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Ancestral neuronal receptors are bacterial
accessory toxins

Finaritra Raoelijaona1,2, Joanna Szczepaniak 1,10, Adrien Schahl 3,10,
James E. Bray 4,10, Jin Chuan Zhou 1,10, Lindsay Baker 1,2, Kamel El Omari 5,
Edward Lowe 1,2, Yu Shang Low 6, Chandra M. Rodriguez 7,
Michael J. Landsberg 6, J. Shaun Lott 7,8, Colin Kleanthous 1,
Matthieu Chavent 3,9 , Martin CJ Maiden 4 & Elena Seiradake 1,2

Horizontal gene transfer events were crucial in the emergence of multicellular
life. A striking example is the acquisition of Teneurins, putative surface-
exposed toxins in bacteria that function as cell adhesion receptors in
metazoan neuronal development. Here, we demonstrate the evolutionary
relationships between metazoan and bacterial Teneurins. We use cryogenic
electron microscopy and bioinformatic analysis to show that bacterial
Teneurins harbour a toxic protein in a proteinaceous shell. They are rare but
widely distributed across bacterial taxa and are predominantly seen in species
with complex social behaviours, suggesting roles in cell-to-cell interaction.
This work confirms that metazoan Teneurins are repurposed bacterial toxins
that have evolved to be essential mediators of intercellular communication in
all advanced nervous systems. Their acquisition was a key event in the evolu-
tion of metazoans.

Teneurins are a family of evolutionarily conserved proteins found
across bilaterianmetazoa and certain choanoflagellate species1–5. They
are type II transmembrane receptors that evolved from an unknown
bacterial precursor through horizontal gene transfer2,3,6–10. In mam-
mals, Teneurins are prominently expressed in the central nervous
system and are crucial for neuronal development4,11–15. In humans,
Teneurin homologs have been implicated in diseases including sen-
sory and motor dysfunctions, neurodevelopmental and psychiatric
disorders, and cancers16–23.

Teneurins consist of a small intracellular domain, a single trans-
membrane helix and a large extracellular region comprising eight
epidermal growth factor-like repeats (EGF1-8), a cysteine-rich region, a
transthyretin-like (TTR) domain, the characteristic Teneurin

“superfold” and a C-terminal region containing an antibiotic-binding-
like domain (ABD) and an HNH DNAse domain (Tox-GHH). The
“superfold” is composedof a specialisedfibronectin domain (FN-plug),
a six-bladedNCL-1, HT2A, and Lin-41 (NHL) beta-propeller domain, and
a large, anti-clockwise spiraling tyrosine-aspartate (YD) repeat domain
shell3,4,10,24–28 (Fig. 1a). Bioinformatic and structural studies of Teneurins
suggest that the superfold shares homology with related bacterial
rearrangement hotspot (RHS)/YD-repeat containing proteins1,3,24,29–37.
These proteins are components of bacterial toxic effectors that facil-
itate host invasion, pathogenesis or alternatively compete or defend
against predator species32,38–41.

Phylogenetic analyses suggest Teneurin genes arose following
the fusion of a prokaryotic proteinaceous toxin containing a
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RHS/YD-repeat domain (the Teneurin ‘superfold” and flanking domains)
with a eukaryotic transmembrane protein gene1,42,43. Following structural
characterisation of the vertebrate Teneurins encoded by these genes, a
wide-spread, uncharacterized family of Teneurin-like proteins (TLPs)
was discovered in bacteria3,24. As bacteria do not have a nervous system,
bacterial TLPs must have functions beyond those currently known for
the metazoan homologs. These important developments raised new

questions about the function(s) of bacterial TLPs and their evolutionary
relationship to metazoan Teneurins.

