRNA pyrophosphorylation, ultimately resulting 
in translational shutoff, which quarantines the infected cell10.

A different regulatory strategy is used to control Pseudomonas 
aeruginosa PAO1 Tas1 (type VI secretion effector (p)ppApp synthetase 
1), which contains a divergent toxSAS-related domain6. Unlike the 
tRNA-targeting FaRel2 and CapRelSJ46, Tas1 produces the toxic alarmone 
(pp)pApp, a potent inhibitor of purine biosynthesis, which depletes 
the cellular ATP pool6. Tas1 is neutralized by the immunity factor Tis1 
(type VI secretion immunity to (p)ppApp synthetase 1). The formation 
of the Tas1:Tis1 heterodimer complex is proposed to block access of the 
pyrophosphate acceptor, not donor, ATP nucleotide to the toxSYNTH 
domain of Tas1 (ref. 6). The toxic TA effector Cellulomonas marina 
FaRel is a well-characterized (p)ppApp synthetase5. The faRel gene is 
encoded in an operon with a structure that is highly uncommon for 
typically bicistronic TAs; it is flanked by two antitoxin genes: aTfaRel, 
encoding a small alarmone hydrolase (SAH) enzyme that can promiscu-
ously neutralize the toxic products of toxSASs, and aT2faRel, encoding 
a type II TA-like antitoxin specific to FaRel5.

The Coprobacillus sp. D7 faRel2–aTfaRel2 operon encodes a type 
II TA system, with the FaRel2 toxSAS toxin being specifically neutral-
ized by the ATfaRel2 antitoxin5 (Supplementary Fig. 1a–c). FaRel2 is a 
protein synthesis inhibitor that pyrophosphorylates uncharged tRNAs, 
similarly to CapRelSJ46 (ref. 7). As the ATfaRel2 antitoxin is a distant 
homolog of pZFDCapRel, it is also likely to prevent the binding of ATP to 
the pyrophosphate donor site of the toxSYNTH domain10. However, 
direct structural evidence for the mode of neutralization of either 
fused (CapRelSJ46) or bipartite (FaRel2:ATfaRel2) translation-targeting 
toxSAS TAs is lacking5,7.

Here we uncover how tRNA-modifying toxSAS are neutralized. 
We determine the crystal structure of the individual FaRel2 toxin and 
ATfaRel2 antitoxin, as well as the heterotetrameric FaRel22:ATfaRel22 
complex. Our structural, microbiological and biochemical evidence 
suggests that bipartite toxSAS TA operons use stable multimerization 
as an alternative to the colocalization of toxin and antitoxin domains 
of monomeric fused TAs, such as CapRelSJ46, to ensure efficient toxin 
inhibition. We directly demonstrate that ATfaRel2 neutralizes FaRel2 
by blocking access of ATP to the pyrophosphate donor site of tox-
SYNTH. Lastly, we propose a unifying conceptual framework that 
connects the mechanisms of allosteric control and substrate speci-
ficity in toxSASs.

Results
ATfaRel2 is a compact, well-structured antitoxin
We determined the crystal structure of ATfaRel2 (residues 1–73) to 
1.2-Å resolution (Fig. 1a,b and Supplementary Table 1). The antitoxin 
protein is monomeric in the crystal (Supplementary Fig. 2a), in good 
agreement with molecular weight estimates by size-exclusion chroma-
tography (SEC) (Supplementary Fig. 2b and Supplementary Table 2). At 
the core of its compact, well-folded structure is an antiparallel β-sheet 
(β-strands β1–β3), with β2 and β3 connected by the central α-helix α1. 
The C-terminal extension provides an additional β-strand to the β-sheet, 
β4, which folds parallel to β2, as well as a second α-helix, α2, which forms 
a part of the protein’s hydrophobic core (Fig. 1b). Despite the lack of 
sequence similarity, ATfaRel2 is structurally similar to pZFDCapRel, with 
the two proteins superimposing with a root-mean-square deviation 
(r.m.s.d.) of 2.8 Å, and they both contain conserved tyrosine residues 
at the C terminus (Fig. 1c).

Interestingly, the predicted topologies of pZFDCapRel in the neutral-
izing state and ATfaRel2 are similar except for the order of structural 
elements at the termini. The C-terminal β/α extension of ATfaRel2 
is structurally similar to the N-terminal β/α region of pZFDCapRel that 
connects the antitoxin with toxSYNTHCapRel via Anchor1 (Fig. 1c and 
Supplementary Fig. 2c–e). This is suggestive of circular permutation 
(compare Fig. 1b to Fig. 1d). However, as their similarities extend only 
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(PDB 7ZTB), superimposing with r.m.s.d. values of 1.0 Å and 0.8 Å, 
respectively (Supplementary Fig. 3a,b).

The catalytic core of RSH enzymes is typically decorated by 
regulatory elements that exert allosteric control on the enzymatic 
domains12,15. The FaRel2 toxSYNTH domain has a well-resolved 
N-terminal α-helical extension comprising helices α1 and α2, with 
residues K28 and R29 from the α2–α3 loop being crucial for tRNA 
binding7 (Supplementary Fig. 1c). While the N terminus is unresolved 
(Fig. 2c) in the non-toxic (p)ppGpp alarmone synthetases RelP15,16 and 
RelQ17, the N terminus folds back toward the toxSYNTH core in FaRel2 
and intercalates α1 and α2 between α3 and α5, providing an anchor 
point for tRNAs near the active site G-loop (Fig. 2a,c). The C-terminal 
region of SYNTH and toxSYNTH domains of pyrophosphotransferases 
have varied architectures composed predominantly of small α-helical 
domains6,10,13,14,18,19; the C-terminal bundle of four α-helices of SASs 
RelQ and RelP, which synthesizes (p)ppGpp, acts as an oligomerization 
interface15,17, toxSYNTH of the monomeric Tas1 is followed by a small 
α-helical domain6 and the SYNTH domain of long RHSs is followed by 
a flexible core domain with a high α-helical propensity18. In the case of 
FaRel2 complexed with APCPP, the C terminus is disordered and not 
visible in the electron density (Fig. 2d).

Despite these differences, the FaRel2-bound APCPP superim-
poses remarkably well with the APCPP bound in the donor site of 

other (p)ppGpp-synthesizing RSHs SAS RelP and RelQ, as well as the 
long RSH Rel13,15,17 (Fig. 2d). As in the other alarmone synthetases, 
the adenosine group stacks with the conserved R64 and R95 from 
β1 and β2, with β5 E145 hydrogen bonding the adenosine NH2 group 
(Supplementary Fig. 1c). The R64 residue has a crucial role in pro-
viding van der Waals contacts to accommodate the ribose while 
directly coordinating the 5′ α and β phosphates together with K66. 
The strongly basic α4 that follows β1 further stabilizes the triphos-
phates through S70, K74 and R77 (Fig. 2a). At the pyrophosphate 
acceptor side of the active site, the conformation of the G-loop and 
the orientation of the base-coordinating F128 (Y128 in the WT FaRel2) 
deviate from what was observed in precatalytic and postcatalytic 
complexes of (p)ppGpp synthetases15,17 (Supplementary Fig. 3c,d). 
It is tempting to speculate that, while the ground state of FaRel2 
is primed to bind ATP, efficient tRNA binding would likely involve 
further conformational rearrangements, such as folding of the C 
terminus and alignment of the active site.

ATfaRel2 binds FaRel2 by β-sheet extension
To uncover the mechanism of toxin neutralization, we determined 
the structure of the ATfaRel2:FaRel2 complex. The structure reveals 
a ATfaRel22:FaRel22 heterotetrametric arrangement (Fig. 3a–c). The 
2:2 stoichiometry was confirmed in solution by SEC (62 kDa versus the 
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theoretical 68 kDa; Fig. 3d) and was consistent with the ITC measure-
ments (Fig. 1f).

The C-terminal region of FaRel2, disordered in the FaRel2:APCPP 
complex, folds into an α-helical subdomain upon complex formation 
and provides a dimerization interface mediated only by toxin–toxin 
interactions. By contrast, in the bound state, the conformation of 
ATfaRel2 matches that of the free antitoxin, with both structures super-
imposing with an r.m.s.d. of 0.4 Å (Supplementary Fig. 3e). The primary 
interface between ATfaRel2 and FaRel2 has an area of 1,190.0 Å2, with 
ATfaRel2 sterically blocking access of the ATP substrate to the pyroph-
osphate donor binding site of the toxSYNTH domain (Fig. 3b). Through 
this large interface, ATfaRel2 contacts several key functional regions 
of FaRel2: (1) the long N-terminal α-helix α3 (a structural element that 
is often involved in allosteric crosstalk in many RSH enzymes and 
interacts with α1 from ATfaRel2); (2) the basic α-helix α4 (involved in 
the stabilization of the ATP triphosphate group, which is coordinated 
by ATfaRel2 through β3 and the β3–α1 loop); (3) the central β-sheet 
(through β1, β2 and β5, which harbor the catalytic center and adenine 
coordinating residues); and (4) the C-terminal cap of the α-helix α6 
(which is disordered in the FaRel2:APCPP complex and folds into an 

α-helical dimerization region when bound to ATfaRel2). The only nota-
ble exception was the predicted tRNA recognition site that remains 
solvent accessible (Supplementary Fig. 3f).

The center of the neutralization interface is formed by the 
antiparallel β-strand interaction between FaRel2 β1 and ATfaRel2 
β3 that connects the β-sheets of both proteins, extending the core 
of the complex. Residues I42–T46 of β3 form multiple van der Waals 
contacts with FaRel2 β1, further stabilizing the complex. Residues V43 
and I45 serve as a scaffold, orienting the YXXY 310-helix that anchors 
ATfaRel2 (Fig. 3b). As predicted for pZFDCapRel (ref. 10), this hydropho-
bic tether projects Y51 and Y54 into the ATP-binding site through a 
π-stacking arrangement with R64 and R95, which precludes adenine 
coordination to the pyrophosphate donor site of FaRel2. These  
results suggest that, while this mechanism of neutralization is likely 
the same at the structural level to that proposed for CapRelSJ46, the 
energetics of neutralization are certainly different, with the dynamic 
association of pZFDCapRel regulating toxSYNTHCapRel in cis, contrasting 
with the stable in trans neutralization in the ATfaRel2:FaRel2 complex. 
These differences could have important implications for triggering 
these systems.
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Dimerization enhances toxin neutralization by ATfaRel2
Compared with pZFDCapRel, ATfaRel2 is considerably more tolerant 
to substitutions in the toxin-binding interface (compare Fig. 1e with 
Extended Data Fig. 3j in ref. 10). The structure of the ATfaRel22:FaRel22 
complex reveals that ATfaRel2 engages the neighboring FaRel2 in the 
heterotetramer through a secondary interface that is half the size of the 
primary one (~550.0 Å2 versus 1,190.0 Å2), thus effectively crosslinking 

the complex (Supplementary Fig. 4a–c). We hypothesized that the 
stable oligomeric nature of ATfaRel22:FaRel22 compensates for the lack 
of TA colocalization enforced in the monomeric CapRelSJ46 through 
fusion of the toxin and antitoxin domains into one polypeptide. On this 
basis, substitutions disrupting the ATfaRel22:FaRel22 oligomerization 
interface (and not affecting the primary neutralization interface at the 
active site) would compromise the TA recognition.
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To test this hypothesis, we subjected the secondary interface to 
single-residue substitutions and assessed the complex stability in vivo 
through toxicity neutralization assays (Fig. 3e). The three targeted 
residues R47A, Y57A and F59A of ATfaRel2 are all distant from the main 
contact interface that blocks access of ATP to the active site (Fig. 3c). 
R47 is located on the two-fold symmetry axis of the complex and the 
side chains of R47 from each ATfaRel2 interlock through π–π interac-
tions. Y57 and F59 are part of a small hydrophobic core that defines the 
secondary oligomerization interface. The R47A substitution resulted in 
a modest defect, whereas Y57A and F59A compromised the neutraliza-
tion severely (Fig. 3d).

The direct interrogation of these interactions by ITC was in good 
agreement with the in vivo data. The R47A substitution efficiently 
perturbs the secondary interface and decouples the highly coopera-
tive tetramer formation observed in the WT protein (Fig. 3f and Sup-
plementary Table 3). The first high-affinity binding event (KD = 35 nM 
with a stoichiometry of 0.4) followed a lower-affinity recognition 
event (KD = 750 nM with a stoichiometry of 0.8). This likely represents 
the initial neutralization of FaRel2 (with a 2:1 TA ratio) followed by 
the formation of a less stable 2:2 tetramer. The impact of F59A on the 
affinity was even stronger, with a 60-fold decrease in affinity and a 
confirmed 1:1 binding molar ratio, indicating an interaction mediated 
by only the primary interface (Fig. 3g and Supplementary Table 3). 
These results were consistent with SEC experiments that revealed 
a decrease in size of the TA complex from the estimated 70.8 kDa 
of the WT (consistent with a 2:2 A:T stoichiometry) to 51.3 kDa sug-
gestive of a ATfaRel2-R47A:FaRel2-Y128F2 complex (1:2 A:T stoichi-
ometry) (Fig. 3d and Supplementary Table 2). The observation of 
a stable ATfaRel2-R47A:FaRel2-Y128F2 complex in SEC matched the 
high-affinity interaction observed by ITC with ATfaRel2-R47A (Sup-
plementary Table 2). It is, thus, likely that the C-terminal region of 
FaRel2 that folds upon TA complex formation and provides a large 
FaRel2:FaRel2 interface in the complex is still capable of partially 
stabilizing the oligomer against the effect of mild substitutions such 
as R47A but not against F59A, which had a major effect on complex 
formation.

FaRel2 C terminus stabilizes the heterotetrameric complex
Upon formation of the ATfaRel22:FaRel22 complex, the C-terminal 
regions of the two individual FaRel2 toxin polypeptides fold into a 
dimerization region with four α-helices that contributes 670 Å2 to 
the TA interface (Supplementary Fig. 4d). This folding upon binding 
interaction likely has an important role in the overall stability of the 
heterotetramer. Guided by the structure of FaRel2 bound to APCPP, 
we constructed a truncated version of FaRel2 (FaRel2-∆166–206) 
lacking the C-terminal disordered part. FaRel2-∆166–206 interacted 
with ATfaRel2 with a KD of 3.3 µM, as measured by ITC (Supplementary 
Fig. 4e). This ~90-fold drop in affinity of FaRel2-∆166–206 for ATfaRel2 
underscores the strong contribution of oligomerization to the overall 
energetics of complex formation. In the case of the WT TA complex, the 
binding was both entropically and enthalpically driven. The entropic 
penalty from the folding of the FaRel2 C terminus was likely compen-
sated for by the configurational entropy associated with the large 
hydrophobic surface buried upon binding (Supplementary Table 3). 
Together with the strong enthalpic component that accompanied the 
oligomerization through the C-terminal α-helical region, this resulted 
in very stable heterotetramerization. Because the FaRel2-∆166–206 
truncation removes the enthalpic contribution of the C terminus, bind-
ing to ATfaRel2 was, as expected, predominantly entropically driven, 
resulting in a less stable complex (Supplementary Table 3). Collectively, 
these results suggest that, while the main TA interface drives toxin 
neutralization, the oligomerization further stabilizes the interaction 
between ATfaRel2 and the toxSYNTH domain of FaRel2. Additional 
contacts of the main interface YXXY motif with the folded C-terminal 
α-helical FaRel2:FaRel2 interface link the oligomerization with toxin 

neutralization, hinting at a potential allosteric path for activation and 
toxin release.

tRNA-pyrophosphorylating toxins specifically bind tRNA
Given the low concentrations toxSAS toxins are typically found 
in the cell (below the detection levels of current techniques)20,21, 
tRNA-phosphorylating activity would likely depend on a strong 
and specific association with tRNAs. We used ITC to examine the 
tRNA binding capacity of a representative toxSAS and housekeep-
ing SASs: tRNA-phosphorylating Coprobacillus sp. D7 FaRel2 and  
Mycobacterium phage Phrann PhRel, (pp)pApp-synthesizing 
C. marina FaRel and (p)ppGpp-synthesizing Staphylococcus aureus 
SAS RelQ. FaRel2 and PhRel bound deacylated initiator tRNAi

fMet with  
similar affinities (KD values of 483 nM and 825 nM, respectively; 
Fig. 4a,b and Supplementary Table 3). (pp)pApp synthetase FaRel had 
a 37-fold lower affinity to tRNAi

fMet (KD value of 17.8 µM). No tRNAi
fMet 

binding was observed for (p)ppGpp-producing Enterococcus faecalis 
SAS RelQ (Fig. 4c,d and Supplementary Table 3). Lastly, E. faecalis  
RelQ was shown to interact with a short single-stranded model 
mRNA(MF) coding for MF dipeptide22. Our ITC experiments demon-
strated that S. aureus RelQ similarly bound mRNA(MF) with submi-
cromolar affinity (KD value of 922 nM) (Fig. 4e and Supplementary 
Table 3).

ATfaRel2 interferes with APCPP binding but not tRNA 
recognition
While association with ATfaRel2 decreased the affinity (KD) to APCPP 
~20-fold, from 2.1 to 41.3 µM (Fig. 4f,g and Supplementary Table 3), the 
affinity to deacylated tRNAi

fMet was virtually the same for the free toxin 
and inactive TA complex (KD value of 483 nM versus 460 nM) (Fig. 4h and 
Supplementary Table 3). In the cases of both free monomeric FaRel2 
and the heterotetrametric ATfaRel2:FaRel2 complex, the tRNA binding 
had 1:1 stoichiometry with respect to FaRel2.

To further investigate the effect of AtfaRel2 binding on the 
interaction of FaRel2 with ATP, we determined the structure of the 
ATfaRel2:FaRel2 complex bound to APCPP (Fig. 4i). The high protein 
concentration intrinsic of the crystal lattice combined with high nucle-
otide concentration used for soaking facilitated the binding of APCPP 
to a partially blocked active site. As predicted from the structure of 
ATfaRel2:FaRel2, the coordination sites for the adenine, ribose and 
α phosphate groups at the pyrophosphate donor site are blocked by 
ATfaRel2. Thus, APCPP is bound in the pyrophosphate acceptor site in a 
conformation incompatible with pyrophosphate transfer (Fig. 4j). The 
adenine base is coordinated by Y128 and R95, resembling the expected 
coordination of the terminal adenine of the CCA tRNA moiety. The β 
and γ phosphates further anchor the nucleotide; however, they are 
observed in a reversed orientation compared with the FaRel2:APCPP 
complex (Fig. 4j–k).

It is instructive to compare the local charge distributions in the 
active sites of tRNA-modifying FaRel2 to those of (pp)pGpp and (p)
ppApp alarmone synthetases Rel13, RelP15 and Tas1 (ref. 6). All alar-
mone synthetases have a large positive patch that accommodates 
diphosphate and triphosphate nucleotide substrates, located on the 
acceptor site close to the conserved Y residue that interacts with the 
acceptor base (Supplementary Fig. 4f–h). This positive patch is con-
siderably smaller in FaRel2 (Supplementary Fig. 4i), which explains 
the misorientation of the β and γ phosphates of APCPP bound in the 
acceptor site of FaRel2 and the lack of alarmone synthetase activity of 
the tRNA-targeting toxSAS.

Collectively, our results demonstrate that FaRel2 is neutralized 
by the ATfaRel2 antitoxin by compromising the accommodation of 
ATP in the toxSYNTH active site without affecting the interaction with 
uncharged tRNAs. This suggests that the ATfaRel22:FaRel22:tRNA2 
ternary complex could be preformed in the cell, with the toxSAS neu-
tralized in the complex until activation is triggered.
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Fig. 4 | Energetic and structural basis of substrate recognition by toxSASs and 
non-toxSASs. a–d, Binding of FaRel2-Y128F (a), PhRel2-Y143F (b), FaRel-Y175F  
(c) and WT RelQSa (d) to deacylated initiator tRNAi

fMet, monitored by ITC.  
e, Binding of mRNA(MF) to WT RelQSa, monitored by ITC. f,g, Binding of APCPP to 
FaRel2-Y128F (f) and ATfaRel22:FaRel2-Y128F2 complex (g), monitored by ITC.  
h, Binding of tRNAi

fMet to the ATfaRel22:FaRel2-Y128F2 complex, monitored by ITC. 
i, Structure of ATfaRel22:FaRel2-Y128F2 bound to APCPP (green). The unbiased 
mFo-DFc electron density map corresponding to the bound APCPP is shown in 
gray. j, Details of the coordination of APCPP (green) in the acceptor site when 
bound to ATfaRel22:FaRel2-Y128F2. The adenosine base is coordinated by the 

G-loop F128 and the 5′ β and γ phosphates extend to the basic patch of α4. There, 
they bind in a reverse orientation compared with APCPP in the FaRel2:APCPP 
complex, underscoring that the nucleotide is bound in a state incompatible with 
phosphate transfer. For comparison, the APCPP in the orientation observed in 
the complex with FaRel2 is shown in light yellow. Active site residues of FaRel2 are 
labeled in black and the residues from the YXXY motif of ATfaRel2 are labeled in 
light blue. k, FaRel2-Y128F:APCPP complex with APCPP placed in the donor site 
in a catalytically compatible orientation, presented in the same pose as i. In the 
absence of ATfaRel2, α7 and α8 are not visible in the electron density.
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toxSAS neutralization is defined by catalytic activity
Prompted by the conceptual differences between Tis1-mediated neu-
tralization of Tas1 and ATfaRel2-mediated neutralization of FaRel2, we 
next used AlphaFold223 to explore the general principles underlying the 
mechanisms of toxin neutralization across known toxSAS functional 
diversity (Fig. 5 and Supplementary Fig. 5a–l). On the toxSAS toxin side, 
AlphaFold2 predicts a strong conservation of a core toxSYNTH fold deco-
rated with a variety of insertions at the N and C termini (Fig. 5a–e). On the 
antitoxin side, the pZFD fold is found as either a standalone neutralizing 
domain or part of multidomain antitoxins combined with either Tis1 
or Tis1-like (Fig. 5f–h) or PanA domains11,24 (Supplementary Fig. 5a–j).

Structural predictions of the different neutralized com-
plexes uncovered a general trend. Translation-targeting 
tRNA-pyrophosphorylating toxSASs such as fused and split CapRel, 
FaRel2, PhRel and PhRel2 are inhibited through the pyrophosphate 
donor site (Supplementary Fig. 5a–j). Conversely, metabolism-targeting 
(pp)pApp-producing toxSASs such as FaRel and Tas1 are neutralized 
through the pyrophosphate acceptor site (Fig. 5f and Supplementary 
Fig. 5k,l). The generality of this observation holds even in cases of 
multidomain antitoxins. In the case of the translation-targeting PhRel2 
of bacteriophage Lily and Bacillus subtilis Ia1a. These toxins are neu-
tralized by multidomain antitoxins that contain a pZFD fold subtype 
PAD1 (panacea-associated domain 1)11. However, ATphRel2 antitoxins 
neutralize the toxins analogously to the pZFD-mediated neutralization 
of CapRel and FaRel2 (Supplementary Fig. 5f,g)24. By contrast, the (pp)
pApp-producing FaRel is inhibited by the Tis1-like domain of AT2faRel 
in a manner analogous to Tis1-mediated inhibition of Tas1 (Fig. 5f and 
Supplementary Fig. 5k,l).

We validated the structural predictions of Alphafold2 through 
mutagenesis and toxicity neutralization assays. In the case of PhRel2, 

as we showed previously24, the isolated PAD1 domain of B. subti-
lis Ia1a ATphRel2 is sufficient to neutralize the toxin. In the case of 
FaRel:AT2faRel, the Tis1-like N-terminal domain (NTD) of AT2faRel 
(Fig. 5g) is sufficient to neutralize the (pp)pApp synthetase FaRel, 
while the pZFD C-terminal domain (CTD; Fig. 5h) has no neutralizing 
activity (Fig. 5i). Interestingly, this loss of neutralizing activity by the 
CTD of AT2faRel is accompanied by the loss of the YXXY recognition 
motif of the pZFD (Fig. 5f). Collectively, our results suggest a coupling 
between the substrate specificity of toxSASs and the mechanism of 
neutralization.

Discussion
Our current mechanistic understanding of toxSYNTH inhibition by 
immunity proteins and antitoxins is largely based on two landmark 
studies. The first study involves the structure of the neutralized com-
plex between a monomeric (p)ppApp-producing toxSAS Tas1 and its 
immunity protein Tis1 (ref. 6). Ahmad and colleagues proposed that 
the enzymatic activity of Tas1 was suppressed by Tis1 through distor-
tion of the acceptor nucleotide-binding site of toxSYNTH. The second 
study involves the structure of the tRNA-pyrophosphorylating toxSAS 
CapRelSJ46 (ref. 10), a fused monocistronic TA, with the antitoxin part 
comprising two anchor regions and a pZFD. In this structure, CapRelSJ46 
appears in a catalytically competent state (that is not autoinhibited by 
the pZFD), as the antitoxin domain was in a conformation compatible 
with the enzymatic activity of toxSYNTH. Further exploration of the 
structural dynamics of CapRelSJ46 with AlphaFold2 (ref. 23) predicted a 
possible mechanism of autoinhibition mediated by the pZFD blocking 
the donor nucleotide-binding site of toxSYNTH (Fig. 6a,b).

Our study provides detailed mechanistic understanding of tox-
SAS regulation and allows generalizing the observations previously 
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made with CapRelSJ46 and Tas1:Tis1 to the whole toxSAS superfamily. 
We put forward a model that couples toxSAS substrate specificity to 
the inhibition strategies used by antitoxins and immunity proteins 
(Fig. 6a,b). Type II TA modules are notoriously evolutionarily pro-
miscuous, with members of the same toxin family being neutralized 
by unrelated antitoxins through different mechanisms24–26. toxSAS 
TAs display a strikingly clear-cut dichotomy of neutralization mech-
anisms. Metabolism-targeting (pp)pApp synthetases such as Tas1 
and FaRel are inhibited by Tis1-like antitoxins through the occlusion 
of the pyrophosphate acceptor nucleotide-binding site6 (Fig. 6a). 
Conversely, translation-targeting tRNA pyrophosphotransferases 
such as FaRel2 and CapRel are inhibited by pZFD interfering with the 
binding site for pyrophosphate donor ATP (Fig. 6b), which echoes the 
regulatory strategy used in the autoinhibition of multidomain ‘long’ 
(p)ppGpp-synthesizing housekeeping RSHs12,27. While the antitoxins 
and immunity proteins mediating the two neutralization strategies 
have diverged in sequence, the neutralizing elements display strong 
structural conservation.

Type II TA antitoxins often rely on unstructured elements and dis-
ordered domains that fold upon binding for toxin neutralization25,28–34. 
In many cases, the structural plasticity of the disordered region of anti-
toxins allows them to couple toxin neutralization with transcriptional 
autoregulation29,35,36 to balance the cellular T:A ratio. Interestingly, 

this feature of TA regulation seems so prevalent that, in the exception 
provided by the GraTA system (from the RelBE superfamily), which 
contains a well-folded and globular antitoxin, the disordered region 
leaps to the toxin GraT retaining a role as a crucial regulatory element37. 
The structurally defined lock-and-key neutralization specificity of tox-
SASs is, thus, uncommon and may underlie their ‘switch’ nature. In this 
sense, it is instructive to compare the structural–energetic interplay 
of the fused CapRelSJ46 TA with the bipartite ATfaRel2:FaRel2 TA. The 
forced colocalization of the toxin and antitoxin elements of CapRelSJ46 
is compatible with a conformationally dynamic enzyme and offsets the 
entropic penalty associated with the antitoxin assuming a compact and 
structured neutralizing state (Supplementary Fig. 6a). These intrinsic 
dynamics facilitate the formation of the CapRelSJ46:Gp57 complex that 
triggers the enzyme. By contrast, in the bipartite ATfaRel2:FaRel2 TA 
system, the free antitoxin naturally assumes the optimal conforma-
tion for neutralization. The entropic penalty associated with FaRel2 
folding is compensated by the formation of the heterotetramer and 
a tight TA complex. Thus, the loss of colocalization is compensated 
by the stabilizing effect of oligomerization. Our findings suggest that 
offsetting this oligomeric structure could be the key to triggering these 
bipartite systems (Supplementary Fig. 6b).

ZFDs perform various molecular recognition functions38 facili-
tated by a marked structural plasticity39. Structurally related pZFDs 

a

b

CC CC

toxSYNTH:
FaRel

Tas1

toxSYNTH:
CapRel

PhRel
PhRel2
FaRel2

Neutralization:
AT2faRel
Tis1

Neutralization:
ATfaRel2
pZFD
PAD1

Acceptor site

Donor site

Translation-targeting toxSAS

Metabolism-targeting toxSAS

toxSYNTH
domain

toxSYNTH
domain

O

O

OH

O

OH

P P

N

NN

N

NH2

O

OH

O

OH

O

O

OH

PHO

O

O

OH

O

OH

P P

N

NN

N

NH2

O

OH

OO

O

OH

PHO

HO

O

OH

P

N

NN

N

NH2

O

OH

O

OH

HO P

OH

O

O P

O

O

OH

O

O

OH

O

OH

P P

N

NN

N

NH2

O

OH

O

OH

O

O

OH

PHO

Acceptor substrate: ATP

ATP / ADP / AMP

Donor substrate: ATP

Tis1
ATfaRel

FaRel

Tas1

(pp)pApp

O

O

OH

O

OH

P P

N

NN

N

NH2

O

OH

O

OH

O

O

OH

PHO

O

O

OH

P

N

NN

N

NH2

O

OH

O

HO

O

OH

P

N

NN

N

NH2

O

OH

O

OH

HO P

OH

O

O P

O

O

OH

O

O

OH

P

N

NN

N

NH2

O

OH

O

OH

Acceptor substrate: tRNA

Donor substrate: ATP

ATfaRel2
CapRelpZFD

FaRel2

majority of 
toxSAS

AMP

AMP

Fig. 6 | The substrate specificity of toxSASs is coupled to neutralization 
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toxSASs is suppressed by inhibition of the recruitment of the pyrophosphate 
acceptor substrate. b, Translation-targeting toxSASs are neutralized by 
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the pyrophosphate acceptor substrate, tRNA, is permitted. This strategy is 
analogous to that used for the regulation of long (p)ppGpp-producing RSHs 
Rel, RelA and SpoT; while the affinity to the GTP or GDP substrate nucleotide is 
constitutive, binding of the ATP nucleotide to the pyrophosphate donor site is 
under strict allosteric control.
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mediate both phage recognition and toxin autoinhibition in fused 
tRNA-pyrophosphorylating TA CapRelSJ46 (ref. 10). PAD1 has the same 
fold as pZFD and directly mediates the neutralization of B. subtilis Ia1a 
and Clostridium hylemonae the tRNA-pyrophosphorylating PhRel2 tox-
SAS11,24. Conversely, the pZFD-like CTD of AT2faRel is not essential for 
the inhibition of the (pp)pApp synthetase FaRel, which is neutralized 
by its Tis1-like NTD (Fig. 5c,b). This suggests that the pZFD-like domain 
of AT2faRel performs a different sensory function. This evolutionary 
dynamic is reminiscent of PanA11 and HigA37,40 antitoxins. While, in the 
case of single-domain antitoxins, PanA directly mediates toxin neu-
tralization, in multidomain antitoxins, PanA domains are not the direct 
neutralization element; instead, these domains were hypothesized to 
sense the TA-activating triggers24. Establishing the putative sensory 
functions of pZFDs in translation-targeting and metabolism-targeting 
toxSASs is one of the remaining challenges in the field.
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Methods
Plasmid construction
Fragments of WT aTfaRel2 and its substituted variants (V43A, I45A, 
A50M, Y51A and Y54A) were PCR-amplified with primers VTK198 and 
VTK199 and templates VHp278 (WT), VHp1225 (V43A), VHp1226 (I45A), 
VHp1227 (A50M), VHp1236 (Y51A) or VHp1228 (Y54A). Using Gibson 
assembly, the resulting linear DNA fragment was inserted into lin-
earized pMG25 using pMG HiFi For and pMG HiFi Rev primers.

Sequence analysis
Representative FaRel2 and cognate ATFaRel2 sequences were retrieved 
using webFlaGs41, implementing the protein basic local alignment 
search tool (BLASTp) in the National Center for Biotechnology Infor-
mation (NCBI) RefSeq Select database and otherwise default settings. 
Sequences were aligned using MAFFT version 7.490 with the L-INS-i 
strategy42.

Toxicity neutralization assays
The experiments were performed as described previously7. The 
assays were performed on Luria–Bertani (LB) medium plates 
(BD). We used the Escherichia coli BW25113 strain cotransformed 
with two different plasmid systems for controllable expression of  
toxins and antitoxins. We used a pair of compatible plasmids: 
pMG25 for antitoxin expression (high copy number, ColE1 origin 
of replication (pUC), AmpR, antitoxin expressed under the control 
of IPTG-inducible PA1/04/03 promoter43] and pBAD33 for toxin expres-
sion (medium copy number, p15A origin of replication, CmlR, toxins 
expressed under the control of arabinose-inducible PBAD promoter44). 
The cells were grown in liquid LB medium (BD) supplemented with 
0.2% glucose (repression conditions), 100 µg ml−1 ampicillin (Appli-
Chem) and 20 µg ml−1 chloramphenicol (AppliChem). Serial dilutions 
were spotted on solid LB plates supplemented with 0.2% arabinose, 
as well as 100 µg ml−1 ampicillin (AppliChem) and 20 µg ml−1 chlo-
ramphenicol (AppliChem), and bacterial growth was scored after 
16-h incubation at 37 °C.

Protein purification
ATfaRel2, Farel2-Y128F and the different variants of the proteins were 
expressed in E. coli BL21DE3. The proteins were produced with a His6 
tag at the N terminus, followed by a tobacco etch virus (TEV) protease 
cleavage site for ATfaRel2 and the different ATfaRel2 variants and a 
SUMO (small ubiquitin-like modifier) tag for FaRel2-Y128F. Cultures 
were grown in LB medium supplemented with kanamycin (50 µg ml−1) 
at 37 °C with aeration. Expression was induced with 0.5 mM IPTG when 
the cells carrying the plasmid reached an optical density at 600 nm 
(OD600 nm) of ~0.5–0.8. After induction, the cells were harvested 16 h 
later by centrifugation and resuspended with buffer (25 mM HEPES 
pH 7.6, 1 M NaCl, 5 mM MgCl2 and 1 mM TCEP) supplied with cOm-
plete protease inhibitor cocktail (Roche). The resuspended cells were 
flash-frozen in liquid nitrogen and stored at −80 °C.

The cell extracts were lysed using an Emulsiflex cell disrup-
tor and the lysate was centrifuged to remove cell debris for 45 min 
at 25,000g. In both cases, the supernatant was loaded onto a 1-ml 
HiTrap Ni-NTA column (Cytiva) coupled to a fast protein liquid  
chromatography (FPLC) system (ÄKTA Explorer) equilibrated with 
buffer A (25 mM HEPES pH 7.6, 1 M NaCl, 5 mM MgCl2, 1 mM TCEP 
and 20 mM imidazole). The column was washed with a linear gradi-
ent of buffer B (25 mM HEPES pH 7.6, 1 M NaCl, 5 mM MgCl2, 1 mM 
TCEP and 500 mM imidazole). After tag removal, all individual pro-
teins were further purified by SEC in a Superdex 75 Increase 10/30 
(Cytiva) column using 25 mM HEPES pH 7.6, 300 mM NaCl, 2 mM 
MgCl2 and 1 mM TCEP. Sample purity was confirmed by SDS–PAGE. 
The ATfaRel2:FaRel2-Y128F complex was obtained by mixing both 
proteins in a 1:1.2 molar ratio with an excess of antitoxin that was 
separated by SEC.

Analytical SEC
For the analytical SEC, 150 µl of each protein at a concentration of 
1 mg ml−1 was loaded on a Superdex 300 Increase 1030 column (Cytiva) 
previously equilibrated in SEC buffer (25 mM HEPES pH 7.6, 200 mM 
NaCl, 2 mM MgCl2 and 1 mM TCEP). The progress of the chromatogra-
phy was monitored by the OD280 value.

Crystallization
Before crystallization, FaRel2-Y128F, ATfaRel2 and the ATfaRel2 variants 
were purified from the TEV cleavage reaction in the SEC buffer and con-
centrated to 8–10 mg ml−1. Screening of the crystallization conditions 
was carried out using the sitting-drop vapor diffusion method. The 
drops were set up in Swiss (MRC) 96-well two-drop UVP sitting-drop 
plates using the Mosquito HTS system (TTP Labtech). Then, 0.1-µl drops 
of protein and precipitant solution were equilibrated to 80 µl of pre-
cipitant solution in the reservoir. Commercially available screens LMB 
and SG1 (Molecular Dimensions) were used to test the crystallization 
conditions. The conditions resulting in diffracting crystals are listed in 
Supplementary Table 1. The crystals used for data collection the 0.2-µl 
drops used in the screens were scaled to 2-µl drops.

Structure determination
All the data were processed with the XDS suite45 and scaled with Aim-
less46. In all cases, the unit cell content was estimated with the pro-
gram MATTHEW COEF from the CCP4 program suite47. The crystals 
of ATfaRel2 diffracted on average to ~1.3 Å. The analysis of the crystal 
anisotropy by the STARANISO server (http://staraniso.globalphasing.
org/) proposed a resolution of 1.24 Å (with 1.24 Å in a*, 1.33 Å in b* and 
1.43 Å in c*). We used Arcimboldo_Lite48 to perform ab initio phasing 
and solved the structure of ATfaRel2 in combination with Phaser49 
and SHELXE50,51. The solution contained 75 of the 99 residues; the final 
structure was completed by manual building using Coot52 and refined 
with Buster/TNT53 (R/Rfree = 18.6/20.8).

In the case of the crystals of the FaRel2:APCPP complex, the analy-
sis of the diffraction data suggested a resolution of 2.62 Å (with diffrac-
tion limits of 2.53 Å in a*, 2.67 Å in b* and 2.97 Å in c*) based on which 
we selected 2.62 Å as the resolution cut-ff. We used the coordinates of 
CapRelSJ46 (PDB 7ZTB) as the search model for the toxSYNTH domain 
of FaRel2 in complex with APCPP. The molecular replacement (MR) 
solution from Phaser49 was used in combination with Rosetta as imple-
mented in the MR-Rosetta suite from the Phenix package54. After several 
iterations of manual building with Coot52 and maximum likelihood 
refinement as implemented in Buster/TNT53, the model was extended 
to cover all the residues (R/Rfree = 19.4/25.5).

The crystals of the ATfaRel2:FaRel2 complex were obtained in 
the P212121 space group. The anisotropic analysis of the diffraction 
data suggested a resolution of 2.14 Å (with diffraction limits of 2.25 Å 
in a*, 3.00 Å in b* and 2.13 Å in c*). We used the refined coordinates 
of FaRel2 (PDB 8PU4, this work) and ATfaRel2 (PDB 8PU2, this work) 
as the search model for phasing and estimated the unit cell content 
with MATTHEW COEF from the CCP4 program suite47. The MR solu-
tion from Phaser49 was completed by manual building with Coot52 and 
refined with Buster/TNT53 (R/Rfree = 18.4/23.8). To obtain the structure 
of the ATfaRel2:FaRel2:APCPP complex, the P212121 space group did not 
tolerate soaking; therefore, we grew crystals in a different condition 
(F4132 space group). The coordinates of FaRel2 (PDB 8PU4, this work) 
and ATfaRel2 (PDB 8PU2, this work) were used for MR with Phaser49 and 
modeling was completed by manual building with Coot52 and refine-
ment with Buster/TNT53 (R/Rfree = 21.8/23.2). Supplementary Table 1 
details all the X-ray data collection and refinement statistics.

ITC
All titrations were performed with an Affinity ITC (TA instruments) 
at 25 °C. For antitoxin versus toxin titrations, ATfaRel2 and its substi-
tuted variants were loaded in the instrument syringe at 200–150 µM 
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and FaRel2-Y128F was used in the cell at 15–20 µM. In the case of the 
titrations of tRNA and mRNA versus toxSASs, 150 µM tRNA or mRNA 
was titrated into 15 µM FaRel2-Y128F, PhRel-Y143F, FaRel-Y175F, RelQ 
or the ATfaRel2:FaRel2-Y128F complex. For the titrations with nucle-
otides, APCPP was loaded in the instrument syringe at 180 µM and 
FaRel2-Y128F or the ATfaRel2:FaRel2-Y128F complex was used in the cell 
at 15 µM. All titrations were performed in 25 mM HEPES pH 7.6, 300 mM 
NaCl, 2 mM MgCl2 and 1 mM TCEP. Final concentrations were verified 
by the OD280 value using a Nanodrop One (Thermo Fisher Scientific). 
All ITC measurements were performed by titrating a constant volume 
of 2 µl into the ITC cell using a constant stirring rate of 75 rpm. All data 
were processed, buffer-corrected and analyzed using the NanoAnalyse 
and Origin software packages. Supplementary Table 3 details all the 
thermodynamic parameters derived from the ITC titrations.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Supplementary 
Information provided with this paper. All coordinates were deposited 
in the PDB under accession numbers 8PU1, 8PU2, 8PU3 and 8PU4. Data 
are also available from the corresponding authors upon request.
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SUMMARY

Toxin-antitoxins (TAs) are prokaryotic two-gene systems composed of a toxin neutralized by an antitoxin.
Toxin-antitoxin-chaperone (TAC) systems additionally include a SecB-like chaperone that stabilizes the anti-
toxin by recognizing its chaperone addiction (ChAD) element. TACs mediate antiphage defense, but the
mechanisms of viral sensing and restriction are unexplored. We identify two Escherichia coli antiphage
TAC systems containing host inhibition of growth (HigBA) and CmdTA TA modules, HigBAC and CmdTAC.
HigBAC is triggered through recognition of the gpVmajor tail protein of phage l. Chaperone HigC recognizes
gpV and ChAD via analogous aromatic molecular patterns, with gpV outcompeting ChAD to trigger toxicity.
For CmdTAC, the CmdT ADP-ribosyltransferase toxin modifies mRNA to halt protein synthesis and limit
phage propagation. Finally, we establish the modularity of TACs by creating a hybrid broad-spectrum anti-
phage system combining the CmdTA TA warhead with a HigC chaperone phage sensor. Collectively, these
findings reveal the potential of TAC systems in broad-spectrum antiphage defense.

INTRODUCTION

Toxin-antitoxin (TA) systems are diverse two-gene (bicis-
tronic) elements that are ubiquitous in the genomes of
archaea, bacteria, and temperate bacteriophages.1 Although
multiple functions have been demonstrated for TAs over the
years, their role as abortive infection antiphage defense sys-
tems has become a particularly active topic of investigation
in recent years.2–4 Based on the nature of the antitoxin (pro-
tein or RNA) and the mechanism of toxin neutralization (such
as the formation of an inactive TA complex, protection of the
cellular target from the toxin, or degradation of the toxin
mRNA), TAs are classified into eight groups, from type I to
type VIII. Type II TAs employ proteinaceous antitoxins that

neutralize cognate toxins through the formation of a tight,
non-toxic TA complex.
Type II toxins have diverse mechanisms of toxicity, with the

most common cellular targets being (1) protein synthesis ma-
chinery, (2) replication apparatus, (3) cell wall and cell skeleton,
and (4) nucleotide metabolism.1 One of the most well-known
TA systems is host inhibition of growth (HigBA), originally identi-
fied in Proteus vulgaris as a locus that increases the stability of
the Rts1 plasmid on which it is encoded.5 The HigB RNase toxin
is a ribosome-dependent mRNA interferase that is neutralized by
the N-terminal intrinsically disordered regions (IDRs) of the
dimeric HigA antitoxin.6–8 DarTG is a recently discovered pro-
phage-encoded antiphage defense TA system.9,10 A member
of the ADP-ribosyltransferase (ART) protein family,11 the DarT
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toxins link the ADP-ribose moiety of the NAD+ (nicotinamide
adenine dinucleotide) cofactor to the amino group of the guanine
or thymine base of the DNA,9,12 which results in inhibition of both
RNA and DNA synthesis.10,13 Detection of the invading phage by
DarTG triggers the toxin, thus shutting down cellular transcrip-
tion and replication in the infected cell to halt virus production.10

A variation on the type II TA theme is provided by tripartite TA-
chaperone (TAC) systems. Although TAs are encoded by bicis-
tronic operons, TACs are encoded by tricistronic operons: a
‘‘classical’’ TA gene arrangement followed by a third gene en-
coding a SecB-like (SecBTA) chaperone.14,15 SecB is a general
housekeeping chaperone of Pseudomonadota (Proteobacteria)
that both post- and co-translationally assists the folding
of diverse proteins, both membrane-targeted and cyto-
plasmic.16,17 SecBTA TAC chaperones are, on the other hand,
highly specialized to ensure the stability of otherwise highly labile
TAC antitoxins.14 The strict dependence of the TAC TA units on
SecBTA-mediated stabilization is determined by the chaperone
addiction (ChAD) element, an IDR located at the C terminus of
the antitoxin.18,19 Rather than mediating antitoxin neutralization,
the ChAD region decreases the solubility of the antitoxin, pro-
moting aggregation and degradation. This results in TA ‘‘addic-
tion’’ to SecBTA: the antitoxin and the chaperone act in concert
to keep the toxin neutralized. Removal of the ChAD element con-
verts theMycobacterium tuberculosis HigBAC into a SecBTA-in-
dependent TA system.19 The interaction between the ChAD re-
gion of the M. tuberculosis HigA1 antitoxin and SecBTA

chaperone HigC is strictly dependent on the aromatic Y114 res-
idue of the ChAD.19,20 ChAD elements are modular: grafting
ChADs onto canonical type II TAs can convert TAs into chap-
erone-addicted TACs.19 Finally, the destabilizing activity of the
ChAD element is conditional on proteolysis of the antitoxin by
the ClpXP protease, with M. tuberculosis HigBA being rendered
non-toxic and SecBTA-independent in DclpX or DclpP genetic
backgrounds.18

A recent study by Vassalo and colleagues has established
the biological function of two Escherichia coli (E. coli) TAC sys-
tems: MqsRAC from E. coli strain C496_1019 and the ART
toxin-containing system PD-T4-9 encoded in the hypervariable
region of a P2-like prophage of E. coli ECOR2221 Both of these
TACs were shown to mediate antiphage defense, and the latter
was renamed CmdTAC for chaperone-mediated defense
TAC.21 The CmdTAC PD-T4-9 protects E. coli from Tevenviri-
nae phage T4, with over-production of the CmdC SecBTA chap-
erone abrogating protection; the E. coli C496_10 MqsRAC pro-
tects from Tevenvirinae phage T2 but not T4.21

In this study, we address key outstanding questions in TAC
biology: What is the mechanism of toxicity employed by CmdT
toxins? How do TAC systems sense phage infection? Using
our recent survey of type II TA diversity22 as a starting point,
we identify and validate two prophage-encoded TAC systems:
HigBAC from E. coli strain NT1F31 and CmdTAC from E. coli
O112ab:H26. We demonstrate HigBAC-mediated defense
against siphoviruses (i.e., phages with long, noncontractile tails):
Queuovirinae coliphage Bas2523 and Lambdavirus lvir. We show
that the toxicity of HigBAC is triggered through recognition of the
gpV major tail protein of lvir through competition with the ChAD
element of the antitoxin HigA. Binding of both HigA and gpV to
SecBTA is strictly dependent on specific aromatic residues that

compete for the same binding pockets of the chaperone. We un-
cover the molecular mechanism of anti-Tevenvirinae defense by
CmdTAC: once the TAC system is activated upon phage infec-
tion, the CmdT ART toxin sequence-specifically ADP-ribosylates
mRNA to shut down protein synthesis. Finally, by combining the
CmdTA TA warhead with the HigC chaperone phage sensor, we
create a hybrid broad-spectrum phage defense system, thus
highlighting the evolutional malleability and modular nature of
the TAC architecture. Collectively, our study establishes key
principles for phage sensing and restriction by TAC defense
systems.