Here, we show a small, but phylogenetically diverse group of
bacteria encoding TLP genes in the PubMLST multispecies database.
Structural analysis demonstrates that they possess Teneurin-like
structural features while also revealing a highly variable C-terminal
toxinmodule that is reminiscent of bacterial RHS/YD-repeatproteins29.
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We also confirm the presence of associated immunity genes, sug-
gesting that bacterial TLPs are a distinct subtype of bacterial poly-
morphic toxins30. Our data show that bacterial TLPs are an accessory
platform for the delivery of toxins in bacterial competition systems, a
biological role that has been lost in metazoans where instead they
mediate essential cell adhesion and signaling functions.

Results
Bacterial TLPs are found in a small group of species, yet wide-
spread across the bacterial kingdom
We performed a comprehensive homology search to identify TLP
genes in the PubMLST multispecies database (pubmlst.org/species-
id)44, using the profile Hidden Markov Models (HMM) constructed for
each of the three domains which constitute the Teneurin superfold
(FN-plug, NHL, YD-shell). The search returned 139 TLP positive gen-
omes (Supplementary data 1 and 2) spread across Gram-negative and
Gram-positive bacterial groups in six phyla: Pseudomonadota, Myx-
ococcota, Thermodesulfobacteriota, Acidobacteriota, Bacillota, and
Actinomycetota (Fig. 1b, Supplementary Fig. 1a). Very few species
within each phylum (less than 3%) encode a TLP gene, apart from
Myxococcota, of which >20% encode at least one TLP gene (Supple-
mentary Fig. 1b). Our phylogenetic analysis suggests that TLP
sequences within the same phyla are generally conserved. Most bac-
terial species encode one copy of the TLP gene. However, some gen-
omes carry up to four copies, as do mammalian genomes8. At least
some of these additional copies have likely been acquired by inde-
pendent gene transfer, rather than gene duplication, as they are most
closely related to TLPs found in other species from the same family
(Fig. 1b). The eukaryotic Teneurins clustermost closely with TLPs from
the Paenibacillaceae family, which form a distinct clade (Fig. 1b).

Analysis of these TLP sequences (Supplementary data 3) shows
that the superfolddomain organisation remains invariant across phyla,
while the flanking N-terminal and C-terminal regions are variable.
Diverse adhesion domains serve as N-terminal modules (Supplemen-
tary Fig. 1c) that presumably govern howTLPs are displayed on the cell
surface. We found that 96% of the TLP N-termini contain a Teneurin
insertion protein (TIP) domain, which is absent in the metazoan
Teneurins (Fig. 1a, b). Based on putative signal sequences, the Gram-
negative TLPs, such as those within the Myxococcota phylum, are
predicted to be targeted to the SEC/SPII secretion system. These TLPs
also contain predicted lipoprotein domains that could facilitate
attachment to the membrane surface. In contrast, putative signal
sequences found in TLPs fromGram-positive bacteria are predicted to
use the SEC/SPI secretion system and contain predicted S-layer or cell
wall binding domains that would anchor them to the cell surface
(Fig. 1b, Supplementary Fig. 1c)45,46. Protein translocation in bacteria is
mediated by a variety of secretion systems47,48, and the absence of a
predicted signal peptide in some TLP sequences suggests they may
utilize alternative mechanisms for secretion.

Following on from the superfold, the C-terminal domain (CTD) is
typically much smaller than the N-terminal region, averaging ~15 kDa,
and is highly polymorphic (Supplementary Fig. 1). The hypervariability
within the different CTD sequences, and lack of functional annotation,

led us to perform structural predictions using AlphaFold49. We sear-
ched for structural homologs using the DALI and Foldseek
programs50,51 to derive structural homology information for those
models that were predicted with high confidence scores. This analysis
revealed structural similarities to small proteases, inhibitors, pepti-
dases, hydrolases,Hedgehog/INTein (HINT) toxins, nucleases, pseudo-
uridine synthases, ADP-ribosyl transferases, and outer membrane
proteins (OMPs) (Fig. 1d). The wide variety of enzymatic functions
associated with these domains, and the similarity to toxin proteins
known to be utilized in bacterial competition or host interaction sug-
gest that these domains may function as cytotoxic effector molecules.
Our results suggest that TLP genes are present in a small yet widely
distributed group of bacteria, representing a distinct class of poly-
morphic toxin systems. Moreover, TLP genes are particularly asso-
ciated with bacteria that exhibit complex social behaviors suggesting
that they may contribute to intercellular cooperation.