RESULTS

E. coli NT1F31 HigBAC and E. coliO112ab:H26 CmdTAC
are translation-targeting TAC systems that confer
phage immunity
In our previous high-throughput analysis of type II TA systems,
the NetFlax algorithm automatically identified TA systems based
on their presence in conserved two-gene architectures.22 This
meant that toxin or antitoxin-like proteins encoded in longer
conserved neighborhoods were not considered. However,
when surveying ‘‘disregarded’’ genomic neighborhoods, we
noticed that some toxins from the D2 MqsR-like toxin node of
the TA network were associated with an antitoxin followed by a
gene encoding a SecB-like protein, suggesting they are TACs,
similar to MqsRAC.19,21 To find homologs of these putative
TACs that would be suitable for microbiological studies in the
E. coli host, we searched for relatives of the SecB component
in Enterobacteriaceae and carried out FlaGs gene neighborhood
analysis.24 This yielded a number of different TAC-like systems in
Enterobacteriaceae, along with yibN-grxC-secB-gpsA operons
encoding orthologues of the housekeeping E. coli SecB25

(Figure S1A).
We focused on two representatives: HigBAC from E. coli

strain NT1F31 and a tripartite CmdTAC system from E. coli
O112ab:H26. Both of the systems are located on prophages: a
lambdoid phage in the case of E. coliNT1F31HigBAC and an un-
classified prophage in the case of E. coli O112ab:H26 CmdTAC
(Figures 1A and 1B). Importantly, HigBAC is encoded in a vari-
able defense locus downstream of the cI repressor,26 which in
the classical l phage encodes the RexAB phage exclusion sys-
tem27 (Figure S1B). Toxicity neutralization assays establish that
both NT1F31 HigBAC and O112ab:H26 CmdTAC are, indeed,
bona fide TACs. When expressed under the control of an arabi-
nose-inducible PBAD promoter from a pBAD33 plasmid vector,
both E. coli NT1F31 HigBA (with a weak Shine-Dalgarno
sequence) and E. coli O112ab:H26 CmdTA (with strong Shine-
Dalgarno sequence) TA modules inhibit growth of the
BW25113 test strain (Figures 1A and 1B). This demonstrates
both the functionality of the toxins and the inability of the full-
length antitoxins to neutralize the toxin in the absence of a chap-
erone. In the case of HigBA, the growth defect caused by TA
expression is fully rescued when the cognate HigC chaperone
is co-expressed in trans from a second plasmid (a pMG25 deriv-
ative) under the control of an IPTG (isopropyl b-D-1-thiogalacto-
pyranoside)-inducible PA1/O4/O3 promoter (Figure 1A). A partial
neutralization of toxicity is observed for CmdTA co-expressed
with the CmdC chaperone (Figure 1B). Importantly, although
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PBAD-driven expression of toxins abrogates E. coli growth,
neither the antitoxin nor chaperone affect growth when ex-
pressed under the control of PA1/O4/O3 (Figure S2A). Since the
operon structure plays an important role in co-translational as-

sembly of protein complexes,28,29 we also tested the toxicity of
CmdTAC and HigBAC TAC operons expressed from pBAD33.
However, even with the chaperone expressed in cis (from the
same plasmid), the CmdT toxicity is not fully neutralized

Figure 1. Phage defense by translation-targeting TAC systems: E. coli NT1F31 HigBAC and E. coli O112ab:H26 CmdTAC
(A and B) Gene neighborhoods of the validated TAC systems: (A) E. coli NT1F31 HigBAC and (B) E. coli O112ab:H26 CmdTAC. Both systems are encoded on

prophage regions (left) and are functional in toxicity neutralization assays (right). To test TAC functionality, E. coli BW25113 strains were transformed with empty

pBAD33 and pMG25 vectors or their derivatives expressing TAC toxin-antitoxin pairs (expression induced by 0.2% arabinose) and TAC chaperones (induced by

500 mM IPTG), respectively.

(C and D) Metabolic labeling assays with E. coli BW25113 expressing E. coli NT1F31 HigB RNase (D) or E. coli O112ab:H26 CmdT ART (C) toxins show specific

inhibition of protein synthesis as manifested by a sharp decrease in 35S-Met incorporation. The data is shown as geometric means with standard deviations.

(E and F) E. coli BW25113 cells transformed with either the pBR322 empty vector or either the two pBR322-based plasmids driving the expression of the TAC

operons under the control of the constitutive Ptet promoter were challenged with 10-fold serial dilutions of BASEL23 and common laboratory coliphages.

(E) Selected phages that were countered by one or other of the TAC systems tested.

(F) The results of the full screen shown as a heatmap of log10 protection values. The phage order and dendrogram are defined by hierarchical clustering applied to

the proteome composition distance (PCD) matrix (see the STAR Methods section for details).

(G) Growth of E. coli BW25113 carrying the empty vector or the indicated plasmid-encoded TAC system in the presence of lvir or Bas43 phages at MOIs of 0, 0.1,

1, and 10. The shaded areas indicate the standard deviations. Additional liquid culture infection experiments with Bas25 and T4 are shown in Figures S3A–S3D.
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(Figure S2B); the likely explanation is excessive toxin expression
in our constructs or/and the use of a non-native host strain.

We used metabolic labeling assays to assess the effects on
translation (by following incorporation of 35S-methionine in
proteins), transcription (incorporation of 3H-uridine in RNA),
and replication (incorporation of 3H-thymidine in DNA) to
establish the mechanisms of toxicity employed by the newly
identified TACs (Figures 1C and 1D). Given that the Rts1
plasmid-encoded HigB TA toxin is a ribosome-dependent
RNase (mRNA interferase),30 it is likely that the homologous
E. coli NT1F31 HigB toxin also degrades mRNA. In support
of this, E. coli NT1F31 HigB causes specific and potent inhibi-
tion of protein synthesis (Figure 1C). The outcome of the label-
ing experiments with E. coli O112ab:H26 ART CmdT toxin
was more surprising. In stark contrast to the ART toxin
DarT that inhibits replication and transcription,10 the E. coli
O112ab:H26 CmdT ART toxin is also a potent and specific in-
hibitor of protein synthesis, raising the question of the mech-
anism of CmdT toxicity (Figure 1D).

To test the functionality of the identified TACs in antiphage im-
munity, we performed a screen using the BASEL coliphage
collection as well as a set of commonly used phages23

(Figures 1E and 1F). Our collection of double-stranded DNACau-
doviricetes viruses included representatives of all the three mor-
phologies: podovirus (short noncontractile tail), siphovirus (long
noncontractile tail), and myovirus (long and flexible contractile
tail). The tripartite TAC systems were expressed in the
BW25113 E. coli K12 strain from a pBR322 derivative31 under
the control of a constitutive Ptet promoter. The E. coli NT1F31
HigBAC system provided protection from siphovirus phages
such as Lambdavirus lvir and Queuovirinae Bas25, while E. coli
O112ab:H26 CmdTAC granted protection against myoviruses
from the Tevenvirinae subfamily such as Bas43, T4, and T6 as
well as a siphovirus from the Demerecviridae family (Bas34).
Liquid culture infection assays with increasing multiplicity of
infection (MOI; 0.1, 1, and 10) support the defensive activity of
HigBAC against lvir and Bas25 and CmdTAC against Bas43
and T4 (Figures 1G and S3A–S3D). The effects of TAC-mediated
defense on phage-mediated culture collapse differ for different
experimental systems. Even at MOI of 10, CmdTAC- and
HigBAC-expressing E. coli strains are virtually immune to
Bas43 and Bas25, respectively. This suggests that TACs do
not necessarily act via abortive infection sensu stricto, that is
by killing the infected cell. Rather, they compromise the virus
more than the host, and for some phage-TAC pairs, this allows
the infected cell to continue growth after defeating the invader.
We have seen the same phenomenon in the case of E. coli ex-
pressing the Lactococcus lactis AbiA reverse transcriptase de-
fense system, with bacterial growth being virtually unaffected
by Bas20 and Bas25 even at an MOI of 10.32 At an MOI of 10,
lvir does eventually cause a collapse of HigBAC-expressing cul-
tures, but more gradually than the rapid collapse in the absence
of the defense system. Finally, in the case of CmdTAC-express-
ing T4-infected E. coli cultures, phage-induced lysis is abolished,
and bacterial growth is arrested at the same time point at which
culture collapse is observed in the cultures of E. coli that lack the
system. As T4 rapidly degrades bacterial DNA,33 this possibly re-
flects efficient abortion of the T4 lytic cycle at its later stages, that
is, after host DNA degradation.

Collectively, our results establish these two TAC systems as
translation-targeting antiphage immunity systems. Motivated
by these results, we set out to answer the following questions:
what is the mechanism of CmdT-mediated inhibition of transla-
tion? What is the mechanism of phage sensing and restriction
by our TAC systems?

E. coliO112ab:H26ARTCmdTADP-ribosylatesmRNA to
shut down translation
To validate the direct inhibition of translation byCmdT in vitro, we
assayed the effect of CmdT on the production of the dihydrofo-
late reductase (DHFR) reporter protein in a reconstituted E. coli
cell-free protein synthesis system (PURE).34 The toxin was first
produced in situ in the absence of the NAD+ cofactor, and then
DHFRproduction was assayed either in the presence or absence
of NAD+. The E. coli O112ab:H26 ART CmdT toxin potently in-
hibits DHFR synthesis in a strictly NAD+-dependent manner,
and, importantly, the 6-biotin-17-NAD+ analog (biotNAD+) also
supports the toxic activity (Figure 2A).
To identify the specificmolecular target modified byCmdT, we

used streptavidin-conjugated horseradish peroxidase (streptavi-
din-HRP) that detects biotNAD+. We first produced the CmdT
toxin in situ in the PURE system in the presence of biotNAD+

and after a 60-min incubation at 37!C resolved the protein and
RNA components on denaturing gels and probed with streptavi-
din-HRP (Figure 2B). Although no specific protein signal is
detectable, a clear RNA signal is detectable with a size (about
0.8 kb) corresponding to CmdT-encoding mRNA. The signal is
sensitive to treatment with single-stranded RNA-specific RNase
A (Figure 2C). Next, we used a 24 nt-long model mRNA(MV)
(50-GGCAAGGAGGUAAAAAUGGUUAAA-30) coding for the MV
(Met-Val) dipeptide as an RNA substrate. This mRNA is
commonly used to assemble ribosomal complexes for biochem-
ical investigations.35 mRNA(MV) but not the corresponding DNA
oligo, mDNA(MV), is readily modified by the toxin (Figure 2D). In
liquid culture infection assays, CmdTAC renders E. coli immune
to Bas43 (Figure 1G). This suggests that the systempreferentially
targets Bas43 mRNAs, thus allowing the bacterial host to repel
the infection and continue growing. We used a set of RNA oligos
to test whether RNA modification by O112ab:H26 CmdT is
sequence-specific. None of the homopolymeric 14 nt-long
RNAs (poly(G), poly(C), poly(U), or poly(A)) are effectively modi-
fied (Figure S4). Furthermore, an RNA oligo that is reverse-com-
plementary to mRNA(MV) was not modified, suggesting that the
modification is sequence-specific (Figure 2E). Collectively, our
results establish O112ab:H26 CmdT as a sequence-specific
mRNA-modifying ART toxin.

A pattern of conserved aromatic residues of the HigA
ChAD determines antitoxin solubility and mediates its
recognition by SecBTA

Due to more efficient suppression of TA toxicity by SecBTA co-
expression in the case E. coli NT1F31 HigBAC as compared
with E. coli O112ab:H26 CmdTAC (Figure 1B), the HigBAC is
more experimentally amenable for studying themolecular mech-
anism of ChAD recognition by SecBTA. Therefore, we focused on
this system. We used AlphaFold-multimer36,37 to co-fold the
tetrameric HigC SecBTA in complex with one HigBA TA module
(Figures 3A and S5A). At 96 amino acids (residues 122–218),

ll
OPEN ACCESS Article

1062 Cell Host & Microbe 32, 1059–1073, July 10, 2024



the predicted unstructured HigA ChAD ismore than 2-fold longer
than that of the M. tuberculosis HigA1.19 The ChAD element is
predicted to wrap around the SecBTA tetramer, contributing
four additional antiparallel b-strands to the conserved b-sheet
substructure of the SecB fold. The ChAD b-strands are predicted
to occupy the peptide-binding channel of HigC that was previ-
ously defined by Xu and colleagues for Haemophilus influenzae
SecB.38 Four aromatic residues of the ChAD element—W128,
F158, F188, and Y214—slot into four equivalent pockets of the
chaperone subunits involving residues Y39, N41, R49, and D71
of HigC. Analogous pockets accommodating aromatic and hy-
drophobic ChAD residues were previously observed in the com-
plex of M. tuberculosis SecBTA bound to a short ChAD peptide
fragment.20

The aromatic residues of HigA ChAD are conserved, support-
ing their functional importance (Figure S6A). IDRs often recog-
nize their target proteins through recognition of short linear mo-
tifs (SLiMs) or/and shorter specific sequence features, such as
clusters of aromatic of charged residues.39 Closer inspection
of the four aromatic residues reveals that (1) there is a loose
SLiM consensus associated with the residues: with the excep-
tion of F188, aromatic residues are preceded by polar residue
and followed by an amino acid with a small side chain; (2) the
three potential SLiMs are regularly interspaced across the

ChAD with a step of z30 amino acids; and (3) as predicted by
CamSol,40 F188 is located in a region with a high propensity
for aggregation (Figure 3B), thus suggesting a key role in the de-
stabilizing activity of the ChAD element.
Removal of the predicted ChAD region (D122-218) renders the

E. coli NT1F31 HigA antitoxin able to efficiently neutralize the
HigB toxin in the absence of the chaperone, behaving like a clas-
sical higBA TA pair (Figure 3C). To validate our AlphaFold predic-
tions of specific interactions, we next targeted the four aromatic
residues of the HigA ChAD element. First, we substituted each
individually for alanine and tested the toxicity of the resultant
mutant higBA TA units in the presence or absence of the chap-
erone (Figure 3D). The only mutant higBA TA variant that had a
(very mild) phenotype was the F188A substitution that is pre-
dicted to be a part of the CamSol-predicted aggregation-prone
patch. This TA variant is slightly less toxic than the wild type (Fig-
ure 3D, left), while the HigBA toxicity is still efficiently neutralized
by HigC (Figure 3D, right). Next, we substitutedW128, F158, and
Y214 in combinations, leaving out F188. Although none of the
tested pairwise substitutions abolished the HigC-mediated sup-
pression of toxicity, substitution of the three residues for alanine
completely abrogated the effect of HigC co-expression (Fig-
ure 3D, right). This suggests that although they are not individu-
ally essential for SecBTA addiction, these residues collectively

Figure 2. The E. coli O112ab:H26 CmdT ART toxin disrupts translation through sequence-specific ADP-ribosylation of mRNA
(A) CmdT NAD+-dependently abrogates production of DHFR in cell-free expression assays.

(B and C) CmdT modifies the cmdT-encoding mRNA in the presence of the biotinylated NAD+ (biotNAD+) substrate. The toxin modifies mRNA(CmdT) but not the

protein components of the cell-free expression system (B). The modification signal is sensitive to the addition of RNase A (C).

(D) CmdT modifies the model mRNA(MV) oligonucleotide but not the corresponding DNA oligonucleotide, mDNA.

(E) The model RNA(MV) but not its reverse complement RNA is modified by CmdT in the presence of biotNAD+.
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participate in the interaction through avidity effects. Finally, the
tetra-substituted variant has a dramatically reduced toxicity,
which does not need to be suppressed by HigC. This suggests

that the four residues are collectively essential for rendering the
ChAD-tagged antitoxin aggregation-prone and chaperone-ad-
dicted. Next, we used isothermal titration calorimetry (ITC) to

A

B
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H
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Figure 3. The aromatic residues of the ChAD element play key roles in HigC-dependent neutralization of the HigB toxin by HigA
(A) An AlphaFold model of HigBA TA unit in complex with the HigC tetramer. The four aromatic residues of the HigA ChAD element that are predicted to interact

with the four equivalent pockets of the HigC4 tetramer are highlighted.

(B) CamSol solubility analysis of the HigA ChAD region, residues 122–218. The four putative SLiM motifs are highlighted, while the ChAD section used for ITC

experiments is marked with a dashed box.

(C and D) Toxicity assayswith wild-type andChAD-mutated HigA antitoxin variants. Removal of the ChAD element renders the HigBA TA unit non-toxic, indicative

of efficient HigA stabilization (C). Effects of individual substitutions of the four aromatic residues of the ChAD element onHigBA toxicity (D, left) and its suppression

through co-expression of the HigC (D, right). HigBA and HigC expression was induced by 0.2% arabinose and 50 mM IPTG, respectively.

(E and F) Binding of the wild-type (E) and W128A-substituted (F) HigA121–146 peptide to HigC as monitored by ITC. The stoichiometry is calculated per HigC

protein chain.

(G) Suppression of HigBA toxicity through IPTG-induced co-expression of HigC variants carrying amino acid substitutions in the pocket that is predicted to

recognize the aromatic residues of the HigA ChAD. The R49A HigC variant is unable to suppress the HigBA toxicity.

(H and I) TA and TAC toxicity assays in E. coli BW25113 protease-deficient strains. Indicative of antitoxin degradation by ClpXP, the CmdTA TA unit is non-toxic in

DclpP and DclpX but not Dlon strains (H, left). The CmdTA TA toxicity is abrogated upon the Asp-Asp substitution of the C-terminal Ala-Ala motif of CmdA that is

recognized by ClpX (H). The HigBA TA is toxic in all of the tested backgrounds, suggesting that proteolytic degradation is not essential for ChAD-mediated

destabilization of the antitoxin (I, left). TA and chaperone expression was induced by 0.2% arabinose and 500 mM IPTG, respectively.

(J) Immunoblotting analysis of E. coli BW25113 cells expressing either wild-type or substituted (4*) N-terminally His6-tagged HigA, either in the absence or in the

presence of HigC.

(K and L) Fluorescence and phase contrast microscopy of E. coli BW25113 cells transformed with an empty pBR322 vector or pBR322 derivatives expressing

either mNeonGreen-ChAD alone or mNeonGreen-ChAD together with HigC (K). Quantification of mNeonGreen fluorescence for individual cells from the same

imaging dataset (n = 62–95 cells, the red line represents the median value) (L).
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test the HigC-mediated recognition of a peptide mimicking the
first of the four repetitive SLiM elements of the ChAD region
(Figures 3E and 3F; Table 1). The peptide corresponding to resi-
dues 121–148 of HigA binds HigC with low-mM affinity (KD =
1.3 mM, n = 0.6; n is calculated per HigC monomer). The W128A
substitution targeting the aromatic core of the SLiM abrogates
the interaction, directly validating specificity of the interaction.
Finally, we probed the pockets of the HigC chaperone that are

predicted to recognize the aromatic residues of the ChAD
element. Although alanine substitution of N41 and D71 do not
affect HigC-mediated neutralization of HigBA, the R49A variant
is unable to rescue the growth defect of HigBA-expressing cells
(Figure 3G).

Inactivation of theE. coliNT1F31HigA antitoxin does not
rely on the ClpXP protease
The protease ClpXP recognizes specific motifs, or degrons, that
mark a protein for degradation. The most well-characterized
ClpXP degron is the SsrA-tag. The key element of this tag
is the C-terminal Ala-Ala-COO" moiety.41,42 The ChAD of
M. tuberculosis HigA1 terminates with the similarly aliphatic
Val-Ala dipeptide degron, marking the antitoxin for ClpXP-medi-
ated degradation.18 Substitution of the C-terminal Val-Ala motif
of M. tuberculosis HigA1 for Asp-Asp abolishes antitoxin degra-
dation by ClpXP, rendering the well-neutralized HigBA1 TA unit
non-toxic.18

The ChAD element of CmdA terminates with Ala-Ala, suggest-
ing targeting by ClpXP. The E. coli NT1F31 HigA, on the other
hand, terminates with Leu-Pro, which makes it an unlikely sub-
strate for ClpXP. To test the role of ClpXP in the function of the
two TAC systems, we substituted the terminal AA motif of
CmdA for DD and tested the toxicity of the resultant CmdTA
construct in wild-type BW25113 E. coli (Figure 3H). Consistent
with ClpXP being responsible for the instability of wild-type
CmdA for degradation, the 120AA121/DD mutant CmdTA variant
is non-toxic. Next, we tested the toxicity of the two TA modules
in BW25113 E. coli DclpP, DclpX, and Dlon strains; the latter
strain was used as a specificity control. As expected, the
CmdTA unit is not toxic in DclpP and DclpX—but is toxic in
Dlon—E. coli strains, supporting the direct role of ClpXP in
CmdTAC triggering through antitoxin degradation (Figure 3H).
As expected from its likely lack of a degron in the ChAD element,

HigAB is toxic in all tested protease-deficient backgrounds,
including DclpPX Dlon DhsIVU (Figure 3I). This suggests that
HigBAC activation does not rely on the proteolytic activity of
ClpX, Lon, or HslVU. Rather, it may rely on antitoxin aggregation
or/and clearance by an as yet undetermined protease(s).
To directly probe the effects of HigC on HigA abundance and

solubility, we used immunoblotting (Figure 3J) and fluorescence
microscopy (Figures 3K and 3L). First, we tested the effects of
HigC co-expression as well as simultaneous alanine substitu-
tions of the four aromatic residues of the HigA ChAD element
(W128A, F158A, Y214A, and F188A; referred to as the 4*) on
the expression levels of N-terminally hexahistidine (His6)-tagged
HigA (Figure 3J). In the absence of HigC, wild-type HigA is not
detectable by a-His6 immunoblotting; co-expression of HigC re-
sults in a strong and specific a-His6 signal. Conversely, the 4*
ChAD-mutated HigA is stable regardless of the presence
or absence of HigC. These results demonstrate that the
HigC:ChAD interaction is essential for stabilizing the otherwise
highly labile HigA and, second, that the aromatic residues of
the ChAD element are crucial for its degron function. Next, we
imaged E. coli cells expressing C-terminally ChAD-tagged
monomeric yellow-green fluorescent protein mNeonGreen43

with or without co-expression of HigC; E. coli transformed with
empty pBR322 vector were used as a control (Figures 3K and
3L). In good agreement with immunoblotting experiments,
HigC co-expression increased the fluorescent signal 5-fold. In
the absence of HigC, the mNeonGreen-ChAD fluorescent signal
is weak and evenly distributed throughout the cell with no aggre-
gate formation detected, indicating that the association of HigA
with HigC protects the antitoxin from proteolytic destruction
rather than aggregation.

Toxic activity of the E. coli NT1F31 HigBAC system is
triggered by direct sensing of the l phage major tail
protein gpV
To discover the nature of the phage triggers that activate the
E. coli NT1F31 HigBAC defense system, we isolated sponta-
neous escape mutants of the lvir phage that can overcome
HigBAC-mediated immunity. We sequenced four lvir

escape

mutant phages immune to HigBAC, and all shared the same
S54P substitution in the major tail protein gpV (Dataset S1). In
the absence of HigBAC, wild-type lvir and lvir

escape_1 are similarly

Table 1. Binding parameters of gpV and HigA fragments to HigC

Titrations KD (mM) DH (kcal/mol) "TDS (kcal/mol) DG (kcal/mol) Molar ratio (n)

gpV1–160 into HigC N.D. N.D. N.D. N.D. N.D.

gpV48–78 into HigC 0.25 "3.8 "5.3 "9.1 0.47

gpV48–78
W67A into HigC N.D. N.D. N.D. N.D. N.D.

gpV48–78
61DDED64/AAAA into HigC 7.0 "4.5 "2.6 "7.1 0.49

HigA121–146 into HigC 1.3 "1.9 "6.3 "8.2 0.6

HigA121–146
W128A into HigC N.D. N.D. N.D. N.D. N.D.

(gpV48–78 + HigA121–146) into (HigC + HigA121–146) 6.7 "5.6 "1.6 "7.2 0.5

Experiments were performed with either 30 mMHigC (titrated with 350 mMgpV1–160) or 16 mMHigC (titrated with 160 mMgpV48–78 or HigA121–146, either

wild-type or substituted variants). In the competition experiment, 12 mMHigC supplemented with 18 mMHigA121–146 was titrated with 160 mMgpV48–78

similarly supplemented with 18 mM HigA121–146 to prevent the dilution of the ChAD-mimicking peptide. The binding parameters were determined by

fitting the ITC data to a single interaction model. Data represent mean values ± SD., and N.D. stands for ‘‘not detectable.’’ The presented titrations are

background-subtracted.
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active against E. coli; in the presence of HigBAC only the wild-
type lvir is restricted (Figures 4A, S3E, and S3F). Given that struc-
tural proteins are well-established triggers of antiphage defense
systems,44,45 we focused our attention on gpV as a candidate
HigBAC trigger. S54 is located in a highly flexible region of the
b2-b3 loop (residues 50–78) of the N-terminal domain of gpV
(gpVN, residues 1–160) that mediates polymerization of the
phage tail.46,47 Thus, the S54P substitution would likely
not significantly alter the structural properties of gpV given the
intrinsic flexibility of the region.

To probe the possible physical interaction between gpV and
HigBAC in the context of infection, we N-terminally FLAG-
tagged HigC in the context of the full HigBAC system and per-
formed immunoprecipitation followed by tandem mass spec-
trometry (IP-MS/MS) during infection with both wild-type lvir
and the lvir

escape_1mutant. We sampled at 30 min post-infection,
by which time late genes such as structural proteins are ex-
pected to be expressed.48 gpV is dramatically enriched in
HigC pull-down samples in the case of wild-type lvir as
compared with samples generated using lvir

escape_1 (Figure 4C).
This suggests that the gpV S54P substitution allows lvir

escape to
circumvent HigBAC defense by preventing gpV recognition by
HigC and consequent HigBAC activation.

Prediction of the complex of the gpVN region and the SecBTA

tetramer by AlphaFold-Multimer yielded a high-confidence
model, providing structural insight into howHigBAC could be trig-
gered through direct recognition of the tail protein by the HigC
chaperone (Figures 4D and S5B). The structure suggests that
HigC prevents the folding of the N-terminal amino acid region of
gpVN (aa 1–78), which, reminiscent of the ChAD:SecBTA interac-
tion, becomes linear and largely disordered. The residues consti-
tuting the b2-b3 loop as well as the flanking b-strands b2 and b3
are predicted to wrap around the chaperone, with aromatic resi-
dues W36 and W67 slotting into the same pockets of the chap-
erone that mediate ChAD recognition. The two aromatic residues
are spaced out by z30 residues and are located in a context
similar to that of the ChAD SLiMs, i.e., preceded by an aspartic
acid and followed by a polar residue, serine, or threonine. Finally,
the acidic patchD61DED64 is predicted tomake extensive electro-
static interactions with the chaperone.

Co-expression of wild-type gpV—but not the S54P variant—
induces HigBAC toxicity (Figure 4E). We used this reductionist
system to probe our structural model through mutagenesis.
Co-expression with gpV variants that are expected to compro-
mise the interaction with HigC reveal differences in importance
for activation. Activation is still seen with W36A and—to some
extent—disruption of the acid patch D61DED64. S54P and
W67A variants, on the other hand, do not activate HigBAC
toxicity. Importantly, the N-terminal residues 1–78 of gpVN fused
with a stabilizing C-terminal SUMO (small ubiquitin-like modifier)
tag activates the TAC toxicity more efficiently than the full-length
gpV, with the S54P substitution in gpV1–78-SUMO merely
decreasing its activity but not abolishing it fully as observed in
the case of full-length gpV.

gpV co-translationally competes with HigA ChAD for
binding to HigC
Our structural modeling suggests the topology of the fully folded
gpV is incompatible with the N-terminal region forming a com-

plex with HigC. This is due to the b strands b2 and b3 that flank
the disordered loop b2-b3 coming together to form part of a
twisted b sheet46 (compare Figures 4B and 4D). Supporting
this, the C-terminally truncated and SUMO-tagged gpVN frag-
ment (1–78) lacking the b-sheet element is a more potent acti-
vator of HigBAC than the full-length gpV (Figure 4E). In the
context of infection, where it is assisted by phage-encoded
chaperones gpG and gpGT, gpV readily folds and assembles
into a tail tube superstructure.49 Therefore, we reasoned that
there is only a short window of opportunity for HigC to recognize
the nascent N-terminal fraction of gpV as the protein is still being
synthesized and not yet folded.
To probe the interaction between unfolded gpV and HigC as

would occur in a co-translational context, we designed an un-
structured gpV peptide fragment comprising residues 48–78
that contains the W67 and D61DED64 elements predicted to be
recognized by HigC. ITC experiments showed that the two part-
ners form a tight complex (KD = 250 nM, n = 0.47) (Figure 4F; Ta-
ble 1). The W67A substitution disrupts the interaction between
the gpV48–78 peptide, while the poly-alanine substitution of the
D61DED64 element decreases the affinity more than 20-fold
(KD = 7 mM, n = 0.5; n is calculated per HigC monomer)
(Figures 4G and 4H). By contrast, our ITC experiments detect
no interaction between gpVN (1–160) and HigC, even when the
phage protein is used at 350 mM concentration and HigC at
30 mM, a 5-fold increase compared with the concentrations
used for the peptide-HigC interactions (Figure 4I). The lack of
interaction further strengthens the idea that gpV needs to be
partially folded for gpV:HigC complex formation to take place.
Tomimic HigBAC triggering by gpV, we performed a competition
experiment with the ChAD of HigA. HigC was saturated with
1.5-fold molar excess of the HigA121–148 ChAD-mimicking
peptide, followed by titration with the gpV48–78 peptide while
keeping the ChAD peptide concentration stable. Under these
conditions, gpV48–78 binds HigC with an effective KD of 6.6 mM,
an about 25-fold drop in affinity (Figure 4J), which is strongly sug-
gestive of direct competition between the two peptide ligands
for HigC.
Finally, we probed the HigC:gpV interaction through hydrogen

deuterium exchange mass spectrometry (HDX-MS) (Figures 4K–
M and S5E). To map the binding interface, we compared the
deuterium exchange—a proxy for solvent accessibility—for indi-
vidual HigC and gpV48–78 with that for the HigC:gpV48–78 com-
plex (Figures 4K and 4L). A decrease in deuterium exchange
(DHDX) in the HigC:gpV48–78 complex as compared with un-
bound HigC was localized to b1, b2, b3, and a1 elements of
HigC that constitute the peptide-binding groove as well as the
pockets that accommodate the aromatic residues of the ChAD
(Figure 4M). On the gpV48–78 side, the entire peptide was strongly
protected from deuterium exchange (Figure 4M). These results
are in agreement with AlphaFold modeling and functional
assays.

A hybrid TAC system comprised of the HigC chaperone
and the CmdTA TA unit has an expanded antiphage
defense spectrum and increased potency
Earlier studies have shown that SecBTA chaperones are specific
and preferentially recognize the ChAD elements of cognate TA
modules.19 To establish whether this is also the case for our
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Figure 4. The l phage major tail protein gpV triggers the E. coli NT1F31 HigBAC system
(A) Constitutive Ptet-driven expression of HigBAC provides protection against lvir but not the lvir

escape_1 escape mutant carrying an S54P substitution in gpV.

Complementary liquid culture infection experiments are shown in Figures S3E and S3F.

(B) Experimentally determined structure of gpVN (PDB 2k4q).46

(C) Comparative IP-MS/MS analysis of HigBA_FLAG-HigC pull-down samples purified from E. coli culture infected with lvir and lvir
escape_1mutant reveals relative

enrichment of gpV in the wild-type sample.

(D) An AlphaFoldmodel of the l gpVN domain in complexwith the HigC tetramer. The gpVN
48–78 section used for ITC experiments is highlightedwith a dashed box.

(E) Induction of HigBAC toxicity through co-expression of wild-type and engineered gpV variants. Although expression of either HigBAC or gpV alone has no

effect, their co-expression results in synthetic toxicity. Co-expression of HigBAC with the escape S54P mutant variant of gpV fails to trigger TAC-mediated

toxicity. No triggering is observed for W67A-substituted gpV while decreased triggering is observed for the 61DDED64/AAAA variant. Expression of gpV and its

derivatives was induced by 0.2% arabinose.

(F–J) Binding of gpVN
1–160 protein (I) as well as of gpV48–78 peptide variants (F–H and J) to HigC as monitored by ITC. The stoichiometry is calculated per HigC

protein chain.

(K and L) DHDX between HigC vs. HigC:gpV48–78 (K) as well as gpV48–78 vs. HigC:gpV48–78 (L) plotted as a heatmap.

(M) HigC4:gpV
48–78 AlphaFold model colored as a function of the DHDX. The gpV48–78 fragment is outlined in bold. Only two subunits of the HigC tetramer were

colored for clarity.
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two TAC systems, we tested the ability of non-cognate
SecBTAs—as well as that of housekeeping E. coli SecB—to
neutralize the toxicity of HigBA and CmdTA when expressed in
trans (Figure 5A). As expected, the non-cognate CmdC SecBTA

fails to counter the HigBA toxicity. Surprisingly, however, the
HigC chaperone neutralizes the CmdTA unit efficiently, display-
ing better neutralizing activity than the cognate chaperone
CmdC. Overexpression of the housekeeping E. coli SecB chap-
erone partially suppresses the toxicity of both HigBA and
CmdTA. In the case of HigBA, the housekeeping E. coli SecB
is more efficient than the non-cognate CmdC SecBTA chap-
erone. We have observed analogous results when hybrid

TAC systems were cloned as one operon (Figure S2B), suggest-
ing the failure of CmdC to neutralize HigBA is not due to
the disruption of co-translational folding of the TAC complex
but reflects the intrinsic differences in the two SecBTAs. Although
AlphaFold predictions of CmdT in complex with either the
cognate chaperone CmdC or the non-cognate HigC yielded
models with good quality scores, the independent AlphaFold
runs unfortunately failed to reveal a structural consensus
that could help us rationalize the observed promiscuity (Figures
S5C and S5D).
The ability of HigC to recognize and neutralize the non-

cognate CmdTA makes it possible to directly test the

Figure 5. Engineering of a synthetic antiphage defense system through a combination of theCmdTA toxin-antitoxin unit and theHigC phage-
sensing chaperone
(A and B) Suppression of CmdTA (A) or HigBA (B) toxicity through IPTG-induced co-expression of SecB chaperones: E. coli housekeeping SecB, CmdC, and

HigC; pMG25 was used as an empty vector control. Expression TA and chaperone were induced by 0.2% arabinose and 500 mM IPTG, respectively.

(C and D) E. coli BW25113 strains expressing HigBAC, CmdTAC, or the hybrid CmdTA-HigC TAC operon composed of CmdTA toxin-antitoxin unit and HigC

chaperone were challenged with 10-fold serial dilutions of BASEL23 and common lab coliphages, including the lvir
escape_1 escape mutant variant. (C) depicts

results with select phages, and the results of the full screen are shown in (D).

(E) Growth of E. coli BW25113 carrying the empty vector or the indicated plasmid-encoded TAC systems in the presence of lvir at MOIs of 0, 0.1, 1, and 10. The

shaded areas indicate the standard deviations.

(F) Activity of HigBAC, CmdTAC, and the hybrid TAC in antiphage immunity tested in DclpX E. coli.
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functions of the TA unit and the chaperone in sensing the
phage infection. We cloned the hybrid TAC system comprised
of CmdTA followed by the HigC chaperone for constitutive
expression from a pBR322 derivative plasmid and performed
an immunity screen with the BASEL phage collection. Our
initial naive expectation was that the nature of the SecBTA

chaperone (HigC in this case) would determine the spectrum
of conferred defense, as the spectrum of the recognized
phage triggers is defined by the nature of the chaperone.
However, the result was strikingly different (Figures 5C and
5D). The hybrid TAC has a defense spectrum that (1) almost
fully combines that of the parental systems, affording stronger
protection than either of the parental systems for some
phages (such as lvir and phages in the Tevenvirinae subfam-
ily), (2) expands the spectrum of defense to all the three phage
morphotypes, defending against viruses that were not pro-
tected against by either of the parental systems, such as addi-
tional myo- and siphoviruses (Punavirus P1vir, Bas2 in the
Drexleviridae family, and multiple phages in the Demerecviri-
dae family, including T5) as well as podoviruses from the Auto-
graphviridae family (Bas66 and Bas67, weak protection).
Importantly, the lvir

escape_1 mutant variant efficiently over-
comes the immunity mediated by the CmdTA_HigC system,
suggesting that HigC-mediated phage-sensing operates
similarly in hybrid TAC as it does in the native HigBAC (Fig-
ure 5C). Liquid culture lvir infection assays with increasing
MOI (0.1, 1, and 10) are in good agreement with the plaquing
experiments (Figure 5E). Although CmdTAC fails to provide
any protection against the phage, the hybrid CmdTA-HigC
system renders E. coli growth insensitive to lvir, even at an
MOI of 10. The effect is reminiscent of the full protection
granted by CmdTAC against Bas43 in liquid culture experi-
ments (Figure 1G). The fact that, while sharing the chaperone,
the hybrid system has a broader defense spectrum as
compared with HigBAC suggests that either CmdTA has a
broader spectrum of phages it is active against once triggered
or that CmdTA could play a direct role in sensing the viral
infection.
Finally, we tested the ability of HigBAC, CmdTAC, and the

hybrid TAC to confer antiphage immunity in DclpX E. coli (Fig-
ure 5F). In good agreement with toxicity assays (Figures 3H

and 3I), CmdTAC loses its defensive activity in DclpX
background, while HigBAC is as active as in the wild-type
E. coli. Similarly, the hybrid CmdTA-HigC system is functionally
compromised in DclpX E. coli, which is to be expected
as it shares the ChAD element with the ClpPX-dependent
CmdTAC.

DISCUSSION

The CmdT TAC toxin from E. coli O112ab:H26 provides an
example of an ART enzyme targeting mRNA to inhibit protein
synthesis. Although ART effectors of type VI secretion systems
are known to target RNA, these systems specifically modify
structured RNA: Photorhabdus laumondii Rhs ADP-ribosylates
the 23S rRNA Sarcin-Ricin Loop50 and Pseudomonas aerugi-
nosa RhsP2 targets diverse structured non-coding RNAs
such as tRNA, tmRNA, 4.5S rRNA, and RNase P.51 The first
CmdTAC system to be discovered, PD-T4-9 from E. coli
ECOR22,21 was also recently shown to target mRNA, specif-
ically modifying adenines in GA dinucleotide motifs within
single-stranded RNAs (see the bioRxiv preprint by Vassalo
and colleagues52), thus suggesting the generality of this
mechanism.
This study has shed light on how the chaperone-mediated

recognition of viral structures has been adopted by TAC defense
systems to sense phage infection. Phage structural proteins
provide pathogen-associated molecular patterns (PAMPs)
that are recognized by diverse defense systems such as the
CapRelSJ46 toxSAS fused TA system, Avs STAND NTPases,
HEPN domain-containing systems, the DSR2 NADase system,
and the AbiT abortive infection system.44,45,53–58 Here we show
that HigBAC from E. coli strain NT1F31 senses phage l through
recognition of the major tail protein gpV by the HigC chaperone.
We propose the followingmodel for HigBAC triggering (Figure 6).
In the absence of infection, the inactive TAC complex is co-
translationally assembled, with the aromatic residues of the
HigA ChAD nucleating ChAD recognition by the HigC SecBTA

chaperone. Expression of gpV diverts the holdase activity of
HigC, which leads to inactivation of the HigA antitoxin, unleash-
ing the HigB RNase toxin that restricts the productive phage
replication.

Figure 6. Sensing and abortion of phage infection by HigBAC defense system
In the absence of phage infection, the HigB RNase toxin, HigA antitoxin, and tetrameric HigC4 chaperone form an inert complex. TAC complex formation sta-

bilizes otherwise unstable HigA. Both HigA destabilization and HigA recognition are driven by the aromatic residues located in the ChAD region. Expression of the

l gpV protein is co-translationally recognized by the HigC chaperone, resulting in direct competition between theHigA and themajor tail protein. Destabilization of

HigA triggers HigB toxicity, which, in turn, restricts the phage propagation in the infected cell.
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Phage replication and assembly commonly relies on both host
and phage-encoded chaperones. GroEL/GroES and DnaK/
DnaJ/GrpE chaperone systems were discovered as essential
components for l replication in E. coli through genetic screens
selecting for the gro (inability to grow the phage) phenotype.59

GroEL is essential for folding and assembly of phage structural
elements.60 The dedicated phage-encoded chaperones gpG
and gpGT are essential for the assembly of the l phage tail
from gpV subunits.49,61 In the phage T4, a dedicated co-chaper-
onin gp31 substitutes for GroES to facilitate the folding of the
major capsid protein gp23.62,63 Thus, chaperones and their ef-
fects on modulating protein folding and aggregation are impor-
tant facets of phage infection cycles, host:virus interactions,
and—in the case of prophage-encoded defense systems such
as TACs—virus:virus interactions.

Limitations of the study
This study lays the foundation for detailed studies of TAC-
mediated antiphage defense. To uncover the molecular details,
dedicated experimental structural studies are essential.
Without these, understanding the molecular basis of SecBTA

specificity toward phage triggers and TAC antitoxin ChAD ele-
ments will remain inherently limited. This study relies heavily on
reconstitution of TAC sensing through co-expression of the
identified phage trigger with the TAC system. Characterization
of HigBAC TAC expression and assembly dynamics, along
with its triggering by gpV during phage infection is essential
for uncovering the co-translational nature of the SecBTA-based
sensory system. Dedicated substrate-specificity studies are
needed to uncover the specific RNA species and RNA motifs
targeted by HigB and CmdC TAC toxins. Finally, it is important
to note that the phage defense experiments presented in this
work relied on plasmid-based expression, warranting further
studies of prophage-encoded TAC systems in their native
genomic context.
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Bacterial strains

E. coli K-12 BW25113 Grenier et al.64 N/A

E. coli DH5a Laboratory stock N/A

For other E. coli strains see Dataset S1 N/A N/A

Bacteriophages

For bacteriophages used see Dataset S1 N/A N/A

Chemicals, Peptides, and Recombinant Proteins

Phusion High-Fidelity PCR Master Mix with HF Buffer Thermo Scientific Cat#F531L

Phusion High-Fidelity DNA Polymerase Thermo Scientific Cat#F530L

T4 PNK Thermo Scientific Cat#EK0031

Dpn I Thermo Scientific Cat#FD1703

T4 DNA Ligase Thermo Scientific Cat#EL0011

Zymoclean Gel DNA Recovery Kit Zymo Research Cat#D4008

DNA Clean & Concentrator-5 Zymo Research Cat#D4014

FavorPrep Plasmid Extraction Mini Kit Favorgen Cat#FAPDE 300

Phage DNA Isolation Kit Norgen Biotek Corp. Cat#46850

NEBuilder! HiFi DNA Assembly Master Mix New England Biolabs Cat#E2621L

L-[35S]-Methionine PerkinElmer Cat#NEG009C005MC

[5,6-3H]-Uridine PerkinElmer Cat#NET367250UC

[Methyl-3H]-Thymidine PerkinElmer Cat#NET027W001MC

PURExpress In Vitro Protein Synthesis Kit New England Biolabs Cat#E6800

RNase Inhibitor Murine New England Biolabs Cat#M0314S

Anti-His Tag Antibody (Monoclonal, 9C11) Boster Biological Technology Cat#M30975; RRID: AB_3099525

Anti-RNA polymerase beta antibody [EPR18704] abcam Cat#ab191598; RRID: AB_257896

Goat anti-Mouse IgG (H&L), HRP conjugated Agrisera AB Cat#AS11 1772; RRID: AB_3099526

Anti-Rabbit IgG (whole molecule)–Peroxidase

antibody produced in goat

Sigma-Aldrich Cat#A0545; RRID; AB_257896

HRP-conjugated streptavidin Thermo Scientific Cat#N100

Carbenicillin Gold Bio Cat#C-103

Pierce Anti-DYKDDDDK Magnetic Agarose Thermo Fisher Cat#A36797

cOmplete, Mini Protease Inhibitor Cocktail Millipore Sigma Cat#11836153001

Triton X-100 Millipore Sigma Cat#X100-1L

Benzonase nuclease, Purity >90% Millipore Sigma Cat#70746-3

Ready-Lyse lysozyme Biosearch Technologies Cat#R1810M

10X PBS Buffer Thermo Fisher Cat#AM9625

Sodium Chloride Millipore Sigma Cat#S5886-10KG

0.5M EDTA, pH 8.0 Boston BioProducts Cat#BM-150

Trizma Base Millipore Sigma Cat#T1503-1KG

WesternBright Quantum Advansta Cat#K-12042-D10

Oligonucleotides

For primers used for cloning of

E. coli plasmids see Dataset S1

N/A N/A

5ʹrGrGrCrArArGrGrArGrGrUrArAr

ArArArUrGrGrUrUrArArA3ʹ
Sigma N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

5ʹrUrUrUrArArCrCrArUrUrUrUrUr
ArCrCrUrCrCrUrUrGrCrC3ʹ

Integrated DNA Technologies N/A

5ʹdGdGdCdAdAdGdGdAdGdGdT

dAdAdAdAdAdTdGdGdTdTdAdAdA3ʹ
Sigma N/A

5ʹrArArArArArArArArArArArArArA3ʹ Integrated DNA Technologies N/A

5ʹrUrUrUrUrUrUrUrUrUrUrUrUrUrU3ʹ Integrated DNA Technologies N/A

5ʹrCrCrCrCrCrCrCrCrCrCrCrCrCrC3ʹ Integrated DNA Technologies N/A

5ʹrGrCrGrCrCrGrCrGrCrGrGrGrCrG3ʹ Integrated DNA Technologies N/A

5ʹrCrGrCrCrCrGrCrGrCrGrGrCrGrC3ʹ Integrated DNA Technologies N/A

5ʹrArUrArUrUrArUrArUrArArArUrArArUr
ArUrUrArUrArUrArArArUrArArUrAr

UrUrArUrArUrArArArUrA3ʹ

Integrated DNA Technologies N/A

5ʹrUrArUrUrUrArUrArUrArArUrArUrUrAr
UrUrUrArUrArUrArArUrArUrUrArUrUr

UrArUrArUrArArUrArU3ʹ

Integrated DNA Technologies N/A

5ʹdAdAdAdAdAdAdAdAdAdAdAdAdAdA3ʹ Integrated DNA Technologies N/A

5ʹdTdTdTdTdTdTdTdTdTdTdTdTdTdT3ʹ Integrated DNA Technologies N/A

5’dCdCdCdCdCdCdCdCdCdCdCdCdCdC3ʹ Integrated DNA Technologies N/A

5’dGdCdGdCdCdGdCdGdCdGdGdGdCdG3ʹ Integrated DNA Technologies N/A

5’dCdGdCdCdCdGdCdGdCdGdGdCdGdC3ʹ Integrated DNA Technologies N/A

5ʹdAdTdAdTdTdAdTdAdTdAdAdAdTdAdAdT
dAdTdTdAdTdAdTdAdAdAdTdAdAdTdAdT

dTdAdTdAdTdAdAdAdTdA3ʹ

Integrated DNA Technologies N/A

5ʹdTdAdTdTdTdAdTdAdTdAdAdTdAdTdTd
AdTdTdTdAdTdAdTdAdAdTdAdTdTdAd

TdTdTdAdTdAdTdAdAdTdAdT3ʹ

Integrated DNA Technologies N/A

Deposited data

IP-MS mass spectrometry This study MassIVE: doi: https://doi.org/10.25345/

C5T14V10M

HDX-MS proteomics This study PRIDE: PXD050182

AlphaFold2 predicted structures This study Github: https://github.com/GCA-VH-lab/

tac_ms_af

Phage annotation table, phage clustering

results and the R code

This study Figshare: https://doi.org/10.6084/

m9.figshare.24968247

Recombinant DNA

For E. coli plasmids see Dataset S1 This work N/A

Software and Algorithms

SnapGene GSL Biotech LLC https://www.snapgene.com/

Geneious Prime Biomatters https://www.geneious.com/

AlphaFold2 Song et al.65 N/A

MAFFT Katoh et al.66 RRID:SCR_011811

Jalview Waterhouse et al.67 RRID:SCR_006459

Aliview Larsson68 N/A

UCSF ChimeraX Goddard et al.69 RRID:SCR_015872

PHASTER Arndt et al.70 N/A

FlaGs2 Saha et al.24 N/A

GraphPad Prism 10.1.1 GraphPad Software https://www.graphpad.com/features

Igor Pro 7.07 WaveMetrics, Inc. https://www.wavemetrics.com

Adobe Illustrator 28.0 Adobe Inc. https://www.adobe.com/products/illustrator.html

Adobe Photoshop 28.0 Adobe Inc. https://www.adobe.com/products/photoshop.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Vasili Hauryliuk (vasili.hauryliuk@
med.lu.se).

Materials availability
Plasmids, bacterial strains, and phages used in this study will be provided upon request.