The bacterial TLP structure is homologous to its metazoan
counterparts
Previously, we identified a TLP gene3,24 within the genome of Bacillus
subtilis CW14 (now re-named Bacillus inaquosorum52,53) (Fig. 2a). To
provide insight into bacterial TLP molecular architecture, we expres-
sed, purified and determined cryo-EM structures of the protein enco-
ded by the gene (BiTLP). Using a construct that lacks the predicted
N-terminal bacterial adhesion domains (residues 1-397) (Supplemen-
tary Table 1, Supplementary Fig. 2a–e, Supplementary Fig. 3a, b) we
determined a map with an average resolution of 2.1 Å. We also deter-
mined the structure using a full length BiTLP construct (BiTLPFL, Sup-
plementary Table 1, Supplementary Fig. 4a–e), which has a lower
average resolution. As the additional adhesin domains were not
resolved in maps of BiTLPFL, the analysis here focuses on the higher
resolution map. The BiTLP model was built de novo by modifying a
partially correct model generated with AlphaFold2 (Supplementary
Fig. 2f)49. The resulting model reveals a similar organization to the
metazoan homologs, with the RHS/YD-shell consisting of three layers
of antiparallel beta sheets rotating anticlockwise along the central axis
(Fig. 2b, c). The N-terminal side of the shell is sealed with the FN-plug,
and the NHL domain is positioned at an angle of approximately 60°
from the axis of the shell (Fig. 2c). A closer view of the map shows that
the map density stops abruptly following residue L2144 (Supplemen-
tary Fig. 3c). Sequence analysis of this region suggests the presence of
a PxxxxDPxG motif which is characteristic of the conserved RHS core
domain cleavage site (Fig. 2a)54. In analogy to the bipartite DPxG-X18-
DPxG motif found in other RHS proteins, where the two aspartic acids
both play a role in catalysis, we found twoDPxGmotifs twenty residues
apart from each other. In some species, the glycine residue for the first
motif is substitutedby a leucineor anarginine (Supplementary Fig. 5a).
The structure of the catalytic aspartic acid motif is conserved and is
located proximal to a structurally conserved arginine which has pre-
viously been shown as essential for catalysis29 (Fig. 2d, Supplementary
Fig. 5b). Indeed, mutation of this arginine reduces autoproteolytic
activity (supplementary Fig. 5c), consistent with what had been
establishedpreviously for theRHS/YD-repeat-containingBC subunit of

Fig. 1 | TLPs are found across the bacterial kingdom. a Teneurin domain orga-
nisation. ICD (intracellular domain), TM (transmembrane), EGF (Epidermal growth
factor), TTR (transthyretin-like), FN (Fibronectin type 3), NHL (NCL-1, HT2A, and
Lin-41 domain), YD-shell (Tyrosine-Aspartate repeat domain), ABD (Antibiotic
binding domain), Tox-GHH (Toxin-like HNH DNAse domain). The cartoon repre-
sentation of the Teneurin extracellular domain was based on the chicken Teneurin
2 (PDB id: 6FB324). bMaximum likelihood phylogenetic tree based on an alignment
of the Teneurin/TLP superfold. Species names are color-coded according to the
phylum: Bacillota (magenta), Actinomycetota (purple), Pseudomonadota (blue),
Myxococcota (yellow), Thermodesulfobacteriota (orange), Acidobacteriota (dark
purple), Choanozoa (red), Metazoa (light red). Bacterial genomes that encode