Data and code availability
d Raw data IP-MS mass spectrometry data to are deposited at the MassIVE database and the HDX-MS proteomics data have

been deposited to the ProteomeXchange Consortium via the PRIDE73 partner repository. AlphaFold2 predicted structures
together with the accompanying quality metric scores were deposited at Github. The phage annotation table, results of phage
protein clustering including heatmaps, and the R script used for clustering are available at figshare. The accession numbers for
the datasets are listed in the key resources table.

d The study does not make use of unpublished data or software.
d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains, plasmids, and phages
Bacterial strains, bacteriophages, plasmids as well as oligonucleotide primers used in the study are listed in Dataset S1.
Bacteria
E. coli strains were grown at 37 !C on solid (1.5% w/v agar) or in liquid LB medium. To select for plasmids, the medium was when
needed supplemented with 25 mg/mL chloramphenicol, 100 mg/mL carbenicillin/ampicillin, 50 mg/ml kanamycin, and/or 20 mg/mL
gentamicin. The expression from inducible promoters were controlled by supplementing the medium with appropriate concentra-
tions of glucose/arabinose and/or IPTG. For phage infection of liquid cultures, the medium was supplemented with 10 mM
MgSO4 and 2.5 mM CaCl2.
Bacteriophages
Phages were propagated using the double-agar overlay method using E. coli BW25113 strain as the host. Top agar was prepared as
LB agar (0.5% w/v agar) supplemented with 20 mM MgSO4, and 5 mM CaCl2. Phage stocks were prepared from the top agar layer
and stored in SM buffer (0.1 M NaCl, 10 mM MgSO4, and 0.05 M Tris-HCl pH 7.5) at 4 !C.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NanoAnalyze TA Instruments https://www.tainstruments.com/itcrun-dscrun-

nanoanalyze-software/

NIS Elements AR Nikon https://www.microscope.healthcare.nikon.com/

products/software/nis-elements/nis-elements-

advanced-research

Origin OriginLab https://www.originlab.com/

Fiji Schindelin et al.71 RRID:SCR_002285

CamSol Sormanni et al.72 N/A

Other

Zeta-Probe! Blotting Membranes Bio-Rad Cat#1620153

Trans-Blot! Turbo" Transfer System Bio-Rad Cat#1704150

Amersham" ImageQuant 800 Cytiva Cat#29399484

5910 Ri centrifuge Eppendorf Cat#5943000061

S-4x universal rotor Eppendorf Cat#5895200001

5418 R Centrifuge Eppendorf Cat#5401000064

FA-45-18-11 rotor Eppendorf Cat#5418707005

Optima XPN-80 Ultracentrifuge Beckman Coulter Cat#A95765

SW-41Ti rotor Beckman Coulter Cat#331336
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METHOD DETAILS

Figure preparation
Figures were prepared using UCSF ChimeraX 1.6.1, GraphPad Prism 10.1.1 (GraphPad Software), Igor Pro 7.07 (WaveMetrics, Inc.),
Adobe Illustrator 28.0 (Adobe Inc.) and Adobe Photoshop 28.0 (Adobe Inc.), CamSol40 and Fiji.71

Bioinformatics
Genomic neighbourhood search and multiple sequence alignment
Sequence searching for SecB homologues was carried with PSI-BLAST74 against the RefSeq database, limiting by taxonomy to
Enterobacteriaceae and an E value threshold of 0.01. The query was Lactiplantibacillus garii accession WP_125072952, identified
with NetFlax as a SecB-like protein associated with a MqsRA-like TA.22 Eight PSI-Blast iterations were carried out, with all identified
hits going through to each round, after which no new hits were identified. All 558 hits were used as queries for FlaGs222 (https://
github.com/GCA-VH-lab/FlaGs2) with default settings to produce (Dataset S1). Chaperone and Antitoxin sequences were aligned
using MAFFT L-INS-i.66 Alignments were visualized with AliView68 and Jalview.67 Prophage boundaries were predicted with the
PHASTER70 server.
Structural modeling
Protein structure predictions weremadewith AlphaFold2 v2.3.137 and complexeswere predicted with the AlphaFold-Multimer36 pro-
tocol. The structural template cut-off date was set to May 14, 2020 (–max_template_date=2020-05-14). As per Evans and col-
leagues,36 the quality of multimeric predictions was assessed using a weighted sum of predicted template-modelling (pTM) scores
[pTM (scoring all residues of the model) and ipTM (scoring only the interfacing residues)]: 0.2*pTM+0.8*ipTM, referred to as simply
pTM+ipTM. Models with scoresR0.5 are likely have the correct overall fold,37,75 and we considered models with scoresR0.7 to be
of good quality.
Phage clustering based on proteome similarity
BASEL phages were clustered through hierarchical clustering using pairwise proteome similarity scores as described previously.32

All proteins from the BASEL collection of phages were clustered using MMseqs76 with optional parameters (–cluster-mode 1 –cov-
mode 0 -c 0.7 –min-seq-id 0.3), with each protein being assigned to a cluster corresponding to a set of homologues. To calculate the
similarity scores between the ith and jth phages (sim(i,j)) the number of overlapped homologues was normalized to the size of the ith

proteome. A symmetric proteome composition distance (PCD, dist(i,j)) matrix was calculated with the formula dist(i,j) = 1 – (average
(sim(i,j), sim(j,i))). The clustering was performed in R using the average-linkage method and data were visualized using the Complex-
Heatmap library.77 Phages were annotated with family, subfamily and genus using taxonomic information extracted from the NCBI
Taxonomy database78 (January 2024 version) and ICTV79 (2022 update).

Construction of plasmids
SnapGene (GSL Biotech LLC) and Geneious Prime (Biomatters) software were employed for primer and plasmid map design. All
plasmids were constructed with either circular polymerase extension cloning (CPEC)80,81 with Phusion polymerase (Thermo Scien-
tific), Gibson assembly,82 or ligation of DNA fragments with T4 DNA Ligase (Thermo Scientific). The following TAC genes were used:
CmdT WP_097333619.1, CmdA WP_053886482.1, CmdC WP_053886483.1, HigB WP_112844290.1, HigA WP_112844289.1 and
HigC WP_112844288.1. pBAD33 plasmid (arabinose inducible PBAD promoter) was used to express toxins, TAs and TACs and their
variants, pAS004, a pBAD33 derivative, was used to express lvir gpV and its variants, and pMG25 (IPTG inducible PA1/O4/O3 promoter)
vector was used for expression of chaperones and antitoxins. The HigBA, HigBAC, and their mutated version fragments were in-
serted into the pBAD33 plasmid with a weak Shine-Dalgarno motif (ATTAGAAGAATAAG) from CmdTAC. pAS004, pMG25,
CmdTAC pBAD33 derivates as well as pBAD33-SD-HigB were created with a strong SD (AGGAGGAATTAA). For immunity assays,
TAC regions (coding sequences with 150 bp upstream for HigBAC region, and 118 bp upstream for CmdTAC region and native ter-
minators for both predicted by ARNold83) were cloned into the pBR322 vector under the control of the constitutive Ptet promoter. For
metabolic labelling assays the TAC toxin genes were cloned into pBAD33, either without the Shine-Dalgarno sequence (the more
toxic HigB, VHp1718) or with a strong Shine-Dalgarno sequence AGGAGGAATTAA (the less toxic CmdT, VHp1140). pBR322-
HigBA/FLAG-C construct used for pulldown experiments was created by site-directed mutagenesis using pBR322-HigBAC as a
template. Detailed cloning schemes can be found in Dataset S1. All constructs were verified by sequencing.

Microbiological assays
TA and TAC toxicity assays
The TA regions of E. coli NT1F31 HigBAC system and E. coli O112ab:H26 CmdTAC system were expressed from pBAD33. HigBA
and its derivatives were expressed with a weak Shine-Dalgarno motif from CmdTAC (ATTAGAAGAATAAG), while CmdTA with a
strong Shine-Dalgarno sequence (AGGAGGAATTAA). Chaperones HigC, CmdC, and E. coli BW25113 housekeeping chaperone
SecBwere expressed with a strong SD from pMG25 plasmid. Plasmids were transformed into wild-type E. coliBW25113 or protease
deletion strains. Bacterial cultures from single colonies were grown for five to six hours, adjusted to OD600 1.0, serially diluted (101- to
108-fold) and spotted on LB medium supplemented with 100 mg/mL carbenicillin (Fisher Bioreagents), 25 mg/mL chloramphenicol
(AppliChem) and inducers (0.2% arabinose for TA induction, 50 mM or 500 mM IPTG for chaperone induction). Plates were scored
after overnight incubation at 37 !C. For in cis TAC neutralization assays the CDSs of HigBAC or CmdTAC were expressed from

ll
OPEN ACCESSArticle

Cell Host & Microbe 32, 1059–1073.e1–e8, July 10, 2024 e4

https://github.com/GCA-VH-lab/FlaGs2
https://github.com/GCA-VH-lab/FlaGs2


pBAD33, with a weak SD for HigBAC and a strong SD for CmdTAC. Plasmids expressing the TA or TAC region were transformed into
E. coli BW25113. Bacterial cultures were started from single colonies, grown for five to six hours, adjusted to OD600 1.0, serially
diluted (from 101- to 108-fold) and spotted on LBmedium supplementedwith 25 mg/mL chloramphenicol (AppliChem) and 0.2%arab-
inose for induction. Plates were incubated overnight at 37 !C and scored. All experiments were performed at least three times, repre-
sentative images are shown.
TAC triggering assays
The effects of co-expression of E. coli NT1F31 HigBAC (pBR322 with constitutive Ptet-driven expression) and lvir gpV variants
(pAS004 with arabinose-inducible PBAD-driven expression) were tested on a spot assay. The plasmids were transformed into
E. coli BW25113 and bacterial cultures from single colonies were grown for five to six hours. Optical density was adjusted to
OD600 1.0, serially diluted, and spotted on LB medium supplemented with 100 mg/mL carbenicillin (Fisher Bioreagents), 20 mg/mL
gentamicin (Sigma-Aldrich) and 0.2% arabinose for gpV induction. Plates were scored after an overnight incubation at 37 !C. All ex-
periments were performed at least three times, representative images are shown.
Experimental phage infections
To assess the activity of the TAC systems in phage defence, we performed efficiency of plating assays, essentially as described pre-
viously,22 using the BASEL collection23 and a subset of common laboratory phages (Dataset S1). Briefly, overnight cultures of E. coli
BW25113 cells carrying either an empty vector (pBR322 derivative lacking the tetracycline resistance cassette31) or a TAC system
(pBR322-Ptet-HigBAC (VHp1259), pBR322-Ptet-CmdTAC (VHp1256), or pBR322-Ptet-CmdTA-HigC (VHp1608)) were mixed with top
agar (LBwith 0.5% agar, 20mMMgSO4, and 5mMCaCl2), to a final concentration of 0.075 OD600 units/ml, and overlayed on LB-agar
plates (1.5%agar). Individual phage stockswere 10-fold serially diluted in SMbuffer (0.1MNaCl, 10mMMgSO4, and 0.05MTris-HCl
pH 7.5) and 2.5 mL of each of eight dilutions spotted on solidified top agar plates. Plaque formation was monitored after 6 and 24h of
incubation at 37 !C. The phages that showed sensitivity to at least one system were re-tested towards all three systems using three
different transformants for each plasmid. Plaques were counted after 24 h and the efficiency of plaquing (EOP) was determined for
each repeat by dividing the plaque forming units for a given TAC systemby that for the vector control. The average EOP value from the
three repeats was -log10 transformed, yielding the log10 protection value used in heatmaps. All experiments were performed at least
three times, representative images are shown.

Phage infection of liquid cultures were performed essentially as described previously.32 Three different transformants of E. coli
BW25113 harbouring either an empty vector or a TAC-containing plasmid were grown overnight in LB medium supplemented
with ampicillin, 10 mM MgSO4, and 2.5 mM CaCl2. The cells were diluted to OD600 z 0.075 in the same medium and 100 mL
were added to wells of a 96-well plate. The relevant phages were diluted in SM buffer to generate final MOI values of 10, 1, and
0.1 when 10 mL of the dilution was added to a well. Ten mL of SM buffer were added to control wells. The growth was monitored
at 37 !C in a Synergy H1 (BioTek) plate reader measuring OD600 every 15 min. The growth curves represent the mean of three rep-
licates (n = 3), using different transformants in each replicate, and the shaded areas indicate the standard deviation.
Isolation of bacteriophage escape mutants
To identify bacteriophage escape mutants, 200 ml of overnight culture of E. coli BW25113 strain carrying pBR322-Ptet-HigBAC
(VHp1259) plasmid was infected with 20 ml of different lvir stock dilutions, mixed with top agar and poured on LB agar plate. After
incubation at 37 !C for 24h, plaques with normal morphology (as seen on control culture without the immunity system) were isolated
with a sterile toothpick and re-streaked three times using BW25113 carrying pBR322-Ptet-HigBAC plasmid as the host. High-titer
stocks were prepared from potential escapemutants as described previously.23 Norgen Biotek Phage DNA Isolation Kit (Norgen Bio-
tek Corp.) was used to isolate genomic DNA of bacteriophages. The DNAwas sequenced at theMicrobial Genome Sequencing Cen-
ter and results analyzed using Geneious Prime (Biomatters).

In vivo functional assays
Metabolic labeling with 35S-methionine, 3H-uridine, and 3H-thymidine
For metabolic labelling experiments the E. coliBW25113 strain was co-transformed with the pBAD33 plasmid carrying the toxin gene
of interest (CmdT:VHp1140 and HigB:VHp1718) for L-arabinose-inducible expression and the empty pMG25 vector. Transformed
cells were initially plated on LB plates supplemented with 100 mg/mL carbenicillin, 25 mg/mL chloramphenicol, and 0.2% glucose
(to suppress leaky toxin expression). Using individual E. coli colonies for inoculation, 2 mL liquid cultures were prepared in defined
Neidhardt MOPS minimal media,84 supplemented with 100 mg/mL carbenicillin, 25 mg/mL chloramphenicol, 0.1% casamino acids,
and 0.2% glucose, and grown overnight at 37 !Cwith shaking. Subsequently, experimental 15 mL cultures were prepared in 125 mL
conical flasks in MOPS medium, supplemented with 0.5% glycerol, 100 mg/mL carbenicillin, 25 mg/mL chloramphenicol, as well as a
set of 19 amino acids (lacking methionine), each at a final concentration of 25 mg/mL. These cultures were grown overnight, back-
diluted to a final OD600 of 0.05, and grown at 37 !C with shaking until the OD600 reached 0.2. At this point, 1 mL aliquots (designated
as the pre-induction zero time-point) were transferred to 1.5mL Eppendorf tubes containing 10 mL of the respective radioisotope (35S
methionine - 4.35 mCi, Hartman; 3H uridine - 0.65 mCi, Hartman; or 3H thymidine - 2 mCi, Hartman) and placed in a heat block at 37 !C.
Toxin expression in the remaining 14mL culture was induced by adding L-arabinose to a final concentration of 0.2%. Throughout the
toxin induction time course, 1 mL aliquots were taken from the 15 mL culture and transferred to 1.5 mL Eppendorf tubes containing
10 mL of the appropriate radioisotope (35S methionine, 3H uridine, or 3H thymidine). Radioisotope incorporation was halted after 8 mi-
nutes of incubation at 37 !C by adding 200 mL of ice-cold 50% trichloroacetic acid (TCA) to the 1 mL cultures. Additionally, 1 mL
aliquots were periodically sampled for OD600 measurements. The resultant 1.2 mL culture/TCA samples were loaded onto GF/C
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filters (Whatman) prewashed with 5% TCA and unincorporated label was removed by washing the filter twice with 5 mL of ice-cold
TCA followed by a 5 mL wash with 95% EtOH (twice). The filters were placed in scintillation vials, dried for at least two hours at room
temperature, followed by the addition of EcoLite"-scintillation cocktail (5 mL per vial; MP Biomedicals). After shaking for 15minutes,
radioactivity was quantified using Tri-Carb 4910TR-scintillation counter (Perkin Elmer). Isotope incorporation was quantified by
normalizing radioactivity counts (CPM) to OD600, with the pre-induction zero time-point serving as the reference (set to 100%). All
experiments were conducted in triplicates (n = 3), using three independent cultures initiated from distinct colonies, the data is shown
as geometric means with standard deviations.
Immunoblotting
E. coli BW25113 strain co-transformed with pBAD33 plasmid carrying either the N-terminally His6 tagged higA gene (VHp1720) or its
tetra-substituted version [4*: W128A F158A F188A Y214A] (VHp1722) for L-arabinose-inducible expression, together with either
empty pMG25 vector (VHp1069) or its derivative for IPTG-inducible expression of HigC (VHp1618). Experimental 20 mL cultures
(LB media supplemented with 100 mg/mL carbenicillin, 25 mg/mL chloramphenicol and 50 mM IPTG) were inoculated to an OD600

of 0.05 and grown at 37 !C with shaking until reaching the OD600 of 0.5. Expression of His6HigA was induced by addition of
L-arabinose to a final concentration of 0.2%, 1mL samples were collected after 1 hour, the cells pelleted by centrifugation, dissolved
in 1x SDS-PAGE sample buffer (200 mL for 1 mL of OD600 1.0 culture), denatured at 95 !C for 5 min and 10 mL of the final sample were
resolved on SDS-PAGE (12% acrylamide/bis-acrylamide 37.5:1). Proteins were transferred to BioTrace" NT nitrocellulose mem-
branes (Pall Life Sciences) using the Trans-Blot! Turbo" Transfer System (Bio-Rad), and the membranes were blocked for 1
hour in PBS-T with 5% skimmed milk at room temperature. Blocked membranes were incubated with either primary anti-His-tag an-
tibodies (Boster Biological Technology, M30975; 1:1000) or primary anti-RpoB antibodies (Abcam, ab191598; 1:2000) at 4 !C over-
night in PBS-Twith 1%milk. After three 5-minutewasheswith fresh PBS-T, HRP-conjugated secondary antibodies were added (goat
anti-mouse IgG, Argisera, AS11 1772; 1:5000 or anti-rabbit IgG, Sigma-Aldrich, A0545; 1:5000, respectively; both diluted in PBS-T)
and the membranes were incubated for 1 hour at room temperature. The membranes were washed twice with PBS-T for 5 minutes
followed by one 5-minute wash with PBS. The WesternBright Quantum HRP substrate (Advansta) signal was visualized with Amer-
sham" ImageQuant 800 (Cytiva) imaging system. All experiments were performed at least three times, representative blots
are shown.
Fluorescence microscopy
Fluorescence microscopy was carried out with early-mid logarithmic growth phase E. coli BW25113 cells grown in LB media (Miller)
(10 g l"1 tryptone, 5 g l"1yeast extract, 10 g l"1 NaCl) supplementedwith 100 mg/ml ampicillin formaintaining plasmids at 37 !C. Sam-
ples were immobilized on Teflon-coated multi-spot microscope slides (Thermo Fisher) covered with a thin layer of H2O/1.2%
agarose and imaged immediately. Microscopy was performed using a Nikon TI2 equipped with Nikon CFI Plan Apo DM Lambda
100X Oil objective, CoolLED pE-4000 light source, and Photometrics Kinetix sCMOS camera. Images were acquired with Nikon
NIS-Elements AR software and analyzed with Fiji.71

Immunoprecipitation followed by tandem mass spectrometry (IP-MS/MS)
Overnight cultures containing plasmid-based anhydrous tetracycline (aTc)-inducible HigBAC or HigBA/FLAG-C cells were back-
diluted in 250 mL LB with 0.05 mg/mL carbenicillin and 100 ng/mL aTc and grown at 37 !C to an OD600 = 0.2. Cultures were infected
with either lvir or lvir

escape_1mutant at anMOI 10 and samples collected at 0-, 15-, and 30-minutes post-infection. To collect samples,
the culture was pelleted at 7,500g for 5 minutes, the pellet decanted and then resuspended in lysis buffer (25 mM Tris-HCL, 150 mM
NaCl, 1 mM EDTA, 5% glycerol, 1% Triton X100) supplemented with 1 mL/mL Ready-Lyse" Lysozyme (Fischer Scientific), 1 mL/mL
benzonase (Sigma), and cOmplete" Protease Inhibitor Cocktail (Roche) and then flash frozen in liquid nitrogen. Samples were
thawed and additional lysis buffer added as necessary to normalize sample concentration byOD600 value taken concurrent with sam-
ple collection. Samples were refrozen in liquid nitrogen and thawed to ensure complete cell lysis. Samples were spun at 20,000g for
10minutes at 4 !C to pellet any debris. For each sample, 50 mL of Pierce"Anti-DYKDDDDKmagnetic agarose beads wasmixedwith
450 mL of lysis buffer and then collected to the side of the tube using a magnetic rack. Beads were then washed twice with 500 mL of
lysis buffer. After the final wash, beads weremixedwith 1mL of sample and incubated for 20minutes at room temperature on an end-
to-end rotor. After incubation, beadswere washedwith wash buffer (1X PBS, 150mMNaCl) twice and then once withMilliQ H2O. On-
bead reduction, trypsin digest, and LC-MS/MSwere done as previously.44 Detected peptidesweremapped toMG1655 and l protein
sequences and the abundance of proteins were estimated by number of spectrum counts/molecular mass to normalize for pro-
tein sizes.

Biochemical assays
In vitro translation assays
PURExpress in vitro protein synthesis kit (NEB, E6800) supplemented with 0.8 U/mL RNase Inhibitor Murine (NEB,M0314S) was used
for reactions as per the manufacturer instructions. All reactions contained each ART template plasmids (10 ng/mL, VHp1221) with or
without 0.1 mM NAD+ or 6-biotin-17-NAD+. After a 10-minute incubation at 37 !C, a 1.3 mL aliquot of the reaction mixture was taken
and quenched by addition of 13.7 mL of 2x SDS-PAGE sample buffer (100mM Tris:HCl pH = 6.8, 4% SDS, 0.02% bromophenol blue,
20% glycerol, 20 mMDTT and 4% b-mercaptoethanol), and DHFR template plasmid was added to the remaining reaction mixture at
a final concentration of 20 ng/mL. After further incubation at 37 !C for 1 hour, the reaction mixture was mixed with 9-fold volume of 2x
sample buffer, denatured at 95 !C for 5 min and resolved on SDS-PAGE gel (18% acrylamide/bis-acrylamide = 37.5:1). The SDS-
PAGE gel was fixed by incubating for 5 min at room temperature in 50% ethanol solution supplemented with 2% phosphoric
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acid, washed three timeswith water for 20min at room temperature, and stainedwith ‘‘blue silver’’ solution (0.12%Brilliant BlueG250
(Sigma-Aldrich, 27815), 10% ammonium sulfate, 10% phosphoric acid, and 20% methanol) overnight at room temperature. After
washing with water for 3 hours at room temperature, the gel was imaged on an Amersham" ImageQuant 800 (Cytiva) imaging
system.
Immunoblotting
For streptavidin blotting, the PURExpress reaction was incubated with 0.1 mM 6-biotin-17-NAD+ and 5 nM PCR fragment amplified
with VTK53 and VTK54 primers and VHp1221 template at 37 !C for 2 hours. In the case of model-substrate modification, 0.1 volume
of 100 mM oligo RNA or DNA was added to the reaction at 30 min after starting the reaction then the reaction was incubated at 37 !C
for a further 30min. The sample was denatured in 1x SDS-PAGE sample buffer (for protein) at 95 !C for 5min or in Urea-PAGE sample
buffer (98% formamide, 10mMEDTA, 0.3%BPB and 0.3%Xylene cyanol, for nucleic acids) at 65 !C for 5min, and resolved on SDS-
PAGE (12% acrylamide/bis-acrylamide = 37.5:1) or 8 M Urea-PAGE (6% or 8% acrylamide/bis-acrylamide = 19:1). When using dou-
ble-strand model substrates, the sample was mixed with 0.2 volume of TriTrack DNA Loading Dye (6X) (Thermo Scientific, R1161)
and resolved on native PAGE (8% acrylamide/bis-acrylamide = 19:1). Resolved samples were transferred to Zeta-Probe! Blotting
Membranes (Bio-Rad) using Trans-Blot! Turbo" Transfer System (Bio-Rad). The membrane was blocked in PBS with 3% BSA at
room temperature for 30 min, and the first antibody incubation was performed at 4 !C for one hour in PBS with 3% BSA and HRP-
conjugated streptavidin (Thermo scientific, N100; 1:5,000 dilution). After two 5-minute washes with fresh PBS-T and one 5-minute
wash with PBS, biotinylated ADP signal was imaged on an Amersham" ImageQuant 800 (Cytiva) imaging system using
WesternBright Quantum HRP substrate (Advansta).
Purification of HigC
N-terminally His6-TEV-tagged HigC was cloned in pET28b vector and expressed in E. coli BL21(DE3). Cultures were grown in LB
medium supplemented with kanamycin (50 mg/ml) at 37 !C with aeration. Expression was induced with 0.1 mM IPTG when the cells
carrying the plasmid reached an OD600 nm of # 0.5-0.8 at 25 !C. After induction, the cells were harvested 16h later by centrifugation
and resuspended with buffer (25 mMHEPES, pH 7.6, 300 mMNaCl, 300 mMKCL and 2 mMMgCl2, 1mM TCEP) supplied with com-
plete protease-inhibitor cocktail (Roche). The resuspended cells were flash-frozen in liquid nitrogen and stored at – 80 !C. The cell
extracts were lysed using an Emulsiflex cell disruptor and the lysate was centrifuged to remove cell debris for 45min at 25 000g. Prior
to purification the extract was filter through a 0.45 mmmembrane and loaded onto 1 ml HiTrap Ni NTA column (Cytiva) coupled to an
FPLC (ÄKTA Explorer) equilibrated with buffer A (25 mMHEPES, pH 7.6, 300 mMNaCl, 300 mM KCL and 2 mMMgCl2, 1mM TCEP).
The columnwas washedwith buffer A before proceeding with the elution of HigCwith buffer B (25mMHEPES, pH 7.6, 300mMNaCl,
300 mM KCl and 2 mM MgCl2, 1mM TCEP and 500 mM Imidazole). After tag removal by incubating the protein sample for 10h with
TEV (1:5 molar ratio) at 10 !C the solution was passed through an HiTrap Ni NTA column to trap the protease and the His-tag and
collect the tagless HigC. A final step of size exclusion chromatography was performed with the pooled samples in 25 mM
HEPES, pH 7.6, 300 mM NaCl, 300 mM KCl and 1mM TCEP.
Purification of gpVN

N-terminally His6-TEV-tagged gpVN was cloned in pET28b vector and expressed in E. coli BL21(DE3). Cultures were grown in LB
medium supplemented with kanamycin (50 mg/ml) at 37 !C with aeration. Expression was induced with 0.5 mM IPTG when the cells
carrying the plasmid reached an OD600 nm of# 0.5-0.8 at 25 !C. Cells were harvested by centrifugation 4h after induction and resus-
pended in 25 mM HEPES, pH 7.5, 300 mM NaCl, 300 mM KCl and 10 mM MgCl2, 1mM TCEP supplied with complete protease-in-
hibitor cocktail (Roche). DNase (10 mg/ml) was added to the resuspended cells before they were stored at –80 !C. The cell extracts
were lysed using an Emulsiflex cell disruptor and the lysate was centrifuged to remove cell debris for 45 min at 42 000 g. The extract
was filtered through a 0.45 mm membrane, then loaded onto a gravity-flow column (Cytiva) packed with Co2+-affinity resin equili-
brated with purification buffer (25 mM HEPES, pH 7.5, 300 mM NaCl, 300 mM KCl 1mM TCEP). The column was washed with
10 ml purification buffer, then the protein was eluted stepwise with purification buffer containing 500 mM imidazole. The eluted frac-
tions were transferred to a size-exclusion chromatography (SEC) column Superdex 75 pg (Cytiva), equilibrated in the SEC buffer
(25 mM HEPES, pH 7.5, 150 mM NaCl, 150 mM KCl, 1mM TCEP). The His-TEV tag was removed by incubating with TEV enzyme
(1:50 molar ratio) at 10 !C overnight. The cleaved protein was recovered by passing the sample over a gravity-flow column (Cytiva)
packed with Co2+-affinity resin (Thermo Fisher Scientific).
Isothermal titration calorimetry (ITC)
All titrations were performed with an Affinity ITC (TA instruments) at 30 !C in 25 mMHEPES, 150 mM KCl, 150 mMNaCl, 1 mM TCEP
at pH 7.5 (ITC buffer). The ChAD fragments and the gpV synthetic truncates were directly resuspended in the ITC buffer. The final
concentrations were verified by the OD280 absorption using a Nanodrop One (ThermoScientific). All ITC measurements were per-
formed by titrating a constant volume of 2 ml of peptide or gpVN into the ITC cell (containing HigC at 15 mM) using a constant stirring
rate of 75 rpm. All data were processed, buffer-corrected and analyzed using the NanoAnalyze and Origin software packages. Se-
quences of synthetic polypeptides used in the study are provided in the (Dataset S1).
HDX-MS sample preparation
The HigC protein was concentrated to 100 mM. To prepare the complex of HigC with gpV48-78, the peptide was directly dissolved in
the HigC sample in a 1:4 molar ratio. For each experiment, 10 mL of protein sample (HigC or HigC:gpV48-78 were incubated for 1 min,
5 min, 15min or 60min in 50 mL of labelling buffer (25 mMHEPES pH 7.5, 400mMKCl, 400mMNaCl, 1 mM TCEP) at 20 !C. The non-
deuterated reference points were prepared by replacing the labelling buffer with the equilibration buffer (25 mM HEPES pH 7.5,
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400 mM KCl, 400 mM NaCl, 1 mM TCEP). After labelling, the samples were quenched by mixing 60 mL of pre-chilled quench buffer
(1.2 % formic acid, pH 2.4) with the labelled sample, flash-frozen in liquid N2 and stored at -80 !C.
HDX-MS data collection
Prior to each injection, samples were thaw at room temperature and 150 mL of the quench samples were directly transferred to the
Enzymate BEH Pepsin Column (Waters Corporation) at 200 mL per min and at 20 !C with a pressure of 3 kPSI. Peptic peptides were
trapped for 3 min on an Acquity UPLC BEH C18 VanGuard Pre-column (Waters Corporation) at a 200 mL per min flow rate in water
(0.1% formic acid in HPLC-gradewater, pH 2.5) before elution to an Acquity UPLCBEHC18Column for chromatographic separation.
Separation was done with a linear gradient buffer (3–45% gradient of 0.1% formic acid in acetonitrile) at a flow rate of 40 mL per min.
Peptides identification and deuteration uptake analysis was performed on the Synapt G2 in ESI ± MSE mode (Waters Corporation).
Leucine Enkephalin was applied for mass accuracy correction and sodium formate was used as calibration for the mass spectrom-
eter. MSE data were collected by a 20-30 V transfer collision energy ramp. The pepsin column was washed between injections using
pepsin wash buffer (1.5 M Guanidinium HCl, 4% (v/v) acetonitrile, 0.8% (v/v) formic acid). A cleaning run was performed before
loading the samples to prevent peptide carry-over. Optimized peptide identification and peptide coverage for all samples was per-
formed from undeuterated controls (five replicates). All deuterium time points were performed in triplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments can be found in the figure legends and in the STAR Methods. Statistical analyses were per-
formed using GraphPad Prism 10.1.1, Igor Pro 7.07, Origin and NanoAnalyze. Metabolic labelling experiments were performed trip-
licates (n = 3), using three independent cultures initiated from distinct colonies, the data are shown as geometric meanswith standard
deviations. Median values of mNeonGreen fluorescencewere quantified using data from individual cells from the same imaging data-
set (n = 62 to 95 cells) (Figures 3K and 3L). Spectral counts for each protein in the E. coliMG1655 and lvir proteomes and the HigBAC
system were calculated, and high confidence hits assessed. The ratio of spectral counts between the lvir and lvir

escape_1 escape
mutant infected samples at 30 minutes post-infection with a pseudocount added to each count was used to generate Figure 4C.
The growth curves in Figure 1G, 5G, and S3 represent the mean of three replicates (n = 3), using different transformants in each repli-
cate, and the shaded areas indicate the standard deviation.
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SUMMARY

Rescuing stalled ribosomes often involves their splitting into subunits. In many bacteria, the resultant large
subunits bearing peptidyl-tRNAs are processed by the ribosome-associated quality control (RQC) apparatus
that extends the C termini of the incomplete nascent polypeptides with polyalanine tails to facilitate their
degradation. Although the tailing mechanism is well established, it is unclear how the nascent polypeptides
are cleaved off the tRNAs. We show that peptidyl-tRNA hydrolase (Pth), the known role of which has been to
hydrolyze ribosome-free peptidyl-tRNA, acts in concert with RQC factors to release nascent polypeptides
from large ribosomal subunits. Dislodging from the ribosomal catalytic center is required for peptidyl-
tRNA hydrolysis by Pth. Nascent protein folding may prevent peptidyl-tRNA retraction and interfere with
the peptide release. However, oligoalanine tailing makes the peptidyl-tRNA ester bond accessible for Pth-
catalyzed hydrolysis. Therefore, the oligoalanine tail serves not only as a degron but also as a facilitator of
Pth-catalyzed peptidyl-tRNA hydrolysis.

INTRODUCTION

Cell growth and proliferation critically depend on efficient protein
synthesis. Although most mRNAs are smoothly translated by ri-
bosomes, cleavage or chemical damage to mRNAs, constella-
tions of rare codons, or the polymerization of problematic amino
acid sequences can cause prolonged translational pausing (re-
viewed in Filbeck et al.,1, M€uller et al.,2, and Howard and Frost3).
Such ribosome stalling is detrimental to cells because it seques-
ters ribosomes together with the associated tRNAs in inactive
states, potentially leading to diminished global translation. In
addition, the incomplete proteins trapped in the stalled ribo-
somes could be toxic for the cell. Therefore, organisms from all
domains of life have evolved sophisticated mechanisms dedi-
cated to rescuing and recycling stalled ribosomes and tRNAs
and to targeting the associated truncated nascent peptides for
degradation.
In eukaryotes, stalled ribosomes are recognized and split into

subunits by the combined action of Hbs1/HBS1L, Dom34/
Pelota(PELO), and Rli1/ABCE1 proteins (in yeast/mammals,
respectively),4,5 as reviewed in Franckenberg et al.,6 Buskirk
and Green,7 and Joazeiro.8 Although the resultant 40S subunits

can readily reinitiate new rounds of translation, the split 60S sub-
units remain associated with peptidyl-tRNA (pept-tRNA). Such
60S-nascent chain complexes (60S-NCCs) are targeted by the
ribosome-associated quality control (RQC) apparatus, which re-
cycles ribosomal subunits and tRNAs by facilitating the release
of the nascent polypeptides while tagging them for degradation.9

These goals are achieved by the non-programmed addition of
Ala (in mammals) or Ala/Thr C-terminal tails (‘‘CAT-tails’’ in yeast)
to the nascent chains in a reaction catalyzed by the Rqc2/NEMF
proteins.10 Tailing leads to the extrusion of the nascent protein’s
lysine residues out of the nascent peptide exit tunnel of the ribo-
some, allowing for their ubiquitination by the 60S-NCC-associ-
ated Ltn1/Listerin ubiquitin E3 ligase.11,12 The nascent chain
ubiquitination promotes the extraction and subsequent protea-
somal degradation of the truncated proteins.11,13–15 Additionally,
inmammals, the Ala tails themselves serve as a degron recruiting
other E3 ligases upon the release of the nascent protein.16,17

Recently, an RQC-like mechanism was discovered in bacte-
ria.18 In Bacillus subtilis and a number of other bacterial species
(Figure 1A), the RqcU (MutS2) protein senses ribosomes that
have collided due to translational arrest and promotes the split-
ting of the leading stalled ribosome into the small (30S) and large
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(50S) subunits.19,20 The bacterial 50S-NCC is recognized by the
NEMF ortholog RqcH, which, in concert with RqcP, recruits Ala-
tRNAAla to extend the C terminus of the stalled polypeptide with
an oligo-alanine tail.18,21,22 Following the release of the nascent
chain from the ribosome, the oligo-Ala tail serves as a degron
facilitating the hydrolysis of the incomplete protein by the

Figure 1. Pth is genetically and functionally
linked to the bacterial RQC pathway
(A) Bacterial ribosome-associated quality control

(RQC) pathway.8,19 The factor responsible for dis-

engaging the tRNA and the nascent peptide in the

50S-NCC remains unknown.

(B) Location of the pth gene in the neighborhood of

rqcP (yabO) in the genomes of rqcH-positive bac-

terial species B. subtilis, Streptococcus pneumo-

niae, and Staphylococcus aureus. Location of the

putative transcription termination sites30–32 is indi-

cated by black loops.

(C) Left: distance (number of genes) separating pth

and rqcP genes in the genomes of 767 RqcH-posi-

tive bacteria (light red bars) or separating pth and the

rqcP ortholog hslR (hsp15) in 2,616 RqcH-negative

bacteria (blue bars). Bin size is 100 genes. Right:

zoomed-in section of the histogram of RqcH-posi-

tive bacteria shown on the left.. Bin size is 2 genes.

See also Table S1.

(D) Spot test showing the sensitivity of B. subtilis

DrqcH cells with decreased expression of Pth to

tetracycline. Both WT and Pth-KD cells express

dCas9; Pth-KD strain also expresses pth-specific

sgRNA.33

ClpXP protease.18 The 50S-NCC can also
accumulate in bacteria that lack the
RqcU/RqcH/RqcP system due to the
translation of specific ribosome-destabiliz-
ing nascent peptide sequences,23,24 anti-
biotic treatment,25 heat shock,26,27 and
possibly other stresses.28,29

A critical step in the recycling of 60S- or
50S-NCCs is the eventual uncoupling of
the nascent peptide (Ala/CAT-tailed or
not) from the associated tRNA. Only after
disengaging from tRNA, the nascent chain
can be extracted from the exit tunnel, the
tRNA released, and the large subunit
made available for new rounds of transla-
tion. In eukaryotes, the 60S-NCC-associ-
ated pept-tRNA, which carries a ubiquiti-
nated nascent chain, is targeted by Vms1/
ANKZF1 nuclease. This enzyme disen-
gages the protein from tRNA by endonu-
cleolytically cleaving off the tRNA’s CCA
end34–37 rather than by hydrolyzing the
pept-tRNA ester bond, as it occurs during
conventional translation termination pro-
moted by release factors. In contrast, in
bacteria, it has remained unknown which
cellular factor is responsible for the release

of the nascent peptide from the 50S-NCC and how the release is
coordinatedwith the RQC-catalyzed Ala tailing. Several bacterial
proteins have been proposed to carry out this task, including the
canonical (RF1 and RF2) and non-canonical (ArfB and PrfH)
release factors; some yet-to-be-discovered endonucleases
analogous to the eukaryotic Vms1/ANKZF1; or pept-tRNA
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hydrolase (Pth), an enzyme known to hydrolyze ribosome-free
pept-tRNAs.1,21,26,27,38 However, in the absence of experimental
evidence, none of these proteins so far stand out as strong can-
didates. Indeed, the association of release factors with the ribo-
some is driven to a large extent by their contacts with the small
ribosomal subunit, and they are unlikely to bind to the isolated
large ribosomal subunit; bacterial endonucleases with activity
akin to that of Vms1/ANKZF1 are unknown; the remaining candi-
date, Pth, was described as an enzyme acting upon pept-tRNAs
that drop off the ribosome primarily at the early rounds of trans-
lation.39,40 Furthermore, if Pth were to act upon the 50S-NCC,
how would it access the ester bond of the pept-tRNA enclosed
within the active site of the peptidyl transferase center (PTC) of
the large subunit?
In this paper, we reveal that the stalled pept-tRNA in bacterial

50S-NCCs is in fact released by the action of Pth. We show that
pept-tRNA needs to be partially extracted (pulled back) from the
50S-NCC to render it accessible for Pth-catalyzed hydrolysis.
We further show that Ala tailing facilitates the exposure of the
pept-tRNA ester bond when the folding of the nascent protein
prevents its extraction from the 50S-NCC. Our findings establish

Pth as an integral component of RQC irrespective of whether it
acts in concert with the Ala-tailing system or as a part of alterna-
tive ribosome rescue mechanism(s).

RESULTS

Pth is genetically linked to the RQC pathway
Genes with related functions tend to be closely clustered in
bacterial genomes.41 Therefore, we reasoned that the gene en-
coding the factor responsible for hydrolyzing pept-tRNA in
50S-NCCs may be located in the neighborhood of the genes en-
coding the Ala-tailing machinery. Examining the B. subtilis
genome, we found the Pth-encoding gene pth in close vicinity
of rqcP, which encodes the RqcP protein, the key accessory fac-
tor that facilitates the RqcH-catalyzed addition of the oligo-Ala
tails (Figure 1B). In two other rqcH-positive bacterial species,
Streptococcus pneumoniae and Staphylococcus aureus, pth
and rqcP even reside in the same operon (Figure 1B). These
initial observations prompted us to systematically analyze the
proximity of pth and rqcP across fully sequenced reference bac-
terial genomes. The results of this analysis (Figure 1C) showed
strong genomic association of the pth and rqcP genes specif-
ically in rqcH-positive bacteria (Figure 1C; Table S1), suggesting
that pth may be functionally related to the RQC pathway.
We then asked whether Pth is genetically linked to the RQC

mechanism. Because Pth is essential for bacterial growth and
its gene cannot be deleted, we utilized the B. subtilis pth knock-
down (pth-KD) strain in which pth expression is downregulated
through the inhibition of its promoter by catalytically dead
dCas9 paired with sgRNApth.33 As expected, even though pth-
KD cells showed diminished growth, they could nevertheless
readily form colonies on agar plates. Both pth-KD and DrqcH
strains could also grow on plates with subinhibitory concentra-
tions of tetracycline (Figure 1D), an antibiotic that causes
genome-wide collisions of translating ribosomes and the accu-
mulation of substrates for the RQC pathway.18,42 However,
DrqcH cells where Pth expression was repressed became hy-
persusceptible to this antibiotic (Figure 1D). Synthetic hypersen-
sitivity to tetracycline showed that Pth is not only genomically
associated with one of the key RQC components (Figure 1C)
but also potentially functionally involved in the RQC pathway
(Figure 1D), possibly playing a role in the release of nascent pep-
tides from 50S-NCCs.

Pth can release Ala-tailed nascent peptides from the
50S-NCC
To explore a potential mechanistic role of Pth in the RQC
pathway, we established an in vitro assay for monitoring the
disengagement of an Ala-tailed nascent polypeptide from
tRNA in a 50S-NCC (Figure 2A). The assay exploits the observa-
tion that the newly translated firefly luciferase (Luc) remains inac-
tive until it is released from the tRNA and its C terminus is fully
extracted from the ribosomal nascent peptide exit tunnel.43,44

To prepare 50S-NCCs, a non-stopmRNA encoding Luc followed
by a seven-alanine-residue-long tail (Luc-Ala7) was translated
in vitro by B. subtilis or Escherichia coli ribosomes. Following
translation, ribosomes stalled at the 30 end of the mRNA were
dissociated into subunits, and 50S-NCCs were isolated by

A

B

Figure 2. Pth in B. subtilis lysates hydrolyzes Ala-tailed peptidyl-
tRNAs on split 50S subunits
(A) Principle of the luciferase-based nascent peptide release assay. Luciferase

gains activity only after its release from the ribosome.43

(B) Release of Luc-A7 polypeptide from the 50S-NCC in lysates of Pth-KD

B. subtilis cells. Decreased expression of Pth in Pth-KD cells is induced by

the addition of xylose. Puromycin addition (arrow) releases residual luciferase

from the 50S-NCC. The bar graph shows the efficiency of Pth-mediated

release in lysates from cells with normal (uninduced, gray trace) or low (xylose-

induced, orange trace) Pth expression, estimated relative to the luciferase

activity achieved after puromycin treatment. The error bars show the SD in four

independent experiments. See also Figure S1A.
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sucrose gradient centrifugation (Figure S1A).We then treated the
B. subtilis 50S-Luc-Ala7-tRNA complexes with lysates of
B. subtilis pth-KD cells with a normal or reduced level of Pth
expression and followed protein release in real time by the
appearance of luminescence. Luc-Ala7 release was notably
slower in lysates prepared from cells with diminished Pth expres-
sion than in those prepared from cells with normal Pth activity
(Figure 2B). However, comparable levels of luminescence were
reached in either of the lysates when 50S-NCCs were treated
with puromycin, an antibiotic that facilitates nascent chain
release by serving as a peptide acceptor in the PTC (reviewed
in Aviner45). The results of these experiments implicate Pth in hy-
drolyzing oligo-Ala-tailed pept-tRNA trapped on 50S-NCCs,
thereby supporting the notion that Pth may participate in the
RQC pathway.

RQC-mediated Ala tailing of the nascent peptide
facilitates its release from the 50S subunit
Because a significant fraction of nascent chains in the 50S-NCC
undergo Ala tailing in RqcH-positive bacteria, we asked whether
the ability of Pth to release Luc from the 50S-NCC depends upon
the presence of the Ala tail at the C terminus of the nascent pep-
tide. To address this question, we compared the kinetics of the
release of untailed and Ala7-tailed Luc. Remarkably, the pres-

ence of the Ala7 tail markedly increased the rate of Luc release
from B. subtilis 50S-NCC (Figure 3A), revealing the stimulatory
role of the C-terminal oligo-Ala sequence in pept-tRNA hydroly-
sis. Consistently, even though an Ala-tailing machinery has not
been described for E. coli, the Pth-catalyzed release of Luc
from E. coli 50S-NCC was stimulated by the presence of the
Ala7 C-terminal tail (Figure S2A). The release of untailed Luc
was even less efficient in lysates prepared from B. subtilis pth-
KD or E. coli with reduced Pth activity (Figure S3), confirming
that Pth is responsible for the nascent chain decoupling
from tRNA.
We wondered whether the release of untailed Luc from the

50S-NCC was stimulated by the RqcH/RqcP-mediated Ala
tailing. We found that, in comparison with wild-type (WT)
B. subtilis lysate, the release of Luc from the 50S-NCC was
significantly less efficient in lysates prepared from DrqcH or
DrqcP strains (Figure 3B), which, although being deficient in
Ala tailing, possessed WT levels of Pth activity. Restoring the
Ala-tailing potential by mixing the lysates from DrqcH or DrqcP
strains accelerated the release of the untailed Luc to levels com-
parable to those observed inWT cells lysate (Figure 3B). Not sur-
prisingly, the release of the ‘‘pre-tailed’’ nascent protein from
50S:Luc-Ala7-tRNA complexes was affected to a lesser extent
by the absence of RqcH or RqcP in the cell lysates (Figure 3B).

A

B

C

D

Figure 3. RQC-mediated oligoalanine tailing facilitates the Pth-mediated hydrolysis of pept-tRNA in the 50S-NCC
(A) Release of untailed (Luc) and tailed (Luc-Ala7) luciferase from the 50S-NCC in B. subtilis lysates. Following incubation with lysates, complexes were treated

with puromycin. Luminescence was achieved after puromycin treatment was set as 100%. Bar graph shows Pth-mediated luciferase release relative to that

following puromycin treatment. See also Figures S2A and S3A.

(B) Efficiency of the release of untailed or Ala7-tailed luciferase in lysates of wild-type, DrqcH, or DrqcP B. subtilis cells. ‘‘Lysate mix’’ sample had a 1:1 mixture of

lysates of DrqcH and DrqcP cells.

(C) Effects of antibiotics that interfere with Ala tailing (thiostrepton [Ths]) or not (fusidic acid [Fus] or kirromycin [Kir]) on the Pth-promoted release of untailed (gray

bars) or Ala7-tailed (red bars) luciferase from the 50S-NCC in WT B. subtilis lysate. See also Figure S2B.

(D) Release of untailed luciferase from the 50S-NCC in an in-vitro-reconstituted Ala-tailing/release system composed of its purified protein components (RqcH,

RqcP, Ala-RS, and Pth) and tRNAAla. Release efficiency was estimated relative to that afforded by puromycin treatment. The Coomassie- or ethidium bromide-

stained gels of the purified components are shown on the left.

(A–C) Error bars show SD from four (A and B) or three (C and D) independent experiments.
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The antibiotic thiostrepton has been reported to inhibit Ala
tailing by impeding the interaction of RqcH with 50S sub-
units.22,46 Consistent with the stimulatory role of Ala tailing for
the Pth-mediated pept-tRNA hydrolysis in the 50S-NCC, the
addition of thiostrepton to cell lysates inhibited the release of un-
tailed Luc from the 50S-NCC but did not importantly impact the
release of the Ala-tailed protein (Figure 3C). Antibiotics that
inhibit the elongation factors EF-Tu (kirromycin) or EF-G (fusidic
acid), which are also thiostrepton targets, but are not involved in
Ala tailing, had no effect on the release of untailed or tailed-
nascent proteins (Figure 3C).
The presented data suggest that after ribosome splitting, 50S-

NCC-associated Luc-tRNA remains largely inaccessible to Pth
until the Ala tailing of the nascent protein catalyzed by the
RQC machinery sensitizes pept-tRNA to Pth action. To directly
test this hypothesis, we reconstituted in vitro the tailing/release
system from purified B. subtilis proteins, i.e., each one of the in-
dividual components of the Ala-tailing apparatus (tRNAAla,
alanyl-tRNA synthetase, and the RQC factors RqcH and RqcP)
and Pth (Figure 3D). Although Pth alone, without Ala-tailing ma-
chinery, was unable to release untailed Luc from the 50S-NCC,
efficient release was observed in the presence of RQC factors

and Ala-tRNA. The stimulation of the Pth-mediated Luc release
was likely due to the Ala-tailing reaction, rather than due to the
mere association of RqcH and RqcP with the 50S-NCC, since
the withdrawal of any single RQC component, including Ala-
tRNAAla, from the tailing/release system resulted in background
levels of pept-tRNA hydrolysis (Figure 3D). Combined, our data
highlight the importance of the Ala-tailing machinery for the
Pth-mediated release of the nascent protein from B. subtilis
50S-NCC.
Having established the importance of the nascent chain Ala

tailing for the Pth-catalyzed pept-tRNA hydrolysis in 50S-
NCCs, we next determined the length requirement of the C-ter-
minal oligo-Ala sequence for efficient peptide release. Untailed
Luc-tRNA in the 50S-NCC was largely impervious to hydrolysis
by purified Pth (Figure 4A). The addition of a single alanine resi-
due to the C terminus of Luc only slightly improved the Pth-medi-
ated pept-tRNA hydrolysis, whereas the presence of Ala3, Ala5,
or Ala7 tails greatly stimulated the release of the nascent protein
(Figure 4B). Because the stimulatory effect of the Ala tail pla-
teaued at 5–7 Ala residues, most of the rest of the experiments
were carried out with the Ala7 tail. Importantly, Luc-tRNA and
Luc-Ala7-tRNA non-associated with ribosomes could be hydro-
lyzed by Pth with equally high efficiencies (Figure S4C), indi-
cating that untailed Luc-tRNA is a poor Pth substrate only
when within the large ribosomal subunit and that Ala tailing facil-
itates Pth-mediated hydrolysis specifically in the 50S-NCC.
Consistent with the conservation of the ribosome structure

and properties across bacterial species, the presence of the
Ala tail stimulated the Pth-catalyzed release of Luc also from
E. coli 50S-NCC (Figure S4). Because of the similarity of the ef-
fects, we carried out some of the subsequent experiments using
E. coli 50S-NCC, which can be more readily generated in the
cell-free translation system.