multiple TLP genes are highlighted in bold. The presence of a TIP (Teneurin
insertion protein) domain is indicated by a solid blue square. Sequences with a
predicted signal peptide are colored according to the predicted trafficking
machinery: SEC translocon SEC/SPI (red), SEC/SPII (blue), TAT translocon TAT/SPI
(yellow), other (light gray). c Bacterial TLP domain organisation, colours in analogy
to (a). Unlike Teneurins, bacterial TLPs lack an intracellular domain and contain
additional variable adhesion domains. The TIP domain is inserted between the TTR
and FN-plug domains. The C-terminal (CTD) domain is highly variable. d Predicted
enzymatic functions of TLP C-termini. We used AlphaFold49 and structural
homology searches to infer functionality.
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bacterial ABC toxins29. In mammalian Teneurins the motif is absent
(Supplementary Fig. 3d). An additional chain break was observed
within the FN-plug domain, in a loop located deep within the YD-shell
domain, between residues E722 and S724 (Fig. 2d, Supplementary
Fig. 3b, e). In the BiTLPFL structure, this chain break could be unequi-
vocally identified as occurring between G723 and S724 (Supplemen-
tary Fig. 5d) as also confirmed by N-terminal sequencing
(Supplementary data 4). Sequence analysis of this region suggests that
S724 is highly conserved among TLP family members (Supplementary
Fig. 3f). Autocatalytic cleavage upstream of the shell domain has been

observed in other RHS/YD-repeat-containing toxins where cleavage is
important for the release of the toxin34,35,37,55,56. Close inspection of the
cryo-EM map density indicates a small extra density which could
indicate the presence of a metal ion in this area (Supplemen-
tary Fig. 5e).

Despite their presence during sample preparation, densities for
the domains located upstreamof the FN-plugwere notobserved inour
maps (Fig. 2b) and they were therefore excluded from the final model.
However, we observed substantial additional density (~6640 Å3) within
theYD-shell (Supplementary Fig. 3g). Tracing this density revealedpart

Fig. 2 | The Bacillus inaquosorum TLP structure is homologous to mammalian
Teneurin. a Schematic representation of BiTLP domain organisation. Bacterial
Immunoglobulin-like domain, BIG (yellow), TTR (dark blue), TIP (aqua blue), FN-
plug (forest green), NHL (lime green), YD-shell (orange), CTD (light grey). Putative
autoproteolytic cleavage sites are indicated with scissors. The RHS motif is high-
lighted (yellow letters). The construct used for structural studies (residues 398-
2237) is outlined by a grey line.b the cryogenic electronmicroscopy densitymap is
colored according to the domain it represents, FN-plug (forest green), NHL (lime
green), YD-shell (orange), CTD (light grey). c Cartoon representation of the BiTLP
model, colored according to (b). Black arrows indicate autoproteolytic cleavage
sites. TheN-terminal chain end is indicatedwith a blue arrow.dZoomedviews. Top:
the cleavage site within the RHS motif, containing the aspartyl protease catalytic
residues D2116 and D2140 and the conserved R2103. Bottom: the cleavage site in
the FN-plug domain is highlighted by a black arrow. The residues flanking the