The nature of theC-terminal tail is important for nascent
peptide release from the 50S-NCC
Wewonderedwhether it is themere presence of extra C-terminal
amino acids that is required for or whether the tail’s amino acid
identity is also important for stimulating the release of the
nascent chain from the 50S-NCC. Strikingly, changing the Ala
tail of Luc-Ala7 to the other possible hepta homopeptides
reduced the efficiency of the Pth-mediated release. Thus,
although in the 50S-NCC context, Luc-Ser7 was hydrolyzed
nearly as efficiently as Luc-Ala7, the release of Luc nascent
chains appended with Tyr, Trp, Leu, Pro, Arg, or Lys tails was
very inefficient and comparable to that of the untailed protein
(Figure 4C). tRNAs esterified with Luc carrying Phe7, Ile7, Met7,
His7, Gln7, Glu7, Asn7, Gly7, Asp7, Val7, or Thr7 tails were hydro-
lyzed by Pth with intermediate efficiencies. Luc-Cys7 lacked
enzymatic activity, which prevented testing the efficiency of its
release from 50S-NCCs. Importantly, among all the tested hep-
tapeptide tails, Ala7 was the most efficient in promoting pept-
tRNA hydrolysis and thus 50S subunit recycling.
These results allowed us to conclude that the amino acid iden-

tity of the C-terminal tail introduced by the RQC system is impor-
tant not only for the subsequent degradation of the truncated
protein but also for the release of the nascent peptide from the
50S-NCC.

A B

C

Figure 4. Properties of the C-terminal tail impact the efficiency of
the Pth-mediated release of nascent proteins from the 50S-NCC
(A) Release of untailed (Luc) and tailed (Luc-A7) luciferase from B. subtilis 50S-

NCC by purified B. subtilis Pth and then by puromycin treatment. See also

Figure S4.

(B and C) Release efficiencies of nascent luciferase in (B) B. subtilis 50S-NCC

C-terminally extended with the indicated number of alanine residues or

(C) nascent luciferase in E. coli 50S-NCC extendedwith different heptapeptide

C-terminal tails. In (B) and (C), release carried out by purified respective Pth

was estimated as a ratio of luminescence produced by Pth treatment relative

to that following puromycin treatment. Error bars show SD from three inde-

pendent experiments.
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Figure 5. Nascent protein folding can interfere with Pth-catalyzed pept-tRNA hydrolysis in the 50S-NCC
(A) Model of a 50S-NCC representing 50S subunit associated with pept-tRNA (from the cryoelectron microscopy [cryo-EM] structure of a stalled translation

complex, PDB: 3J9W47).

(B) Modeled structure of the Pth-tRNA complex (from the X-ray structure of the Pth complexed with the tRNA analog, PDB: 3VJR48).

(C) Superposition of the structures shown in (A) and (B) by aligning the tRNA bodies. Shown in red are Pth residues that would sterically clash with elements of the

50S subunit.

(D) Schematics of the experimental setup. With a 29-amino-acid-long linker, the Zn2+-mediated folding of ADR1a in the vestibule of the ribosomal exit tunnel49

should prevent nascent peptide retrosliding and pept-tRNA retraction.

(E, J, and K) Hydrolysis of the pept-tRNA in B. subtilis 50S-NCC by purified B. subtilis Pth. Reactions were performed in the absence (TPEN) or presence of Zn2+,

as indicated. [35S]-labeled unreactive peptidyl-tRNA or Pth-hydrolyzed peptide product was gel separated and detected by autoradiography. Experiments

shown in (E) and (J) were also carried out with E. coli 50S-NCC (see Figures S5A and S5D).

(E) Peptide release from the complex shown in (D).

(F) Constructs similar to those in (D), but with linkers of varying length.

(G) Peptide release from the complexes shown in (F) carried out using E. coli 50S-NCC and purified E. coli Pth.

(legend continued on next page)
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Retraction of the pept-tRNA and exposure of its ester
bond are required for its Pth-catalyzed hydrolysis in
50S-NCCs
We asked why Ala tailing facilitates pept-tRNA hydrolysis specif-
ically in the context of 50S-NCCs. In silico structural analysis
shows that the ester bond of the pept-tRNA residing in the ribo-
somal PTC is sterically inaccessible to Pth (Figures 5A–5C).
Thus, for productive hydrolysis by Pth, the pept-tRNA ester
bond needs to disengage from the PTC active site while retract-
ing its nascent chain backward through the exit tunnel. Ala tailing
may directly or indirectly facilitate the ‘‘retrosliding’’ of the
nascent chain.
To test whether nascent chain retrosliding is a prerequisite for

Pth-catalyzed pept-tRNA hydrolysis in 50S-NCCs, we exploited
the Zn2+-dependent folding of the Zn-finger ADR1a domain. A
previous study has shown that the folding of ADR1a in the vesti-
bule near the opening of the ribosomal exit tunnel exerts a pulling
force on the peptide segment that tethers ADR1a to tRNA49 and
thus should prevent nascent protein retrosliding and pept-tRNA
retraction (Figure 5D). We prepared a 50S-NCC, in which the
tRNA moiety and the ADR1a domain of the pept-tRNA were
separated by a 29-amino-acid-long linker—a length
sufficient for Zn2-mediated ADR1a folding in the vestibule sec-
tion of the exit tunnel near its opening on the solvent side of
the 50S subunit.49 We then analyzed the efficiency of pept-
tRNA hydrolysis by Pth in the presence of ZnCl2 or of Zn2+

chelator N,N,N0,N0-tetrakis(2-pyridinylmethyl)-1,2-ethanedi-
amine (TPEN). When ZnCl2 was present and ADR1a could fold
into a compact structure, pept-tRNA was resistant to the Pth-
catalyzed hydrolysis. In contrast, it was readily hydrolyzed under
Zn2+-depletion conditions when ADR1a was unfolded, and the
nascent chain could likely retroslide through the exit tunnel
(Figures 5E and S6A). Importantly, the presence of ZnCl2 had lit-
tle effect upon the ability of Pth to release Luc-Ala7 (whose
folding is Zn2+ independent) from the 50S-NCC (Figure S5B) or
to hydrolyze ribosome-free pept-tRNA (Figure S5C). Increasing
the length of the linker separating tRNA from ADR1a facilitated
pept-tRNA hydrolysis (Figures 5F–5H), likely because additional
slack in the nascent peptide segment between the tRNA and
ADR1a domain allows the retraction of the pept-tRNA from the
PTC. Consistently, with a more abridged linker (16 amino acid
long), which is too short to allow for the ADR1a domain to fold
in the vestibule, the dependence of pept-tRNA hydrolysis by
Pth in the presence of Zn2+ became less pronounced
(Figures 5F–5H). These data are consistent with the model that
the retraction of the pept-tRNA from the PTC is required for its
hydrolysis by Pth and that protein folding within or outside of
the exit tunnel can sterically block the retrosliding of the nascent
chain, thereby preventing pept-tRNA release from the 50S-NCC
and interfering with the recycling of the large ribosomal subunit.
We then reasoned that Ala tailing may promote the hydrolysis

of the pept-tRNA in the Pth-resistant 50S-NCC by introducing

extra slack in the nascent peptide and facilitating retrosliding
that is otherwise blocked by protein folding. Indeed, the addition
of Ala tails of increasing length to the C terminus of the ADR1a-
containing constructs facilitated the Pth-catalyzed hydrolysis of
the pept-tRNA in the 50S-NCC, even when the folding of the
nascent chain would prevent its retrosliding through the exit tun-
nel (Figures 5I, 5J, and S6D). Finally, consistent with the idea that
the hydrolysis of the 50S subunit-associated pept-tRNA is pro-
moted by tailing, the preincubation of the Pth-resistant 50S-
NCC in our in vitro reconstituted tailing/release system facilitated
Pth-mediated peptide release when all the components of the
Ala-tailing machinery were present (Figure 5K).
Thus, the Ala tailing of a non-retractable nascent protein in the

50S-NCC facilitates its release by making possible the interac-
tion of the Pth active site with the pept-tRNA ester bond. The re-
sults obtained with the ADR1a-based reporter likely explain the
sluggish release of untailed Luc from the 50S-NCC (Figures 3A
and S2A), which is likely prevented by the cotranslational folding
of the nascent Luc protein upon exit from the tunnel.

Antibiotics that stabilize pept-tRNA in the PTC and
prevent its retraction interfere with the Pth-catalyzed
release of the nascent chain from the 50S-NCC
Several antibiotics that interact with the large ribosomal subunit
make direct contacts with either the P-site tRNA (sparsomycin
and blasticidin S)50,51 or the nascent chain that protrudes from
the PTC into the exit tunnel (linezolid and chloramphenicol).52,53

The preincubation of the 50S-NCC carrying Luc-Ala7-tRNA with
such antibiotics significantly inhibited pept-tRNA hydrolysis (Fig-
ure S2B). In contrast, antibiotics that target the initiation complex
(retapamulin) (Figure S2B) or the elongation factors (kirromycin
and fusidic acid) (Figure 3C) had no effect. Thus, small molecules
that impede the disengagement of the pept-tRNA from the PTC
or interfere with the retrosliding of the nascent peptide in the tun-
nel prevent the Pth-catalyzed hydrolysis of the 50S-NCC-associ-
ated pept-tRNA.

DISCUSSION

We have presented evidence here that the release of pept-tRNA
from the 50S-NCC is catalyzed by Pth, revealing this enzyme as
a critical component of the RQC pathway. We show that to
become susceptible to Pth-catalyzed hydrolysis, the pept-
tRNA needs to be dislodged from the PTC of the 50S-NCC
and retracted so that its ester bond becomes accessible to the
Pth active site.
Based on the presented data, we propose a model for the role

of Pth in the mechanism of the ribosome and tRNA recycling as
well as its interplay with the Ala-tailing machinery in RqcH-pos-
itive bacteria, such as B. subtilis (Figure 6). When translation ar-
rest results in ribosome collision, RqcU promotes ribosome split-
ting.19 Conceivably, ribosome splitting could also be collision

(H) Relative efficiency of peptidyl-tRNA hydrolysis as a function of the length of the linker estimated from the gels shown in (G). Error bars represent SD from three

independent experiments.

(I) The construct is similar to that in (D) but C-terminally extended with the number of alanine residues indicated in (J).

(J) Peptide release from the 50S-NCC carrying peptidyl-tRNAs derived from the constructs shown in (I).

(K) Release of the peptide derived from the construct shown in (D) in the presence of the indicated purified components of the Ala-tailing/release system.
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andRqcU independent and caused by other factors. Irrespective
of the cause, the dissociation of the translating ribosome into
subunits results in the formation of the 50S-NCC (stage 1). If
the nascent polypeptide is free to retroslide through the exit tun-
nel, pept-tRNA can easily detach from the PTC. In the absence of
the small ribosomal subunit, pept-tRNA is retained in the 50S-
NCC primarily due to the threading of the nascent peptide
through the exit tunnel, whereas direct interactions of the tRNA
with the PTC are limited to weak contacts of its CCA end with
the 23S rRNA.54,55 Therefore, with the freely sliding nascent
chain, the thermal movement of pept-tRNA in the 50S-NCC
would likely be sufficient to expose its ester bond to Pth (stage
2), leading to pept-tRNA hydrolysis (stage 3). However, the retro-
sliding of the nascent protein would likely be often prevented by
its folding, specific contacts with the tunnel walls, anchoring
within the translocon, or cotranslational interactionswith chaper-
ones or by jamming the tunnel with small molecule ligands, such
as antibiotics or metabolites (reviewed in Wilson and Beck-
mann56). In this case, the ester bond of the pept-tRNA cannot
be properly exposed; the binding of Pth to the 50S-NCC be-
comes futile; and, instead, the recruitment of the Ala-tailing ma-
chinery prevails (stage 4). The addition of Ala residues to the C
terminus of the nascent chain (stage 5) may facilitate retrosliding
by either displacing the tightly folded protein domains or the
nascent chain cellular interacting partners away from the exit
tunnel or by breaking interactions of the stuck polypeptide with
the tunnel walls. In the process of Ala tailing, RqcP stabilizes
pept-tRNA in the PTC, preventing a productive contact of Pth
with the 50S-NCC. Depending on the processivity of Ala tailing
and the kinetics of the binding/dissociation of RqcH/RqcP or
Pth, none of which are currently known, Pth may probe the
50S-NCC at each cycle of Ala incorporation or after the addition

of several Ala residues (stage 6). In any case, once the Ala tail
reaches a length sufficient for the proper exposure of the pept-
tRNA ester bond by retrosliding-mediated retraction, Pth man-
ages to hydrolyze the pept-tRNA, and the nascent protein can
be finally released (stage 7). Accordingly, we propose that in
the RQC pathway, the Ala tailing of stuck peptides serves two
functions: (1) promoting the rapid degradation of the truncated
proteins by appending an oligo-Ala degron, as demonstrated
previously,18 and (2) facilitating the Pth-promoted release of
the nascent polypeptide from the 50S-NCC, expediting the recy-
cling of the tRNA and the large ribosomal subunit.
We found that in comparison with all other amino acid homo-

oligomers, C-terminal tails composed of Ala residues are partic-
ularly beneficial for pept-tRNA hydrolysis in the 50S-NCC. Tailing
with some other small (Ser, Thr, Val, and Gly) or negatively
charged (Asp and Glu) amino acids also stimulates the release
of non-retractable nascent chains. In contrast, positively
charged (Arg and Lys) or bulky (Phe, Trp, and Tyr) amino acids,
as well as Pro residues, do not stimulate 50S-NCC recycling.
Why are Ala tails specifically favorable for pept-tRNA hydrolysis
in the 50S-NCC? It has been shown that free N-acetyl-Ala-
tRNAAla is particularly efficiently hydrolyzed by Pth in compari-
son with other N-acetyl-aminoacyl-tRNAs.57 Thus, tailing with
Ala may be favorable for Pth activity upon the 50S-NCC. Howev-
er, because the rates of hydrolysis of other model pept-tRNA
substrates with varying amino acids57 do not correlate closely
with their ability to stimulate the release of the stuck peptide
from the 50S-NCC, we favor the hypothesis that, regardless of
their merit as Pth substrates, Ala tails facilitate the nascent pep-
tide retrosliding better than other C-terminal oligomers. Interac-
tions of the nascent chain with the PTC-proximal segment of the
exit tunnel are particularly important for translation.40,58–60

Notably, amino acid residues composing the ‘‘release non-stim-
ulating’’ tails are known to establish strong interactions with the
PTC-proximal segment of the exit tunnel,24,61,62 possibly pre-
venting nascent chain retrosliding. The ‘‘non-sticky’’ nature of
the oligo-Ala tail may be particularly favorable for mobilizing
the nascent protein stuck in the ribosomal exit tunnel. Hence,
the evolutionary selection of Ala tailing as a preferred C-terminal
modification for faulty nascent proteins was likely driven by the
ability of the Ala tail to target truncated protein for degradation
as well as its capacity to facilitate pept-tRNA retraction, making
it available for hydrolysis by Pth.
Pth was originally characterized as a protein responsible for of

hydrolyzing free pept-tRNAs that prematurely dissociate from
translating ribosomes.39,40,63 The regeneration of the cellular
pool of deacylated tRNAs necessary for translation is believed
to underly the essentiality of Pth in bacteria.64,65 Our present
work and observations of others23 have shown that the cellular
functions of Pth extend beyond the hydrolysis of free-floating
pept-tRNAs, revealing the role of this essential enzyme in the
ribosome rescue pathway where it facilitates the recycling of
not only tRNAs but also the large ribosomal subunits. How func-
tions of Pth in ribosome rescue contribute to its essentiality in
bacterial cells remains to be determined.
Although in RqcH-positive bacteria, Ala tailing targets trun-

cated proteins for degradation by appending a C-terminal de-
gron, Ala or CAT tailing in eukaryotes serves a similar goal

Figure 6. Role of Pth in tailing-independent and tailing-dependent
ribosome rescue pathways
Tailing independent: 1, ribosome splitting; 2, pept-tRNA retraction; and 3, Pth-

catalyzed pept-tRNA hydrolysis.

Tailing dependent: 1, ribosome splitting; 4, tailing machinery recruitment; 5,

Ala tailing; and 6 and 7, Pth-catalyzed pept-tRNA hydrolysis attempted either

(6) at each round of Ala-addition or (7) after the synthesis of the Ala tail of

specific length.
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primarily by helping the ubiquitination of the nascent chains.11,12

The non-programmed addition of C-terminal residues by the
RQC machinery forces the extrusion of the lysine residues of
the nascent protein chain buried in the exit tunnel, allowing their
ubiquitylation by the 60S-NCC-associated Ltn1/Listerin ubiqui-
tin ligase.11,12 Conceivably, the ubiquitination of the nascent
chain may sterically prevent its retrosliding through the tunnel.
Hence, maybe not surprisingly, the release of ubiquitinated
nascent chains from the 60S-NCC is catalyzed not by the hydro-
lysis of the pept-tRNA ester bond but by the cleavage of the
tRNA’s CCA end by Vms1/ANKZF1 nuclease, whose endonu-
cleolytic activity does not require pept-tRNA retraction from
the PTC.34–37 Remarkably, in vitro data suggest that the release
of the non-ubiquitinated pept-tRNA from the 60S-NCC can be
promoted by Pth1, the eukaryotic ortholog of the bacterial Pth.
Similar to Pth in bacteria, Pth1 action likely requires pept-tRNA
retrosliding that would be abolished by the nascent chain
ubiquitination.37

In B. subtilis and likely in other bacteria that exploit the RqcH/
RqcP-dependent Ala tailing of the nascent peptide in 50S-NCCs,
Pth operates as a component of the RQC pathway. However,
many bacteria that lack RqcH and are thus presumably incapable
of nascent peptide tailing still possess the RqcP ortholog Hsp15,
which interacts specifically with 50S-NCCs.26,27,66 The omnipres-
ence of RqcP homologs suggests that 50S-NCC accumulation is
common even in bacterial species lacking the Ala-tailing machin-
ery. The splitting of the translating ribosome into subunits can
result fromheat shock andother stresses,26,27,66 the actionof spe-
cific ribosome-splitting factors,25,29,67–70 and likely other effectors.
Our data show that, similar to Pth inB. subtilis, E. coli Pth can also
release the nascent protein from 50S-NCCs. These results are
consistent with the previous reports showing that Pth is involved
in releasing polypeptides fromE. coli 50S-NCCs generated during
the translation of the so-called ribosome destabilizing se-
quences.23,24 Extrapolating our finding, it is reasonable to expect
that the hydrolysis of the 50S-NCC-associated pept-tRNA in
RqcH-negative bacteria also relies on the retrosliding of the
nascent peptide in the exit tunnel and dislodging of pept-tRNA
from the PTC. Some cellular polypeptides, for example, intrinsi-
cally unfolded proteins, can be particularly prone to retrosliding.
The retrosliding of others, however, may be cumbersome. In our
experiments, retrosliding could be prevented by the assembly of
the compact ADR1a domain inside the exit tunnel and, likely, by
the folding of the nascent Luc protein outside the ribosome. In
the absence of the C-terminal tailing mechanism, other yet-un-
identified factors might facilitate the exposure of the pept-tRNA
ester bond to the Pth action on 50S-NCCs.
Our findingsmay help develop antibacterial therapies targeting

bacteria-specific ribosome rescue pathways.71,72 Given the dif-
ference in strategies for pept-tRNA release from 50S- and 60S-
NCCs in bacteria and eukaryotes, respectively, and the lack of
structural conservation of bacterial and eukaryotic pept-tRNA hy-
drolases, bacterial Pth emerges as an attractive antibiotic target.
Due to the essentiality of Pth in bacteria, inhibiting its activity
should arrest cell growth and proliferation by preventing the recy-
cling of drop-off pept-tRNAs or hydrolysis of the pept-tRNA in the
50S-NCC. Furthermore, our data show that antibiotics that pre-
vent pept-tRNA retraction either by interfering with the retroslid-

ing of the protein chain through the exit tunnel or by locking
pept-tRNA in the PTC interfere with the Pth-catalyzed release
of the pept-tRNA from the 50S-NCC. Hence, these antibiotics
emerge as not only direct blockers of protein synthesis but also
as inhibitors of ribosome rescue. Consistently, diminishing Pth
activity sensitizes bacteria to the action of several ribosome-tar-
geting inhibitors.73–75 Therefore, successful Pth inhibitors are
expected to act synergistically with some of these drugs, poten-
tiating their action against pathogenic microorganisms.

Limitations of the study
Although the extent of the pulling force upon the nascent protein
chain afforded by the ADR1a domain folding in the tunnel’s ves-
tibule has been investigated,49,76 the details of Luc folding
outside the ribosome are unknown. Similarly, it remains to be
investigated how the sequence of the nascent protein spanning
the exit tunnel affects its retrosliding ability.
Finally, the details of the interplay of Pth and RqcH/RqcP with

the 50S-NCC rely on the kinetics of the binding of these proteins
to and dissociation of these proteins from the 50S subunit with
the tRNA molecule exposed at the interface side of the subunit.
Additional ensemble or single-molecule experiments will be
needed to deduce these kinetics parameters, which will help to
refine the proposed model.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

B. subtilis 168 BGSC 1A1

B. subtilis dCas9 BGSC 1A1278

B. subtilis dCas9/sgRNApth BGSC BEC00530

B. subtilis DrqcH::spcR Crowe-McAuliffe et al.22 VHB256

B. subtilis dCas9/sgRNApth DrqcH::spcR This paper

E. coli C600 Cruz-Vera et al.77 N/A

E. coli C600 pth(Ts) Cruz-Vera et al.77 N/A

E. coli SQ171 pAM55-2 Orelle et al.78 N/A

E. coli JM109 Promega PR-L2001

E. coli BL21(DE3) Sigma CMC-0016

Chemicals, peptides, and recombinant proteins

Spectinomycin Fisher Scientific Cat#215899305

Chloramphenicol Fisher Scientific BP904-100

Erythromycin Sigma-Aldrich E6376

Ampicillin Sigma-Aldrich A9518

Xylose Fisher Scientific AC141001000

RNase-free DNase I Roche Cat#04716728001

Lysozyme Sigma-Aldrich L4919-1G

EasyTag! EXPRESS35S Protein

Labeling Mix, [35S]-

Perkin Elmer NEG772002MC

D-Luciferin Fisher Scientific Cat#88293

Puromycin Sigma-Aldrich P7255

TPEN Sigma-Aldrich P4413

ErmDL-tRNA Syroegin et al.53 N/A

Complete Protease Inhibitor cocktail Sigma-Aldrich Cat#11836153001

Critical commercial assays

PURExpress D (aa, tRNAs) Kit NEB E6840S

PURExpress D Ribosome Kit NEB E3313S

Custom PURExpress D (aa, tRNAs)

D Ribosome Kit

NEB N/A

Phusion High-Fidelity DNA polymerase NEB M0530S

Gibson Assembly Master Mix NEB E2611S

Deposited data

Deposited data This paper https://data.mendeley.com/datasets/kng9rzcx3d/1

Oligonucleotides

See Table S2 This paper N/A

Recombinant DNA

pCA24N-pth(Ec) Kitagawa et al.79 N/A

pCA24N-pth(Bs) This paper N/A

pET24d-rqcH-HTF Takada et al.46 N/A

pET24d-rqcP-TEV-His6 Takada et al.46 N/A

pLAS Nilsson et al.49 N/A

pBESTluc! Promega L492A-C

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maxim
Svetlov (msvet2@uic.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This paper analyzed publicly available genomic data from the National Center for Biotechnology Information using software
described in the papers cited in the References section.

This paper does not report original code.
The original data for the gels and agar plates are deposited to Mendeley (Mendeley Data: https://data.mendeley.com/datasets/

kng9rzcx3d/1).
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Strains, plasmids, and growth medium and primers
TheB. subtiliswild-type strain 16830 and its derivative expressing dCas9 (designated as ‘wild type’) and dCas9/sgRNApth (designated
as ‘pth-KD’)33 were obtained from the Bacillus Genetic Stock Center (BGSC). The rqcH gene in these strains was deleted as
described below. The B. subtilis DrqcH and DrqcP strains22 were provided by Vasilii Hauryliuk (Lund University). The E. coli strain
JM109, used for expression of plasmid-encodedB. subtilis or E. coli Pth, and strain BL21(DE3) utilized for expression of recombinant
B. subtilis RqcH and RqcP were obtained from Promega.

The plasmid pCA24N-pth(Ec) encoding theN-terminally His6-tagged Pthwas from the ASKA library.79 The plasmids pET24d-rqcH-
HTF and pET24d-rqcP-TEV-His6 encoding recombinant RqcH and RqcP proteins were provided by Vasilii Hauryliuk (Lund Univer-
sity). The plasmid pLAS encoding the LepB-ADR1a-SecM sequence49 was provided by Gunnar von Heijne (Stockholm University).
The plasmid pCA24N-pth(Bs) encoding N-terminally His6-tagged B. subtilis Pth was prepared in this study.

The lysogeny broth (LB) medium [1% yeast extract, 0.5% tryptone, 1% NaCl (all w/v)] was used for growth of B. subtilis and
E. coli cells.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MAFFT L-INS-i version 7.453 Katoh and Standley80 https://mafft.cbrc.jp/alignment/software/

HMMER v3.3.2 HMMER hmmer.org

TrimAl v1.2 Capella-Gutierrez et al.81 http://trimal.cgenomics.org/downloads

IQ-TREE v1.6.12 Nguyen et al.82 http://www.iqtree.cibiv.univie.ac.at/

JalView v.2.11.2.0 Waterhouse et al.83 https://www.jalview.org/download/

FigTree v.1.4.4 Andrew Rambaut Group https://github.com/rambaut/figtree/

FlaGs Saha et al.84 https://github.com/GCA-VH-lab/FlaGs2

UCSF Chimera Pettersen et al.85 https://www.cgl.ucsf.edu/chimera/download.html

Prism 9 GraphPad https://www.graphpad.com/

ImageJ Schneider et al.86 https://imagej.net/ij/index.html

R version 4.2.2 The R Project for

Statistical Computing

https://cran.r-project.org/mirrors.html

Other

Zirconium Beads BioSpec Cat#11079101Z

HisTrap HP column GE Healthcare Cat#17-5248-01

HiTrap Butyl FF column GE Healthcare Cat#17-5197-01

Microplate reader Infinite M200Pro Tecan Cat#30050303

Prep homogenizer MP Biomedicals Cat#116004500
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The sequences of all oligonucleotides are specified in Table S2, the relevant sequences of the templates used for in vitro translation
are shown in Table S3.

METHOD DETAILS

DNA manipulations
Construction of the pCA24N-pth(Bs) plasmid
All PCR reactions were performed using Phusion"High-Fidelity DNA polymerase (New England Biolabs) and PCR products were
purified using PCR-purification kit (Zymo Research).
TheB. subtilis pth gene was PCR-amplified from chromosomal DNA of the strain 168 using amixture of four primers: Fwd-PTHBs-1

(0.05 mM), Fwd-PTHBs-2 (0.5 mM), Rev-PTHBs-1 (0.05 mM), and Rev-PTHBs-2 (0.5 mM). The amplified gene was used to replace the
E. coli pth gene in the pCA24N-pth(Ec) plasmid by Gibson assembly.87

Constructing DNA templates for in vitro transcription-translation
DNA templates for in vitro transcription-translation specifying non-stop mRNAs encoding firefly luciferase (Luc) (untailed or C-termi-
nally tailed) were prepared by PCR-amplifying the luc gene from the pBESTluc! plasmid (Promega) using primers Fwd-T7-Luc
(0.5 mM), Fwd-Luc (0.05 mM), and 0.5 mMof one of the specific reverse primers designed to obtain luciferase proteins with the desired
C-terminal tails (Table S2).
DNA templates for non-stop mRNAs encoding the peptides with the ADR1a domain were prepared in two consecutive PCR re-

actions. First, the ADR1a-encoding sequence was amplified from plasmid LepB-ADR1a-SecM49 using forward primer Fwd-
ADR1a and one of the specific Rev-ADR1a reverse primers to obtain the desired linker sequence. The resultant DNA products
were then used as templates for the second round of PCR using Fwd-T7-ADR1a, introducing the T7 RNA polymerase promoter
and the ribosome binding site, and one of the specific SecM reverse primers (Rev-SecM, Rev-SecM-A3 or Rev-SecM-A7) designed
to obtain ADR1a-containing peptide with the desired C-terminal tails (Table S2).

Phylogenetic analysis
Representative sequences of RqcP and Hsp15 were obtained from a previous phylogenetic study (the mmc3 dataset) and aligned
with MAFFT L-INS-i version 7.453.80 Hidden Markov Models (HMMs) profiles were built using the alignments with HMMER v3.3.2
hmmbuild.
The proteome from complete bacterial reference genomes (May 4, 2023) were downloaded from NCBP FTP. RqcP and Hsp15

homologues were identified using the HMMs profiles with HMMER v3.3.2 hmmscan with an E value cut-off of 1e!10. Sequences
were aligned with MAFFT L-INS-i version 7.453, with alignment positions with >50% gaps removed using TrimAl v1.2.81

Phylogenetic analysis was executed using IQ-TREE v1.6.1282 (http://iqtree.cibiv.univie.ac.at/,) with default parameters and 1000
ultrafast bootstrap replicates.88 Within the analysis, ‘LG + I + G’ was automatically selected and used as the best-fit substitution
model. JalView v.2.11.2.083 and FigTree v.1.4.4 (https://github.com/rambaut/figtree/) were used respectively for alignment and
phylogenetic tree visualization.

Gene distance and neighborhood analysis
Homologues fromPth and RqcHwere identified using HMMER v3.3.2 Jackhmmer with amaximum number of 100 iterations and an E
value cut-off of 1e!10. Gene distance, defined as the number of coding genes between rqcP and pth, was determined from the gtf
genome files. Gene neighborhood analysis was performed using FlaGs84 (https://github.com/GCA-VH-lab/FlaGs2) using Pth as
query with 11 flanking genes. R version 4.2.2 was used to create and perform the gene distance distribution figures and statistical
analyses.

Construction of B. subtilis strains
To delete the rqcH gene, the dCas9 (wild type) and dCas9/sgRNApth (pth-KD) B. subtilis strains were transformed according to the
protocol described in Kunst and Rapoport89 with a linear DNA amplified from the genome of the B. subtilis rqcH::spc strain22 using
primers Fwd-RqcH and Rev-RqcH. Transformants were selected on LB agar plates containing spectinomycin (100 mg/mL) and the
deletion of the rqcH gene in the recipient cells was confirmed by PCR.

Preparation of B. subtilis lysates
Overnight cultures of B. subtilis cells were inoculated 1:1000 into 25 mL of fresh LBmedium (containing or not 1% xylose) and grown
at 37oC. Upon reaching exponential phase (A600 " 0.7), cultures were rapidly cooled down by adding equal volume of ice and cells
were harvested by centrifugation at 4#C for 5min at 5,500 rpm in JA-25.50 rotor (Beckman). Cell pellets were resuspended in 0.25mL
of lysis buffer (50 mM HEPES-KOH, pH 7.0, 100 mM NaCl, 10 mMMgCl2, 5 mM CaCl2, 0.4% Triton X-100, 0.1% NP-40) containing
1 mg/mL lysozyme, 40 units of DNase I and 0.8% Complete Protease Inhibitor cocktail. Cell suspension was mixed with 290 mg of
0.1 mm zirconium beads (BioSpec Products) and lysed using Fast-Prep homogenizer for 1 min at 6.5 m/s (BaneBio). The resultant
lysates were clarified by centrifugation at 4#C for 10 min at 21,000 rcf in the Eppendorf microcentrifuge, the supernatants were
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collected, flash frozen in liquid nitrogen and stored at -80#C. Prior to use, the lysates were diluted with the cold lysis buffer to A260

of 1.0.

Preparation of 50S-NCC
The complexes of 70S ribosomes carrying different stalled peptidyl-tRNAs were generated by in vitro transcription-translation of the
corresponding DNA templates in the PURExpress D ribosome cell-free system (New England Biolabs). The ribosomes were supple-
mented to a final concentration of 3.6 mM. Ribosomes from B. subtilis strain 168 or E. coli strain SQ171 pAM55-278 were isolated as
described.90 To generate stalled ribosomes carrying radiolabeled nascent peptides, the reactions contained 50 mM of unlabeled
methionine and 1.1 mCi/mL of EasyTag Express 35S Protein Labeling Mix (PerkinElmer) with a specific activity of 1175 Ci/mmol. After
assembling the reaction components (final volume 50 mL), reactions were initiated by adding 0.5 mg of templates. To prevent tmRNA-
mediateddecayof 70S:peptidyl-tRNAcomplexesaccumulatedduring transcription-translation, all reactionswere supplementedwith
5 mMof anti-tmRNADNAoligonucleotide (Table S2). After 1h incubation at 37

#
C (for the reactionswithB. subtilis ribosomes) or at 30

#
C

(for the reactions with E. coli ribosomes), samples were diluted with an equal volume (50 mL) of cold 10/100 buffer containing 20 mM
HEPES-KOH, pH 7.5, 10mMMg(OAc)2, 100mMKOAc, 2mMDTT and loaded onto 5-20%sucrose gradient in ribosome dissociation
buffer (20 mM HEPES-KOH pH 7.5, 1 mM Mg(OAc)2, 100 mM KOAc, 2 mM DTT). Gradients were centrifuged at 40,000 rpm for 2.5
hours at 4

#
C in a SW41Ti rotor and fractionated using Gradient Fractionator (BioComp Instruments). Fractions containing the

Luc-based 50S-NCC were collected, flash frozen in liquid nitrogen, and stored at -80#C. The similarly isolated 50S-NCCs from the
reactions generating [35S]-labeled nascent ADR1a peptides, were pelleted by centrifugation at 100,000 rpm for 5 h in a S110AT rotor
(Hitachi). The pellets were resuspended in 25 mL of 10/100 buffer, flash frozen in liquid nitrogen, and stored at -80#C.

Protein expression and purification
B. subtilis RqcH and RqcP were expressed in the E. coli BL21(DE3) strain and purified generally following the described procedure46

with minor modifications. Specifically, for RqcP purification, fractions containing RqcP eluted from a 5 mL HisTrap HP column were
combined and dialyzed against buffer 25 mM HEPES-KOH, pH 7.5, 5 mMMgCl2, 500 mM KCl, 10% glycerol, and 1 mM b-mercap-
toethanol. The proteins was aliquoted, flash frozen in liquid nitrogen, and stored at -80#C.

B. subtilis and E. coli Pth proteins were expressed in E. coli JM109 cells. Colonies of the freshly transformed cells were inoculated
into 1 L LB medium containing 20 mg/mL chloramphenicol and grown at 37#C with intense agitation. When the cultures reached A600

of 0.5, IPTGwas added to the final concentration of 1mMand growth continued for an additional 2 h at 37#C. Cells were harvested by
centrifugation, resuspended in 30 mL binding buffer (20 mM HEPES-KOH, pH 7.5, 10 mM Mg(OAc)2, 100 mM KOAc, and 0.5 mM
DTT) supplemented with 1% Complete Protease Inhibitor cocktail, and lysed by one passage through a French press (SLM Aminco,
Inc). Cell debris was removed by centrifugation at 17,000 rpm for 30 min at 4#C in a JA-25.50 rotor (Beckman Coulter). Clarified ly-
sates were filtered through a 0.2 mm syringe filter and loaded onto a 5 mL HisTrap HP column (Cytiva) pre-equilibrated in binding
buffer. The column was washed with 5 column volumes of binding buffer and then with 5 volumes of the same buffer supplemented
with 20 mM imidazole. The Pth was eluted with a linear gradient of imidazole (20-500 mM) in binding buffer. Pth-containing fractions
were combined and dialyzed against either 10/100 buffer (for B. subtilis Pth) or 10 mM Tris-HCl, pH 7.5 (for E. coli Pth). After dialysis,
proteins were aliquoted, flash frozen in liquid nitrogen and stored at -80#C.

Luciferase release assay
Aliquots (25 mL) of Luc-based 50S-NCCwere thawed on ice andmixedwith an equal volume of the Assay Buffer (20mMHEPES-KOH
pH 7.5, 19 mMMg(OAc)2, 100 mM KOAc, 2 mM DTT, 2 mM ATP and 0.2 mM D-luciferin). The mixtures (50 mL) were transferred into
wells of 384-well black/clear assay plates (Falcon) and placed into amicroplate reader (InfiniteM200Pro, Tecan) pre-set at 30#C. After
recording the background luminescence for 2min, the release of nascent luciferase from 50S-NCCwas initiated by addition of 1 mL of
bacterial lysate or purified Pth (0.15 mM). The time course of light emission reflecting accumulation of enzymatically active released
protein was recorded over time.

The tailing/release reactions on Luc-tRNA 50S-NCCs were carried out at 30#C in the Buffer 20 mM HEPES-KOH pH 7.5, 10 mM
Mg(OAc)2, 100 mMKOAc, 2 mMDTT, 2 mM ATP supplemented with purified B. subtilis or E. coli components added to the following
final concentrations: 3 nM Pth (B. subtilis), 30 nMRqcH (B. subtilis), 30 nMRqcP (B. subtilis), 120 nM alanyl-tRNA synthetase (E. coli),
50 mg/mL tRNAAla (E. coli), and 0.2 mM L-alanine. After the specified times, puromycin was added to the reactions to the final con-
centration of 0.5 mM to release residual nascent Luc from 50S-NCC.

Pth-mediated pept-tRNAs hydrolysis in ADR1a-containing 50S-NCC
For Pth-mediated pept-tRNA hydrolysis, 33 pmol of 50S-NCC carrying [35S]-labeled ADR1a nascent peptides were placed in 5 mL of
10/100 buffer containing 0.1 mM ZnCl2 or TPEN (N,N,N0,N0-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine). After incubation for 5 min
at 30#C, 0.5 mL of 3 mMPth was added to the mixtures and incubation continued for 15 min. The reactions were then mixed with 5 mL
of 2x Tricine loading buffer (Bio-Rad) and resolved using Bis-Tris SDS-PAGE (https://openwetware.org/wiki/Sauer:bis-Tris_SDS-
PAGE,_the_very_best) to prevent spontaneous hydrolysis of pept-tRNAs ester bonds. Gels were stained, dried, and exposed over-
night to a phosphorimager screen. Radioactivity was visualized in the Typhoon Trio phosphorimager (GE Healthcare). The intensity of
the bands was quantified using ImageJ.86
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Hydrolysis of ErmDL-tRNA in cell lysate
Four pmol (100 ng) of ErmDL-tRNA53 were incubated in 10 mL of 10/100 buffer with 0.5 mL of the B. subtilis lysate prepared as
described above. After incubation for 15 min at 30#C, the reactions were mixed with 10 mL of 2x Tricine loading buffer (Bio-Rad)
and resolved in Bis-Tris SDS gel ((https://openwetware.org/wiki/Sauer:bis-Tris_SDS-PAGE,_the_very_best). Gels were stained
with ethidium bromide and tRNA bands were visualized in ChemiDoc MP Imaging System (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assigned using Prism Version 9 (GraphPad). Each dot represents an individual experiment. The specific
tests, number of experiments and dispersion and precision measures are indicated in the Figure legends.
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Significance

Toxin–antitoxin systems are 
enigmatic components of 
microbial genomes, with their 
biological functions being a 
conundrum of debate for decades. 
Increasingly, TAs are being found 
to have a role in defense against 
bacteriophages. By mapping and 
experimentally validating a core 
combinatorial network of TA 
systems and high- throughput 
prediction of structural interfaces, 
we uncover the evolutionary scale 
of TA partner swapping and 
identify toxic effectors. We validate 
the predicted toxin:antitoxin 
complex interfaces of four TA 
systems, uncovering the 
evolutionary malleable 
mechanism of toxin neutralization 
by Panacea- containing PanA 
antitoxins. We find TAs are 
evolutionarily related to several 
other phage defense systems, 
cementing their role as important 
molecular components of the 
arsenal of microbial warfare.
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The structural basis of hyperpromiscuity in a core combinatorial 
network of type II toxin–antitoxin and related phage defense 
systems
Karin Ernitsa,1,2, Chayan Kumar Sahaa,1 , Tetiana Brodiazhenkob, Bhanu Chouhana,c, Aditi Shenoyd , Jessica A. Buttresse , Julián J. Duque- Pedrazaa,  
Veda Bojara, Jose A. Nakamotoa , Tatsuaki Kurataa, Artyom A. Egorova, Lena Shyrokovaa , Marcus J. O. Johanssona , Toomas Metsa,b ,  
Aytan Rustamovab, Jelisaveta Džigurskib , Tanel Tensonb , Abel Garcia- Pinof, Henrik Strahle , Arne Elofssond , Vasili Hauryliuka,b,g,h,2 ,  
and Gemma C. Atkinsona,h,2
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Toxin-antitoxin (TA) systems are a large group of small genetic modules found in 
prokaryotes and their mobile genetic elements. Type II TAs are encoded as bicistronic 
(two- gene) operons that encode two proteins: a toxin and a neutralizing antitoxin. 
Using our tool NetFlax (standing for Network- FlaGs for toxins and antitoxins), we have 
performed a large- scale bioinformatic analysis of proteinaceous TAs, revealing intercon-
nected clusters constituting a core network of TA- like gene pairs. To understand the 
structural basis of toxin neutralization by antitoxins, we have predicted the structures 
of 3,419 complexes with AlphaFold2. Together with mutagenesis and functional assays, 
our structural predictions provide insights into the neutralizing mechanism of the 
hyperpromiscuous Panacea antitoxin domain. In antitoxins composed of standalone 
Panacea, the domain mediates direct toxin neutralization, while in multidomain anti-
toxins the neutralization is mediated by other domains, such as PAD1, Phd- C, and 
ZFD. We hypothesize that Panacea acts as a sensor that regulates TA activation. We 
have experimentally validated 16 NetFlax TA systems and used domain annotations 
and metabolic labeling assays to predict their potential mechanisms of toxicity (such 
as membrane disruption, and inhibition of cell division or protein synthesis) as well 
as biological functions (such as antiphage defense). We have validated the antiphage 
activity of a RosmerTA system encoded by Gordonia phage Kita, and used fluorescence 
microscopy to confirm its predicted membrane- depolarizing activity. The interactive 
version of the NetFlax TA network that includes structural predictions can be accessed 
at http://netflax.webflags.se/.

toxin | antitoxin | AlphaFold | phage | Panacea

Toxin- antitoxin (TA) systems typically consist of two adjacent, often overlapping genes 
that encode a toxin whose expression causes growth arrest and a cognate antitoxin that 
negates the toxic effect (1). Based on the nature and mode of action of the antitoxin, TA 
systems are classified into eight types depending on the mechanism of toxin neutralization 
and whether the components are RNA-  or protein- based (2). The most common group 
of proteinaceous TA pairs is type II, where the protein antitoxin directly binds to the 
protein toxin to sequester it into an inert complex (2).

The first TA operon to be discovered, ccdAB, was identified due to its stabilizing effect 
on plasmids (3). The rate of TA discovery has dramatically increased as high- throughput 
approaches for TA identification have been developed. Systematic experimental discovery 
of TAs was first achieved using shotgun cloning for identification of toxic ORFs (4). As 
the number of sequenced genomes and known TAs have grown, sensitive sequence search-
ing and “guilt by association”—i.e., conserved colocalization of toxin and antitoxin as a 
bicistronic operon—have been used for discovery of new TA systems (5–12). Our 
bioinformatics- driven TA identification relies on analysis of gene neighborhood conser-
vation using an approach that is sensitive enough to find remote similarity even in small, 
divergent proteins (9, 13, 14).

TA systems are ubiquitous in microbial life, and their wide distribution and extreme 
diversity of TAs has driven the search to discover the biological roles of these systems (2). 
Increasingly, TAs are being discovered to mediate defense against phages (15, 16), and 
large- scale exploratory and focused mechanistic approaches have rapidly advanced the field 
(16–22).

Being frequently horizontally transferred components of accessory genomes, TA systems 
have patchy distributions across genomes (5). It has long been known that type II toxins 
and antitoxins have a degree of modularity, in that they can swap partners through evolution 
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(5, 8, 11, 24, 25). The hyperpromiscuous antitoxin domain 
Panacea is a striking example of how extensive TA partner swapping 
can be, with Panacea- containing antitoxins (PanA) being paired 
with dozens of different evolutionary and structurally unrelated 
toxin domains (PanTs) (14). This suggested that the Panacea 
domain may have inherent properties that enable it to neutralize 
multiple unrelated toxins through an unknown mechanism (14). 
However, a structural understanding of PanA- mediated neutrali-
zation has been lacking. Furthermore, while Panacea’s hyperprom-
iscuity is remarkable, it is unclear just how much this is paralleled 
in other antitoxins.

In this study, we have systematically explored the TA partner 
swapping network using NetFlax (standing for Network- FlaGs for 
toxins and antitoxins), an iterative implementation of our gene 
neighborhood analysis tool FlaGs (13), followed by experimental 
validation and characterization of TA systems. We have identified 
3,597 systems within which there are 278 distinct homologous clus-
ters of proteins in 275 distinct combinations of two- gene modules. 
We have structurally annotated our network of TA- like two- gene 
architectures through high- throughput prediction of TA complex 
structures using AlphaFold2 (26) implemented in the FoldDock 
pipeline (27). Focusing on the Panacea node of the network, we 
have validated our structural predictions through mutagenesis. We 
establish that Panacea is an evolutionally malleable domain that can 
both inhibit toxins through direct interaction and as serve as a  
platform for toxin neutralization by Panacea- associated ZBD 
(Zn2+- binding domain) and PAD1 (Panacea- Associated Domain 1) 
domains. The combinatorial network reveals close evolutionary rela-
tionships between classical type II TA systems and antiphage systems, 
specifically those that include the AAA ATPase and OLD_TOPRIM 
endonuclease domains such as those seen in PARIS (19), AbiLi (28) 
the Septu system (29), and ImmA protease- containing systems as 
seen in RosmerTA systems (30). We explore the network experi-
mentally through validating 16 systems in toxicity neutralization 
assays and predict their potential mechanisms of toxicity through 
functional domain annotations and metabolic labeling assays. 
Finally, we validate the antiphage activity of a RosmerTA system 
encoded by Gordonia phage Kita, and use fluorescence microscopy 
to confirm its predicted membrane- depolarizing activity.

Results

The NetFlax Algorithm Reveals a Core Proteinaceous TA Network. 
To uncover a core framework of the network of TA pairs, we 
developed the computational tool NetFlax that identifies TA- like gene 
architectures in an unsupervised manner and generates a TA domain 
interaction network. The NetFlax principle is that if one partner 
gene of a TA system is found in a conserved two- gene neighborhood 
with an alternate partner, this is predicted as a new pair, and after 
“hopping” to this new partner, more partners can be found in the 
same way (SI Appendix, SI Text and Fig. S1). We set a requirement 
that each new pair must be conserved in at least eight representative 
genomes to be allowed to hop to a new node. As this stringency leads 
to missing some less well conserved systems, we improved sensitivity 
through adding a final guilt by association hop for each node, which 
only required a system to be conserved in two representative genomes.

NetFlax finished hopping after eight hopping steps, converging on 
a final network, having reached dead- ends for all the network lineages 
(Fig. 1). We initially identified 79 clusters conserved in a minimum 
of eight genomes. These we call D nodes (standing for central Domain 
nodes). After the subsequent less strict node analysis allowing conser-
vation in two genomes with no onward hopping, we identified 234 
additional nodes, which we refer to as M nodes, for Mininodes. In 
total, we identified 314 nodes. Toxin/antitoxin assignments are made 

by virtue of their lineages from the original Panacea antitoxin domain, 
assuming that the hopping goes from antitoxin to toxin to antitoxin 
etc. This assumption seems to work well on the whole; in the classical 
type II part of the network, our annotation of whether the cluster is 
a toxin or antitoxin domain matches that in the TADB database (31), 
and domain annotations (Dataset S1). However, we cannot be sure 
that our annotations hold true for the termini of the network. One 
extended lineage of three D nodes leading from the Rosmer/ImmA 
zone (D41, D95, D127, and D132 associated with 32 combined M 
nodes) became particularly complicated with node domain fusions, 
making our ability to predict toxins and antitoxins troublesome. 
Therefore, we decided on balance to “prune” this lineage from the 
core TA network of Fig. 1 (however, these lineages and their data are 
still available in the unpruned interactive network http://netflaxun-
pruned.webflags.se/ and Dataset S1).

Our final core TA network (Fig. 1 and http://netflax.webflags.
se/) represents the most conserved systems of the 24,474 represent-
ative predicted proteomes. The network comprises 278 nodes, of 
which 107 are predicted to be toxins, and 171 are predicted to be 
antitoxins. These fall into 275 distinct TA node combinations. It is 
useful to roughly divide the network into five topological zones: i) 
the Panacea domain–containing systems at the core of the network, 
including six systems experimentally validated in our previous anal-
yses (Dataset S1) (14), ii) the anti- toxSAS zone containing toxins 
related to RelA/SpoT alarmone synthetases that likely modify tRNA 
(nodes D8 and M14), plus their antitoxins, iii) a zone containing 
a hub AAA ATPase antitoxin domain (D29, Fig. 1 coordinates c6), 
iv) a zone containing a hub ImmA protease antitoxin domain (D25, 
Fig. 1 coordinates e6) and v) the largest zone of the network where 
many classical type II TA systems are found, with many intercon-
nections among nodes indicating considerable partner swapping. 
Panacea- containing systems are the largest group of our TAs (Fig. 2), 
closely followed by D29 (AAA ATPase- like) and D31 (Phd- related 
antitoxins). Most node pairs favor a particular gene order of either 
toxin first or antitoxin first (the latter being the most common 
overall, Dataset S1). D25 (ImmA/Rosmer) and Panacea antitoxin 
nodes are unusual in their gene order variability (58% and 78% 
toxin first, respectively).

Phage Defense Systems Are Widespread in the NetFlax TA 
Network. For each node in the NetFlax network, we made 
functional predictions for a protein representative by searching with 
domain models including those from DefenceFinder, a database of 
phage defense systems (25). The latter search revealed that the AAA 
ATPase and ImmA zones are particularly enriched in phage defense 
systems. The AAA ATPase domain of node D29 (Fig. 1 coordinates 
c6) is found in a number of defense systems, such as AriA of the 
PARIS system (19), GajA of the Gabija system (32) and PtuA of 
the Septu system (29). GajA is a sequence- specific ATP- dependent 
DNA endonuclease that is inhibited by dNTP and NTP nucleotides 
(14). It is a two- domain protein, with an N- terminal AAA domain 
and a C- terminal TOPRIM (topoisomerase- primase) endonuclease 
domain, closely related to OLD (Overcome Lysogenization Defect) 
families (14). In our network, we see the latter domain can be 
associated with the AAA domain as a separate protein (node M70, 
coordinates c6). This is the same two- gene architecture as seen in 
AriAB of the PARIS system (19). Among the other nodes linked 
to D29 is D44, homologous to RloB. The RloB protein family 
has been observed in type I restriction- modification operons (33), 
and the AbiLii protein, which is part of a plasmid- encoded phage 
abortive infection mechanism (28). HHPred (34) indicates the RloB 
domain is also related to OLD_TOPRIM domains. The node D51 
is homologous to the HNH nuclease domain, as seen in Septu 
protein PtuB (Dataset S1). Thus D29 and its cognate D51 together D
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constitutes a similar two- domain PtuAB Septu system architecture 
previously identified in Bacillus thuringiensis (29). The presence 
of the HEPN nuclease domain in node M61 indicates a general 
tendency for nuclease domains to be associated with AAA ATPase 
domains.

The ImmA protease domain which NetFlax predicts as an anti-
toxin (D25, Fig. 1 coordinates e6) was recently confirmed as such 
in the diverse phage defense RosmerTA systems, where different 
toxins (RmrTs) are paired with the protease domain–containing 
antitoxin (RmrA) (18, 30, 35) (Fig. 1). The ImmA domain is named 

Fig. 1. The core proteinaceous TA network. The network shows connections of NetFlax-predicted toxin and antitoxin-like protein clusters across microbial life. 
The starting input was the Panacea domain. Green circles are predicted antitoxins and red circles are predicted toxins. Yellow stars show toxins and antitoxins 
validated here (Dataset S1). Dark orange and cyan stars show, respectively, toxins and TAs that have been previously validated in Kurata et al. (14). Predicted 
toxin and antitoxin domains are annotated based on sequence homology searches (see Materials and Methods for details and references).
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after the protein encoded on a conjugative transposon of Bacillus 
subtilis (36). ImmA is an antirepressor that cleaves an HTH 
(Helix- Turn- Helix) domain–containing repressor (ImmR) to allow 
the expression of an integrase (36). Indeed, proteins within the D25 
node often possess a small N- terminal HTH domain in addition to 
the protease domain, suggesting a similar HTH cleavage mechanism 
of regulation in Rosmer- like TAs. Again, we see the involvement of 
nucleases in our predicted systems, this time in an association of 
D25 with PIN- like domains, the most diverse and ubiquitous nucle-
ase superfamily, often seen as toxin components of TAs (37, 38).

Phage defense domains appear in other parts of the NetFlax net-
work. In addition to the AAA and ImmA/Rosmer zones that are 
clearly phage defense related, we have recently found that toxSASs 
can protect against phages (22). Additionally, the identification of 
DefenceFinder domains in the Classical type II zone, along with 
evidence for classical TA domains in phage defense (39, 40) shows 
how intricately TAs in general are associated with phage defense.

NetFlax TAs Are Found across the Prokaryotic Tree of Life, and in 
Tailed Bacteriophages. NetFlax- predicted TAs are found in all major 
phyla of bacteria and archaea (SI Appendix, Fig. S2 and Dataset S1). 
Most NetFlax TAs were found in Pseudomonadota (formally 
known as Proteobacteria)—particularly Gammaproteobacteria, 
reflecting the bias of RefSeq toward these taxa. The pseudomonad 
Thiobaca trueperi has the most NetFlax- predicted TAs (eight). 
NetFlax TAs are also found across the archaeal tree of life, with 
representatives in the phyla Euryarchaeaota, Crenarchaeota, 
Thaumarchaeota, Candidatus Thermoplasmota, and Candidatus 
Koracheota. Within viruses, TAs were only predicted in Uroviricota 
(tailed bacteriophages). Our identification of 13 NetFlax TAs in 
phages (Dataset S1) is likely a significant underestimate as bacteria- 
encoded systems can be resident on prophages integrated into the 
bacterial chromosome, for example the toxSAS CapRel (22).

AlphaFold2 Confidently Predicts the Structure of Binary TA 
Complexes. TAs are excellent targets for modern deep- learning 
structural prediction methods—not just of single proteins—but 
of complexes. This is because type II systems necessarily form 
tight complexes to keep the toxin in check, with a coevolutionary 
signal in the interface region (41). We have run AlphaFold2 on a 
high throughput basis with the FoldDock pipeline (27) to predict 
the structure of all 3,597 protein pairs (3,277 after pruning). To 
keep predictions computationally feasible, we predict binary TA 
dimers, not higher order oligomers, rationalizing that even in 
larger complexes, there must be an interface between the toxin 
and antitoxin. The reliability of the structures of the complexes is 
assessed using the pDockQ score, which takes into account the 
number of interface contacts, and the plDDT reliability scores 
from AlphaFold2 for those regions. All structures and their 
scores are available on the interactive network (http://netflax.
webflags.se/). Recapitulation of TA folds previously solved with 
X- ray crystallography indicates these predictions are reliable 
(SI Appendix, Fig. S3). We determined the distribution of model 
confidence (pDockQ scores) of TA pairs compared to random 
pairs. The TA predictions are much better than random predictions 
for the same set and roughly 50 to 60% of the complexes are well 
modeled (SI Appendix, Fig. S4).

Recurrent Structural Folds Appear across the NetFlax 
Network. The NetFlax algorithm includes a cross- checking 
step to determine whether each potential cluster is unique or 
similar to any cluster identified during the previous hopping 
rounds (SI Appendix, Fig. S1B). Despite this, we found multiple 
clusters in the classical type II zone of the network with similar 
annotations, suggesting they may be homologous despite not 
clustering together. For example, the Phd, ParE, and PIN 
domain appear multiple times in the network (Fig. 1). Sequence 
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(SynP1D151 : YafQD119)

Clostridium hylemonae DSM 15053
(PhRel2D8 : PAD1D28)

Panacea

Bacillus fungorum
(MqsRD2 : PanA)

Corynebacterium doosanense
(DocD6 : PanA)

Panacea

Bacillus subtilis Ia1a
(PhRel2D8 : PanA)

Panacea

Agitococcus lubricus
(RHHD157 : PIND128)

Panacea

Lactobacillus rossiae
(MqsRD2 : PanA)

Gelidibacter mesophilus
(FtsLD9 : PanA)

Panacea

GAF

Thioflavicoccus mobilis 8321

Fig. 2. The diversity of systems in the core NetFlax TA network. The size of the sections represents the number of proteins in each cluster (node) of Fig. 1. The 
inner ring shows antitoxin nodes, while the outer ring shows associated toxin nodes. The block arrows represent open reading frames, drawn to scale. Colored 
boxes within the arrows indicate domains, colored according to the legend on the left.
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alignments show that these unclustered but related nodes are 
clearly distinct in terms of sequence (including insertions and 
deletions, SI Appendix, Fig. S5), but that they are similar enough 
that they have the same three-dimensional fold. To systematically 
address this, we clustered all our predicted structures and 
annotated our network to show nodes that can be confidently 
classed as sharing a common fold (SI Appendix, Fig. S6). We 
find many of our predicted TAs can be clustered into 18 distinct 
folds, the most common being ATPase, MazF/PemK, PIN, RelE/
ParE, Phd/YefM, and a common fold of Rosmer toxins (25). 
Structural alignments of the most common folds are shown in 
SI Appendix, Fig. S7. This supports previous observations that 
toxins and antitoxins that are diverse at the sequence level can 
have the same structural fold (42). A similar conservation of 
domains is also seen in phage defense systems (43).

PanA- Containing TAs: The Roles of Individual Antitoxin Domains in 
Toxin Neutralization. We focused on three previously experimentally 
validated PanAT TAs: Bartonella choladocola (previously Bartonella apis) 
PanTD11:PanA, Corynebacterium doosanense DocD6:PanA, B. subtilis 
Ia1a toxSAS PhRel2D8:PanA as well as one previously unexplored 
PanAT, Bacillus fungorum MqsRD2:PanA. The subscript D number 
refers to the node in Fig. 1. All NCBI protein accession numbers of 
TAs characterized in this paper are shown in SI Appendix, Table S1. In 
all of the PanAT systems, the Panacea domain is predicted to have the 
same compact architecture comprised of α- helices α1- α7 and β- strands 
β1 and β2 (Fig. 3 A and B). Despite these PanATs having dramatically 
different toxins, these four TA structures are predicted with confidence 
(pDockQ scores from 0.68 to 0.71). As selected PanAT systems differ 
in their antitoxin architecture (Fig. 3 C–E and G and see below), 
mutational analysis of the set allows us to interrogate the function of 
the Panacea domain in PanAs: Does it mediate toxin neutralization 
directly or is this achieved by additional domains?

The structure of B. choladocola PanTD11:PanA suggests that 
Panacea can, indeed, directly neutralize the toxin (Fig. 3C). In this 
case, Panacea is predicted to form a contact with the N- terminal 
unstructured region as well as a short α- helix that precedes the 
PanTD11 predicted transmembrane region (14). Substitutions Y56A 
(N- terminally adjacent to β2) and H120E (C- terminal end of α5) 
that were designed to disrupt this interface do, indeed, render B. 
choladocola PanA unable to neutralize the toxin, thus supporting 
the structural model. Both of these substituted residues are located 
in the conserved structural core of the Panacea domain (Fig. 3B).

In the case of C. doosanense PanAT, the two additional C- terminal 
helices decorating the Panacea core of the PanA antitoxin are pre-
dicted to make extensive contacts with the DocD6 toxin (Fig. 3D). 
The globular Panacea domain itself is not predicted to be involved 
in neutralization. These two C- terminal helices are structurally 
analogous to those found in the C- terminal extension of the E. coli 
Phd antitoxin that inhibits the Doc toxin (44). Therefore, we refer 
to this element of C. doosanense PanA as the Phd- C domain. E. coli 
Doc is a kinase that phosphorylates EF- Tu to abrogate cellular 
protein synthesis (45); C. doosanense DocD6 similarly targets trans-
lation (14), and the active site residues are conserved among the 
two proteins (Fig. 3D). The Phd- C domain of PanA directly inter-
acts with the active site of the toxin. Truncation of the Phd- C 
domain renders C. doosanense PanA unable to neutralize the toxin 
(Fig. 3D). Expression of the isolated Phd- C domain does not neu-
tralize the toxin, which could be due to the intrinsic instability of 
the element. To test this hypothesis, we fused Phd- C with a stabi-
lizing N- terminal SUMO tag, and as predicted, the resulting con-
struct can readily neutralize DocD6, despite lacking the Panacea 
domain. No neutralization was observed in the control experiment 
with SUMO alone. Collectively, these results suggest that Panacea 

can serve as an accessory domain, with neutralization being medi-
ated by a dedicated separate domain.

Next, we characterized the B. subtilis Ia1a PhRel2D8:PanA system. 
In our previous analysis of the Panacea domain distribution, we 
identified a domain that we named the PAD1 domain, standing 
for Panacea- associated domain 1 (14). Apart from two strains of 
Ruminococcaceae where the putative toxin is an ATPase, 
PAD1- Panacea multidomain PanA antitoxins are only found paired 
with toxSASs such as PhRel2D8, where it is the most widespread 
antitoxin for this kind of toxin in the NetFlax network. The second 
most widespread is NetFlax domain D27 (Fig. 1). Remarkably, 
structural alignment of the toxSAS:D27 of Clostridium hylemonae 
DSM 15053 with toxSAS:PAD1- PanA of B. subtilis Ia1a, fused TA 
CapRel (22) showed that D27, PAD1, and pseudo- ZBD are pre-
dicted to have the same fold, and share the same interface with the 
toxSAS toxin (SI Appendix, Fig. S8). Importantly, it is PAD1 that 
forms most of the contacts with the PhRel2D8 toxin (Fig. 3E). 
Strikingly, B. subtilis Ia1a PAD1 domain alone—with Panacea 
removed—can neutralize the toxin, thus directly supporting the 
structural prediction. Furthermore, H52P substitutions that are 
predicted to break the PAD1:PhRel2D8 interface completely abro-
gate the neutralization, both in the context of full- length PanA and 
isolated PAD1. Finally, the I178K substitution located on the 
Panacea: PhRel2D8 interface did not affect the efficiency of neutral-
ization. To further support the role of PAD1 as a dedicated 
toxin- neutralizing domain, we have, via toxicity neutralization 
assays, validated the C. hylemonae DSM 15053 TA system com-
prised of PhRel2D8 and the PAD1D27 antitoxin (Fig. 3F). As the  
C. hylemonae antitoxin naturally lacks the Panacea domain, this 
observation further supports PAD1 being a directly neutralizing 
antitoxin element. Substitutions predicted to compromise the 
PAD1:PhRel2D8 interface either weakened (S47D) or completely 
abrogated the neutralization (I46P and I46E).

Finally, we have dissected the B. fungorum MqsRD2:PanA system 
(Fig. 3G). MqsR is an RNase (42, 46) that is neutralized by antitoxin 
MqsA comprised of an N- terminal Zn2+- binding domain (ZBD) 
and C- terminal HTH (42). Substitution of the predicted catalytic 
Y97 residue of B. fungorum MqsRD2 renders it nontoxic, supporting 
the functional annotation. While the ZBD interacts with MqsR and 
inhibits it without directly interacting with the RNase active site, 
the HTH region dimerizes and acts as a transcriptional autoregulator 
of the mqsRA operon. B. fungorum PanA also contains the 
ZBD- HTH domain composition characteristic of the MqsA anti-
toxin, with the Panacea domain added to the C terminus. Our trun-
cation analysis shows that, indeed, also in the case of B. fungorum 
PanAT, the ZBD directly mediates neutralization of MqsRD2. While 
both isolated ZBD and ZBD- HTH segments efficiently neutralize 
MqsRD2, neither Panacea alone nor HTH- Panacea are sufficient for 
neutralization. We used AlphaFold2 to predict homodimerization 
of our validated antitoxins (SI Appendix, Fig. S9). We see good sup-
port for HTH- mediated homodimerization of B. fungorum PanA. 
Note that in the HTH- containing PanA from Lactobacillus rossiae 
the Panacea domain also appears to be involved in homodimerization 
(SI Appendix, Fig. S9A).

Collectively, our results demonstrate that while Panacea can act 
as a direct toxin neutralizer, it is unlikely to act as such in PanA 
antitoxins that contain additional dedicated neutralization 
domains such as PAD1 or ZBD. Furthermore, the example of  
B. fungorum MqsRD2:PanA system suggests that Panacea probably 
does not act as a transcriptional autoregulator of panAT operons 
either, as B. fungorum PanA contains a dedicated DNA- binding 
regulatory domain, HTH (as do many other PanAs, ref. 14). 
Therefore, we favor the hypothesis that the Panacea domain acts 
as a sensor responding to—as yet unknown—TA- activating cues.D
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Experimental Exploration of the NetFlax Network. We have 
validated 16 TA pairs in toxicity neutralization assays (Fig. 1). For 13 
of them, we performed metabolic labeling assays with 35S methionine 
(a proxy for inhibition of translation), or 3H uridine (a proxy for 
inhibition of transcription), or 3H thymidine (a proxy for inhibition 

for replication). Ten additional systems did not show any toxicity in 
E. coli and were not pursued further (SI Appendix, Fig. S10).

The TA system from Gelidibacter mesophilus is comprised of a 
relatively large (281 aa) toxin TD9 (toxFtsLD9) paired with a PanA 
antitoxin (Fig. 4A). Similarly to B. choladocola PanTD11:PanA, 

A

C

D

E

F

G

B

Fig. 3. PanA antitoxins neutralize PanT toxins either via Panacea domain directly or via additional N- terminal domains: Phd- C, PAD1, and MqsA. (A) AlphaFold- 
generated structural model of B. choladocola PanA. (B) Alignment of Panacea domains from representative PanA antitoxins. (C–G) Mutational probing of AlphaFold- 
generated structural models. In toxicity neutralization assays overnight cultures of E. coli strains transformed with pBAD33 and pMG25 vectors or derivatives 
expressing putative panT toxins and panA antitoxins, correspondingly, were adjusted to OD600 1.0, serially diluted from 101-  to 108- fold and spotted on LB medium 
supplemented with appropriate antibiotics and inducers [0.2% arabinose for toxin induction as well as either 50 or 500 µM (white asterisk) IPTG for antitoxin 
induction]. Predicted transmembrane domains (TM) are shown in gray, and the active site of the toxin is highlighted in yellow. Introduced substitutions in the 
antitoxin are shown in purple. Protein accessions are in SI Appendix, Table S1.
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G. mesophilus PanA is comprised of a stand- alone Panacea domain 
that directly neutralizes the toxin. While the toxin is clearly very 
efficient in abrogating the formation of bacterial colonies on solid 
LB plates, induction in liquid culture does not result in rapid 
growth inhibition nor do we see any dramatic effects in metabolic 
labeling assays (Fig. 4B). The toxin contains a GAF (cGMP- specific 
phosphodiesterases, adenylyl cyclases, and FhlA) domain and an 
α- helical FtsL- like domain, which is predicted to dimerize and be 
localized to the cell membrane (Fig. 4 C and D). FtsL is an essen-
tial component of bacterial divisome, which forms a trimeric 
complex with FtsB and FtsQ via leucine zipper- like motifs (47). 
Given the partial homology with FtsL, we propose naming the 
G. mesophilus TD9 toxin toxFtsLD9. It is tempting to speculate that 
G. mesophilus TD9 could act by directly interfering with the cell 
division process. Experiments with liquid cultures of E. coli 
expressing G. mesophilus toxFtsLD9 lend support to this hypothesis: 
After an hour of uninhibited growth, the OD600 increase stops 
and then the culture collapses, suggestive of cell lysis (Fig. 4E). 

Microscopy experiments show that expression of toxFtsLD9 indeed 
results in cell filamentation and inhibition of divisome assembly 
(Fig. 4 F and G, SI Appendix, Fig. S11, and Movie S1). Crucially, 
this is not caused by partial membrane depolarization, which can 
interfere with the bacterial cell division process (SI Appendix, 
Fig. S12) (48). Inhibition of cell division is an established mode 
of action for TA toxins with E. coli toxin CbtA directly targeting 
FtsZ and MreB (49).

The TA system from Gordonia phage Kita is a new member of 
the RosmerTA family (18, 30, 35) (Fig. 5A). The RmrA D25 protease 
antitoxin is paired with a D5 toxin, which has no detectable simi-
larity to other protein families. Metabolic labeling assays show rapid 
and dramatic abrogation of translation, transcription, and replica-
tion upon expression of the Kita phage D5 toxin (Fig. 5B). The 
toxin is not fully neutralized by the antitoxin, and the structure of 
the TA complex cannot be reliably predicted by AlphaFold 
(pDockQ score of 0.05) (Fig. 5C). The C- terminal region of the 
toxin is predicted to be localized to the cellular membrane (Fig. 5C). 

A B C

D E

F G

5

Fig. 4. G. mesophilus toxFtsLD9 is a slow- acting PanT toxin with partial homology with the FtsL component of bacterial divisome. (A) Validation of the G. mesophilus 
toxFtsLD9:PanA TA through toxicity neutralization assay. (B) Metabolic labeling assays with wild- type E. coli BW25113 expressing G. mesophilus toxFtsLD9. (C) PanAT 
structural prediction of G. mesophilus toxFtsLD9:PanA TA pair. toxFtsLD9 is predicted to have two partially overlapping domains: The α- helical FtsL- like region is 
highlighted with orange dotted guide lines, and the GAF domain is indicated with dark pink dotted guide lines. (D) Structural prediction of the toxFtsLD9 dimer. 
Predicted transmembrane (TM) helical regions are shown in gray on C and D. (E) Delayed growth inhibition and cell lysis by G. mesophilus toxFtsLD9. Growth assays 
of E. coli BW25113 cells expressing G. mesophilus toxFtsLD9, B. choladocola PanTD11 or Gordonia phage Kita RmrTD5 as well as a vector control strain harboring 
pBAD33 and pMG25 in MOPS liquid medium supplemented with 0.5% glycerol and 25 µg/mL each 20 amino acids. Expression of toxins was induced with 0.2% 
arabinose at OD600 of around 0.4. (F and G) Fluorescence and phase contrast time lapse microscopy of E. coli BW25113 cells expressing YFP- FtsZ in the absence 
(uninduced, E) and presence (induced with 0.2% arabinose, F) of G. mesophilus toxFtsLD9. Note the toxFtsLD9-induced delocalization of the main divisome scaffold 
protein FtsZ, and the associated cell elongation. For the complete time lapse data, see Movie S1. For quantification of cell elongation and additional controls, 
see SI Appendix, Figs. S11 and S12.D
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In liquid culture experiments, expression of RmrTD5 immediately 
inhibits bacterial growth without causing a consequent collapse of 
OD600; the toxin is likely to share the mechanism of toxicity with 
membrane- depolarizing B. choladocola PanTD11 (14) that we used 
as a control (Fig. 4E). Indeed, the expression of RmrTD5 results in 
rapid membrane depolarization and increased permeability indi-
cating membrane pore formation (Fig. 5D and SI Appendix, 
Fig. S13). Following the nomenclature for RosmerTA toxins  
(18, 30, 35), we renamed the Kita phage toxin RmrTD5. As other 
RosmerTA systems have been shown to be phage defense systems 
(18, 30, 35), it is likely that the Kita phage RmrTA has a similar 
function. To test this, we carried out phage infection assays using 
the BASEL coliphage collection (50) and find that RmrTA provides 
potent but narrow spectrum defense against Myoviridae: it counters 
Bas54 and Bas59 but not to closely related Bas55 and Bas60 
(Fig. 5E)—or any other BASEL coliphages (SI Appendix, Fig. S14). 
We further confirm protection against Bas59 in liquid culture infec-
tion assays (SI Appendix, Fig. S15).

The TA system from Acinetobacter guerrae is composed of a toxin 
TD3 that has no detectable hits with HHPred. However, it has the 
same fold as mRNA interferases (SI Appendix, Fig. S6), paired with 
an AAA ATPase AD29 antitoxin (Fig. 6A). We refer to the toxin as 
AarT for AAA- associated RNAse- like toxin. Metabolic labeling 
experiments suggest that the toxin targets protein synthesis as its 
expression inhibits 35S methionine incorporation with concurrent 
increase in 3H uridine, a pattern that is characteristic for 
translation- targeting toxins and antibiotics, and supporting an 
identity as an mRNAse or tRNase (14). Similar neutralization 
architecture was predicted for D29 AAA antitoxins from Clostridium 
algidicarnis (Fig. 6B) and Streptococcus agalactiae 2603V R (Fig. 6C). 

These two AAA antitoxins are paired with a TOPRIM_OLD 
domain. The Lactococcus lactis AbiL is a bicistronic plasmid- encoded 
phage system that acts thorough abortive infection elicited by the 
TOPRIM_OLD toxic effector AbiLii (28). We speculate that the 
three AAA- neutralized TA pairs are also Abi phage defense systems. 
AlphaFold2 modeling does not give a convincing interface for AAA 
antitoxins and their toxins (pDockQ score of 0.24 to 0.35), which 
may be because phage defense AAA- containing systems form large 
multimeric complexes, as is seen with AAA- containing RADAR 
(51, 52). Higher order complex formation of NetFlax- predicted 
AAA antitoxins is supported by our AlphaFold predictions of 
homodimerization (SI Appendix, Fig. S9C). A phage immunity 
screen of E. coli expressing A. guerrae AarTD3:AAAD29 versus the 
BASEL coliphage collection did not yield any hits. This does not 
rule out defense in the natural host; the mechanism of phage sens-
ing and defense may be specific for Acinetobacter phages, or rely on 
host factors not present in E. coli (SI Appendix, Fig. S16).

Finally, we have validated 10 TA pairs of nuclease toxins (MqsRD2, 
PIN/VapC- like and YafQD119) paired with diverse antitoxins (PanA, 
PerlFD13, SpnP3/DUF2680D105, RHH_6D107, RHH_6D111, SpnP2/
DUF2080D146, SynP1D151 and RHH_6D157), for which AF2 struc-
tural models suggest multiple mechanisms of direct and indirect 
toxin neutralization (Fig. 7 and SI Appendix, Figs. S17 and S18). 
While the structures were predicted as binary complexes, RHH 
(Ribbon- Helix- Helix) domain is a well- characterized dimeric DNA-  
binding transcriptional regulator employed by numerous antitoxins 
such as CcdA (53) and FitA (54). Dimers of RHH- containing anti-
toxins can be readily predicted by AlphaFold (SI Appendix, Fig. S9E). 
Multiple groups of translation- targeting RNase TA toxins have been 
characterized experimentally, and display considerable diversity, even 
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within closely related groups; for example, different VapC PIN TA 
toxins can cleave either tRNA (55) or rRNA (56). As expected for 
nucleases, metabolic labeling assays indicate the majority of the val-
idated nuclease toxins do, indeed, target protein synthesis (Fig. 7 A 
and B and SI Appendix, Figs. S17 and S18). However, unexpectedly, 
expression of Thioflavicoccus mobilis 8321 PIND59 results in inhibi-
tion of incorporation of both 35S methionine (abrogation of trans-
lation) and 3H uridine (abrogation of transcription) (Fig. 7C). 
Despite this unexpected behavior, substitutions of predicted catalytic 
residues of the PIND59 domain (D6 and E43) abrogate the toxicity. 
Although metabolic labeling assays with the other two PIND59 toxins 
(from Crenothrix polyspora and Candidatus Hamiltonella defensa (for-
merly Bemisia tabaci)) do not yield clear- cut results, they are indic-
ative of the PIND59 toxin having additional toxic effects beyond 
specific inhibition of protein synthesis (SI Appendix, Fig. S18).

Discussion

Classical TA antitoxins are modular proteins typically consisting of a 
DNA- binding domain involved in transcription autoregulation and 
a functionally independent neutralization domain that folds upon 
binding to the toxin in most cases (1). It has been argued that it is 
the combination of, on one hand, the functional decoupling between 
these two structural modules and, on the other hand, the disordered 
nature of the neutralization domains that enables antitoxin promis-
cuity, i.e., allows for neutralization of toxins belonging to multiple 
protein families by different antitoxins possessing the same DNA- 
binding domain (57). This model postulates that the fusion of a 

“linear” recognition motif that performs the neutralization, along 
with a DNA- binding domain is sufficient to generate a functional 
TA operon. Indeed, as we show here for C. doosanense Doc D6:PanA_
Phd- C system, the fusion of the Phd- C region alone to a SUMO tag 
is sufficient to engineer a protein that efficiently counteract the Phd- 
C- cognate toxin in vivo (Fig. 3D). Given the existence of multiple 
TA operons with single- domain antitoxins that consist of the neu-
tralization domain alone (58, 59), such fusion or exchange events 
constitute a plausible evolutionary pathway that could generate the 
complex TA permutations observed in TAs (Fig. 1).

Importantly, the NetFlax network reveals the existence of a type 
of hyperpromiscuous antitoxin that defies this commonly accepted 
neutralization paradigm. Such antitoxins are epitomized by 
Panacea and HTH domains (14, 42, 60–62) that possess within 
their structural fold an intrinsic capacity to specifically recognize 
and neutralize diverse toxins via three- dimensional epitopes 
(Figs. 3C and 8). Furthermore, these antitoxin domains can also 
acquire linear epitopes consisting of intrinsically disordered regions 
or well- folded domains, to neutralize toxins in the “classical” man-
ner (Figs. 3 D–G and 8). In addition to this hyperpromiscuity, 
antitoxins have a capacity for moonlighting in other ways: 
PAD1- like domains are involved in both toxin neutralization and 
phage detection (22), while HigA antitoxins from toxin–antitoxin–
chaperone (TAC) operons engage both the toxin and the dedicated 
regulator chaperone (63). The ability of antitoxins to readily 
remodel their domain combinations and evolve multifunctional 
moonlighting abilities of the constituent domains may be a core 
feature of TA roles in innate immunity involved in phage defense.

Fig. 6. AAA- neutralizd putative Abi phage defense systems. Domain organization and TA validation through toxicity neutralization assays (Left), metabolic 
labeling assays with toxins expressed in wild- type E. coli BW25113 (Center) and AlphaFold- generated structural models (Right) for AAAD29- neutralized TAs: (A) A. 
guerrae AarTD3:AAAD29 (B) C. algidicarnis TOPRIM_OLDD44:AAAD29 and (C) S. agalactiae 2603V R TOPRIM_OLDD60:AAAD29.
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In the case of PanAs that function via linear neutralization 
without the direct involvement of the globular Panacea domain, 
the question is what then is the role of the Panacea domain. We 
hypothesize that its function is primarily sensory, reacting to a 
trigger and activating the toxin through an allosteric mechanism 
involving the neutralization region. This activation may not even 
require dissociation of the PanAT complex; the fused toxSAS TA 

CapRel shows that antitoxins do not have to dissociate in order 
to activate the toxin (22). Further investigations are needed to 
determine what is the functional role of the Panacea domain.

Our structural prediction has allowed the clustering of predicted 
toxins and antitoxins into identifiable fold classes. This tendency of 
TA systems to reuse folds has previously been noted (42). However, 
conservation of fold may not mean conservation of function: Proteins 
can be divergent at the sequence level—even to the point of carrying 
out different biochemistry, despite being based on the same structural 
fold. For example, the Fic/Doc family of toxins contains members 
that can both NMPylate or phosphorylate their protein targets  
(45, 64). Similarly, RelE/ParE family members with the same fold 
can either cleave RNA or inhibit DNA gyrase (65). Recently, we 
found that homologous toxSAS TAs can inhibit bacterial growth by 
either producing the toxic alarmone (pp)pApp or pyrophosphorylat-
ing the 3′ CCA end of tRNA (9, 66). Our T. mobilis PIND59 domain 
toxin that seems to inhibit transcription as well as translation may 
indicate another example of a divergent function on a similar fold.

The biological function of TAs has remained a contentious sub-
ject for decades (1, 2, 67), but increasingly a role for these systems 
in phage defense is being discovered (15–21, 68). Here, we show 
that this is also reflected in their combinatorial evolutionary rela-
tionships: The core network of TAs is connected to domains in 
other phage defense systems. Indeed, since it is common for mul-
tigene defense systems to contain a toxic effector, it is unclear 
whether there is any meaningful distinction between the two kinds 
of system. This raises the question of whether classical “addiction 
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module” TAs on mobile elements may actually have a role in 
defense against phages or competition with other mobile elements, 
with addiction effects being a secondary consequence.

NetFlax is a broad stroke approach, which has its limitations and 
caveats that we acknowledge. First, it is limited to a representative 
set of proteomes, which means we are missing a substantial amount 
of diversity. Some known type II TAs such as DarTG (69), 
HEPN- MNT (70), HicBA (71), and HipBA (72) escaped our pre-
diction. Second, NetFlax only addresses conserved two- gene pro-
teinaceous systems and therefore cannot in this incarnation predict 
multigene toxin–containing systems. It is also at risk of predicting 
false positives due to spurious domain associations. Nevertheless, 
despite these caveats, the network is a starting point for exploring 
multiple avenues including the TA systems we have characterized, 
and more fine- grained prediction can be achieved through a sub-
sequent focus on specific lineages.

Materials and Methods
NetFlax Strategy. TA pairs were predicted with the Python script NetFlax, which is a 
modification of our FlaGs program. Briefly, NetFlax works round by round; and each 
round follows three steps: i) scanning proteomes using an HMM profile of toxin or 
antitoxin to identify its protein homologues, ii) prediction of conserved TA- like arrange-
ments and identification of homologous clusters of toxins or antitoxins and iii) cross- 
checking if the predicted clusters are novel (not encountered in any previous round) 
and, if so, make their HMM profiles, to be used in the next round of scanning.

NetFlax uses a local database of 24,474 predicted proteomes downloaded 
from the NCBI RefSeq FTP server (73). This includes one representative proteome 
per species of bacteria and archaea, along with all 10,449 available virus genomes 
(not limited to representatives). See SI Appendix, SI Text and SI Appendix, Fig. S1 
for illustrations of how the algorithm works.

Protein sequence and structure analysis. Protein domains and other func-
tional predictions were carried out with searching the toxin–antitoxin database 
(TADB) (31), DefenceFinder (25), NCBI conserved domain database (CDD) (74) 
and HHPred (75) (with NCBI- CDD, Pfam- A and PDB as target databases). Protein– 
protein complex structures were predicted with FoldDock (27). Structures were clus-
tered with FoldSeek v. 5 (76) and with resulting networks visualized with Cytoscape 
v. 3.5.0 (77). Structural alignment was carried out with mTM- Align v. 20220104 (78). 
Transmembrane prediction was carried out with DeepTMHMM (79). More detailed 
methods are described in SI Appendix, SI Text document. All structures and scores 
are available at https://github.com/GCA- VH- lab/NetFlax_data (84).

Experimental Methods. Detailed experimental procedures are provided 
SI Appendix, SI Text document, with a summary below.
Plasmid construction. All bacterial strains, plasmids, and primers used in the 
study are listed in Dataset S2. Toxin ORFs were cloned into an arabinose- inducible 
pBAD33 vector (80) either with or without Shine–Dalgarno sequence as required, 
for toxicity assays. For neutralization assays, antitoxins were expressed from an 
IPTG- inducible pMG25 vector (81). Mutations and truncations were introduced 
as described earlier .
Toxicity neutralization assays. Toxicity- neutralization assays were performed 
on Lysogeny broth (LB) agar plates. First, the pBAD33 vector with the toxin 
ORF was transformed into competent cells of E. coli BW25113 strain with a 

pMG25 empty vector. A single colony with two plasmids was grown in liquid 
LB medium supplemented with 100 μg/mL ampicillin (Sigma- Aldrich) and 20 
μg/mL chloramphenicol (AppliChem) as well as 0.2% glucose. Serial 10- fold 
dilutions were spotted (5 μL per spot) onto LB plates containing ampicillin 
and chloramphenicol under repressive (0.2% glucose) or induction conditions 
(0.2% arabinose combined with 0.05 or 0.5 mM IPTG). Plates were scored after 
an overnight incubation at 37 °C. After confirming toxin toxicity, another set of 
competent cells was produced with the cognate antitoxin in a pMG25 vector, 
and the spot test was repeated.
Metabolic labeling. Metabolic labeling experiments using E. coli BW25113 
strains cotransformed with pBAD33 derivatives as well as the empty pMG25 
vector were performed as described earlier (14).
Fluorescence microscopy. Fluorescence microscopy experiments with SYTOX 
Green (82) and DiSC3(5) (83) were performed as described previously (14).
Phage immunity assays. Phage immunity assays using BASEL coliphages and 
E. coli BW25113 strains transformed with pJD1423- based plasmids (pBR322 
derivative) expressing TA systems under the control of Ptet promoter were per-
formed as per Maffei et al. (50).

Data, Materials, and Software Availability. Code and structures data have 
been deposited in Github (https://github.com/GCA- VH- lab/NetFlax_data) (84). All 
study data are included in the article and/or supporting information.
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Abstract
Summary: Upstream open reading frames (uORFs, often encoding so-called leader peptides) can regulate translation and transcription of down-
stream main ORFs (mORFs) in prokaryotes and eukaryotes. However, annotation of novel functional uORFs is challenging due to their short size
of usually <100 codons. While transcription- and translation-level next-generation sequencing methods can be used for genome-wide functional
uORF identification, this data are not available for the vast majority of species with sequenced genomes. At the same time, the exponentially in-
creasing amount of genome assemblies gives us the opportunity to take advantage of evolutionary conservation in our predictions of functional
ORFs.
Here, we present a tool for conserved uORF annotation in 50 upstream sequences of a user-defined protein of interest or a set of protein homo-
logs. It can also be used to find small conserved ORFs within a set of nucleotide sequences. The output includes publication-quality figures with
multiple sequence alignments, sequence logos, and locus annotation of the predicted conserved uORFs in graphical vector format.
Availability and implementation: uORF4u is written in Python3 and runs on Linux and MacOS. The command-line interface covers most practi-
cal use cases, while the provided Python API allows usage within a Python program and additional customization. Source code is available from
the GitHub page: github.com/GCA-VH-lab/uorf4u. Detailed documentation that includes an example-driven guide available at the software home
page: gca-vh-lab.github.io/uorf4u. A web version of uORF4u is available at server.atkinson-lab.com/uorf4u.

1 Introduction

Functional upstream open reading frames (uORFs, encoding
what are often referred to as leader peptides) regulate expres-
sion of downstream genes via translational and/or transcrip-
tional attenuation in bacteria, archaea, eukaryotes, and
viruses (Ito and Chiba 2013; Dever et al. 2020). Despite the
fact that the structures of mRNA transcripts, and the mecha-
nisms of translation initiation differ among the domains of
life, the concept of uORFs as evolutionarily conserved cis-
acting regulatory elements is universal (Dever et al. 2020).
Regulatory uORFs typically act via condition-specific ribo-
some stalling on nascent peptides. However, some uORFs can
be translated into functional proteins (Andreev et al. 2015;
Brown et al. 2017; Chen et al. 2020; Jayaram et al. 2021).
Prediction and annotation of potentially functional uORFs is
essential for understanding complex regulation mechanisms,
including inducible expression of antibiotic resistance genes
upon an antibiotic challenge (Ramu et al. 2009; Ito and
Chiba 2013). However, the prediction of functional uORFs is
complicated by their properties, such as short length, variable
distance to the main ORF (mORF), and unusual sequence
composition. A breakthrough in genome-wide annotation of
translated regions including uORFs came with the single-
nucleotide resolution sequencing method ribosome profiling
(Ribo-Seq) (Ingolia et al. 2009; Brar and Weissman 2015).

Several bioinformatics tools were created for annotation of
uORFs based on Ribo-Seq data, for example uORF-Tools
(Scholz et al. 2019) and uORF-seqr (Spealman et al. 2021).
However, Ribo-Seq data are available only for a limited num-
ber of usually model organisms, and annotation of short
uORFs is often complicated by noise in phased signal tracks
that appears due to the stochastic nature and specific cutting
preferences of RNases (Gerashchenko and Gladyshev 2017).
Another limitation of the Ribo-Seq approach to annotation is
that translation of uORFs may only be induced in certain en-
vironmental or cell conditions; for example, translation of
non-AUG uORFs that are only detectable under stress condi-
tions (Andreev et al. 2015).

In the absence of ribosome profiling data, researchers often
annotate potentially functional uORFs in a manual or semi-
manual way. This involves retrieval of the 50 upstream regions
of protein-coding genes of interest from sequence databases,
and visual inspection of the region, with or without the aid of
a sequence alignment to indicate functional conservation.
Tell-tale signatures of potentially functional uORFs are the
presence of Shine-Dalgarno elements (in the case of prokar-
yotes), along with start and stop codons in the right context
and frame (Sakiyama et al. 2021; Mangano et al. 2022;
Takada et al. 2022). However, inspection of large sequence
alignments by eye is a time-consuming and tedious task.
Thus, various methods have been developed to automate
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ORF annotation, even in the absence of expression data. The
tool sORF finder (Hanada et al. 2010) takes advantage of nu-
cleotide composition bias and can predict small eukaryotic
ORFs of high coding potential within 10–100 amino acids
length range. MiPepid (Zhu and Gribskov 2019) and csORF-
finder (Zhang et al. 2022) are ML-based approaches trained
on a limited set of eukaryotic organisms for prediction of
micropeptides translated from small ORFs. We have found
only one tool, uPEPperoni (Skarshewski et al. 2014), that
when it was available, implemented conservation analysis for
prediction. Other methods that take into account conserva-
tion analyses in functional uORF prediction are not distrib-
uted as tools (McGillivray et al. 2018; Spealman et al. 2018;
Liu et al. 2023). Importantly, all these methods are designed
for use with eukaryotic genomes.

Thus, there is currently a lack of a simple tool for func-
tional uORF prediction in both prokaryotes and eukaryotes
that leverages sequence conservation. To fill this gap, we set
out to build a tool that also includes the following key
properties:

1) Ease of installation and implementation with a
command-line interface and Python API for higher
customization.

2) Does not have a requirement to build or download large
databases. The tool uses the NCBI API to access the
RefSeq database (O’Leary et al. 2016) and is therefore
always up-to-date.

3) Supports various input formats: a user-defined protein as
the mORF, set of mORF homologs, or nucleotide
sequences in FASTA format.

4) Thorough documentation with a home page that con-
tains an example-driven guide and detailed API
description.

5) Output that contains publication-ready and editable vec-
tor graphics.

6) Can be used for sequences across the tree of life (bacte-
ria, archaea, eukaryotes, and viruses).

2 The uORF4u workflow

The architecture of the uORF4u workflow is defined on user
input (Fig. 1A). If the input is a single RefSeq protein acces-
sion number, uORF4u performs a BlastP search (Camacho
et al. 2009) against the online version of the RefSeq protein
database (O’Leary et al. 2016). The retrieved list of homologs
is saved to be used in the subsequent steps. Alternatively, a list
of homologs previously curated by the user can be used as in-
put. This is important for allowing the user to decide the
breadth and depth of the search; uORFs may differ in their
conservation levels across strains and species and therefore it
might be necessary to test different input sets. Using the acces-
sion list, uORF4u retrieves the corresponding upstream
sequences using the NCBI API as implemented in Biopython
(Cock et al. 2009). For eukaryotes, the upstream region is the
complete transcript’s 50 UTR sequence, and for non-
eukaryotic microbes, the upstream region is a user-defined
(default 500 nucleotides) length from the mORF start codon.
The retrieved nucleotide sequences are saved as intermediate
output in FASTA format. These sequences, as well as the list
of homologs obtained in the previous step, can also be used as
optional input for uORF4 in order to skip the previous steps.

It is useful to note that when using nucleotide sequences as in-
put uORF4u can be used as a general conserved ORF search
tool. That is, to find ORFs that are not necessarily upstream
of any particular mORF.

The next step after sequence retrieval is ORF annotation.
An ORF is defined as a region between a start codon (alterna-
tive start codons can be included as well) and a downstream
in-frame stop codon. The minimal length set by default is nine
nucleotides (three codons). For prokaryotes, this step also
includes Shine-Dalgarno (SD) sequence search within a 20-nu-
cleotide window upstream of the start codon. SD sequence
annotation is based on the calculation of the SD-antiSD inter-
action Gibbs free energy (Yang et al. 2016). For identified po-
tential frames, the tool searches for conserved ORFs using a
greedy algorithm: uORF4u iterates through sequences and
tries to maximize the sum of pairwise alignment scores be-
tween uORFs. The detailed scheme of the algorithm is avail-
able at the Github and server home pages. The last step in our
workflow is generation of multiple sequence alignments
(MSAs) of the identified conserved uORFs, writing reports,
and making results visualization files (annotation plots, se-
quence logos, and MSAs). To do this, we have made our own
MSA visualization package, MSA4u, which is bundled with
uORF4u (github.com/GCA-VH-lab/msa4u). Examples of out-
put plots are shown on Fig. 1C–E, H, and G.

3 Implementation

uORF4u is written in Python3 and uses multiple python li-
braries: Biopython (Cock et al. 2009), configs, argparse, pan-
das, statistics, Logomaker (Tareen and Kinney 2020),
matplotlib (Hunter 2007), reportlab, and msa4u.

The python uORF4u package is available in PyPI (python3
-m pip install uorf4u), and the source code is provided on the
GitHub page (github.com/GCA-VH-lab/uorf4u). Detailed
documentation with an installation guide, and an example-
driven manual are available at the uORF4u home page (gca-
vh-lab.github.io/uorf4u). Additionally, the web version of
uORF4u is also available at server.atkinson-lab.com/uorf4u.

The command-line interface allows users to run the tool
with various standard usage scenarios without any additional
effort for user-side scripting. Furthermore, we provide a py-
thon API that allows additional customization.

4 Conclusion

The problem of novel functional uORF annotation requires
specialized tools. Here, we present uORF4u, which performs
database parsing, uORF searching, conservation analysis, and
produces publication-quality images of the results. The utility
of uORF4u has been demonstrated with the discovery of
uORFs that have been validated to regulate expression
of ABCF antibiotic resistance genes (Obana et al. 2023), and
the rediscovery of known functional uORFs presented in
Fig. 1B–G.

We believe that as well as identifying potentially functional
uORFs of specific mORFs in targeted analyses that include
experimental validation, our tool paves the way for systematic
analysis of uORF genesis, conservation, and distribution on
the scale of the whole proteomes.
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Direct activation of a bacterial innate 
immune system by a viral capsid protein

Tong Zhang1, Hedvig Tamman2, Kyo Coppieters ’t Wallant3, Tatsuaki Kurata4, 
Michele LeRoux1, Sriram Srikant1, Tetiana Brodiazhenko5, Albinas Cepauskas2, 
Ariel Talavera2, Chloe Martens3, Gemma C. Atkinson4, Vasili Hauryliuk4,5 ✉, 
Abel Garcia-Pino2,6 ✉ & Michael T. Laub1,7 ✉

Bacteria have evolved diverse immunity mechanisms to protect themselves against 
the constant onslaught of bacteriophages1–3. Similar to how eukaryotic innate 
immune systems sense foreign invaders through pathogen-associated molecular 
patterns4 (PAMPs), many bacterial immune systems that respond to bacteriophage 
infection require phage-specific triggers to be activated. However, the identities of 
such triggers and the sensing mechanisms remain largely unknown. Here we identify 
and investigate the anti-phage function of CapRelSJ46, a fused toxin–antitoxin system 
that protects Escherichia coli against diverse phages. Using genetic, biochemical and 
structural analyses, we demonstrate that the C-terminal domain of CapRelSJ46 
regulates the toxic N-terminal region, serving as both antitoxin and phage infection 
sensor. Following infection by certain phages, newly synthesized major capsid protein 
binds directly to the C-terminal domain of CapRelSJ46 to relieve autoinhibition, 
enabling the toxin domain to pyrophosphorylate tRNAs, which blocks translation to 
restrict viral infection. Collectively, our results reveal the molecular mechanism by 
which a bacterial immune system directly senses a conserved, essential component of 
phages, suggesting a PAMP-like sensing model for toxin–antitoxin-mediated innate 
immunity in bacteria. We provide evidence that CapRels and their phage-encoded 
triggers are engaged in a ‘Red Queen conflict’5, revealing a new front in the intense 
coevolutionary battle between phages and bacteria. Given that capsid proteins of 
some eukaryotic viruses are known to stimulate innate immune signalling in 
mammalian hosts6–10, our results reveal a deeply conserved facet of immunity.

Innate immunity in eukaryotes relies on pattern recognition recep-
tors that directly sense PAMPs, which are conserved molecules like 
bacterial lipopolysaccharide and flagellin, or viral RNA or DNA4. These 
innate immune signalling pathways must remain silent before infection, 
but be poised for rapid activation to defend against foreign invaders. 
Bacteria also encode innate immune systems to protect themselves 
against diverse invading bacteriophages, but how they sense infection 
is poorly understood. One exception is restriction-modification sys-
tems, but these distinguish self from non-self using DNA methylation 
patterns and thus do not need the nuclease effector to be specifically 
activated during phage infection. Similarly, for CRISPR–Cas systems, 
the adaptive immune system of some bacteria, guide RNAs enable a cell 
to specifically target foreign DNA without a need for infection-triggered 
activation. Dozens of bacterial defence systems have been identified in 
recent years11–15, but unlike restriction modification and CRISPR–Cas, 
many of them must be specifically activated upon phage infection. 
This is particularly critical for abortive infection systems, in which 
a defence system uses a lethal effector to kill an infected cell and 

prevent propagation of the virus through a population16. The phage- 
encoded triggers for such bacterial immunity mechanisms are largely  
unknown.

Toxin–antitoxin systems are prevalent genetic elements in bacteria that 
are emerging as key components of anti-phage innate immunity13,14,17,18,  
often serving as abortive infection modules that kill infected cells to 
prevent spread of phages through a population. How toxin–antitoxin 
systems sense and respond to phage infection remains poorly under-
stood. For the toxIN system, toxin (ToxN) activation relies on efficient, 
phage-induced shutoff of host transcription coupled to the intrinsically 
fast turnover of the antitoxin toxI19–21. However, toxI is an RNA, whereas 
most toxin–antitoxin systems feature a protein antitoxin. For systems 
with a protein antitoxin, the mechanism of activation is often assumed 
to arise through antitoxin degradation. Although protein antitoxins 
are often more proteolytically unstable than their cognate toxins, their 
turnover may not be fast enough to enable toxin activation on the time-
scale of a phage infection22, suggesting the existence of alternative 
mechanisms for toxin–antitoxin system activation. Bacterial retrons 
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function as tripartite toxin–antitoxin systems and can be activated by 
overexpressing various prophage genes23, but whether these activators 
function as such during phage infection is unknown.