cleavage site are indicated (E722and S724). C719 forms a covalent bondwithC2216,
linking the N-terminal fragment to the C-terminal fragment. e Cartoon repre-
sentation of chicken Teneurin 2 (PDB id:6FB324), colored in analogy to the BiTLP
domain organisation in (b). The C-terminal region downstream of the YD-shell is
shown as a surface representation (light grey). f As (e), but showing BiTLP, in the
same cartoon/surface representation and equivalent colour scheme. g Overlay of
the C-terminal regions of chicken Teneurin 2 (dark grey) and BiTLP (light grey).
h Propidium accumulation in E.coli cells expressing the BiTLP CTDwith or without
an N-terminal secretion signal peptide were imaged using HiLo microscopy. Scale
bar =5um. i Quantification of propidium accumulation in E.coli cells, presented as
box plot showing the median (central line), the first to the third quartile (box limit)
and the minima and maxima (whisker). Data represents an average of 3 indepen-
dent repeats (n = 3). Two-way ANOVA with Tukey’s multiple comparisons test was
performed; adjusted p-value ****<0.0001, ns=non-significant.
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of the CTD. Of the 92 amino acids (residues 2145-2237) in this domain,
all but the regions 2166-2171, 2190-2194 and 2219-2237 are accounted
for in our model (Supplementary Fig. 3a, g). Most of the traced CTD
nestles closely to the inner surface of the YD-shell. Surprisingly, C2216
forms a disulfide bond with C719, covalently linking it to the FN-plug
(Fig. 2d). In contrast to the published metazoan Teneurin structures,
where an uncleaved C-terminus leads through an opening in the YD-
shell to form the ABD and Tox-GHH domains outside the shell
(Fig. 2e)4,10,24–28, there is no evidence of density outside the YD-shell and
no opening in the YD-shell through which the C-terminus could exit
(Fig. 2b, f). Indeed, the BiTLP CTD shares no structural or sequence
homology with the Teneurin CTD (Fig. 2e–g). Bacterial TLP CTDs are
relatively short in sequence (Supplementary data 5), averaging around
15 kDa. This size constraint may represent an evolutionary limitation
imposed by the RHS/YD-shell inner cavity, which has a volume of
approximately 44,000Å³ in BiTLP. Taken together, we conclude that
the CTD, while cleaved at the conserved RHS core domain cleavage
site, remains entirely hidden by the YD-shell in the BiTLP example. It
may remain associated with the N-terminal domains following release
from the shell via the C2216-C719 disulfide.

The C-termini of TLPs harbour diverse toxic functions
The presence of autoproteolytic sites in BiTLP are reminiscent of those
seen in other bacterial RHS and YD-repeat proteins which typically
function as toxins29,35–37,40,55–58. In particular, the presence of two cleavage
sites and the possibility that the N- and C-terminal fragments liberated
by these eventsmay remain associated followingproteolysis suggests an
evolutionary connection to RHS effectors that function as toxins in
concert with bacterial type VI secretion systems. These toxins also
encapsulate cleaved CTDs, which represent a variety of cytotoxic
enzymes59–61. We therefore investigated whether BiTLP harbours a toxin
in its C-terminal region. Sequence analysis of the BiTLP CTD fragment
(BiTLPCTD) suggests that the fragment is rich in hydrophobic residues,
with a predicted transmembrane region between residues 2165 and 2185
(Supplementary Fig. 3a). We used Coarse-Grain Molecular Dynamics
(MD) to simulate the BiTLPCTD in the presence of a model membrane
composed of 25% phosphatidylglycerol and 75% phosphatidylethanola-
mine, in analogy to the E. coli inner membrane. 10 independent simu-
lations of 3 µs duration showed rapid association of BiTLPCTD with the
membrane (Supplementary Fig. 6a). Simulation usingmultiple copies of
BiTLPCTD leads to membrane deformation (Supplementary Fig. 6b).