CapRelSJ46 is an anti-phage fused toxin–antitoxin system
To investigate the molecular basis of phage-induced activation of bacte-
rial immunity, we focused on toxSAS toxin–antitoxin systems, which 
feature toxins homologous to bacterial small alarmone synthetases 
(SAS) that pyrophosphorylate purine nucleotides24. Whereas most 
housekeeping alarmone synthetases produce the growth regulator (p)
ppGpp25,26, toxSAS toxins can synthesize (p)ppApp to deplete ATP24,27 
or pyrophosphorylate tRNAs to inhibit translation24,28. Their cognate 
antitoxins can either bind and neutralize the toxin or act as hydrolases 
to reverse toxin-catalysed pyrophosphorylation24,28. One subfamily of 
translation-inhibiting toxSAS is called CapRel, on the basis of their preva-
lence in Cyanobacteria, Actinobacteria, and Proteobacteria and sequence 
similarity to the (p)ppGpp synthetase/hydrolase Rel. The CapRel sub-
family is the most broadly distributed subfamily of toxSAS, being found 
across multiple phyla of Gram-positive and Gram-negative bacteria.  
In addition to its prevalence in Cyanobacteria, Actinobacteria, and Pro-
teobacteria, CapRel representatives are found in Spirochetes, Bacteroi-
detes, and Firmicutes24. This subfamily often features systems that are—in 
contrast to canonical bicistronic toxin–antitoxin systems—encoded by 
a single open reading frame, with an N-terminal domain homologous to 
toxSAS toxins and a C-terminal domain homologous to the corresponding 
antitoxins29 (Fig. 1a and Extended Data Figs. 1 and 2a). This fused archi-
tecture is the predominant form of CapRel, except in Actinobacteria.

Prophages in bacterial genomes often encode anti-phage systems, 
helping both the temperate phage and its host to defend against other 
phages11,30,31. Here, we selected a fused CapRel encoded by the Salmonella  
temperate phage SJ46 and also encoded (with 100% amino acid 

sequence identity) in prophages of several E. coli strains (Extended Data 
Fig. 2b). The toxin and antitoxin-like regions of CapRelSJ46 are related to 
the PhRel toxSAS toxin and its antitoxin ATphRel, respectively, from the 
mycobacterial temperate phage Phrann30 (Extended Data Fig. 1 and 2a).  
This Phrann-encoded system can inhibit superinfection by other  
temperate mycophages30, although the molecular basis of PhRel activa-
tion is not known. To test whether CapRelSJ46 is a fused toxin–antitoxin 
system, we cloned the N-terminal region containing the conserved 
alarmone synthetase domain and the C-terminal region containing 
the putative antitoxin domain under the control of separate inducible 
promoters. Expression of the N-terminal fragment alone was toxic, and 
its toxicity was rescued in trans by co-expression with the C-terminal 
fragment (Fig. 1b and Extended Data Fig. 2c), suggesting that CapRelSJ46 
is a fused toxin–antitoxin system.

To determine whether fused CapRels can defend against phages, 
we transformed E. coli MG1655 with three different systems expressed 
from their native promoters on low copy number plasmids, and then 
tested whether each conferred protection against a panel of 12 diverse 
coliphages. In addition to CapRelSJ46, we also tested CapRelEbc from 
Enterobacter chengduensis and CapRelKp from Klebsiella pneumoniae 
(Fig. 1c and Extended Data Fig. 2b,d). CapRelSJ46 expressed from a low 
copy number plasmid or the E. coli genome decreased the efficiency 
of plaquing (EOP) for T2, T4, T6, RB69 and SECΦ27 by 10- to 1,000-fold 
(Fig. 1c,d and Extended Data Fig. 2e,f), indicating that this system 
provides strong protection against phages. T4 phage formed smaller 
plaques when plated onto CapRelSJ46-containing cells, and one-step 
growth curves confirmed that CapRelSJ46 reduced the burst size of T4 
by around 70% (Fig. 1e) and prevented bursting of SECΦ27 (Fig. 1f). 
CapRelEbc protected strongly against T7 and CapRelKp protected, albeit 
less efficiently, against SECΦ18 (Fig. 1g and Extended Data Fig. 2d,g).

Next, we tested whether CapRelSJ46 provides direct immunity or 
functions through abortive infection, in which an infected cell dies but 
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Fig. 1 | Fused CapRel homologues are toxin–antitoxin systems that can 
provide E. coli with robust defence against phages. a, Domain organization 
of long RelA-SpoT homologues (RSH), SAS, toxSAS and the fused subclass of 
toxSAS toxin–antitoxin systems including CapRelSJ46. b, Cell viability assessed 
by serial dilutions for strains expressing the N-terminal toxin domain of CapRelSJ46 
alone or with the C-terminal antitoxin domain. Ara, arabinose; glu, glucose;  
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promoter. c, EOP data for the indicated phages when infecting cells producing 
CapRelSJ46, CapRelEbc or CapRelKp. d, Serial, tenfold dilutions of the indicated 
phages spotted on lawns of cells harbouring plasmid expressing CapRelSJ46 or 

an empty vector (EV). Relative phage concentration is indicated by the height 
of the wedge. e,f, One-step growth curves measuring plaque-forming units 
(PFU) during the first round of infection by T4 (e) or SECΦ27 (f) in cells 
harbouring plasmid expressing CapRelSJ46 or an empty vector. g, Serial 
dilutions of T7 phage spotted on lawns of cells harbouring plasmids expressing 
CapRelEbc, CapRelEbc(Y153A) or an empty vector. h, Growth of cells producing 
CapRelSJ46 or CapRelSJ46(Y155A) or harbouring an empty vector, following 
infection with T4 at a MOI of 10 or 0.001. Data are mean ± s.d. of eight 
plate replicates and representative of three independent experiments.
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prevents the production of mature virions, thereby sparing uninfected 
cells in a population. To this end, we infected cells containing CapRelSJ46 
with T4 at a multiplicity of infection (MOI) of either 10 or 0.001, and found 
that defence only manifested at the low MOI, indicating that CapRelSJ46 
probably functions through abortive infection (Fig. 1h). Phage protec-
tion by CapRelSJ46 depended on the predicted enzymatic activity of the 
N-terminal synthetase domain, as substituting the conserved tyrosine 
(Y155A) in the G-loop that is critical for substrate binding abolished phage 
protection32 (Fig. 1h). A similar catalysis-compromising substitution, 
Y153A in CapRelEbc, also abolished phage protection (Fig. 1g). Collec-
tively, our results established that fused CapRels can provide anti-phage 
defence, with variable phage specificity.

To understand what determines the specificity of phage protection 
by fused CapRels, we compared CapRelSJ46 and CapRelEbc. These two 
proteins share 70% amino acid identity overall, but differ substan-
tially in their C-terminal regions, which are only 47% identical (Fig. 2a). 
In addition, this region is the least conserved when we compared a 
more diverse set of fused CapRel homologues (Extended Data Fig. 3a). 
Because CapRelSJ46 and CapRelEbc protected against different phages, 
we made a chimera in which the C-terminal region of CapRelSJ46 was 
replaced by the corresponding region of CapRelEbc. This chimeric 
CapRel no longer protected against SECΦ27 and gained protection 
against T7, manifesting as a tenfold decrease in EOP and smaller plaques 
(Fig. 2b and Extended Data Fig. 3b). The chimera protected against 
T7 less efficiently than CapRelEbc, despite similar expression levels 
(Extended Data Fig. 3c), probably owing to a non-optimal interaction 

interface between the N and C termini. Nevertheless, this result 
indicates that the C-terminal region of CapRel is critical for phage  
specificity.

Structural analysis of CapRelSJ46

To further understand the mechanistic basis of anti-phage defence by 
CapRelSJ46, we solved a crystal structure to 2.3 Å resolution (Fig. 2c and 
Extended Data Table 1). CapRelSJ46 contains a conserved, N-terminal 
nucleotide pyrophosphokinase domain (toxSYNTH) that is also present 
in alarmone synthetases and tRNA-pyrophosphotransferase enzymes, 
which mediates toxicity. The smaller C-terminal antitoxin domain con-
sists of a central antiparallel three-stranded β-sheet with an α-helix con-
necting β-strands β7 and β8 (Fig. 2c and Extended Data Fig. 3d,e). The 
antitoxin domain is topologically analogous to the classical zinc-finger 
domain (ZFD), but lacks the conserved cysteines (Extended Data Fig. 3f); 
we refer to this domain as a pseudo-ZFD. The pseudo-ZFD is connected to 
the toxSYNTH domain via α-helices α7, α8 and α9, and has a C-terminal 
α-helical extension that anchors the domain to α8 and α9 (Extended Data 
Fig. 3d). In this structure, the toxSYNTH and pseudo-ZFD are distant from 
each other, revealing the ATP donor nucleotide binding pocket and the 
conserved G-loop Y155 of toxSYNTH (Fig. 2c), indicating that this state 
may represent the active, toxic conformation of CapRelSJ46. This open 
state captured by crystallography is probably stabilized by crystal lattice 
contacts that are incompatible with a closing of the active site owing to 
clashes with symmetry-related partners (Extended Data Fig. 3g).
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To explore the conformational dynamics of the enzyme, we used 
AlphaFold33 to predict possible alternative structures of CapRelSJ46. In 
addition to predicting the open conformation observed in the crystal 
structure (Extended Data Fig. 3h), AlphaFold also predicted a closed 
conformational state in which the C-terminal domain folds back 110° 
onto the toxSYNTH central β-sheet and blocks the ATP-binding site 
(Fig. 2d). Comparison of the two states suggested that a conserved 
YXXY motif (Extended Data Fig. 3a) located in the hinge connecting the 
two C-terminal α-helices in the open state morphs into a short 310-helix 
in the closed state (Fig. 2e,f). This 310-helix projects into the toxSYNTH 
active site and intercalates between β1 R79 and β2 R116 to block the 
adenine coordination site (Fig. 2e,f).

We hypothesized that this closed-to-open switch underlies the activa-
tion of CapRelSJ46, with the docking of the pseudo-ZFD onto toxSYNTH 
precluding substrate binding in the absence of phage infection (Fig. 2f). 
To test this hypothesis, we made single substitutions to the YXXY motif 
(Y352A and Y355A) and residues from the predicted interface that serves 
as a scaffold to orient and stabilize the 310-helix (A77K, R116A, V338A, 
L339A, A341K and A351K), which are highly conserved among diverse 
CapRel homologues (Extended Data Fig. 3a,i). Whereas wild-type 
CapRelSJ46 was not toxic when expressed in cells, each of the substitu-
tions predicted to disrupt the intramolecular recognition interface, 
on either the N- or the C-terminal domain, rendered CapRelSJ46 toxic 
(Extended Data Fig. 3j,k). These substitutions probably lead to constitu-
tive activation of CapRelSJ46 by disrupting an autoinhibited state. As a 
control, we showed that substitutions in different structural elements 
of the pseudo-ZFD but not pointing towards the interface did not lead 
to constitutive activation (Extended Data Fig. 3j,k). Collectively, our 
results indicate that the pseudo-ZFD docks onto the ATP-binding site of 
CapRelSJ46 to prevent switching to the open state captured in our crystal 
structure. Conservation of the YXXY motif and the interface residues 
suggests that this auto-inhibitory regulation is probably retained in 
other CapRels.

SECΦ27 capsid protein triggers CapRelSJ46

Because full-length, wild-type CapRelSJ46 was not toxic when expressed 
in the absence of phage infection, we inferred that it must somehow 
be activated by phages. The toxins of some toxin–antitoxin systems 
are activated by the degradation of the more labile antitoxin19,34,35. To 
test whether the C-terminal antitoxin of CapRelSJ46 is proteolytically 
cleaved off and degraded upon phage infection, we N-terminally tagged 
CapRelSJ46 and first verified that the tagged protein still defends against 
phage (Extended Data Fig. 4a). We then tracked the size of CapRelSJ46 
by immunoblotting following infection with SECΦ27. The overall pro-
tein levels of CapRelSJ46 remained constant and we observed only the 
full-length product, suggesting that CapRelSJ46 was not proteolytically 
processed (Fig. 3a and Extended Data Fig. 4b,c). Thus, we hypothe-
sized that a specific phage product regulates the C-terminal domain of 
CapRelSJ46 to relieve autoinhibition. To identify such a factor, we sought 
to identify SECΦ27 mutants that escape CapRelSJ46 defence. As no spon-
taneous escape mutants could be isolated, we used an experimental 
evolution approach (Fig. 3b). In brief, we infected cells containing an 
empty vector or CapRelSJ46 with serial dilutions of phage in microtitre 
plates. After overnight incubation, we collected and pooled the phages 
from cleared wells, which indicated successful infection, and used these 
to seed the next round of infections. Initially, cells with the empty vector 
were infected more efficiently, but after 13 rounds, each phage popula-
tion had evolved to infect cells containing empty vector or CapRelSJ46 
to a similar degree (Fig. 3c and Extended Data Fig. 4d). We isolated ten 
mutant SECΦ27 clones from five independently evolved populations 
and sequenced their genomes. Remarkably, all ten clones contained a 
point mutation in the same gene that encodes a hypothetical protein, 
Gp57, with nine clones producing the same L114P substitution and one 
clone yielding an I115F substitution (Fig. 3d and Supplementary Table 1).

The structure of the hypothetical protein Gp57 predicted by Alpha-
Fold33 is highly similar (DALI z-score of approximately 17) to the HK97 
fold commonly adopted by major capsid proteins of dsDNA viruses 
including bacteriophages and herpesviruses36 (Fig. 3e). By performing 
mass spectrometry on wild-type and escape-mutant SECΦ27 phages, 
we identified this hypothetical protein as the most abundant protein 
in mature virions, consistent with it being the major capsid protein of 
SECΦ27 (Fig. 3f and Extended Data Table 2).

Our results suggested that wild-type Gp57 from SECΦ27 activates 
CapRelSJ46, with the escape mutants preventing activation while retain-
ing the ability to form a capsid. To test this hypothesis, we first exam-
ined whether Gp57 alone is sufficient to activate CapRelSJ46. Indeed, 
co-producing wild-type Gp57 with wild-type CapRelSJ46 was highly toxic 
to cells in the absence of phage infection, whereas neither evolved vari-
ant (L114P or I115F) of Gp57 had a measurable effect on growth when 
co-produced with CapRelSJ46 (Fig. 3g and Extended Data Fig. 4e,f). As 
controls, we confirmed that expressing the wild-type or either Gp57 
variant was not toxic on its own or if co-produced with a catalytically 
compromised CapRelSJ46 (Extended Data Fig. 4g).

To examine the basis of CapRelSJ46 toxicity, we first co-produced it 
with wild-type or the L114P variant of Gp57 and then measured the 
effects on bulk transcription or translation by pulse-labelling with 
3H-uridine or with 35S-methionine and 35S-cysteine, respectively. Active 
CapRelSJ46 produced with wild-type Gp57 robustly inhibited translation 
but not transcription (Fig. 3h and Extended Data Fig. 4h), whereas no 
effect was seen with Gp57(L114P). Similar effects were seen when over-
expressing just the N-terminal domain of CapRelSJ46 (Extended Data 
Fig. 4i). We also measured bulk translation and transcription following 
SECΦ27 infection of CapRelSJ46-containing cells and observed a decrease 
in translation but not transcription with wild-type SECΦ27 (Fig. 3i and 
Extended Data Fig. 4j), with a less pronounced decrease in translation 
compared to overproducing Gp57 likely because poor adsorption of 
SECΦ27 phage leads to substantial asynchrony of infection dynamics 
(Extended Data Fig. 4k). No effect on translation was seen with the 
evolved mutant phage producing Gp57(L114P) (Fig. 3i). To compare the 
timing of CapRelSJ46 activation during infection to the timing of Gp57 
production, we expressed a haemagglutinin (HA)-tagged version of 
Gp57 from its native promoter in the bacterial genome and infected 
cells with SECΦ27. Immunoblotting indicated substantial accumula-
tion of Gp57 by around 30 min after infection (Extended Data Fig. 4l), 
which coincides with the detected inhibition of translation (Fig. 3i).

Next, we measured the ability of full-length CapRelSJ46 to affect trans-
lation in vitro using the reconstituted in vitro transcription–transla-
tion system. Purified CapRelSJ46 inhibited synthesis of a control DHFR 
protein after pre-synthesizing SECΦ27 major capsid protein Gp57 
(using a template encoding it), whereas no inhibition was seen for 
either the L114P or I115F variants of Gp57 (Fig. 3j). We also incubated 
wild-type or an evolved variant (L114P or I115F) of Gp57 with [γ-32P]ATP 
and bulk E. coli tRNAs in the presence and absence of purified CapRelSJ46. 
Wild-type Gp57 strongly stimulated the pyrophosphorylation of tRNAs 
by CapRelSJ46, similar to the previously characterized toxSAS enzymes 
FaRel2 and PhRel228 (Fig. 3k). With the L114P or I115F variant of Gp57, 
tRNA pyrophosphorylation was reduced to the background levels seen 
with CapRelSJ46 alone. Together, our results demonstrate that Gp57, 
the major capsid protein of SECΦ27, is both necessary and sufficient 
to activate CapRelSJ46, enabling it to pyrophosphorylate tRNAs and 
inhibit translation.

CapRelSJ46 binds SECΦ27 capsid protein
To test whether the SECΦ27 major capsid protein directly binds CapRelSJ46, 
we first immunoprecipitated CapRelSJ46–Flag from cells infected with 
wild-type phage or the mutant that produces Gp57(L114P) after verify-
ing the tag does not affect CapRelSJ46 function (Extended Data Fig. 4a). 
We detected Gp57 that had co-precipitated with CapRelSJ46 by mass 
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spectrometry when cells were infected with wild-type phage, with a signifi-
cant reduction in the mutant phage (Extended Data Fig. 5a,b). In addition, 
we co-produced CapRelSJ46–Flag and Gp57–HA and found that wild-type, 
but not the L114P or I115F variant of the capsid protein, co-precipitated 
with CapRelSJ46–Flag (Fig. 4a and Extended Data Fig. 5c). Finally, we puri-
fied both full-length CapRelSJ46 and Gp57, and used isothermal titration 
calorimetry (ITC) to show that they interact directly with an affinity of 350 
nM in a 1:1 ratio (Fig. 4b). We confirmed that CapRelSJ46 and Gp57 form a 
complex with 1:1 stoichiometry using size-exclusion chromatography 
coupled to multi-angle light scattering (SEC–MALS) (Extended Data 
Fig. 5d). Introducing the escape substitutions L114P and I115F into Gp57 
decreased affinity more than 60-fold (Extended Data Fig. 5e).

Consistent with this tight binding interaction, the ab initio AlphaFold 
prediction of the CapRelSJ46–Gp57 complex has a large contact interface 
of around 1,800 Å2 (Fig. 4c). Although further structural studies are 
needed to fully validate this complex structure, the AlphaFold predic-
tion has CapRelSJ46 adopting the same open state seen in our crystal 
structure (Fig. 2c), with the pseudo-ZFD making extensive contacts 
with the β-sheet and spine α-helix of the peripheral (P)-domain of 
Gp57 (Fig. 4c and Extended Data Fig. 5f). Notably, this region of Gp57 
contains the residues L114 and I115 identified in our escape mutants. 
The complex predicted further interactions of pseudo-ZFD β6–β7 
loop with the β6–α5 and β8–β9 loops of the axial (A)-domain of Gp57. 
In this arrangement Gp57 prevents the recoil of pseudo-ZFD to block 
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the active site of the enzyme while stabilizing the YXXY motif in the 
non-neutralizing hinge conformation.

Results from hydrogen–deuterium exchange (HDX) monitored by 
mass spectrometry strongly supported the AlphaFold predictions. 
In the presence of Gp57, the pseudo-ZFD of CapRelSJ46 became more 
protected with the strongest protection mapping to α10, β8, and the 
C-terminal α-helical extension (Fig. 4d,e and Extended Data Fig. 5g,h). 
This overlaps the same region critical for phage specificity (Fig. 2b). 
The HDX data also confirmed the interface formed between Gp57 
P-domain β5 and CapRelSJ46 pseudo-ZFD as well as the Gp57 A-domain 
β8–β9 loop and CapRelSJ46 β6–β7 loop. Finally, we observed increased 
deuterium uptake in CapRelSJ46 in residues 110–124 of β2 and 125–130 
of α4, which are part of the adenine coordination pocket of toxSYNTH, 
thus confirming that interaction with Gp57 exposes the active site of 
the enzyme (Fig. 4d,e and Extended Data Fig. 5g,h).

To further validate the role of the pseudo-ZFD in binding and activat-
ing CapRelSJ46, we performed error-prone PCR-based mutagenesis on 

this domain and screened for mutations that disrupted activation of 
CapRelSJ46 when it was co-produced with the capsid protein Gp57. The 
substitutions L280Q and L280P drastically reduced the toxicity of 
CapRelSJ46 in the presence of wild-type Gp57 (Fig. 4f and Extended Data 
Fig. 5i), and prevented CapRelSJ46 from protecting against SECΦ27 infec-
tion (Fig. 4g and Extended Data Fig. 5j). Importantly, these CapRelSJ46 
variants still protected E. coli against phage T2 and T4, indicating that 
these variants retained structural integrity (Extended Data Fig. 5k). 
The substitution L307A had similar, but less pronounced, effects on 
CapRelSJ46 activity (Fig. 4f,g).

The crystal structure of CapRelSJ46 suggested that L280 and L307 in 
the wild-type protein promote the open, active state, with L280 sta-
bilizing one of the hinge regions involving the pseudo-ZFD and L307 
structuring the β6–β7 loop that interacts with Gp57 A-domain. The 
L280Q and L280P variants of CapRelSJ46 were unable to co-precipitate 
the major capsid protein of SECΦ27, and the L307A substitution sig-
nificantly reduced binding in this assay (Fig. 4h). Using ITC, we also 
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showed that the L280P variant of CapRelSJ46 could no longer bind to 
wild-type Gp57 (Extended Data Fig. 5e). In sum, our findings strongly 
support a model in which the C-terminal pseudo-ZFD of CapRelSJ46 
directly recognizes the major capsid protein of SECΦ27, thereby trig-
gering a relief of autoinhibition of the N-terminal toxSYNTH domain.

Other phage capsids activate CapRelSJ46

The pseudo-ZFD of CapRelSJ46, including residues L280 and L307, is the 
least well conserved region of the protein (Extended Data Fig. 3a,i). 
This variability may reflect a ‘Red Queen dynamic’, a hallmark of many 
host–pathogen interfaces that arises from cycles of selective pressure 
on pathogens to evade host immunity followed by selection on host 
immune factors to restore recognition of a pathogen5. As triggers of 
the CapRel defence system, phage capsid proteins are likely to be under 
pressure to diversify while retaining the ability to form a capsid, lead-
ing to a selective pressure on the pseudo-ZFD of CapRel to diversify 
and retain its interaction with the capsid proteins. To test this hypoth-
esis, we examined three phages from the BASEL collection37 (Bas4, 
Bas5 and Bas8) that are closely related to SECΦ27 and contain Gp8, a 
close homologue of Gp57 (Extended Data Fig. 6a). We first found that 
co-expressing the major capsid homologues from Bas5 and Bas8—but 
not that of Bas4—with CapRelSJ46 rendered CapRelSJ46 toxic, as with the 
SECΦ27 capsid protein (Fig. 5a and Extended Data Fig. 6b). We then 
tested whether CapRelSJ46 protects against these phages and found 
that it protected strongly against Bas5 and Bas8, but not Bas4 (Fig. 5b 
and Extended Data Fig. 6c).

To validate that defence against Bas8 requires activation of CapRelSJ46 
by the capsid protein homologue of this phage, we isolated spontane-
ous mutants of Bas8 that escaped defence. Two mutant clones of Bas8 
were no longer defended against by CapRelSJ46 and contained either 
an F120L or I124F substitution in the major capsid homologue Gp8Bas8 
(Fig. 5c and Extended Data Fig. 6d). Each substitution significantly 
reduced the ability of the capsid protein to activate CapRelSJ46 when 

co-produced (Extended Data Fig. 6e,f). As these Gp8Bas8 variants were 
not toxic when expressed on their own (Extended Data Fig. 6g), the 
residual toxicity seen during co-production with CapRelSJ46 probably 
arises from their accumulation over extended periods of time, despite 
their reduced binding affinity for CapRelSJ46. By contrast, each escape 
mutant almost completely evaded CapRelSJ46 defence (Fig. 5c), given 
the short timescale of phage infection. Notably, the two positions 
identified in Bas8 escape mutants were close to the positions of the 
escape mutants identified in SECΦ27 Gp57, further confirming that 
this region in the major capsid protein is important for activating 
CapRelSJ46 (Fig. 5d). In addition, we identified another CapRel homo-
logue from E. coli strain HT2012018, called CapRelEcHT, that defends 
against Bas8 (Extended Data Fig. 6h). Three different substitutions 
were identified in the same region of the major capsid protein (G111S, 
L116F and I124N) that enabled Bas8 to escape defence (Extended Data 
Fig. 6h), suggesting that CapRelEcHT—like CapRelSJ46—is activated by 
the major capsid protein.

Unlike Bas8, Bas4 was not defended against by CapRelSJ46, and its cap-
sid homologue did not activate CapRelSJ46 despite being 98% identical 
to SECΦ27 Gp57, with just 5 amino acid differences between the two. 
However, one difference is at position 113, near the region that is likely to 
bind to CapRelSJ46. This residue is a phenylalanine in the capsid proteins 
of SECΦ27, Bas5 and Bas8, but a tyrosine in the Bas4 capsid homologue 
(Fig. 5d). We tested whether this residue is critical for activation by mak-
ing a Y113F substitution in the Bas4 capsid homologue and found that it 
gained the ability to activate CapRelSJ46 when co-produced (Fig. 5e and 
Extended Data Fig. 6i). By contrast, a F113Y substitution in the SECΦ27 
capsid protein abolished its ability to activate CapRelSJ46. Additionally, 
we mutated Bas4 phage such that it produces major capsid protein with 
the Y113F substitution. This mutant phage could still produce mature 
virions, but was defended against by CapRelSJ46 (Fig. 5f and Extended 
Data Fig. 6j). These results support the notion of a Red Queen dynamic 
between the pseudo-ZFD of CapRel and the phage capsid proteins that 
directly bind and activate CapRel.
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CapRelSJ46, which inhibits translation and restricts viral infection.
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Conclusions
We propose the following model for CapRelSJ46 activation by SECΦ27 
(Fig. 5g). Without phage infection, CapRelSJ46 adopts an inactive, closed 
conformation in cells with its C-terminal antitoxin domain autoinhib-
iting the N-terminal toxin domain. Upon infection, the phage’s major 
capsid protein is produced and directly binds to CapRelSJ46 to stabilize 
the active, open state. This open state enables CapRelSJ46 to pyroph-
osphorylate tRNAs and inhibit translation, which is likely to prevent 
mature virion production, leading to an abortive infection that pre-
vents propagation of phage through a population of cells. Notably, 
our results imply that type II toxin–antitoxin systems, which feature 
protein antitoxins, can be activated without proteolysis of the antitoxin, 
which is often asserted as their primary means of activation. Although 
our work focused on a fused type II toxin–antitoxin system, activa-
tion by the direct binding of phage proteins could also be a common 
mechanism for canonical, non-fused type II toxin–antitoxin systems. 
As noted above, although antitoxins are frequently less stable than 
their cognate toxins, their turnover may not occur quickly enough to 
respond to phage infection22, whereas direct binding to phage-encoded 
triggers could allow rapid activation.

Major capsid proteins, such as Gp57 from SECΦ27, may be a com-
mon trigger for toxin–antitoxin systems and other anti-phage defence 
systems. Prior studies found that a short peptide called Gol within 
the major capsid protein Gp23 of T4 can activate the Lit protease in 
E. coli, which cleaves EF-Tu, if both Gol and Lit protease are overpro-
duced38,39. For PifA, which allows the F plasmid to exclude T7, escape 
mutants mapped to the major capsid protein, but this interaction has 
not been studied biochemically40. Recent work reported that mutations 
in the major capsid protein of T5 allow it to overcome Pycsar-mediated 
defence, but the capsid protein alone is insufficient to activate Pycsar41. 
Finally, mutations in the gene encoding a major capsid protein of a 
Pseudomonas aeruginosa phage enables escape from CBASS-mediated 
defence, but whether the capsid protein is an activator of CBASS is not 
yet known42. Nevertheless, we anticipate that major capsid proteins may 
be common direct triggers for a diverse range of anti-phage defence 
systems. Other structural components of phages may also serve as trig-
gers; for example, antiviral STAND defence systems were recently found 
to be directly triggered by terminase or portal proteins43. Although 
structural proteins may be effective triggers, the intense coevolution 
of phages and bacteria may also drive defence systems to rely on yet 
other triggers44.

As with PAMPs in eukaryotes, relying on essential, abundant com-
ponents of phages for activation may help ensure that an immune 
response is mounted only following an infection. Notably, the 
capsid proteins of some eukaryotic viruses stimulate mammalian 
innate immune pathways. For instance, HIV capsid protein is directly 
detected in the host cell cytoplasm and nucleus by TRIM5 and NONO, 
respectively, to trigger innate immune activation7,9. Thus, our results 
suggest that similar principles of pathogen detection underlie the 
function and molecular basis of innate immunity in both bacteria 
and eukaryotes.
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Methods
Strains and growth conditions
All bacterial and phage strains used in this study are listed in Supple-
mentary Table 2. Escherichia coli strains were routinely grown at 37 °C 
in Luria broth (LB) medium for cloning and maintenance. Phages were 
propagated by infecting a culture of E. coli MG1655 at an A600 of 0.1–0.2 
with a MOI of 0.1. Cleared cultures were pelleted by centrifugation to 
remove residual bacteria and filtered through a 0.2-µm filter. Chlo-
roform was then added to phage lysates to prevent bacterial growth. 
All phage infection experiments in liquid media and phage spotting 
experiments were performed in LB medium at 25 °C, except for spotting 
of T2 and T4 on strains producing CapRelSJ46 open reading frames were 
(6.4 g l−1 Na2HPO4-7H2O, 1.5 g l−1 KH2PO4, 0.25 g l−1 NaCl, 0.5 g l−1 NH4Cl 
medium supplemented with 0.1% casamino acids, 0.4% glycerol, 0.4% 
glucose, 2 mM MgSO4, and 0.1 mM CaCl2) at 30 °C. For liquid induction 
experiments from pBAD33 vectors, bacterial cells were grown in M9 
medium. Antibiotics were used at the following concentrations (liquid; 
plates): carbenicillin (50 µg ml−1; 100 µg ml−1) and chloramphenicol 
(20 µg ml−1; 30 µg ml−1).

Plasmid construction
All plasmids are listed in Supplementary Table 3. All primers and syn-
thesized gene sequences are listed in Supplementary Table 4.

pBR322-capRel constructs: DNA encoding CapRelSJ46, CapRelEbc, 
CapRelKp or CapRelEcHT open reading frames were expressed in E. coli 
and 100–200 bp of the upstream region from the source organism was 
added in each case for native expression (TZ-1 to TZ-5, TZ-92 and TZ-93). 
DNA was commercially synthesized by Integrated DNA Technology as 
gBlocks and assembled into a promoter-less backbone of pBR322 ampli-
fied with TZ-6 and TZ-7 by Gibson assembly. Mutations that produce the 
single amino acid substitutions CapRelSJ46(Y155A), CapRelEbc(Y153A), 
CapRelSJ46(L280Q), CapRelSJ46(L280P) and CapRelSJ46(L307A) were 
generated by site-directed mutagenesis using primers TZ-8 to TZ-11 
and TZ-49 to TZ-54. To add an N-terminal His6-tag or a C-terminal Flag 
tag to CapRelSJ46, primers TZ-41 and TZ-42 or TZ-45 and TZ-46 were 
used to PCR-amplify pBR322-capRelSJ46 followed by Gibson assem-
bly. pBR322-capRel-chimera was constructed by inserting capRelEbc 
(270–339) that had been PCR-amplified with TZ-22 and TZ-23 into 
pBR322-capRelSJ46 linearized with TZ-20 and TZ-21 using Gibson assem-
bly. To add a C-terminal Flag tag to CapRelEbc or the CapRel chimera, 
primers TZ-90 and TZ-91, or TZ-45 and TZ-46 were used to PCR-amplify 
corresponding pBR322 vectors followed by Gibson assembly.

pBAD33-capRelSJ46 constructs: capRelSJ46(1–272) or full-length 
capRelSJ46 was PCR-amplified with TZ-14 and TZ-15, or TZ-14 and 
TZ-24, respectively, and inserted into pBAD33 linearized with TZ-12 
and TZ-13 using Gibson assembly. pBAD33-capRelSJ46 variants (A77K, 
R116A, V338A, L339A, A341K, A351K, Y352A or Y355A) were con-
structed by site-directed mutagenesis using primers TZ-25 to TZ-40. 
pBAD33-capRelSJ46 variants (R78A, K311A, R314A, E319A and K346A) 
were constructed by site-directed mutagenesis using primers TZ-80 
to TZ-89.

pEXT20-capRelSJ46 construct: capRelSJ46(273–373) was PCR-amplified 
with primers TZ-18 and TZ-19, and then inserted into linearized pEXT20 
with TZ-16 and TZ-17 using Gibson assembly.

pBAD33-gp57 constructs: wild-type or mutant variant (L114P or 
I115F) gp57 was PCR-amplified from the corresponding wild-type or 
escape-mutant SECΦ27 phage using primers TZ-43 and TZ-44, and 
inserted into linearized pBAD33 using Gibson assembly. A C-terminal 
HA tag was added to wild-type or mutant gp57 using primers TZ-47 and 
TZ-48 to PCR-amplify the corresponding construct followed by Gibson 
assembly. The F113Y variant of gp57 was generated by site-directed 
mutagenesis using primers TZ-63 and TZ-64.

pBAD33-gp8: the genes encoding the major capsid protein hom-
ologues Gp8Bas4, Gp8Bas5 and Gp8Bas8 were PCR-amplified from the 

corresponding phage using primers TZ-55 to TZ-60 and inserted into 
linearized pBAD33 by Gibson assembly. The Y113F variant of gp8Bas4 
was generated by site-directed mutagenesis using primers TZ-61 and 
TZ-62. The F120L and I124F variants of gp8Bas8 were cloned from the 
corresponding phage escape mutants using primers TZ-59 and TZ-60.

pET-gp57 constructs: a gp57 fragment was PCR-amplified with prim-
ers TZ-65 and TZ-66 and the TZ-67 template using Gibson assembly, 
the resulting linear DNA fragment was inserted into linearized pET24d 
(without tag) using TZ-68 and TZ-69. Template TZ-67 was synthesized 
as a gBlock by Integrated DNA Technology. To construct L114P and 
I115F-substituted gp57 variants, DNA fragments were PCR-amplified 
with primer pairs TZ-70 + TZ-71 and TZ-72 + TZ-73 (for L114P) or with 
pairs TZ-74 + TZ-71 and TZ75 + TZ-73 (for I115F) and pET-gp57 template. 
The resulting linear DNA fragments were assembled using Gibson 
assembly.

pET24d-His10-SUMO-capRelSJ46 constructs: the capRelSJ46 open read-
ing frame was PCR-amplified using primers TZ-76 and TZ-77 as well as 
pBAD-capRelSJ46 as template, and, using Gibson assembly, inserted 
into a linearized pET24d-His10-SUMO plasmid using primers TZ-78 
and TZ-79.

Strain construction
Plasmids described above were introduced into E. coli MG1655 or 
BW27783 by TSS transformation or electroporation.

A single copy of capRelSJ46, capRelSJ46(Y155A), His6-capRelSJ46, gp57 
or gp57-HA with its native promoter was inserted onto the MG1655 
chromosome at the HK022 attachment site using the CRIM system45, 
using the pAH69 helper plasmid with the pAH144 vector containing 
the desired insert.

Bas4 mutant phage were generated using a CRISPR–Cas system for 
targeted mutagenesis as described46. In brief, sequences for RNA guides 
to target Cas9-mediated cleavage were designed using the toolbox 
in Geneious Prime 2021.2.2 and selected for targeting of gp8Bas4 but 
nowhere else in the Bas4 genome. The guides were inserted into the 
pCas9 plasmid and tested for their ability to restrict Bas4. An efficient 
guide was selected and the pCas9 guide plasmid was co-transformed 
into E. coli MG1655 with a high copy number repair plasmid contain-
ing gp8Bas4(Y113F) with the guide mutated to prevent self-cutting.  
The wild-type Bas4 phage was plated onto a strain containing both the 
pCas9 guide and the repair plasmid, and single plaques were screened 
by Sanger Sequencing. Two clones that produce the Y113F substituted 
Gp8 were propagated twice on strains containing only pCas9 guide 
for further selection and genomes were sequence verified by Illumina 
sequencing as described below.

External data
Previously published structures are available from the Protein Data 
Bank (PDB) with IDs 5DEC, 6S2T and 2LVH. The UniRef90 database is 
publicly available. Reference phage genomes are publicly available: 
SECΦ27 (NC_047938.1), Bas04 (MZ501069.1), Bas08 (MZ501059.1).

Toxicity assays on solid media
For producing the CapRelSJ46 N- and C-terminal domains, single 
colonies of E. coli MG1655 containing pBAD33-capRelSJ46(1–272) and 
pEXT20-capRelSJ46(273–373) or the corresponding empty vectors were 
grown for 6 h at 37 °C in LB-glucose to saturation. 200 µl of each satu-
rated culture was then pelleted by centrifugation at 4,000g for 10 min, 
washed once in 1× phosphate-buffered saline (PBS), and resuspended in 
400 µl 1× PBS. Cultures were then serially diluted 10-fold in 1× PBS and 
spotted on M9L plates (M9 medium supplemented with 5% LB (v/v))  
further supplemented with 0.4% glucose, 0.2% arabinose or 0.2% arab-
inose and 100 µM IPTG. Plates were then incubated at 37 °C overnight 
before imaging.

For producing full-length CapRelSJ46, E. coli MG1655 containing 
pBAD33-capRelSJ46 or a mutant form of capRelSJ46 were grown to 
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saturation and processed as above. Cultures were plated onto 0.4% 
glucose and 0.2% arabinose and incubated at 37 °C overnight.

For co-producing CapRelSJ46 and the major capsid proteins 
from SECΦ27, Bas4, Bas5, or Bas8, E. coli MG1655 harbouring 
pBR322-capRelSJ46 or MG1655 containing genomic capRelSJ46 and 
pBAD33-capsid protein were grown to saturation and processed as 
above. Cultures were plated onto 0.4% glucose and 0.2% arabinose 
and incubated at 37 °C overnight.

For co-producing CapRelSJ46 and variants of the major capsid pro-
tein from Bas8, E. coli BW27783 harbouring pBR322-capRelSJ46 and 
pBAD33-gp8Bas8 (wild-type or a mutant variant) were grown to satura-
tion and processed as above. Cultures were plated onto 0.4% glucose 
and 0.0002% arabinose and incubated at 37 °C overnight.

Phage spotting assays and EOP measurements
Phage stocks isolated from single plaques were propagated in E. coli 
MG1655 at 37 °C in LB. To titre phage, dilutions of stocks were mixed with 
E. coli MG1655 and melted LB + 0.5% agar and spread on LB + 1.2% agar 
plates and incubated at 37 °C overnight. For phage spotting assays, 40 µl 
of a bacterial strain of interest was mixed with 4 ml LB + 0.5% agar and 
spread on an LB + 1.2% agar + antibiotic plate. Phage stocks were then 
serially diluted in 1× FM buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 
10 mM MgSO4), and 2 µl of each dilution was spotted on the bacterial 
lawn. Plates were then incubated at 25 °C overnight before imaging. EOP 
was calculated by comparing the ability of the phage to form plaques on 
an experimental strain relative to the control strain. Experiments were 
replicated 3 times independently and representative images are shown.

For spotting phage T2 and T4 on strains producing CapRelSJ46 vari-
ants, 40 µl of a bacterial strain of interest was mixed with 4 ml M9 + 
0.5% agar and spread on an M9 + 1.2% agar + antibiotic plate. Phage 
were serially diluted and spotted as described above. Plates were then 
incubated at 30 °C overnight before imaging.

Growth curves following phage infection in liquid culture
Single colonies of E. coli MG1655 pBR322 empty vector or pBR322- 
capRelSJ46 or pBR322-capRelSJ46(Y155A) were grown in LB overnight. 
Cultures were then back-diluted to A600 = 0.1 in fresh LB and 100 µl of 
cells were added into each well of a 96-well plate. Ten microlitres of 
serial diluted T4 phage were added to each well at the indicated MOI 
and growth following phage infection was measured at 15 min intervals 
with orbital shaking at 25 °C on a plate reader (Biotek). Data reported 
are the mean and standard deviation of eight plate replicates and the 
growth curve experiment was replicated three times independently.

One-step growth curves
Single colonies of E. coli MG1655 pBR322 empty vector or pBR322- 
capRelSJ46 were grown overnight in LB. Overnight cultures were 
back-diluted to A600 = 0.05 in 25 ml fresh LB and grown to A600 ~0.3 at 
25 °C. Ten millilitres of each culture was infected with T4 phage at an 
MOI of 0.05 or SECΦ27 phage at an MOI of 0.01 in LB at 25 °C and phages 
were allowed to adsorb for 10 min before serial dilution in LB three 
times (1:100, 1:10, 1:10 serial dilution) to three flasks. Then, at indicated 
time points, 100 µl of infected cells from the corresponding dilution 
flask were mixed with 100 µl of indicator cells MG1655 pBR322 empty 
vector (A600 ~0.3), and the mixtures were mixed with 4 ml of LB + 0.5% 
agar and spread on LB + 1.2% agar plates. Plates were incubated over-
night at 25 °C and plaques were enumerated the following day. PFU was 
calculated based on the dilution flask samples were taken from. Data 
reported are the mean and individual data points from 3 biological  
replicates.

Adsorption assays
Single colonies of E. coli MG1655 pBR322-capRelSJ46 or pBR322 
empty vector were grown overnight in LB. Overnight cultures were 
back-diluted to A600 = 0.05 in 25 ml of fresh LB and grown to A600 = 0.2 

at 25 °C. Cells or a control containing only media were infected with 
phage T4 or SECΦ27 at MOI = 0.1 and incubated at 25 °C for 10 min 
to allow for adsorption. Cells were pelleted at 9,000g for 2 min and 
unadsorbed phages from the supernatant were serial diluted, mixed 
with indicator cells MG1655 pBR322 empty vector + top agar and plated. 
Plates were incubated overnight at 25 °C and plaques were enumerated 
the following day. Percent adsorption was calculated by normalizing 
unadsorbed phages from each sample to media control. Data reported 
are the mean and individual data points from 3 biological replicates.

Western blot of CapRelSJ46 and Gp57 after phage infection
For immunoblotting of CapRelSJ46, single colonies of E. coli MG1655 
pBR322-His6-capRelSJ46 or E. coli MG1655 genomic His6-capRelSJ46 under 
its native promoter were grown overnight in LB. Overnight cultures 
were back-diluted to A600 = 0.05 in 25 ml fresh LB and grown to A600 = 0.2 
at 25 °C. Cells were infected with phage SECΦ27 at MOI = 100, and incu-
bated at 25 °C during the experiment. At each indicated time point (0, 
10, 20, 40, 60 min), A600 was measured and 1 ml of cells was pelleted 
at 21,000g for 2 min at 4 °C. Supernatant was removed and pellets 
were flash-frozen in liquid nitrogen. Pellets were thawed and resus-
pended in 1× Laemmli sample buffer (Bio-Rad) supplemented with 
2-mercaptoethanol with A600 normalized. Samples were then boiled at 
95 °C and analysed by 12% SDS–PAGE and transferred to a 0.45 µm PVDF 
membrane. Anti-His6 antibody (Invitrogen) was used at a final concen-
tration of 1:1000, and SuperSignal West Femto Maximum Sensitivity 
Substrate (Thermo Fisher) was used to develop the blots. Blots were 
imaged by a ChemiDoc Imaging system (Bio-Rad). Blots were stained 
with Coomassie stain and imaged as loading control. Image shown is 
a representative of two independent biological replicates.

For immunoblotting of Gp57, single colonies of E. coli MG1655 
containing genomic gp57-HA under its native promoter were grown 
overnight in LB. Overnight cultures were back-diluted to A600 = 0.05 in 
25 ml of fresh LB and grown to A600 = 0.2 at 25 °C. Cells were infected 
with phage SECΦ27 at MOI = 100, and incubated at 25 °C during the 
experiment. At each indicated time point (0, 10, 20, 30, 40, 50 min), 
A600 was measured and 1 ml of cells was pelleted at 21,000g for 2 min 
at 4 °C. Samples were processed as described above with A600 normal-
ized. Samples were then boiled at 95 °C and analysed by 12% SDS–PAGE 
and transferred to a 0.45 µm PVDF membrane. Anti-HA antibody (Cell 
Signaling Technology) was used at a final concentration of 1:1000, and 
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 
Fisher) was used to develop the blots. Blots were imaged by a Chemi-
Doc Imaging system (Bio-Rad), then stained with Coomassie stain and 
imaged as loading control. The experiment was performed three times 
independently and band intensities were quantified using Fiji. Relative 
band intensities were calculated by normalizing the summed intensity 
of both Gp57 bands to the intensity of total proteins by Coomassie 
stain.

Western blot of CapRelSJ46, CapRelEB or chimera expression levels
Single colonies of E. coli MG1655 pBR322-capRelSJ46, pBR322- 
capRelSJ46-Flag, pBR322-capRelEbc-Flag or pBR322-chimera-Flag were 
grown overnight in LB. Overnight cultures were back-diluted to 
A600 = 0.05 in 5 ml fresh LB and grown to A600 = 0.2 at 37 °C. A600 was 
measured and 5 ml of cells was pelleted at 4,000g for 5 min. Superna-
tant was removed and pellets were resuspended in 1× Laemmli sample 
buffer (Bio-Rad) supplemented with 2-mercaptoethanol with A600 
normalized. Samples were then boiled at 95 °C and analysed by 12% 
SDS–PAGE and transferred to a 0.45 µm PVDF membrane. Anti-Flag 
antibody (Cell Signaling Technology) and anti-GyrA antibody (Inspira-
lis) were used at a final concentration of 1:1,000, and SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Fisher) was used to 
develop the blots. Blots were imaged by a ChemiDoc Imaging system 
(Bio-Rad). Image shown is a representative of 2 independent biological 
replicates.



Error-prone PCR mutagenesis of CapRelSJ46

The C terminus of CapRelSJ46 was mutagenized using error-prone 
PCR-based mutagenesis as described previously47. In brief, primers 
TZ-94 and TZ-95 were used to amplify the C terminus of CapRelSJ46 using 
Taq polymerase (NEB) and 0.5 mM MnCl2 was added to the reaction as 
the mutagenic agent. PCR products were treated with Dpn I, column 
purified, and inserted into pBR322-CapRelSJ46 backbone amplified with 
primer TZ-96 and TZ-97 using Gibson assembly. Gibson products were 
transformed into DH5α and grown overnight in LB at 37 °C. Overnight 
cultures were miniprepped to obtain the mutagenized library. Individ-
ual colonies were Sanger sequenced to assess the number of mutations. 
To perform the selection, mutagenized library was electroporated into 
E. coli MG1655 pBAD33-gp57, and plated onto LB plates containing 0.2% 
arabinose to select for survivors. Colonies were picked and sequenced 
to identify mutations in CapRelSJ46, and further validated by construct-
ing plasmid with only single mutants.

Isolation of phage escape mutants to infect CapRelSJ46

The phage evolution experiment was conducted as described previ-
ously48. In brief, 5 independent populations were evolved in a 96-well 
plate containing a sensitive host E. coli MG1655 pBR322 empty vec-
tor and a resistant host E. coli MG1655 pBR322-capRelSJ46. One control 
population was evolved with only the sensitive host. Overnight bacterial 
cultures were back-diluted to A600 = 0.1 in LB and 100 µl were seeded into 
each well. Cells were infected with tenfold serial dilutions of SECΦ27 
phage with MOI from 102 to 10−4, with one well uninfected to monitor 
for contamination. Plates were sealed with breathable plate seals and 
incubated at 25 °C for 6 h in a plate shaker at 1,000 rpm. Cleared wells 
from each population were pooled, pelleted at 4,000g for 20 min to 
remove bacteria, and the supernatant lysates were transferred to a 
96 deep-well block with 40 µl chloroform added to prevent bacterial 
growth. Lysates were spotted onto both sensitive and resistant hosts 
to check the defence phenotype. Thirteen rounds of evolution were 
performed to allow all five populations to overcome CapRelSJ46 defence. 
Evolved clones from each evolved population were isolated by plating 
to single plaques on lawns of resistant host, and control clones from the 
control population were isolated on a lawn of the sensitive host. Two 
clones from each population were propagated using the corresponding 
host and sequenced as described below.

Bas8 escape mutants were isolated by plating a population of phage 
onto CapRelSJ46- or CapRelEcHT-containing cells. Twenty microlitres of 
1011 PFU ml−1 Bas8 phage mixed with 40 µl overnight culture of E. coli 
MG1655 pBR322-capRelSJ46 or pBR322-capRelEcHT were added to 4 ml 
LB + 0.5% agar and spread onto LB + 1.2% agar. Plates were incubated 
at 25 °C overnight. Single plaques were isolated and propagated using 
the same strain in LB at 25 °C. Amplified phage lysates were pelleted 
to remove bacteria, and then plated to single plaques and propa-
gated similarly for a second round of isolation to improve purity and 
sequenced.

Phage DNA extraction and Illumina sequencing
To extract phage DNA, high-titre phage lysates (>106 PFU µl−1) were 
treated with DNase I (0.001 U µl−1) and RNase A (0.05 mg ml−1) at 37 °C 
for 30 min. 10 mM EDTA was used to inactivate the nucleases. Lysates 
were then incubated with proteinase K at 50 °C for 30 min to disrupt 
capsids and release phage DNA. Phage DNA was isolated by ethanol 
precipitation. In brief, sodium acetate pH 5.2 was added to 300 mM 
followed by 100% ethanol to a final volume fraction of 70%. Samples 
were incubated at −80 °C overnight, pelleted at 21,000g for 20 min and 
supernatant removed. Pellets were washed with 100 µl isopropanol and 
200 µl 70% (v/v) ethanol, and then aired dried at room temperature 
and resuspended in 25 µl 1× TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, 
pH 8). Concentrations of extracted DNA were measured by NanoDrop 
(Thermo Fisher Scientific).

To prepare Illumina sequencing libraries, 100–200 ng of genomic 
DNA was sheared in a Diagenode Bioruptor 300 sonicator water bath for 
twenty 30 s cycles at maximum intensity. Sheared genomic DNA was puri-
fied using Ampure XP beads, followed by end repair, 3′ adenylation, and 
adapter ligation. Barcodes were added to both 5′ and 3′ ends by PCR with 
primers that anneal to the Illumina adapters. The libraries were cleaned 
by Ampure XP beads using a double cut to elute fragment sizes match-
ing the read lengths of the sequencing run. Libraries were sequenced 
on an Illumina MiSeq at the MIT BioMicro Center. Illumina reads were 
assembled to the reference genomes using Geneious Prime 2021.2.2.

Mass spectrometry of phages
Wild-type or mutant (L114P in Gp57, evolved clone 1 from population 3) 
SECΦ27 phage were propagated in E. coli MG1655 for high-titre stocks. 
In brief, E. coli MG1655 (A600 = 0.2) in LB were infected with phages at 
MOI = 0.1 and incubated at 37 °C for 4 h. Cells were pelleted at 4,000g 
for 10 min and supernatant lysates were filtered through 0.2-µm filters. 
Five hundred microlitres of phage stocks (1010 PFU µl−1) were further 
concentrated with Amicon Ultra filter (MW 100 kDa) and washed twice 
with 1× FM buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 10 mM MgSO4). 
Concentrated phage lysates were boiled to denature virions and run 
on 4–20% SDS–PAGE. Each lane from the gel was excised. Proteins were 
reduced with 10 mM dithiothreitol (Sigma) for 1 h at 56 °C and then 
alkylated with 20 mM iodoacetamide (Sigma) for 1 h at 25 °C in the 
dark. Proteins were then digested with 12.5 ng µl−1 modified trypsin 
(Promega) in 50 µl 100 mM ammonium bicarbonate, pH 8.9 at 25 °C 
overnight. Peptides were extracted by incubating the gel pieces with 
50% acetonitrile/5% formic acid then 100 mM ammonium bicarbonate, 
repeated twice followed by incubating the gel pieces with 100% ace-
tonitrile then 100 mM ammonium bicarbonate, repeated twice. Each 
fraction was collected, combined, and reduced to near dryness in a 
vacuum centrifuge. Peptides were desalted using Pierce Peptide Desalt-
ing Spin Columns (Thermo) and then lyophilized. The tryptic peptides 
were separated by reverse phase HPLC (Thermo Ultimate 3000) using 
a Thermo PepMap RSLC C18 column over a 90 min gradient before 
nano-electrospray using an Exploris mass spectrometer (Thermo). 
Solvent A was 0.1% formic acid in water and solvent B was 0.1% formic 
acid in acetonitrile. Detected peptides were mapped to SECΦ27 protein 
sequences and the abundance of proteins were estimated by number 
of spectrum counts/molecular mass to normalize for protein sizes.

Co-immunoprecipitation analysis
For immunoprecipitation of CapRelSJ46 after phage infection, E. coli 
MG1655 containing pBR322-capRelSJ46-Flag were grown overnight in 
LB. Overnight cultures were back-diluted to A600 = 0.05 in 175 ml of LB 
and grown to A600 ~0.3 at 25 °C. Cells were infected with wild-type or 
mutant (L114P in Gp57, evolved clone 1 from population 3) SECΦ27 at 
MOI = 100 and incubated at 25 °C. At the indicated time points (15 min 
or 40 min), A600 was measured and 50 ml of cells were pelleted at 6,000g 
for 5 min at 4 °C. Uninfected cells were collected at 0 min before phage 
infection. Supernatant was removed and cells were resuspended in 
900 µl lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton 
X-100 and 5% glycerol) supplemented with protease inhibitor (Roche), 
1 µl per ml Ready-Lyse Lysozyme Solution (Lucigen) and 1 µl per ml 
benzonase nuclease (Sigma). Samples were lysed by two freeze-thaw 
cycles, and lysates were normalized by A600. Lysates were pelleted at 
21,000g for 10 min at 4 °C, and 850 µl of supernatant were incubated 
with pre-washed anti-Flag M2 magnetic beads (Sigma) for 1 h at 4 °C 
with end-over-end rotation. Beads were then washed 3 times with lysis 
buffer containing 350 mM NaCl but free of detergent. On-bead reduc-
tion, alkylation and digestion were performed. Proteins were reduced 
with 10 mM dithiothreitol (Sigma) for 1 h at 56 °C and then alkylated 
with 20 mM iodoacetamide (Sigma) for 1 h at 25 °C in the dark. Proteins 
were then digested with modified trypsin (Promega) at an enzyme/
substrate ratio of 1:50 in 100 mM ammonium bicarbonate, pH 8 at 
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25 °C overnight. Trypsin activity was halted by addition of formic acid 
(99.9 %, Sigma) to a final concentration of 5 %. Peptides were desalted 
using Pierce Peptide Desalting Spin Columns (Thermo) then lyophi-
lized. The tryptic peptides were subjected to LC–MS/MS as described 
above. Experiments were performed two times independently and 
spectral counts are reported. Ratio of spectral counts between Gp57 
and CapRelSJ46 were calculated and plotted for normalization.

For co-producing CapRelSJ46 and Gp57, E. coli MG1655 containing 
pBR322-capRelSJ46 or pBR322-capRelSJ46-Flag (wild type or mutants) 
and pBAD33-gp57-HA (wild type or mutants) were grown overnight 
in M9-glucose. Overnight cultures were back-diluted to A600 = 0.05 
in 50 ml of M9 (no glucose) and grown to A600 ~0.3 at 37 °C. Cells were 
induced with 0.2% arabinose for 30 min at 37 °C, then A600 was measured 
and cells were pelleted at 4,000 g for 10 min at 4 °C. Supernatant was 
removed and cells were resuspended in 900 µl lysis buffer as described 
above. Samples were lysed by two freeze-thaw cycles, and lysates were 
normalized by A600. Lysates were pelleted at 21,000g for 10 min at 4 °C, 
and 850 µl of supernatant were incubated with pre-washed anti-Flag M2 
magnetic beads (Sigma) for 1 h at 4 °C with end-over-end rotation. Beads 
were then washed 3 times with lysis buffer containing 350 mM NaCl. Lae-
mmli sample buffer (Bio-Rad) supplemented with 2-mercaptoethanol 
was added to beads directly to elute proteins. Samples were boiled at 
95 °C and analysed by 12% SDS–PAGE and transferred to a 0.45 µm PVDF 
membrane. Anti-Flag and anti-HA antibodies (Cell Signaling Technol-
ogy) were used at a final concentration of 1:1,000, and SuperSignal 
West Femto Maximum Sensitivity Substrate (Thermo Fisher) was used 
to develop the blots. Blots were imaged by a ChemiDoc Imaging sys-
tem (Bio-Rad). Images shown are representatives of 3 independent 
biological replicates.

Incorporation assays
For co-producing CapRelSJ46 and Gp57, the SECΦ27 major capsid pro-
tein, single colonies of E. coli MG1655 containing pBR322-capRelSJ46 
and pBAD33-gp57 (wild-type or L114P variant) or corresponding empty 
vectors were grown overnight in M9-glucose. Overnight cultures were 
back-diluted to A600 = 0.05 in 25 ml M9-glucose and grown to A600 ~0.3 at 
37 °C. Cells were pelleted at 4,000g for 5 min at 4 °C and washed once 
with M9 (no glucose), and then back-diluted to A600 = 0.1 in 15 ml M9 
(no glucose) and recovered for 45 min at 37 °C. At the beginning of the 
experiment, cells were induced with 0.2% arabinose. At the indicated 
time points (0, 10, 20, 30, 40 min), A600 was measured and an aliquot 
of 250 µl of cells was transferred to microcentrifuge tube containing 
[5,6-3H]uridine (PerkinElmer) (4 µCi ml−1) for transcription measure-
ments or EasyTag EXPRESS-35S Protein Labeling Mix, [35S] (PerkinElmer) 
at 44 µCi ml−1 for translation measurements. Tubes were incubated at 
37 °C for 2 min, then quenched by addition of nonradioactive uridine 
(1.5 mM) or cysteine and methionine (15 mM each) and incubated for 
an additional 2 min. Samples were then added to ice cold trichloro-
acetic acid (TCA) (10% w/v) and incubated at least 30 min on ice to 
allow for precipitation. Resulting samples were vacuum filtered onto 
a glass microfibre filter (Whatman, 1820-024) that had been pre-wetted 
with 5% w/v TCA. Filters were washed with 35× volume of 5% w/v TCA, 
then with 5× volume of 100% ethanol. Air dried filters were placed in 
tubes with scintillation fluid and measured in a scintillation counter  
(PerkinElmer). CPM (Counts Per Million) was normalized to A600 and 
percent incorporation at each time point was calculated by normalizing 
to t = 0. Data reported are the mean and individual data points from 
three independent biological replicates.

For producing the CapRelSJ46 N-terminal toxin domain, single colonies 
of E. coli MG1655 containing pBAD33-capRelSJ46(1–272) or an empty vec-
tor were grown overnight in M9-glucose. Transcription and translation 
experiments were done as described above. Data reported are the mean 
and individual data points from three independent biological replicates.

For phage infection experiments, single colonies of E. coli MG1655 
harbouring pBR322 empty vector or pBR322-capRelSJ46 were grown 

overnight in LB. Overnight cultures were back-diluted to A600 = 0.05 in 
25 ml fresh LB and grown to A600 ~0.3 at 25 °C. Cells were then diluted 
to A600 = 0.1 in 10 ml LB and infected with wild-type or mutant (L114P in 
Gp57, evolved clone 1 from population 3) SECΦ27 at MOI = 100 and incu-
bated at 25 °C. At the indicated time points (0, 15, 30, 45 and 60 min), A600 
was measured and an aliquot of 250 µl of cells was transferred to a micro-
centrifuge tube containing [5,6-3H]uridine (PerkinElmer) (32 µCi ml−1) 
for transcription measurements or EasyTag EXPRESS-35S Protein  
Labeling Mix, [35S] (PerkinElmer) at 88 µCi ml−1 for translation meas-
urements. Tubes were incubated at 25 °C for 4 min, then quenched by 
addition of nonradioactive uridine (1.5 mM) or cysteine and methionine 
(15 mM) and incubated for an additional 2 min. Samples were then pro-
cessed same as above. Data reported are the mean and individual data 
points from three independent biological replicates. Statistical signifi-
cance was determined by unpaired, two-tailed Student’s t-test (P < 0.05).

Homology search, alignment, and conservation analysis
CapRelSJ46 was identified in the sequence database from our previous 
bioinformatic survey of RSH proteins24 that included gene neighbour-
hood analysis to identify toxin–antitoxin systems49. Bacterial strains con-
taining CapRelSJ46

, CapRelEbc or CapRelKp with 100% amino acid identity 
were found on NCBI database. Local genomic regions (±10 kb of CapRel) 
were extracted and annotated for all coding sequences. Prophage genes 
and intact prophage regions were identified by PHASTER50. Additional 
homologues of CapRelSJ46 were identified by ConSurf51 using PSI-BLAST 
(default settings) to search UniRef90 database, yielding 44 homologues. 
For Extended Data Fig. 1, sequences were aligned with MAFFT L-INS-i 
v7.453 (ref. 52) with manual curation of the C-terminal region guided by 
homology modelling of the stand-alone Phrann Gp30 antitoxin using 
Swiss-Model53, and with our CapRelSJ46 predicted structure as a template. 
For ConSurf analysis, 52 homologues were used to generate the mul-
tiple sequence alignment by MAFFT and used as input. Conservation 
scores were calculated using the Bayesian method and default settings. 
For gene neighbourhood analysis, previously identified CapRel and 
PhRel sequences24 were reduced to representatives with 65% amino 
acid identity using MMSeqs v13.45111 easy-cluster (default settings54), 
while retaining proteins of interest. The associated accession numbers 
were then used as input to FlaGs v1.2.6 (one flanking gene either side of 
the query and otherwise default settings)49.

Homologues of the major capsid proteins in BASEL phages were 
identified by BLASTp55 searches against each phage genome. Homo-
logues of Gp57 (Gp8Bas4, Gp8Bas5 and Gp8Bas8) were aligned by MUSCLE56.

CapRelSJ46 preparation for crystallization and HDX-MS
For the production of His10–SUMO-tagged CapRelSJ46 and CapRelSJ46 
variants, E. coli BL21 (DE3) cells were transformed with pET24d plas-
mids containing the gene of interest and grown in LB medium to A600 
of 0.6. Expression of the protein of interest was induced by addition 
of 0.5 mM IPTG, and cells were grown for 3 h at 30 °C. The culture was 
then centrifuged, and pellet was resuspended in resuspension buffer 
(50 mM Tris-HCl pH 8.0, 1.5 M KCl, 2 mM MgCl2, 1 mM TCEP, 0,002% 
mellitic acid and 1 pastil of protease inhibitors cocktail (Roche)).

Cells were disrupted using a high-pressure homogenizer (Emulsiflex) 
and the supernatant was separated from the pellet by centrifugation 
and filtered through 0.45 µm filters. Protein extracts were loaded onto 
a gravity-flow column (Cytiva) packed with HisPur Nickel resin (Thermo 
Fisher Scientific), washed with buffer A (50 mM Tris-HCl pH 8, 500 mM 
NaCl, 500 mM KCl, 1 mM TCEP, 0.002% Melitic acid) and stepwise eluted 
in buffer A supplemented with 500 mM imidazole. To remove remain-
ing contaminants and imidazole, the elution fraction was immedi-
ately transferred to a size-exclusion chromatography (SEC) column 
Superdex 200 pgcolumn (Cytiva), previously equilibrated in the SEC 
buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 500 mM KCl, 2 mM MgCl2, 
1 mM TCEP, 0.002% mellitic acid). The fractions containing the protein 
were concentrated to around 1 mg ml−1 and the His tag was removed 



by incubating with UlpI protease (1:50 molar ratio) at 4 °C for 30 min. 
The His10–SUMO tag and the protease were then removed by passing 
the samples over a gravity-flow column (Cytiva) packed with HisPur 
Nickel resin (Thermo Fisher Scientific). Purity of the sample prepara-
tion was assessed spectrophotometrically and by SDS–PAGE. For all 
the purified protein samples, A260/A280 ratio was below 0.6. Samples 
were stored at −20 °C or concentrated to 7 mg ml−1 and used directly 
in crystallization experiments.

For the purification of the complex containing His10–SUMO–
CapRelSJ46 and His10–SUMO–Gp57, E. coli BL21 (DE3) strain contain-
ing freshly transformed pET24d-His10-SUMO-capRelSJ46(Y155A) and 
pET21a-His10-SUMO-gp57 were grown in LB medium to A600 of 0.2. This 
culture was then diluted in fresh LB media and grown until A600 of 0.6. 
Expression of the protein of interest was induced by addition of 0.5 mM 
IPTG, and cells were grown for overnight at 16 °C. The subsequent purifi-
cation, Sumo tag cleavage and purity assessment steps were identical to 
the workflow described above for the all the CapRelSJ46 protein variants.

Crystallization of CapRelSJ46

The screening of crystallization conditions of CapRelSJ46 was carried 
out using the sitting-drop vapour-diffusion method. The drops were 
set up in Swiss (MRC) 96-well two-drop UVP sitting-drop plates using 
the Mosquito HTS system (TTP Labtech). Drops of 0.1 µl protein 
and 0.1 µl precipitant solution were equilibrated to 80 µl precipi-
tant solution in the reservoir. Commercially available screens LMB 
and SG1 (Molecular Dimensions) were used to test crystallization 
conditions. The condition resulting in protein crystals (LMB screen 
position C9 for CapRelSJ46: 26% w/v PEG 2000 MME 0.1 M Bis-Tris 5.8)  
were repeated as 2 µl drops. The final crystallization drop was made 
by mixing in a 1:1 ratio the crystallization mother liquor at pH 5.8 
and CapRelSJ46 at pH 8.0. Crystals were collected using suitable 
cryo-protecting solutions (mother liquor supplemented with 20% 
glycerol) and vitrified in liquid N2 for transport and storage before 
X-ray exposure. X-ray diffraction data was collected at the SOLEIL 
synchrotron (Gif-sur-Yvette, Paris, France) on the Proxima 1 (PX1) and 
Proxima 2A (PX2A) beamlines using an Eiger-X 16M detector. Because 
of the high anisotropic nature of the data from all the crystals we 
performed anisotropic cut-off and correction of the merged intensity 
data as implemented on the STARANISO server (http://staraniso.
globalphasing.org/) using the DEBYE and STARANISO programs. 
The analysis of the data suggested a resolution of 2.31 Å (with 2.31 Å 
in a*, 2.85 Å in b* and 2.72 Å in c*).

Structure determination
The data were processed with the XDS suite57 and scaled with Aimless. 
In all cases, the unit cell content was estimated with the program MAT-
THEW COEF from the CCP4 program suite58. Molecular replacement 
was performed with Phaser59. The crystals of CapRelSJ46 diffracted on 
average to ~2.3 Å. We used the coordinates of RelTt

NTD (PDB ID 6S2T) 
as a search model for the toxSYNTH domain60. The MR solution from 
Phaser was used in combination with Rosetta as implemented in the 
MR-Rosetta61 suit from the Phenix package62. After several iterations 
of manual building with Coot63 and maximum likelihood refinement 
as implemented in Buster/TNT64, the model was extended to cover all 
the residues (R/Rfree of 21.5/26.0). Extended Data Table 1 details all the 
X-ray data collection and refinement statistics.

Isothermal titration calorimetry
For all ITC measurements CapRelSJ46 samples were prepared from the 
pET24d-His10-SUMO-capRelSJ46 as detailed above. In the case of Gp57,  
E. coli BL21 (DE3) cells were transformed with pET21a-His10-SUMO-gp57 
and grown in LB medium to A600 of 0.2. This culture was then diluted in 
fresh LB media and grown until A600 of 0.6. Expression of His10–SUMO–
Gp57 was induced by addition of 0.1 mM IPTG, and cells were grown for 
overnight at 16 °C. The subsequent purification, SUMO-tag cleavage 

and purity assessment steps were identical to the workflow described 
above for the all the CapRelSJ46 protein variants. After removing the 
SUMO tag, samples were concentrated to 10 µM and used directly for 
ITC immediately after purification.

All titrations were performed with an Affinity ITC (TA instruments) 
at 25 °C. For the titration, CapRelSJ46 was loaded in the instrument 
syringe at 150 µM and Gp57 was used in the cell at 10 µM. The titra-
tion was performed in 50 mM HEPES pH 7.5; 500 mM KCl; 500 mM 
NaCl; 150 mM imidazole; 10 mM MgCl2; 1 mM TCEP; 0.002% mellitic 
acid. Final concentrations were verified by the absorption using a Nan-
odrop One (ThermoScientific). All ITC measurements were performed 
by titrating 2 µl of CapRelSJ46 (or a CapRelSJ46 variant) into Gp57 (or a 
Gp57 variant) using a constant stirring rate of 75 rpm. All data were 
processed, buffer-corrected and analysed using the NanoAnalyse and 
Origin software packages.

Multiwavelength light scattering
The sample of the CapRelSJ46-Gp57 complex used for the MALS meas-
urements was prepared in the same way as the samples used for hydro-
gen–deuterium exchange mass spectrometry (HDX-MS): 50 mM HEPES 
pH 7.5; 500 mM KCl; 500 mM; NaCl; 10 mM MgCl2; 1 mM TCEP; 0.002% 
mellitic acid at a concentration of 5 mg ml−1. The measurement was 
performed in an HPLC Alliance system (Waters) connected to a 2998 
PDA detector (Waters), a TREOS II MALS detector (Wyatt Technology) 
and a RI-501 refractive index detector (Shodex). The data were analysed 
with Astra 7 suite (Wyatt technology).

HDX-MS
HDX-MS experiments were performed on an HDX platform composed 
of a Synapt G2-Si mass spectrometer (Waters Corporation) connected 
to a nanoAcquity UPLC system. Samples of CapRelSJ46 and CapRelSJ46 
complexed with Gp57 were prepared at a concentration of 20 to 50 µM. 
For each experiment 5 µl of sample (CapRelSJ46 or CapRelSJ46-Gp57) 
were incubated for 1 min, 5 min, 15 min or 60 min in 95 µl of labeling 
buffer L (50 mM HEPES, 500 mM KCl, 500 mM NaCl, 2 mM MgCl2, 
1 mM TCEP, 0.002% mellitic acid, pH 7.5) at 20 °C. The non-deuterated 
reference points were prepared by replacing buffer L by equilibration 
buffer E (50 mM HEPES, 500 mM KCl, 500 mM NaCl, 2 mM MgCl2, 
1 mM TCEP, 0.002% mellitic acid, pH 7.5). After labelling, the samples 
are quenched by mixing with 100 µl of pre-chilled quench buffer Q  
(1.2 % formic acid, pH 2.4). Seventy microlitres of the quenched  
samples are directly transferred to the Enzymate BEH Pepsin Column 
(Waters Corporation) at 200 µl min−1 and at 20 °C with a pressure 
8.5 kPSI. Peptic peptides were trapped for 3 min on an Acquity UPLC 
BEH C18 VanGuard Pre-column (Waters Corporation) at a 200 µl min−1 
flow rate in water (0.1% formic acid in HPLC water pH 2.5) before eluted 
to an Acquity UPLC BEH C18 Column for chromatographic separation. 
Separation was done with a linear gradient buffer (7–40% gradient of 
0.1% formic acid in acetonitrile) at a flow rate of 40 µl min−1. Peptides 
identification and deuteration uptake analysis was performed on the 
Synapt G2-Si in ESI ± HDMSE mode (Waters Corporation). Leucine 
enkephalin was applied for mass accuracy correction and sodium 
iodide was used as calibration for the mass spectrometer. HDMSE 
data were collected by a 20–30 V transfer collision energy ramp. The 
pepsin column was washed between injections using pepsin wash 
buffer (1.5 M guanidinium HCl, 4% (v/v) methanol, 0.8% (v/v) formic 
acid). A blank run was performed between each sample to prevent 
significant peptide carry-over. Optimized peptide identification and 
peptide coverage for all samples was performed from undeuterated 
controls (five replicates). All deuterium time points were performed 
in triplicate.

Data treatment and statistical analysis of HDX-MS
The non-deuterated references points were analysed by PLGS (ProteinLynx  
Global Server 2.5.1, Waters) to identify the peptic peptides belonging to 
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CapRelSJ46 or Gp57. Then, all the HDMSE data including reference and 
deuterated samples were processed by DynamX 3.0 (Waters) for deute-
rium uptake determination. We chose the following filtering param-
eters: minimum intensity of 1,000, minimum and maximum peptide 
sequence length of 5 and 20, respectively, minimum MS/MS products 
of 3, minimum products per amino acid of 0.27, minimum score of 5, 
and a maximum MH+ error threshold of 15 p.p.m. Data were analysed 
at peptidic and overall level and manually curated by visual inspec-
tion of individual spectra. The overall level is based on the relative 
fractional uptake (RFUa,t), which can be calculated by the following  
formula:

γ

D
RFU (%) =

MaxUptake ×a t
a t

a
,

,

where γa t,  is the deuterium uptake for peptide a at incubation time t, 
and DMaxUptake ×a  is the theorical maximum uptake in deuterium 
value that peptide a can take. The ∆RFU compared RFU value between 
two different experimental conditions, in this case, this is the com-
parison between CapRelSJ46 and CapRelSJ46 + Gp57. Heat maps have been 
generated in DynamX. All the raw data can be accessed at: https://doi.
org/10.6084/m9.figshare.19745089.

CapRelSJ46 expression and purification for biochemical assays
Full-length capRelSJ46 was overexpressed in freshly transformed 
E. coli BL21(DE3) pET24d-N-His10-SUMO-capRelSJ46 pMG25-paSpo 
co-transformed with the plasmid encoding PaSpo small alarmone 
hydrolase (SAH) from Salmonella phage SSU5, which has been shown 
to neutralize the toxicity of other toxSAS toxins24. Fresh transformants 
were used to inoculate 800 ml of LB medium (final A600 of 0.03) sup-
plemented with 50 µg ml−1 kanamycin, 20 µg ml−1 chloramphenicol 
and 0.2% arabinose. Bacterial cultures were grown at 37 °C until an 
A600 of 0.4–0.5 and protein expression was induced with 0.1 mM IPTG 
(final concentration). Cells were grown for additional 1 h at 30 °C and 
the biomass was collected by centrifugation (10,000 rpm, for 5 min, 
JLA-10.500 rotor (Beckman Coulter)).

Cell mass was resuspended in buffer A (750 mM KCl, 500 mM NaCl, 
5 mM MgCl2, 40 µM MnCl2, 40 µM zinc acetate, 1 mM mellitic acid, 
20 mM imidazole, 10% glycerol, 4 mM β-mercaptoethanol and 25 mM 
HEPES:KOH pH 8) supplemented with 0.1 mM PMSF and 1 U ml−1 of 
DNase I, and lysed by one passage through a high-pressure cell disrupter 
(Stansted Fluid Power, 150 MPa). Mellitic acid was added to buffers as 
it was earlier shown to stabilize Thermus thermophilus Rel stringent 
factor65. Cell debris was removed by centrifugation (25,000 rpm for 
1 h at 4 ºC, JA-25.50 rotor (Beckman Coulter)), the clarified lysate was 
filtered through a 0.22-µm syringe filter and loaded onto a HisTrap 5 ml 
HP column (Cytiva) pre-equilibrated in buffer A. The column was washed 
with 5 column volumes of buffer A, and the protein was eluted using a 
combination of stepwise and linear gradient (5 column volumes with 
0–100% buffer B) of buffer B (750 mM KCl, 500 mM NaCl, 5 mM MgCl2, 
40 µM MnCl2, 40 µM Zn(OAc)2, 1 mM mellitic acid, 1 M imidazole, 10% 
glycerol, 4 mM β-mercaptoethanol, 25 mM HEPES:KOH pH 8). Fractions 
enriched in CapRelSJ46 (approximately 40% buffer B) were pooled, total-
ling approximately 5 ml. The sample was loaded on a HiLoad 16/600 
Superdex 200 pg column pre-equilibrated with a high-salt buffer (buffer 
C; 2 M NaCl, 5 mM MgCl2, 10% glycerol, 4 mM β-mercaptoethanol, 25 mM 
HEPES:KOH pH 8). The fractions containing CapRelSJ46 were pooled and 
applied on a HiPrep 10/26 desalting column (Cytiva) pre-equilibrated 
with storage buffer (buffer D; 720 mM KCl, 5 mM MgCl2, 40 mM argi-
nine, 40 mM glutamic acid, 10% glycerol, 4 mM β-mercaptoethanol, 
25 mM HEPES:KOH pH 8). Fractions containing CapRelSJ46 were col-
lected (about 14 ml in total) and the His10–SUMO tag was cleaved off by 
addition of 10 µg of His6–Ulp1 per 1 mg CapRelSJ46 followed by a 30-min 
incubation on ice. After the His10–SUMO tag was cleaved off, the protein 
was passed through a 5 ml HisTrap HP pre-equilibrated with buffer D 

supplemented with 20 mM imidazole. Fractions containing CapRelSJ46 in 
the flow-through were collected and concentrated on an Amicon Ultra 
(Millipore) centrifugal filter device with a 10 kDa cut-off. The purity of 
protein preparations was assessed by SDS–PAGE. Protein preparations 
were aliquoted, frozen in liquid nitrogen and stored at –80 °C. Individual 
single-use aliquots were discarded after the experiment.

Cell-free translation
Experiments with PURExpress in vitro protein synthesis kit (NEB, 
E6800) were performed as per the manufacturer’s instructions. All 
reactions were supplemented with 0.8 U µl−1 RNase Inhibitor Murine 
(NEB, M0314S). Purified CapRelSJ46 protein was used at a final concen-
tration of 250 nM, with gp57, gp57(L114P) or gp57(I115F) as template 
plasmid at 10 ng µl−1. As a mock control CapRelSJ46 was substituted for 
equal volume of HEPES:Polymix buffer66, pH 7.5. After a 10-min incu-
bation at 37 °C, a 1.34 µl aliquot of the reaction mixture was taken and 
quenched by addition of 13.66 µl of 2× sample buffer (100 mM Tris:HCl 
pH 6.8, 4% SDS, 0.02% bromophenol blue, 20% glycerol, 20 mM DTT 
and 4% β-mercaptoethanol), and DHFR template plasmid was added 
to the remaining reaction mixture at a final concentration of 20 ng µl−1. 
After further incubation at 37 °C for 1 h, the reaction mixture was mixed 
with ninefold volume of 2× sample buffer, boiled at 98 ºC for 5 min, and 
5 µl of the mixture was resolved by 18% SDS–PAGE. The SDS–PAGE gel 
was fixed by incubating for 5 min at room temperature in 50% ethanol 
solution supplemented with 2% phosphoric acid, washed three times 
with water for 20 min at room temperature, and stained with ‘blue 
silver’ solution (0.12% Brilliant Blue G250 (Sigma-Aldrich, 27815), 10% 
ammonium sulfate, 10% phosphoric acid, and 20% methanol) over-
night at room temperature. After washing with water for 3 h at room 
temperature, the gel was imaged on an Amersham ImageQuant 800 
(Cytiva) imaging system. For tRNA pyrophosphorylation experiments, 
Gp57, Gp57(L114P), or Gp57(I115F) was produced in a similar reaction 
mixture without CapRelSJ46 and DHFR template at 37 °C for 2 h.

tRNA pyrophosphorylation by CapRelSJ46

The reaction mixture containing 5 µM tRNA from E. coli MRE600 
(Sigma-Aldrich, 10109541001), 500 µM [γ32P]ATP, 250 nM CapRelSJ46 
and 1/10 volume of either wild-type Gp57, Gp57(L114P), or Gp57(I115F) 
product from the PUREsystem in HEPES:Polymix buffer, pH 7.5 (5 mM 
Mg2+ final concentration) supplemented with 1 mM DTT was incubated 
at 37 °C for 10 min. To visualize phosphorylated tRNA, the reaction sam-
ple was mixed in 2 volumes of RNA dye (98% formamide, 10 mM EDTA, 
0.3% bromophenol blue and 0.3% xylene cyanol), tRNA was denatured 
at 37 °C for 10 min and resolved on urea-PAGE in 1× TBE (8 M urea, 8% 
PAGE). The gel was stained with SYBR Gold (Life technologies, S11494) 
and exposed to an imaging plate overnight. The imaging plate was 
imaged by a FLA-3000 (Fujifilm).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Structural data from this study are available from the Protein Data Bank 
(PDB) under accession 7ZTB. HDX raw data can be accessed at https://
doi.org/10.6084/m9.figshare.19745089. Sequencing data are available 
in the Sequence Read Archive (SRA) under BioProject PRJNA837951. 
Materials including strains and plasmids are available upon reasonable 
request. Source data are provided with this paper.
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Extended Data Fig. 1 | CapRel is broadly distributed in different bacteria, 
and is usually a fused TA system. FlaGs output for CapRel and PhRel 
representatives (black arrows). Those proteins studied in this paper are in  
bold and underlined. Most CapRel systems are fused, with the exception of 
Actinobacteria where the TA pair is usually unfused. The unfused state is the 
most common form of the system in the closely related PhRel subfamily of 
toxSASs, and fusion and/or fission events appear to have occurred independently 
multiple times. Conserved flanking open reading frames are colored and 

numbered by homologous clusters: 1 (red): antitoxin homologous to the 
CapRel C-terminus, and 2 (purple): Panacea/SocA (DUF4065) domain- 
containing proteins. For other coloured open reading frames see the legend  
on the lower left. Arrows with no fill colour and with blue and green outlines 
are, respectively, pseudogenes and non-coding RNA genes. Red numbers on 
branches show Maximum Likelihood bootstrap support on a scale of 0-1, where 
1 is 100% support.



Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Analysis of CapRel homologs. (a) Sequence alignment 
comparing fused CapRel systems with related, unfused systems. Alignment of 
toxSAS PhRel and ATphRel from the Mycobacterium phage Phrann, non-fused 
CapRel and ATcapRel from Mycobacterium terramassilience, and the three 
fused systems CapRelSJ46, CapRelEbc and CapRelKp. The N-terminal region of 
fused CapRel systems is a toxSAS toxin domain, while the C-terminal region is 
homologous to the antitoxins of the PhRel and unfused CapRel TA systems. 
Substituted sites that rendered CapRelSJ46 toxic  (see Extended Data Fig. 3j)  
are indicated with black arrowheads. The inset diagram summarises the 
homologous regions of the bicistronic toxin-antitoxin and fused toxin-
antitoxin systems considered here. (b) Genome maps of native locations of 

CapRelSJ46, CapRelEbc and CapRelKp (+/− 10 kb) with predicted flanking prophage 
and phage genes. (c) Summary of 3 independent replicates of cell viability assay 
in Fig. 1b. Asterisks indicate p = 0.007 (unpaired two-tailed t-test). (d) Serial 
dilutions of the phages indicated spotted on lawns of cells producing CapRelSJ46, 
CapRelEbc, or CapRelKp or harboring an empty vector (EV). (e) Summary of  
3 independent replicates of phage spotting assay in Fig. 1d. Asterisks indicate 
p = 10−10 (T2, SECΦ27), 10−6 (T4) (unpaired two-tailed t-test). (f) Serial dilutions 
of the phages indicated spotted on lawns of cells containing genomic CapRelSJ46, 
CapRelSJ46 (Y155A) or His6-CapRelSJ46. (g) Summary of 3 independent replicates 
of phage spotting assay in Fig. 1g. Asterisk indicates p = 10−22 (unpaired two-
tailed t-test).



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Structural analysis of CapRelSJ46. (a) Alignment of 
CapRelSJ46 and diverse fused CapRel homologs, with labels indicating the 
pseudo-ZFD and location of substitutions that render CapRelSJ46 constitutively 
active or unable to be activated by Gp57, the SECΦ27 major capsid protein.  
(b) Summary of 3 independent replicates of phage spotting assay in Fig. 2b.  
(c) Immunoblot of untagged CapRel chimera or FLAG-tagged CapRelSJ46, 
CapRelEbc or CapRel chimera. GyrA is included as a loading control. Image 
shown is a representative of 2 biological replicates. (d) Topology of CapRelSJ46. 
The toxSYNTH domain is colored in light yellow, the pseudo-ZFD in dark gold 
and the regions that anchor pseudo-ZFD to toxSYNTH are in green. The adenine 
coordinating R79 and R116 are shown as red dots and the G-loop is colored in 
red. (e) Superposition of the toxSYNTH domain of CapRelSJ46 (colored in light 
yellow) onto RelQ (PDB ID: 5DEC, colored in light orange) from Bacillus subtilis. 
(f) Superposition of the pseudo-ZFD of CapRelSJ46 (colored in dark gold) onto 

the ZFD transcription factor of Acidianus hospitalis (2LVH, colored in purple). 
(g) Analysis of asymmetric unit and symmetry-related partners of CapRelSJ46 
crystal packing. Black arrow indicates steric clash that would arise if CapRelSJ46 
were in a closed conformation. (h) Superposition of the crystal structure of 
CapRelSJ46 (colored in light yellow) onto the structure of the open state 
predicted by AlphaFold (colored in green). (i) Structures of the open (left; from 
crystal structure) or closed (right; AlphaFold prediction) conformations of 
CapRelSJ46 color coded by the conservation score of each amino acid calculated 
by ConSurf. Substitutions that render CapRelSJ46 constitutively active or unable 
to be activated by Gp57 are labeled as spheres. ( j) Serial dilutions of cells 
expressing the indicated variant of CapRelSJ46 from an arabinose-inducible 
promoter on media containing glucose (left) or arabinose (right). (k) Summary 
of 3 independent replicates of cell viability assay in Extended Data Fig. 3j under 
arabinose induction. Asterisks indicate p = 0.007 (unpaired two-tailed t-test).



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Gp57 from SECΦ27 triggers CapRelSJ46 to inhibit 
translation, not transcription. (a) Serial dilutions of phage SECΦ27 spotted 
on lawns of cells producing CapRelSJ46, His6-CapRelSJ46, or CapRelSJ46-FLAG, or 
harboring an empty vector (EV). (b) Loading control for Fig. 3a shown as total 
protein levels stained by Coomassie stain. Image shown is a representative of 2 
biological replicates. (c) Immunoblot of His6-CapRelSJ46 expressed from the 
bacterial genome or a low-copy number plasmid following infection with 
SECΦ27 (MOI = 100) compared to an uninfected control. Total protein levels 
stained by Coomassie stain is included as a loading control. Images shown are 
representatives of 2 biological replicates. (d) Summary of 3 independent 
replicates of phage spotting assay in Fig. 3c. Asterisk indicates p = 10−10 
(unpaired two-tailed t-test). (e) Serial dilutions on media containing glucose 
(left) or arabinose (right) of cells expressing CapRelSJ46 from its native promoter 
in the bacterial genome and expressing Gp57 from an arabinose-inducible 
promoter or an empty vector. (f) Summary of 3 independent replicates of cell 
viability assay in Fig. 3g under arabinose induction. Asterisk indicates p = 10−30 
(unpaired two-tailed t-test). (g) Serial dilutions on media containing glucose 
(left) or arabinose (right) of cells expressing CapRelSJ46(Y155A) from its native 

promoter or an empty vector and expressing the indicated variant of Gp57 from 
an arabinose-inducible promoter. (h) Cells harboring CapRelSJ46 and producing 
the wild-type or L114P variant of Gp57 (expressed from an arabinose-inducible 
promoter) or harboring an empty vector were pulse-labeled with 3H-uridine at 
the times indicated post-addition of arabinose. (i) Cells producing the CapRelSJ46 
N-terminal toxin domain (expressed from an arabinose-inducible promoter) or 
harboring an empty vector were pulse-labeled with 35S-Cys/Met (left) or 
3H-uridine (right) at the times indicated post-addition of arabinose. ( j) Same  
as (h) but for cells carrying CapRelSJ46 or an empty vector and at times post-
infection with SECΦ27 at MOI = 100. (k) Adsorption of T4 and SECΦ27 with cells 
containing CapRelSJ46 or an empty vector. Data reported are the mean +/− SD 
from 3 biological replicates. (l) Immunoblot of Gp57-HA expressed from its 
native promoter in the bacterial genome following infection with SECΦ27. Total 
protein level stained by Coomassie stain is included as a loading control (left). 
Quantification of the relative intensities of both Gp57-HA bands normalized to 
the loading control from 3 independent replicates (right). Asterisks indicate 
p = 0.004 (30 min), 0.0003 (40 min), 0.0002 (50 min) (unpaired two-tailed t-test).



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Characterization of the CapRelSJ46-Gp57 interaction. 
(a) Immunoprecipitation of CapRelSJ46-FLAG from cells infected with wild-type 
SECΦ27 or mutant phage that produces Gp57(L114P), followed by mass 
spectrometry. Spectrum counts (SC) of Gp57 that had co-precipitated with 
CapRelSJ46 were normalized to the spectrum counts of CapRelSJ46. Data reported 
are 2 biological replicates. (b) Same as in (a) but showing spectrum counts of 
CapRelSJ46 and Gp57 in two independent replicates. (c) Serial dilutions on media 
containing glucose (left) or arabinose (right) of cells producing CapRelSJ46 or 
CapRelSJ46-FLAG, each expressed from its native promoter, and the indicated 
variant of untagged or HA-tagged version of Gp57, expressed from an 
arabinose-inducible promoter. (d) SEC-MALS analysis of CapRelSJ46-Gp57 
complex, revealing a molecular weight of 74 kDa. The monomers of CapRelSJ46 
and Gp57 are predicted to be 42 and 36 kDa, respectively. (e) Binding of 
CapRelSJ46 to Gp57 (L114P I115F) (left) or CapRelSJ46(L280P) to Gp57 (right) 

monitored by isothermal titration calorimetry (ITC). (f) Topology and cartoon 
representation of SECΦ27 Gp57. The P-domain is colored in pink and the 
A-domain in violet. (g) Heat maps representing the HDX of CapRelSJ46 (top) and 
CapRelSJ46-Gp57 complex (center) and the ∆HDX (bottom). Regions involved in 
strong uptake such as residues 115-145 and 225-235 (which includes the active 
site β-strand β2 and the G-loop) are shaded in red and regions involved in strong 
protection 240-268 and 288-366 (which include both anchors and the pseudo-
ZFD) are shaded in blue. (h) Heat map representing the HDX of Gp57 in the 
complex with CapRelSJ46. Shaded regions highlight areas of variable HDX signal 
that indicate these regions are involved in the CapRelSJ46-Gp57 interface.  
(i) Summary of 3 independent replicates of cell viability assay in Fig. 4f under 
arabinose induction. ( j) Summary of 3 independent replicates of phage 
spotting assay in Fig. 4g. (k) Serial dilutions of T2 and T4 phage spotted on cells 
producing the indicated mutant of CapRelSJ46 or harboring an empty vector.



Extended Data Fig. 6 | The major capsid proteins from multiple, related 
phages activate CapRelSJ46. (a) Multiple sequence alignment of the major 
capsid proteins from phages SECΦ27, Bas4, Bas5 and Bas8. (b) Summary of  
3 independent replicates of cell viability assay in Fig. 5a under arabinose 
induction. Asterisks indicate p = 10−34 (unpaired two-tailed t-test). (c) Summary 
of 3 independent replicates of phage spotting assay in Fig. 5b. (d) Summary of  
3 independent replicates of phage spotting assay in Fig. 5c. (e) Serial dilutions 
on media containing glucose (left) or arabinose (right) of cells expressing 
CapRelSJ46 from its native promoter or harboring an empty vector and 
producing the indicated variant of the Bas8 major capsid protein (Gp8Bas8)  

from an arabinose-inducible promoter. (f) Summary of 3 independent 
replicates of cell viability assay in Extended Data Fig. 6e under arabinose 
induction. (g) Serial dilutions on media containing glucose (left) or arabinose 
(right) of cells containing an empty vector and producing the indicated variant 
of the Bas8 major capsid protein from an arabinose-inducible promoter.  
(h) Serial dilutions of the phages indicated spotted on lawns of cells harboring 
CapRelEcHT or an empty vector. (i) Summary of 3 independent replicates of cell 
viability assay in Fig. 5e under arabinose induction. ( j) Summary of 3 independent 
replicates of phage spotting assay in Fig. 5f. Asterisks indicate p = 10−6 (unpaired 
two-tailed t-test).
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Extended Data Table 1 | X-ray data collection and processing

The CC1/2 criterion was used to determine the resolution range. Values for the outer shell are given in parentheses.



Extended Data Table 2 | Mass spectrometry analysis of SECΦ27 phage lysates (wild type and mutant producing Gp57(L114P))
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Toxin–antitoxin (TA) gene pairs are ubiquitous in microbial chro-
mosomal genomes and plasmids as well as temperate bacterio-
phages. They act as regulatory switches, with the toxin limiting
the growth of bacteria and archaea by compromising diverse
essential cellular targets and the antitoxin counteracting the toxic
effect. To uncover previously uncharted TA diversity across
microbes and bacteriophages, we analyzed the conservation of
genomic neighborhoods using our computational tool FlaGs (for
flanking genes), which allows high-throughput detection of
TA-like operons. Focusing on the widespread but poorly experi-
mentally characterized antitoxin domain DUF4065, our in silico
analyses indicated that DUF4065-containing proteins serve as
broadly distributed antitoxin components in putative TA-like oper-
ons with dozens of different toxic domains with multiple different
folds. Given the versatility of DUF4065, we have named the
domain Panacea (and proteins containing the domain, PanA) after
the Greek goddess of universal remedy. We have experimentally
validated nine PanA-neutralized TA pairs. While the majority of
validated PanA-neutralized toxins act as translation inhibitors or
membrane disruptors, a putative nucleotide cyclase toxin from a
Burkholderia prophage compromises transcription and translation
as well as inducing RelA-dependent accumulation of the nucleo-
tide alarmone (p)ppGpp. We find that Panacea-containing antitox-
ins form a complex with their diverse cognate toxins, characteristic
of the direct neutralization mechanisms employed by Type II TA
systems. Finally, through directed evolution, we have selected
PanA variants that can neutralize noncognate TA toxins, thus
experimentally demonstrating the evolutionary plasticity of this
hyperpromiscuous antitoxin domain.

toxin j antitoxin j bacteriophage j evolution j panacea

Toxin–antitoxin systems (TAs) are diverse two-gene elements
that are widespread in plasmids and chromosomes of bacte-

ria and archaea (1, 2) as well as in genomes of temperate bac-
teriophages that prey on these microbes (3–6). The various
protein toxins target different core processes of the encoding
cell to dramatically inhibit growth while their cognate antitoxins
efficiently neutralize the toxicity. Known TA toxins exert their
toxicity in a variety of ways (1), often targeting translation
through modification or cleavage of the ribosome, translation
factors, transfer RNAs (tRNAs), or messenger RNAs
(mRNAs). Similarly, antitoxins counteract the toxins through
diverse mechanisms (1, 7). The means of neutralization are
often classified into four or more subtypes, the main four being
base pairing of the antitoxin RNA with the toxin mRNA (Type
I TA systems), direct protein–protein binding and inhibition
(Type II), inhibition of the protein toxin by the antitoxin RNA
(Type III), or indirect nullification of toxicity (Type IV).

Plasmid-encoded TA systems have long been known to function
as addiction modules that promote plasmid maintenance and
stability (8). The biological function of chromosomal TAs has
been harder to pin down, with different TAs being implica-
ted—with varying levels of confidence—in modulation of bacte-
rial physiology in response to the environment, stabilization of
genomic elements, and bacteriophage defense (1, 2, 9, 10).

We have recently discovered a class of TA systems that
employs RelA/SpoT homologue (RSH) enzymes—so-called
toxic Small Alarmone Synthetases (toxSASs)—as toxic enzymes
to abrogate bacterial growth (4). Housekeeping RSH enzymes
such as the Escherichia coli ribosome-associated amino acid
starvation sensor RelA synthesize the nucleotide alarmone
(p)ppGpp, a pyrophosphorylated derivative of GDP/GTP (11,
12). The toxicity of Cellulomonas marina toxSAS FaRel relies
on the production of the related toxic alarmone (pp)pApp
from housekeeping adenosine nucleotides AMP, ADP, and
ATP (4). The accumulation of (pp)pApp results in dramatic
depletion of ATP, which, in turn, leads to the cessation of
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Toxin–antitoxin systems are enigmatic and diverse elements
of bacterial and bacteriophage genomes. We have uncovered
remarkable versatility in an antitoxin protein domain that has
evolved to neutralize dozens of different toxin domains. We
find that antitoxins carrying this domain—Panacea—form
complexes with their cognate toxins, indicating a direct neu-
tralization mechanism, and that Panacea can be evolved to
neutralize a noncognate and nonhomologous toxin with just
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transcription followed by the inhibition of translation and repli-
cation (4, 13). The synthesis of (pp)pApp is not the only mech-
anism of toxicity employed by toxSAS enzymes: we have found
that the majority of experimentally explored toxSASs, such as
PhRel2 from Bacillus subtilis strain Ia1a, act as specific protein
synthesis inhibitors that pyrophosphorylate the 30 CCA end of
tRNA to abrogate aminoacylation (12). In the case of Mycobac-
terial phage Phrann protein Gp29, a translation-inhibiting tox-
SAS in the PhRel subfamily that likely pyrophosphorylates
tRNA (12), the biological function appears to be defense
against phage superinfection (5).

ToxSASs are neutralized by several different antitoxins that
act via Type II and Type IV mechanisms. The cognate antitoxin
of B. subtilis Ia1a PhRel2 (a tRNA-modifying toxSAS) belongs
to a widespread domain family of unknown function designated
by the Pfam database as DUF4065, in which DUF stands for
domain of unknown function (14). Clues about the roles of
DUF4065 are limited; however, it is found in so-called genetic
element protein A, previously associated with TA loci (15, 16),
and is also present in the proteolysis-promoting SocA antitoxin
of the replication-inhibiting SocB toxin (17). This unusual
mechanism of neutralization by an antitoxin is referred to as
Type VI. We have earlier identified the DUF4065 domain in a
putative alternative antitoxin to the ribonuclease (RNase)
MqsR, but this was not tested experimentally (15).

We asked whether, given the broad distribution of DUF4065
across multiple phyla of bacteria and archaea, the analysis of
the genomic neighborhood of DUF4065 can enable the predic-
tion of novel TA systems. Using our tool FlaGs (for flanking
genes) (18) to analyze diverse genomes across the tree of life,
we find that DUF4065 is the predicted antitoxin counterpart of
at least 1,268 different putative TA system families correspond-
ing to at least 88 distinct putative toxin–DUF4065 domain
combinations, found in diverse bacteria, archaea, and bacterio-
phages. While many of the toxins of these systems are related
to classical TA toxins such as various mRNA interferases (19,
20), Fic/Doc-type protein modification enzymes (21), and tox-
SASs (4), others have little similarity to known domains or pro-
teins with solved structures. We have experimentally verified
nine DUF4065-containing antitoxins as neutralizers of their
cognate toxin partners. These toxins include translation inhibi-
tors, membrane disruptors, and a putative nucleotide cyclase
that pleiotropically affects metabolism, compromising transcrip-
tion and translation, as well as inducing RelA-dependent accu-
mulation of the guanosine tetraphosphate alarmone nucleotide
(p)ppGpp. Complex formation indicates DUF4065-containing
antitoxins neutralize toxins via direct protein–protein interac-
tion [that is, act as Type II TA systems (1, 2)], and we have
identified substitutions that confer the ability of one antitoxin
to neutralize a noncognate toxin. Given the versatility of the
antitoxin function of DUF4065, we have named the domain
Panacea after the Greek goddess of universal remedy.