We expressed BiTLPCTD with an N-terminal secretion signal pep-
tide (sp-BiTLPCTD) in E. coli and found that expression of this protein
inhibited cell culture growth (Supplementary Fig. 6c). Expression of
BiTLPCTD without a signal peptide did not inhibit growth (Supple-
mentary Fig. 6c). The observation of membrane deformation in our
MD simulation encouraged us to investigate whether the CTDs affect
membrane integrity.We treated cells expressing eitherBiTLPCTD or sp-
BiTLPCTD with propidium iodide stain which does not penetrate intact
cell membranes. Cells expressing sp-BiTLPCTD were permeable to the
stain (Fig. 2h, i). These results, and the diverse enzymatic functions we
predicted for different TLP CTDs led us to hypothesize that bacterial
TLPs could utilize a variety of mechanisms to modify their targets
(Fig. 3a). To investigate this further, we selected nine representative
TLP CTDs from different organisms, for which structures could be
predicted and functions consequently inferred (Supplementary
Fig. 6d). Despite having no knowledge of the physiological targets for
these putative toxins, we observed that three of the chosen CTDs
inhibited E. coli cell growth in our liquid cultures aswell as on soft agar
(Fig. 3b). We focused on the CTD of Methylosarcina fibrata TLP
(MfTLPCTD) for which AlphaFold confidently predicted an ADP-ribosyl
transferase (ART) fold (Fig. 3c). ART proteins convert NAD+ to nico-
tinamide to transfer ADP-ribosyl groups onto target proteins and can
act as virulence factors, e.g. in diphtheria and cholera toxins62,63.
The ARTs in these toxins depend on catalytic HYE and RSE motifs in

their active sites, respectively64. MfTLPCTD contains a HSE motif
(H2319, S2364, E2405), which could constitute the catalytic triad
(Fig. 3c). In agreement with this hypothesis, mutation of the con-
served glutamate residue (E2405) to alanine restored cell growth in E.
coli (Fig. 3d). As expected for an ART-dependent toxin, expression
of wild-type MfTLPCTD, but not the mutant, led to depletion of
cellular NAD+ (Fig. 3e). In agreement with a different mechanism for
growth inhibition, the sp-BiTLPCTD did not deplete NAD+. Taken
together, these results demonstrate that different TLP CTDs encased
within the RHS/YD-shells are cytotoxic to bacteria through different
mechanisms.

Bacterial genomes encode TLP-associated immunity proteins
Given that the superfold is conserved across bacterial species, we
hypothesized that it could perhaps confer host immunity to the
C-terminal toxin by trapping it inside the RHS/YD-shell. To test this
hypothesis, we engineered chimeric constructs consisting of the BiTLP
superfold fused to theCTD fromM. fibrata,Acanthopleuribacter pedisor
Methylocaldum sp. We found that E. coli cells were sensitive to the
expression of these chimeric constructs (Supplementary Fig. 7a), in
disagreement with the idea that the RHS/YD-shell confers a protective
function for the host cell, at least in these experiments (Supplementary
Fig. 7a). Further analysis of TLP-encoding operons revealed that an
additional gene is found immediately downstream of almost all TLP
open reading frames (Fig. 4a, b, Supplementary Fig. 7b, Supplementary
Data 6), reminiscent of the arrangement seen in toxin-antitoxin
systems60. This led us to hypothesize that these highly diverse genes
could act as specific immunity proteins to protect the TLP expressing
cell from the C-terminal toxin by directly binding to it, as seen in other
bacterial polymorphic toxin systems60. Co-immunoprecipitation
experiments supported this conclusion, showing that the M. fibrata
immunity protein associates with the MfTLPCTD (Fig. 4c). Co-expression
of this putative immunity protein in the NAD+ depletion assay confirms
that theARTactivityofMfTLPCTD is inhibitedby its presence (Fig. 4d).Co-
expression also restored E. coli growth on soft agar (Fig. 4e). Structural
predictions using AlphaFold249 further supports a direct interaction
between these ‘immunity proteins’ and the correspondingTLPC-termini
found in different species (Fig. 4b, Supplementary Fig. 7c). We therefore
conclude that different bacterial TLPs are co-expressed with matching
immunity proteins encoded in the same operon.