Results
The Domain DUF4065 Is Found in Diverse TA-Like Loci across Bacte-
ria, Archaea, and Bacteriophages. As DUF4065 has previously
been associated with TA systems (15–17), we asked whether it
may constitute a widespread antitoxin domain paired in oper-
ons with novel toxin domains. To answer this, we used sensitive
sequence searching combined with an analysis of gene neigh-
borhoods using our tool FlaGs (18) (see SI Appendix, Fig. S1
for a graphical overview of the procedure). Using the hidden
Markov model (HMM) of the DUF4065 domain (14) to scan
20,209 genomes across cellular life and viruses, we identified
2,281 hits (Dataset S1) in prokaryotes and bacteriophages com-
prising 27 phyla of bacteria, 3 phyla of archaea, and 17 different
bacteriophages (Dataset S1). Of those 2,281, 76 are present in

complete prokaryotic genomes, allowing the determination of
whether they are chromosome or plasmid encoded according to
the genome annotations. All but two of our identified DUF4065
homologs in complete genomes are chromosome localized. The
two exceptions annotated as plasmid encoded (but may be mini-
chromosomes) are archaeal, found in Haloarchaea (protein acces-
sions WP_050049451.1 and WP_049938427.1). Most DUF4065-
carrying taxa only carry a single homolog; 217 taxa have two, 45
have three, 14 have four, 12 have five, and 5 have more than five.
Of these five taxa, the taxon with the most DUF4065 homologs is
the Mollicute bacterium “strawberry lethal yellows phytoplasma”
strain NZSb11. This genome contains 25 DUF4065 homologs, of
which three are predicted as being encoded in TA-like loci by our
in silico analysis pipeline.

Adapting FlaGs for analyzing gene neighborhood conserva-
tion (SI Appendix, Fig. S1), we find that around half of the iden-
tified DUF4065-containing proteins can be detected as being
encoded in two-gene loci that are conserved across multiple spe-
cies, reminiscent of TA systems (Dataset S1, representatives in
Fig. 1, Dataset S2, and SI Appendix, Fig. S2). In total, we pre-
dicted 1,313 preliminarily TA (pTA)-like loci using the criteria
1) that there should be a maximum distance of 100 nucleotides
between the two genes, 2) that this architecture is conserved in
two or more species, and 3) the conservation of the gene neigh-
borhood does not suggest longer operons than three genes (SI
Appendix, Fig. S1). We allowed three-gene architectures into
our analysis, as TAs can sometimes be found with a conserved
third gene, such as mazG in the case of mazEF (22), chaperones
in the case of tripartite TA–chaperone modules (23), or tran-
scriptional regulators in the case of the paaR-paaA-parE system
(3). By allowing three-part clusters, we have identified 25 clus-
ters that are conserved as a third gene in a subset of genomes
that encode a particular predicted TA pair (Dataset S1). We call
these accessory proteins, annotations of which include DNA/
nucleotide and protein/amino acid modification enzymes, heli-
cases, proteases, and nucleases. Each detected accessory third
gene was only present in a small fraction of the genomes in
which the main TA pair was identified, suggesting that whatever
the role of these third genes, they probably do not play a general
role in toxicity and neutralization.

It is conceivable that some homologous genes are found adja-
cent to DUF4065-encoding genes in multiple genomes purely by
chance and are not part of genuine TA systems. Therefore, we
used a BlastP-based (24) reciprocity test to filter out putative
“toxins” that are at risk as being spurious hits (SI Appendix, Fig.
S1C). From the 1,313 pTA-like loci, we determined that 67 pro-
teins (of which 39 are predicted toxins and 28 are accessory pro-
teins) are likely spurious hits (Dataset S1). Major classes of
these spurious hits are transposases/integrases that are com-
monly found in TA-encoding neighborhoods and various
ATPases that are captured into homologous clusters because of
their well-conserved ATP-binding motifs (Dataset S1).

The remaining 1,268 putative TA loci that we predict to be
relatively reliable correspond to 88 clusters of potential toxins.
We number these clusters with a T prefix; for example, SocB is
in cluster T10. The vast majority of these are annotated as
“hypothetical protein,” as they share only weak similarity to pro-
teins of known function. Therefore, we searched the putative
toxin protein sequences against the National Center for Biotech-
nology Information Conserved Domains Database (NCBI
CDD) to detect the presence of known domains (Dataset S1).
Of the 1,268 putative toxins, 938 sequences (belonging to 41
clusters) had no hit to a domain, and of the others, the most pre-
dominant domains were MqsR like (n = 90), Fic/Doc like (n =
32), and toxSAS like (domain names NT_Pol-beta-like, RelA_
SpoT, and NT_Rel-Spo-like; n = 31). Other known toxin
domains that were represented in the CDD results were PemK
(mRNAse) and ParE (DNA gyrase inhibitor). For clusters that
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failed to find a hit in the CDD database, HHPred (25) was run
with one to two representative sequences per cluster, revealing
additional potential homology to proteins of known structures
for 30 clusters (Dataset S1; see the following sections of Results
for examples among our verified TAs).

The variety in the potential toxin domains suggests that the
DUF4065 domain may be a universal or semi-universal antitoxin
domain capable of neutralizing various different toxic proteins.
In light of this, we suggest renaming DUF4065 to Panacea and
abbreviate each Panacea-containing putative antitoxin and puta-
tive toxin protein as PanA and PanT, respectively. We refer to
the two-gene system with the handle PanAT. In each PanAT sys-
tem, the order of two genes can differ: either antitoxin first or
toxin first. However, antitoxin first is the more common arrange-
ment (943 versus 325) as is typical for Type II TA systems (1, 2).

Maximum likelihood phylogenetic analysis shows the PanA
tree largely does not follow taxonomic relationships, reflecting a
high degree of mobility (Fig. 1, SI Appendix, Fig. S2, and Dataset
S2). While the deepest branches are poorly supported (not sur-
prising for a small protein), there are a number of groups with
medium to strong (over 60 to 100%) bootstrap support that
include different bacterial—and sometimes archaeal—phyla.
While Panacea is present broadly across prokaryotes, it does not

appear to be present in eukaryotes. The only PanA we discovered
in eukaryotes was in the Pharoah ant (Monomorium pharaonic;
XP_028045404.1), and this appears to be a case of contamina-
tion, as an identical sequence is found in the bacterium Stenotro-
phomonas maltophilia. Surprisingly, a strongly supported clade of
PanA sequences does not necessarily mean they all share the
same PanT as shown by the inner ring in Fig. 1 and the toxin
partner swapping in focus in Fig. 2A and SI Appendix, Fig. S2.
Indeed, the exchange of toxin partners within a clade appears to
be frequent. We refer to this kind of domain-level partner swap-
ping as hyperpromiscuity, to distinguish from the promiscuity that
can be seen when one single antitoxin sequence can nullify multi-
ple con-cognate but homologous toxins (26–28).

Some—but not all—PanAs carry additional N-terminal
domain regions (Fig. 1). Often, these match a known helix-turn-
helix (HTH) domain, of which a number of variations exist in
the NCBI CDD. We aligned all the identified regions with hits
to HTH models to make our own updated HTH model. From
this, we identified HTH domains in the N-terminal regions of
343 PanA sequences (Dataset S1). HTH domains are often
DNA binding, are frequently found in transcription factors, and
are common in Type II antitoxins (1, 2). This suggests that, like
many other Type II systems, Panacea domain–containing
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Fig. 1. The domain DUF4065/Panacea is found in a wide variety of TA-like loci across bacteria, archaea, and bacteriophages. Branches of the IQTree max-
imum likelihood phylogenetic tree of representative PanA sequences are colored by major taxonomic groupings as per the upper left key with an addi-
tional symbol to highlight bacteriophages. Rectangles in the outer and inner rings indicate the presence and absence of N-terminal domains in the PanA
sequences and predicted associated toxin groups, respectively, according to the left-hand keys. Colored circles between the rings indicate putative TA
pairs that have been tested in toxicity neutralization assays and the results of those assays. “TA” means the expression of the toxin compromises E. coli
growth, and coexpression of the antitoxin either fully or partially counteracts the toxicity. “Toxic” means toxicity is confirmed, but the cognate PanA
sequence does not rescue in this E. coli system. “Stuck in cloning” refers to cases in which the putative toxin genes could not be successfully chemically
synthesized and plasmid subcloned, potentially because of the toxicity being too severe. Gray circles on the branches indicate branch support from IQTree
ultrafast bootstrapping (53). Tree annotation was carried out with iTOL (54).
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antitoxins can in some cases also regulate the TA function at the
level of transcription. Apart from HTH domains, the only widely
conserved N-terminal extension appears to correspond to a new
domain, which we refer to as PanA-associated domain 1 (PAD1)
(SI Appendix, Fig. S3). All but two of the TA-predicted PAD1
containing PanAs are paired with toxSAS-like toxins (the excep-
tion being putative ATPases from Clostridia [PanT group T62;
Dataset S1]). The position at the N terminus and the presence
of conserved histidines may indicate that PAD1 is a new DNA-
binding domain, although it has no detectable homology with
any known domain. PAD1 is also present in nine Panacea-
containing proteins that do not meet the criteria for TA-like loci
(Dataset S1). In all cases in which PanA contains the PAD1
domain and is in a TA-like locus, the toxin is encoded upstream

of the antitoxin, the less common arrangement in the data set as
a whole and in TA systems in general (1, 2).

PanA Is a Hyperpromiscuous Antitoxin Domain. Sampling broadly
across PanA diversity, we selected 25 of the putative novel TAs
for experimental validation in toxicity neutralization assays
(Figs. 1 and 2A, Table 1, SI Appendix, Table S1, and Dataset S2).
Putative toxins and antitoxins were expressed in E. coli strain
BW25113 under the control of arabinose- and isopropyl β-D-1-
thiogalactopyranoside (IPTG)-inducible promoters, respectively
(4). For a gene pair to classify as a bona fide TA, two criteria
need to be fulfilled: 1) the expression of the toxin should com-
promise E. coli growth, and 2) coexpression with the antitoxin
should—either fully or partially—rescue from growth inhibition

A

B

C D E F G

Fig. 2. PanA antitoxins form stable complexes with evolutionarily diverse TA toxins. (A) The maximum likelihood tree of PanA sequences, annotated
with conserved gene neighborhoods generated with FlaGs (18). Numbers on branches show IQTree ultrafast bootstrap support (53). Genes belonging to
homologous clusters are colored the same; the PanA antitoxin is universally shown in black. Numbers on genes preceded by a T indicate toxin clusters. (B)
Validation of panAT TA pairs by toxicity neutralization assays. Overnight cultures of E. coli strains transformed with pBAD33 and pKK223-3 vectors or
derivatives expressing putative panT toxins and panA antitoxins, correspondingly, were adjusted to OD600 1.0, serially diluted, and spotted on LB medium
supplemented with appropriate antibiotics and inducers (0.2% arabinose for panT induction and 1 mM IPTG for panA induction). (C–G) A pull-down assay
demonstrates complex formation between PanA antitoxins and PanT toxins. Untagged PanA representatives were coexpressed in the E. coli BL21 DE3
strain together with N-terminally affinity-tagged (His10-SUMO in the case of Burkholderia prophage phi52237 PanT; His6 in all other cases) cognate PanT
toxin. Filtered lysate was incubated with buffer-equilibrated Ni-beads, and PanAT complexes were eluted with 300 mM imidazole and resolved on 15%
SDS-PAGE. The theoretical molecular weights for tagged toxins and antitoxins are indicated in red and green, respectively.
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by the toxin. In addition to the PanA-neutralized PhRel2Bac. sub.
toxSAS from B. subtilis Ia1a that we have validated earlier (4),
we have verified here nine PanAT pairs as being genuine TA loci
(Table 1 and Fig. 2B).

PanA-neutralized toxins from Lactobacillus animalis
(PhRel2Lac. ani.) and Vibrio harveyi (CapRelVib. har.) belong to
two different toxSAS subfamilies and, as we have shown
recently, the majority of toxSAS target translation by inhibiting
tRNA aminoacylation through the pyrophosphorylation of the
30 CCA end of tRNA (12). Toxins from Pseudomonas moravien-
sis strain LMG 24280 (PanTPse. mor.) and Bifidobacterium rumi-
nantium strain DSM 6489 (PanTBif. rum.) have no hits against the
NCBI CDD but are predicted to be structurally similar to
EndoA/PemK/MazF family RNases with HHPred (25) and thus
may act as translational inhibitors similarly to the archetypal TA
toxin MazF that cleaves mRNA at ACA nucleotide sequences
(29). The Corynebacterium doosanense toxin (PanTCor. doo.) is
predicted to be a member of the Fic/Doc protein family, which
includes the Doc TA toxin that inhibits protein synthesis by
phosphorylating the essential translation elongation factor
EF-Tu (21). Burkholderia prophage phi52237 (PanTBur. phage)
has no detectable homology to any protein domain in the NCBI
CDD. However, HHpred predicts similarity to adenylate and
guanylate cyclase with 97% probability, suggesting that its toxic-
ity could be via the production of a toxic cyclic nucleotide spe-
cies. Finally, many of the predicted toxin genes encode putative
small peptides with predicted transmembrane helices (SI
Appendix, Fig. S4). Of the verified TAs, the toxins with putative
membrane spanning segments are those originating from E. coli
strain STEC O31 (PanTEsc. col.), Helicobacter sp. 13S00482-2
(PanTHel. sp.), and Bartonella apis strain BBC0122 (PanTBar. api.)
(Table 1 and SI Appendix, Fig. S4). The clusters containing Pan-
TEsc. col. (T3) and PanTBar. api. (T12) have similar sequence com-
positions consisting of a charged N-terminal region followed by
a hydrophilic C-terminal region where the transmembrane
regions are predicted (SI Appendix, Figs. S2A and S4). It is pos-
sible that T3 and T12 are homologous, although they are dissim-
ilar enough that they are not clustered together by FlaGs (SI
Appendix, Fig. S2A). The transmembrane helices of PanTHel. sp.

are found at its C terminus, while its N-terminal region is similar
to coiled-coil regions found in the synaptonemal complex
protein 1 superfamily (30) and a Salmonella phage tail needle
protein (25). For additional confirmation that PanTs vary sub-
stantially on the protein fold level, we de novo–predicted the
structures of representative validated PanTs. using trRosetta, a
deep learning–based method (31) (SI Appendix, Fig. S5). In
agreement with the HHpred results, the PanTs are predicted to
adopt different, structurally unrelated folds.

Of the potential TA pairs that were selected and could not
be verified, three of the putative toxin genes could not be
successfully plasmid subcloned by the commercial provider

(SI Appendix, Table S1). While we cannot be sure of the reason
for this, it is likely that their toxicity was too severe to allow clon-
ing in E. coli. Five PanTs were toxic but were not rescued by their
cognate PanA, and in three of these cases, PanA itself was toxic
(SI Appendix, Table S1 and Fig. S6 A–D). For example, while the
PanA-associated mRNAse MqsR from Herbaspirillum frisingense
GSF30 was—as we predicted earlier (15)—toxic, its toxicity was
not countered by its cognate PanA when coexpressed in E. coli
(SI Appendix, Fig. S6C). Finally, eight PanTs were not toxic when
tested in E. coli—but this does not rule out the possibility of tox-
icity in the original host (SI Appendix, Table S1).

PanAT Pairs Are Type II TA Systems. The Panacea domain–containing
SocA antitoxin of Caulobacter crescentus acts as a proteolytic adap-
tor, bringing the toxin SocB into contact with the protease ClpXP
(17). To test whether other PanAs act as such adapters, we
repeated our neutralization assays in E. coli strains lacking ClpXP
and Lon proteases. These proteases are not necessary for neutrali-
zation by PanA (SI Appendix, Fig. S7). We therefore hypothesized
that the general neutralization mechanism of PanA is through
direct binding and inhibition typical of classical Type II systems.
To test this, we carried out pull-down assays using coexpressed
cognate native PanA antitoxins together with N-terminally
affinity-tagged PanT toxins (with either His6 or His10-SUMO tags).
We validated stable complex formation for five PanAT pairs: L.
animalis PhRel2Lac. ani.:PanALac. ani. (Fig. 2C), P. moraviensis
PanTPse. mor.:PanAPse. mor. (Fig. 2D), Burkholderia prophage
phi52237 PanTBur. phage: PanABur. phage (Fig. 2E), C. doosanense
Fic/DocCor. doo.: PanACor. doo. (Fig. 2F), and V. harveyi CapRelVib. har.:
PanAVib. har. (Fig. 2G).

Protein Synthesis Is a Major Target of PanT Toxins. To address the
molecular mechanisms of PanT toxicity, we assayed the effects
of PanT expression on macromolecular synthesis by following
the incorporation of 35S methionine in proteins, 3H uridine in
RNA, and 3H thymidine in DNA, comparing to the effects of
E. coli MazF RNase as a positive control (SI Appendix, Fig.
S8A). As predicted, five of the identified PanT—L. animalis
PhRel2Lac. ani. and V. harveyi CapRelVib. har. toxSAS, putative
RNases PanTPse. mor. and PanTBif. rum. and C. doosanense Fic/
Doc toxin, Fic/DocCor. doo.—specifically inhibit protein synthesis
(Fig. 3 A–E). The mechanism of action of all the protein
synthesis–inhibiting toxins can be predicted by homology. Tox-
SASs L. animalis PhRel2 and V. harveyi CapRel are closely
related to other representatives we have characterized earlier
(12) and almost certainly pyrophosphorylate the CCA end of
tRNA. The C. doosanense Fic/Doc toxin Fic/DocCor. doo. pre-
sumably modifies EF-Tu as observed for other Doc enzymes
(32). Predicted RNases PanTBif. rum. and PanTPse. mor. likely
inhibit translation by cleaving mRNA or tRNA as do their—albeit
distant—relatives (33).

Table 1. Summary of experimentally characterized PanAT pairs

Organism Description Toxin MOA/toxin family Toxin accession Antitoxin accession

Escherichia coli STEC O31 PanAEsc. col.-PanTEsc. col. Membrane WP_000019185.1 WP_000287252.1
Helicobacter sp. 13S00482-2 PanAHel.sp.-PanTHel.sp. Membrane WP_095295403.1 WP_095295401.1
Bartonella apis PanABar. api.-PanTBar. api. Membrane WP_077993242.1 WP_077993240.1
Burkholderia prophage phi52237 PanABur. phage-PanTBur. phage Nucleotide cyclase YP_293707.1 YP_863932.1
Bifidobacterium ruminantium PanABif. rum.-PanTBif. rum. RNase WP_026646888.1 WP_081815666.1
Pseudomonas moraviensis PanAPse. mor.-PanTPse. mor. RNase WP_083201923.1 WP_083354365.1†

Vibrio harveyi PanAVib. har.-CapRelVib. har. toxSAS WP_061065447.1 WP_061065448.1
Bacillus subtilis Ia1a PanABac. sub.-PhRel2Bac. sub. toxSAS WP_090558406.1 WP_090558408.1
Lactobacillus animalis PanALac. ani.-PanTLac. ani. toxSAS WP_052006344.1 WP_035447700.1
Corynebacterium doosanense PanACor. doo.-PanTCor. doo. Fic/Doc WP_018022804.1 WP_018022803.1

†The NBCI sequence of PanA from P. moraviensis appeared to be truncated at the N terminus relative to its homologues, and therefore we took an
upstream start codon, equivalent to adding ten amino acids, MIFSEQKVAQ, to the N terminus.
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Burkholderia Prophage phi52237 PanT Is a Pleiotropic Toxin that
Induces the RelA-Mediated Stringent Response. The Burkholderia
prophage PanTBur. phage toxin is unique among our verified toxins
in that it predominantly inhibits transcription, with weaker effects
on translation and even weaker on replication (Fig. 4A). The
mode of inhibition is reminiscent of that of C. marina FaRel tox-
SAS (4) and P. aeruginosa Type VI secretion system RSH effector

Tas1 (12, 13) that act though production of the toxic nucleotide
alarmone (pp)pApp, leading to dramatic depletion of ATP and
GTP. Therefore, we used our high performance liquid chroma-
tography (HPLC)-based approach to study the effects of PanTBur.

phage toxin expression on E. coli nucleotide pools (34). In contrast
to the drastic drop in GTP and ATP seen upon expression of
C. marina FaRel toxSAS (4), expression of PanTBur. phage results

 OD600

35S methionine
3H uridine
3H thymidine

A

D

B

O
D

600

In
co

rp
or

at
io

n,
 %

O
D

600

In
co

rp
or

at
io

n,
 %

O
D

600

In
co

rp
or

at
io

n,
 % 150

100

50

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

L. animalis PhRel2Lac. ani. 

200

150

100

50

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

P. moraviensis  RNAse PanTPse. mor. E

C

In
co

rp
or

at
io

n,
 %

O
D

600

In
co

rp
or

at
io

n,
 %

O
D

600

C. doosanense Fic/DocCor. doo.

V. harveyi CapRelVib. har. B. ruminantium RNAse PanTBif. rum.

150

100

50

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

100

80

60

40

20

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

160

140

120

100

80

60

40

20

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

ToxSAS
RNAse
Fic/Doc

Fig. 3. Protein synthesis is a major target of PanT toxins. Metabolic-labeling assays following the incorporation of 35S methionine (black traces), 3H uri-
dine (red), and 3H thymidine (blue) upon expression of translation-inhibiting PanT representatives: (A) L. animalis PhRel2 and (B) V. harveyi CapRel tox-
SAS; putative RNases (C) PanTBif. rum. and (D) PanTPse. mor.; and (E) C. doosanense Fic/Doc toxin, Fic/DocCor. doo. Expression of PanTs in E. coli BW25113 was
induced with 0.2% L-arabinose.

A B

In
co

rp
or

at
io

n,
 %

O
D

600

100

80

60

40

20

0

1612840
Time, min

0.30

0.25

0.20

0.15

0.10

wt E. coli  + PanTBur. phage

35S methionine

3H uridine

3H thymidine

 GMP/IMP  GDP  GTP ppGpp ppGppGuanosine:

pm
ol

 / 
(O

D
60

0x
m

L)

Time, min

O
D

600

wt E. coli + PanTBur. phage C E. coli !relA + PanTBur. phage

pm
ol

 / 
(O

D
60

0x
m

L)

Time, min

O
D

600

1000

800

600

400

200

0

1086420

0.30

0.25

0.20

0.15

0.10

1000

800

600

400

200

0

1086420

0.30

0.25

0.20

0.15

0.10

Fig. 4. PanTBur. phage toxin from Burkholderia prophage phi52237 compromises transcription and translation as well as inducing the RelA-mediated strin-
gent response. (A) Metabolic-labeling assay using wild-type E. coli BW25113 expressing PanTBur. phage toxin. (B and C) Guanosine nucleotide pools in either
wild-type (B) or ΔrelA (C) E. coli BW25113 expressing PanTBur. phage toxin. Cell cultures were grown in defined minimal MOPS medium supplemented with
0.5% glycerol at 37 °C with vigorous aeration. Expression of PanTBur. phage toxin was induced with 0.2% L-arabinose at the OD600 0.2. Intracellular nucleo-
tides are expressed in pmol per OD600 × mL as per inset. Error bars indicate the SE of the arithmetic mean of three biological replicates.

6 of 12 j PNAS Kurata et al.
https://doi.org/10.1073/pnas.2102212119 A hyperpromiscuous antitoxin protein domain for the neutralization

of diverse toxin domains

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

94
.1

37
.1

13
.5

0 
on

 M
ay

 1
4,

 2
02

6 
fro

m
 IP

 a
dd

re
ss

 9
4.

13
7.

11
3.

50
.



in only a slight decrease in GTP (Fig. 4B) without affecting the
ATP levels (SI Appendix, Fig. S9A). Surprisingly, despite having
no detectable sequence or structural homology with RSH protein
family members, PanTBur. phage expression causes an accumula-
tion of the alarmone nucleotide ppGpp (Fig. 4B). This suggests
that either 1) the toxin activates cellular RSH enzymes—given
the strength of the effect, likely the most potent E. coli
(p)ppGpp synthetase RelA—or 2) the PanTBur. phage toxin itself is
capable of producing the alarmone. To distinguish between the
two scenarios, we analyzed nucleotide levels upon toxin expres-
sion in an E. coli strain lacking relA. No accumulation of ppGpp
is detected upon PanTBur. phage expression in the relA-deficient
strain (Fig. 4C), and just as in the case of wild type, there is no
effect on ATP levels (SI Appendix, Fig. S9B). Therefore, we con-
clude that expression of this toxin directly or indirectly induces
ppGpp production by RelA. To deconvolute the direct effects of
Burkholderia prophage PanTBur. phage toxin on 35S methionine, 3H
uridine, and 3H thymidine incorporation from the secondary
effects caused by RelA-dependent ppGpp accumulation, we per-
formed metabolic labeling in the ΔrelA E. coli strain (SI
Appendix, Fig. S9C). Just as in the wild-type strain, the main tar-
get is transcription, closely followed by translation. Thus, the
growth inhibition and metabolic-labeling effects observed upon
PanTBur. phage expression are not related to ppGpp accumulation.

The Cell Membrane Is Another Major Target of PanT Toxins. Next,
we performed 35S methionine, 3H uridine, and 3H thymidine met-
abolic labeling experiments with the predicted transmembrane
domain harboring toxins PanTEsc. col. (Fig. 5A), PanTBar. api. (Fig.
5B), and PanTHel. sp. (Fig. 5C). Unlike the toxins of the previous
two sections of Results that predominantly target translation or
transcription, expression of these toxins indiscriminately inhibited
transcription, translation, and DNA replication, consistent with a
more general shutdown of metabolic activities caused by mem-
brane disruption. Indeed, a comparable response was observed
with the induction of membrane-depolarizing E. coli HokB TA
toxin (35) (SI Appendix, Fig. S8B) and treatment with the
membrane-targeting inhibitor of oxidative phosphorylation car-
bonyl cyanide 3-chlorophenylhydrazone (SI Appendix, Fig. S8C).

To directly test this hypothesis, we analyzed the integrity of
cell membranes upon toxin induction using a combination of the
membrane potential–sensitive dye “DiSC3(5)” (36) and inner
membrane permeability indicator SYTOX Green (37). A strong
membrane depolarization combined with an increased SYTOX
Green permeability was observed for PanTBar. api. and PanTEsc.

col. (Fig. 5 D–F). Expression of PanTHel. sp., in contrast, triggered
strong depolarization without an increase in SYTOX Green
permeability. Thus, we conclude PanTEsc. col., PanTHel. sp., and
PanTBar. api. exert their toxic activity through membrane depolari-
zation which, in the case of PanTEsc. col. and PanTBar. api., is caused
by large pore formation. Finally, weak membrane depolarization
was also observed for PanTBif. rum. and PanTPse. mor., although
these are not predicted to contain transmembrane helices and
are instead predicted to be RNases. Therefore, the effect of these
toxins on cell membranes is more likely to be indirect through
disturbances in respiration or central carbon metabolism. A
potential membrane-spanning region is predicted for PanATBur.

phage, albeit with relatively weak support (55%) (SI Appendix, Fig.
S4D). As this protein does not appear to affect membrane integ-
rity, its toxicity that is particularly striking in its effect on
transcription as described above is more likely to result from its
enzymatic activity, putatively cyclic nucleotide synthesis.

While PanAs Are Naturally Specific for their Cognate PanT Toxins,
Their PanT Neutralization Spectrum Can Be Expanded through
Directed Evolution. We have earlier shown that Type II antitoxins
neutralizing toxSAS toxins—such as B. subtilis Ia1a PanABac. sub.

neutralizing PhRel2Bac. sub.—are specific for their cognate toxins

(4). PanA is clearly a versatile domain that can evolve to neutra-
lize—and become specific for—a range of different toxin
domains. Therefore, we performed exhaustive cross-inhibition
testing, resulting in a 10 × 10 cross-neutralization matrix (Fig.
6A and SI Appendix, Fig. S10). A clear diagonal signal is indica-
tive of PanA antitoxins naturally efficiently protecting only from
cognate toxins—even within groups of evolutionary related toxic
effectors such as toxSAS CapRelVib. har., PhRel2Lac. ani., and
PhRel2Bac. sub. Conversely, on the evolutionary timescale, Pana-
cea changes its toxin specificity and swaps partners, which raises
the questions of what the structurally important regions for neu-
tralization are and how a new specificity profile can be evolved.

The Panacea domain is not identifiably homologous to any
protein with a known structure. Therefore, we have de novo
predicted the structure of PanAVib. har. using trRosetta, a deep
learning–based method (31) (Fig. 6B). The model has a confi-
dence categorized as “very high,” with an estimated template
modeling (TM) score of 0.704. Independent structural predic-
tion with AlphaFold2 (10) indicates the same overall fold, with
an RMSD of 1.05 Å as calculated by PyMol (SI Appendix, Fig.
S11). The structure is comprised of a central helix (A2) sur-
rounded by five further helices and a small three-strand β-sheet
that contains a strongly conserved GPV amino acid sequence
motif in the β2 strand proximal to the central helix A2 (Fig. 6B
and SI Appendix, Fig. S12). The β3 and A2 elements are particu-
larly well conserved in the sequence alignment (SI Appendix,
Fig. S12). We probed the functional importance of the GPV
motif in toxicity neutralization assays. While individual G62A
and V64S substitutions did not affect the ability of panAVib. har.

to neutralize its cognate toxin capRelVib. har., the G62A V64S
double substitution resulted in the loss of neutralization activity
(Fig. 6C), supporting that the GPV motif is, indeed, function-
ally important.

Next, we subjected a pair of toxSAS:PanA TA systems with
effectors belonging to two distinct toxSAS subfamilies—PhRel2
and CapRel—to directed evolution experiments and screened for
mutant variants of PanAVib. har. that are able to neutralize B. subti-
lis PhRel2Bac. sub. Even though the amino acid identity between
PanAVib. har. and PanABac. sub. proteins is only 30 to 40%, just two
substitutions—T36M and Q131L—were sufficient for cell viability
as judged by colony-counting experiments (Fig. 6D and SI
Appendix, Fig. S13A). Individual T36M and Q131L substitutions
are not sufficient to elicit cross-reactivity (SI Appendix, Fig. S13A).
T36 is part of the well-conserved central helix A2, while Q131 is
located in a small, variable β3 strand. The β2 strand containing the
conserved GPV motif is sandwiched between these structural ele-
ments (Fig. 6B). Notably, the T36M Q131L PanAVib. har. variant is
still capable of protecting from the cognate CapRelVib. har. toxin.
However, the protection from PhRel2Bac. sub. toxicity is less effi-
cient than that conferred by the cognate PanABac. sub. antitoxin:
the bacterial colonies are smaller, indicative of incomplete detoxi-
fication (SI Appendix, Fig. S13A). Therefore, we hypothesized that
the T36M Q131L double substitution does not result in specificity
switching in a strict sense but rather relaxes the specificity, thus
allowing the neutralization of noncognate toxins. To probe this
hypothesis, we tested if T36M Q131L PanAVib. har. could protect
from other noncognate PanTs (Fig. 6E and SI Appendix, Fig.
S13B). We found that T36M Q131L PanAVib. har. can protect from
the noncognate cell membrane–targeting PanTEsc. col. (Fig. 6E),
although incompletely, as evident from the smaller colony size (SI
Appendix, Fig. S13B); no increased protection from other noncog-
nate PanTs was detected (SI Appendix, Fig. S13C).

Discussion
Type II TAs are highly specific at the sequence level; however,
small changes can result in promiscuous intermediates allowing
the neutralization of additional homologous but noncognate toxins
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(28, 38, 39). Through selection experiments, we have demonstrated
that via just two amino acid substitutions, Panacea-containing anti-
toxins can be made to neutralize not just noncognate but nonho-
mologous noncognate toxins that have different cellular targets and
mechanisms of action. This reveals a remarkable versatility of the

Panacea domain. We suggest describing the ability of an antitoxin
domain to evolve to neutralize different toxin domains as hyper-
promiscuity, distinguishing from promiscuity, in which one individ-
ual antitoxin can neutralize noncognate but homologous toxins
sharing the same structural fold (Fig. 7). A naturally occurring
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Fig. 5. Membrane integrity is a major target of PanT toxins. (A–C) Metabolic-labeling assays with wild-type E. coli BW25113 expressing (A) PanTEsc. col.,
(B) PanTBar. api., or (C) PanTHel. sp. toxins. (D) Phase-contrast (Left) and fluorescence images (Middle and Right) of E. coli cells costained with membrane
potential–sensitive dye DiSC3(5) and membrane permeability indicator SYTOX Green. Depicted are representative cells carrying either an empty or PanT-
expressing vector under uninducing (no L-arabinose) or inducing (30-min induction with 0.2% L-arabinose) conditions. As a positive control, cells containing
empty vector (in MOPS-glucose medium) were incubated for 15 min with membrane-depolarizing and pore-forming antibiotic Polymyxin B. High DiSC3(5)
fluorescence levels indicate high membrane potential levels found in well-energized, metabolically active cells. High SYTOX Green levels, in contrast, indi-
cate formation of pores in the inner membrane. (E and F) Quantification of (E) DiSC3(5) and (F) SYTOX Green fluorescence for individual cells from the same
imaging dataset (n = 92 to 165 cells). Median fluorescence intensity is indicated with a red line. Shading indicates toxin type as per Fig. 2A .

8 of 12 j PNAS Kurata et al.
https://doi.org/10.1073/pnas.2102212119 A hyperpromiscuous antitoxin protein domain for the neutralization

of diverse toxin domains

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

94
.1

37
.1

13
.5

0 
on

 M
ay

 1
4,

 2
02

6 
fro

m
 IP

 a
dd

re
ss

 9
4.

13
7.

11
3.

50
.



example of the latter can be seen in the bacteriophage T4 anti-
toxin Dmd that neutralizes the homologous mRNase toxins RnlA
and LsoA (26, 27).

Other versatile antitoxin domains have also previously been
observed in computational analyses to be associated with multi-
ple toxin-like domains (16, 40, 41), indicating potentially similar
plasticity and hyperpromiscuity. One example is the Phd-
related antitoxin domain found in proteins that can neutralize
RelE-like mRNases, in addition to those that neutralize the
EF-Tu phosphorylating toxin Doc (40). DUF4065/Panacea has
previously avoided identification as a widespread antitoxin
domain, despite its broad distribution in prokaryotic chromo-
somes. Further bioinformatic investigations of TA systems are
required to understand just how unique Panacea is in its hyper-
promiscuity and how many more hyperpromiscuous TAs are
waiting for discovery in the vast wealth of microbial genomes.

A number of other outstanding questions about PanA remain.
Firstly, how is one single domain able to neutralize so many dif-
ferent toxins while insulating itself against noncognate interac-
tions? The answer to this will come from structural analyses
of multiple PanAs—both alone and in complex with cognate
toxins—combined with additional directed evolution experi-
ments using different PanA pairs and an analysis of sequence
coevolution. A structural analysis of complexes will also reveal
the molecular function of the conserved GPV motif that is a sig-
nature of the Panacea domain and is critical for neutralization.
The second question is just how much of a role proteases play in
the function of PanA in some species—given the previously
observed function of the Panacea domain–containing antitoxin
SocA in the proteolytic degradation of toxin SocB in Caulobacter
(17). While our results are most consistent with a Type II direct
mechanism of inactivation rather than the indirect Type VI–like
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Fig. 6. PanA specificity can be readily evolved though directed evolution. (A) Exhaustive cross-neutralization testing establishes the strict specificity of PanA
antitoxins toward their cognate toxins. The overnight cultures of E. coli strains transformed with pBAD33 and pKK223-3 vectors or derivatives thereof
expressing toxin and PanA antitoxins was adjusted to 1.0, cultures serially diluted from 101- to 106-fold and spotted on LB agar medium supplemented with
appropriate antibiotics as well as inducers (0.2% arabinose for toxin induction and 1 mM IPTG for induction PanA variants); 101-fold dilution is shown. (B)
trRosetta-predicted structure (TM score 0.70, “very high confidence”) of the PanAVib. har. antitoxin colored by degree of conservation as per SI Appendix, Fig.
S11. (C) Effect of amino acid substitutions in conserved GPV motif on of PanAVib. har. antitoxin functionality. (D) Neutralization of PhRel2Bac. sub. toxin by
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mechanism observed for SocA, the two means of neutralization
may not be mutually exclusive. Dual antitoxin functions have
previously been observed; for example, DarG of the DarTG sys-
tem both removes a toxic modification from DNA (Type IV)
and directly binds to and inhibits the modifying enzyme DarT
(Type II) (42). Finally, the evolutionary forces that drive and
enable such ready partner swapping of PanAT pairs are unclear.
One answer to this is hinted at in the kinds of proteins that are
encoded near PanATs (Dataset S1) and in the analysis of TA
(although not PanAT) gene locations near recombination sites
of Tn3 transposases (43). We have found that many PanATs are
encoded in close enough vicinity to transposase genes for the lat-
ter to be predicted as third component TA system genes or even
false positive potential toxins that were filtered out by our pipe-
line (Dataset S1). It is not surprising, nor is it a new observation,
that TAs can be associated with transposons; they can potentially
act as addiction modules, similar to their role on plasmids (2). It
is tempting to speculate that the presence of PanATs near
hotspots of genomic rearrangements involving transposons and
prophages—combined with an inbuilt versatility of the Panacea
domain—could be driving the recombining of pairs that we
observe.

Materials and Methods
Identification of PanA in Proteomes across the Tree of Life. From the NCBI
genomes index (http://ftp.ncbi.nlm.nih.gov/genomes), we downloaded 20,209
predicted proteomes, selecting all viruses and one representative proteome
per species for archaea, bacteria, and eukaryotes. The full taxonomy was also
retrieved from NCBI. To detect the presence of PanA across the tree of life, we
used the HMM of the DUF4065 domain from the Pfam database (14). We used
HMMer v3.1b2 (44) to scan our database of proteomes with the DUF4065
HMM using thresholds set to the HMM profile’s gathering cutoffs. We found
that the DUF4065 domain was present in 2,281 identified sequences. We
stored the sequences, taxonomy of the source organism, and domain compo-
sition in a MySQL database. We used this dataset and subsets of it for further
phylogenetic analysis (SI Appendix, Methods: Representative sequence
dataset assembly and Phylogenetic analysis).

Prediction of Sequence Features and Structure. Structural modeling was car-
ried out with the trRosetta server (31). This prediction is based on de novo
folding, guided by deep learning restraints. The model was colored by conser-
vation using the Consurf server and an alignment of the sequences shown in
Fig. 2 (45). Additional structural prediction was carried out for PanAVib. har.

with the AlphaFold2 (46) Colab notebook with default settings (“advanced”

version; https://github.com/sokrypton/ColabFold). RSMD was calculated using
structural alignment in PyMol v2.4.2 (pymol.org). Transmembrane regions
were predicted with the TMHMM 2.0 sever (default settings). See SI Appendix,
Methods: Prediction of sequence features and structure for details of
sequence analyses for the prediction of protein domains and the identifica-
tion of prophage-like genomic regions.

Prediction of TA Loci. Our Python tool FlaGs (18), which takes advantage of the
sensitive sequence searchmethod Jackhmmer (44), was adapted to identify con-
served two- or three-gene conserved architectures that are typical of TA loci.
Full details of the method are described in SI Appendix,Methods: Prediction of
TA loci, with a schematic of the workflow shown in SI Appendix, Fig. S1. All
scripts and datasets are available at https://github.com/GCA-VH-lab/Panacea.

Metabolic Labeling with 35S Methionine, 3H Uridine, or 3H Thymidine. Meta-
bolic-labeling assays were performed as described previously (4). For details,
see SI Appendix,Methods:Metabolic labeling.

Construction of Plasmids. All bacterial strains and plasmids used in the study
are listed in Dataset S3, and details can be found in SI Appendix, Methods:
Construction of plasmids.

HPLC-Based Nucleotide Quantification. E. coli strain BW2511324 and E. coli
BW25113 ΔrelA were transformed with PanTBur. phage–expressing plasmid
(pBAD33—Burkholderia prophage phi52237) as well as empty pKK223-3 vec-
tor. The starter cultures were pregrown overnight at 37 °C with vigorous
shaking (200 rpm) in Neidhardt MOPS minimal media supplemented with 1
μg/mL thiamine, 1% glucose, 0.1% caa, 100 μg/mL carbenicillin, and 20 μg/mL
chloramphenicol. The overnight cultures were diluted to optical density
(OD)600 0.05 in 115 mL prewarmed medium MOPS supplemented with 0.5%
glycerol as carbon source and grown until OD600 ∼ 0.2 at 37 °C, 200 rpm.
At this point, 0.2% arabinose was added to induce the expression of the
toxin. A total of 26-mL samples were collected for HPLC analyses at 0, 2, 5,
and 10min after the addition of arabinose and 1mM IPTG. Nucleotide extrac-
tion and HPLC analyses were performed as described previously (34). The
OD600 measurements were performed in parallel with a collection of the sam-
ples for HPLC analyses.

Toxicity Neutralization Assays. Toxicity-neutralization assays were performed
on Lysogeny broth (LB) medium (Lennox) plates (VWR). E. coli BW25113 strains
transformed with pBAD33 derivative plasmids encoding toxins [medium copy
number, p15A origin of replication, CmlR, toxins are expressed under the con-
trol of a PBAD promoter (47)] and pKK223-3 derivatives encoding antitoxins
[medium copy number, ColE1 origin of replication, AmpR, antitoxins are
expressed under the control of a PTac promoter (48)] were grown in liquid LB
medium (BD) supplemented with 100 μg/mL carbenicillin (AppliChem) and
20 μg/mL chloramphenicol (AppliChem) as well as 1% glucose (repression con-
ditions). Serial 10-fold dilutions were spotted (5 μL per spot) on solid LB plates
containing carbenicillin and chloramphenicol in addition to either 1% glucose
(repressive conditions) or 0.2% arabinose combined with 1 mM IPTG (induc-
tion conditions). Plates were scored after an overnight incubation at 37 °C.

To quantify bacterial viability (colony forming units, CFU), overnight
cultures were diluted to OD600 either in the range from 0.1 to 0.01 (for the
strains expressing PhRel2Bac. sub., with and without coexpression of wild-type
PanAVib. har.) or OD600 ranging from 1.0 × 10!4 to 1.0 × 10!5 (all other strains)
and spread on the LB agar medium as described above for the spot-test toxicity
neutralization assay. The final CFU/mL estimates were normalized to OD600 1.0.

PanAT Complex Formation. The plasmids were transformed into the E. coli
BL21 DE3 strain. Fresh transformants were washed from an LB (BD Difco-
Fisher Scientific) agar plate and used to inoculate a 1-L culture LB supple-
mented with kanamycin (50 μg/mL). The cells were grown on 37 °C until
OD600 reached 0.4 to 0.5 and induced with 0.5 mM IPTG. The cells were har-
vested after overnight cultivation on 18 °C, 220 rpm. The cells were opened
with sonication in binding buffer (BB: 25 mM Hepes, pH 7.5; 300 mM NaCl;
10 mM imidazole; 2 mM CaCl2; 2 mM β-ME). Filtered lysate was incubated
with 1 mL previously buffer-equilibrated Ni-beads (His60 Ni Superflow Resin,
TaKaRa) for 30 min. Bound protein was washed with BB on a gravity column
and elutedwith 300mM imidazole. Fractions were resolved on a 15% sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) gel and
stained with SimplyBlue SafeStain.

Fluorescence Microscopy. Overnight cultures were grown at 37 °C in MOPS
minimal medium supplemented with 1% glucose. Next morning, the cells
were washed, resuspended, and diluted in MOPS medium supplemented with
0.5% glycerol in order to remove glucose followed by incubation at 37 °C until

One antitoxin domain evolves to neutralise 
multiple unrelated toxin domains. Each 
individual antitoxin may be promiscuous, or 
may only neutralise its cognate toxin

One antitoxin can neutralise multiple 
related toxins that all share the same 
structural fold

Promiscuity Hyperpromiscuity
homologous toxins non-homologous toxins

homologous antitoxinsantitoxin

PanA PanA PanA

PanT PanT PanT

A B

Fig. 7. Antitoxin promiscuity versus hyperpromiscuity. (A) A promiscuous
antitoxin has relaxed neutralization specificity toward its target toxin and
can neutralize a range of related toxins which all share the same structural
fold. Examples include cross regulation of RelBE-like modules in Mycobac-
terium tuberculosis (55) and promiscuous ParD antitoxins generated
through directed evolution that neutralize noncognate ParE toxins (28).
(B) A hyperpromiscuous antitoxin domain, as exemplified by Panacea, can
evolve to neutralize unrelated toxins that share neither structural fold nor
mechanism of action.
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an OD600 of 0.3. For maintaining the plasmids, all cultures were grown in the
presence of 34 μg/mL chloramphenicol. Toxin production was induced by the
addition of arabinose (0.2%) for 30 min followed by staining with 200 nM of
the membrane permeability indicator SYTOX Green (37) alongside the induc-
tion and 250 nM membrane potential–sensitive dye DiSC3(5) (49) for the last
5 min (36, 50). The samples were immobilized on microscope slides covered
with a thin layer of H2O/1.2% agarose and imaged immediately. As a positive
control for pore formation, BW25113 E. coli cells transformed with the empty
pBAD33 vector were incubated with 10 μg/mL polymyxin B for 15 min (51).
Microscopy was performed using a Nikon Eclipse Ti equipped with a Nikon
Plan Apo 100×/1.40 Oil Ph3 objective, CoolLED pE-4000 light source, Photo-
metrics BSI sCMOS camera, and Chroma 49002 (excitation [EX] 470/40, dichroic
mirror [DM] 495 lpxr, and emission [EM] 525/50) and Semrock Cy5-4040C (EX
628/40, DM 660 lp, EM 692/40) filter sets. The images were acquired with
Metamorph 7.7 (MolecularDevices) and analyzed with Fiji (52).

Selection of Cross-Inhibiting PanA Mutants. An error-prone PCR mutant
library of Vibrio Harveyii PanA antitoxins was created as described in SI
Appendix, Methods: Selection of cross-neutralizing PanAs: preparation of the
antitoxin mutant library. A total of 5 μL (around 1 μg) antitoxin mutant library
was transformed into the BW25113 E. coli strain carrying a noncognate toxin
expression plasmid PhRel2Bac. sub. toxSAS toxin from B. subtilis Ia1a (VHp303).
The transformants were let to recover for 1 h in 1 mL SOC media at 37 °C and
added to 20 mL LB media supplemented with ampicillin (100 μg/mL), chloram-
phenicol (25 μg/mL), 0.2% L-arabinose, and 1 mM IPTG. The bacteria were
grown overnight at 37 °C while expressing both toxin and antitoxin. Next day,
the plasmid was extracted from 3mL culture using a Favorprep Plasmid Extrac-
tion Mini Kit (Favorgen Biotech Corp.). A total of 500 ng plasmid mix was
again transformed into BW25113 carrying a toxin expression plasmid and let
to recover as before. A total of 100 μL recovery culture was spread on LB agar
plates containing corresponding antibiotics as well as 0.2% glucose (control of
transformation efficiency), and the rest of the culture was collected by centri-
fugation and spread on an LB agar plate containing corresponding antibiotics
as well as 0.2% L-arabinose and 1mM IPTG.

Overnight cultures were started from selected colonies for further testing
of cross-inhibition. The plasmids were extracted with Favorprep Plasmid
Extraction Mini Kit and cleaved with FastDigest SacI restriction enzyme
(Thermo Scientific) to eliminate the toxin plasmids. To ensure the purity of the
antitoxin mutant mix, it was transformed into the E. coli DH5α strain, and the
plasmids were extracted from the offspring of a single colony. The E. coli
BW25113 strain expressing the cognate or noncognate toxin was then

transformedwith 500 ngmutated plasmid. Again, 100 μL recovery culture was
spread onto LB supplemented with corresponding antibiotics as well as 0.2%
glucose agar plates, and the rest of the bacteria was collected and spread on
LB agar plates supplemented with corresponding antibiotics, 0.2% arabinose
and 1 mM IPTG. Phusion High-Fidelity DNA Polymerase (Thermo Scientific)
was used to amplify the panAmutant (pK223_fwd_CPEC and pK223_rev_CPEC
primers) and toxin genes (pBAD_fwd and pBAD_rev primers) with colony PCR
and sequenced using pK223_rev_CPEC or pBAD_fwd primer correspondingly.
The plasmid mixes and bacterial colonies were tested for possible contamina-
tion at various steps using FIREPol DNA Polymerase (Solis BioDyne): antitoxins
were tested with the combination of pK223_rev_CPEC and STEC_panA_ctrl2,
VH_panA_ctrl1, or Bsup_panA_ctrl1 primers and toxins with the combination
of pBAD_fwd and STEC_TOX_ctrl1, VH_TOX_ctrl1, and Bsup_TOX_ctrl1
(Dataset S3).

Data Availability. Python code and text files of alignments, trees, and HMMs
have been deposited in GitHub (https://github.com/GCA-VH-lab/Panacea) (56).
All other study data are included in the article and/or supporting information.
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