Discussion
Teneurins are best understood inmammalian nervous systems, where
they function as cell signalling receptors. However, less is knownabout
their prokaryotic ancestry. Here we show that their genes emerged
from a bacterial precursor that functioned as a toxin prior to the
evolution of nervous systems1,42,43,65 (Fig. 5a). Bacteria commonly live in
highly dense communities where cell-to-cell interactions are essential
for survival and adaptation. Consequently, they have developed
numerous strategies to either cooperatewith, or compete against each
other, including the evolution of toxin systems that respond to cell-cell
interactions. The results we presented here for TLPs are characteristic
of polymorphic toxins30,60,66, which are one of the most complex and
dominant bacterial conflict systems67. We found TLPs particularly
highly represented in Myxococcaceae of which many such as Cor-
allococcus display a predatory lifestyle, killing and consuming a wide
range of prey through the secretion of antimicrobial substances68,69. It
is therefore likely that TLPs function in bacterial warfare, where
immunity genes are crucial for kin and non-kin recognition (Fig. 5b). Of
the polymorphic toxins, TLPs share structural similarities with RHS/YD
proteins. These are often associated with the type VI secretion system
and deployed by Gram negative species to kill or inhibit the growth of
neighbouring cells35–39,55,56,58. In another example, the tripartite ABC
toxin complex requires a type 10 secretion system and targets insect
host cells57,70,71. Like the bacterial RHS/YD toxins, TLPs package their
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functional toxins within a protein shell. However, in the absence of any
obvious delivery machinery, the mechanism via which they are deliv-
ered to target cells and released from the shell remains to be eluci-
dated. In addition to their toxin function, RHS/YDproteins play roles in
the social behaviour of bacteria, such as in S motility72. In analogy, we
found TLP positive genomes predominantly in Paenibacillaceae and
Myxococcaceae, families that exhibit complex social behaviours73,74.

This leaves open the possibility that bacterial TLPs function in cell-to-
cell communication within microbial communities.

Our phylogenetic analysis was based on the superfold sequence
and suggests that Paenibacillaceae TLPs are the closest known rela-
tives of eukaryotic Teneurins. In contrast to Teneurins which contain a
C-terminal DNase fold, Paenibacillaceae TLPs contain a predicted
outer membrane protein in their CTDs. It is possible that the
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acquisition of the Teneurin superfold and the CTD were evolutionarily
decoupled24,54, or that the original prokaryotic ancestor is now extinct.
The presence of a Teneurin gene in choanoflagellate species suggests
that it was acquired early in metazoan evolution65,75. Choanoflagellates
are free-living organisms that prey on bacteria as a food source76,77.
Therefore, eukaryotic Teneurins likely arose from an independent
horizontal gene transfer as a consequence of this predatory
relationship76,78. Whether the gene uptake event was driven by their
function as toxins, e.g to kill bacterial prey, or as cell adhesion mole-
cules, e.g facilitating interaction with bacterial cells with the aim of
capturing them78, is yet to be investigated.

There is evidence that isolated metazoan Teneurin CTDs could
possess nuclease activity and regulate cell apoptosis31. However,
Teneurins are best known for their functions as cell surface signaling
receptors that mediate crucial cell-to-cell communication via
homophilic10,27,79 and heterophilic interactions, such as with the adhe-
sion G-protein-coupled receptor Latrophilin4,15,26,80 (Fig. 5c). Moreover,
homodimerization of someRHS/YD proteins, e.gRhsP and RhsA found
respectively in Vibrio and Pseudomonas species, has been reported35,36

although the functional significance of dimerization in these systems
remains to be explored. While the evidence we present here for cell
surface localization of TLPs is limited to functional homologies

Fig. 3 | Bacterial TLPs harbour diverse enzymatic functions. a Schematic
representation of bacterial TLP, where the YD-shell carries the putative ‘toxic’ CTD
associated with different functions. Representative CTDs, selected for toxicity
assays, are shownwith their predicted functions: OMP (Outermembrane proteins):
Paenibacillus oryzisoli, Desulfosudis oleivorans; ART (ADP ribosyl transferase): M.
fibrata; HINT toxin: Hyalangium ochraceum, Acanthopleuribacter pedis; nuclease:
Methylocaldum sp., Methylovolum psychrotolerans sph1; protease: Solimonas sp.,
Corallococcus exiguusAB032A; peptidase:Ghiorsea bivora.bToxicity assay in E. coli
cells expressing different bacterial TLP CTD as shown in (a). Left: Growth in liquid
LB medium of E. coli top10 cells carrying a pBAD vector control (empty vector) or
plasmids directing the expression of each CTD. Optical density at 600 nm was
measured every hour for 6 hours following induction with 2% L-Arabinose. Points
show mean ± SEM, n = 3 replicates. Curves are colored according to the corre-
sponding phylum: Bacillota (magenta), Pseudomonadota (blue), Myxococcota
(yellow), Thermodesulfobateriota (orange) and Acidobacteriota (dark purple).

Right: Bacterial growth of serially diluted cells on soft agar after overnight incu-
bation at 37 °C. To induce gene expression, 2% L-arabinose was added to the
medium. c Predicted AlphaFoldmodels of B.inaquosorum andM.fibrataCTDs. Each
model is color-codedbased on theAlphaFold confidence score. A closer viewof the
M.fibrata catalytic triad (H2319, S2364, E2405) responsible for NADase activity is
indicated, with the conserved glutamate residue shown in red. The strands are
numbered according to the conventional ART fold annotation.dToxicity assay in E.
coli Top10 expressing either theM. fibrata CTD or the catalytically inactive mutant
(E2405A) on soft agar as in panel b. e Intracellular NAD+ levels measured in E. coli
Top10 cells expressing the TLP CTDs of B.inaquosorum or M. fibrata (wild type or
the inactive mutant E2405A). NAD+ levels were measured 1 h post-induction.
Luminescence signal was recorded for 2 h and averaged over 3 repeats. Data
represent a relative percentage normalised to the empty vector. Bars show
mean ± SD, n = 3 independent experiments. One-way ANOVAwith Tukey’s multiple
comparisons test was performed; adjusted p-values ****<0.0001, *<0.01.

Fig. 4 | Bacterial TLPs are encodedas an effector/immunity pair. a Illustration of
the presence of a matching immunity gene that neutralises the CTD ‘toxic’ activity.
bTop:Analysis of theM.fibratagenome reveals a second, small gene in the genomic
neighbourhood of TLP. The TLP gene (blue) is encoded on the reverse strand,
followed by the cognate immunity (magenta). Surrounding genes are colored grey.
Bottom: Predicted AlphaFold model of M.fibrata CTD/immunity heterodimer
shown as ribbon and/or surface. c Immunoblot following pull down assay confirms
the predicted interaction shown in panel b.M.fibrataCTDwas co-expressedwith its
immunity gene in E. coliTop10.TheCTDwas fusedwith anN-terminal twinstrep-HA
tag to allow immobilisation on streptavidin-agarose beads, while the immunity
protein, tagged with a Flag tag, served as the prey. Both protein bands were

detected using anti-HA and anti-Flag antibodies. d Intracellular NAD+ levels mea-
sured in E. coli Top10 cells expressing M.fibrata CTD, the immunity gene or both.
NAD+ levels were measured 1 h post-induction. Luminescence signal was recorded
for 2 h and averaged over 3 repeats. Data represent a relative percentage normal-
ised to the CTD/Immunity complex. Bars shown mean ± SD, n = 3 independent
experiments. One-way ANOVA with Tukey’s multiple comparisons test was per-
formed; adjusted p-value ****<0.0001, ns=non-significant. e Co-expression of the
matching immunity gene restores E. coli growth. In a toxicity assay using E. coli
Top10, we expressed M. fibrata constructs described above (d). Bacterial cell cul-
tures were serially diluted on soft agar and incubated overnight at 37 °C, with
protein expression induced by the addition of arabinose.
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inferred from bioinformatic sequence analyses, localization of bac-
terial TLPs to the cell surface may also allow them to engage in cell-to-
cell contact and signalling functions. Eukaryotic tissues, such as the
nervous system, and bacterial quorum sensing share some similarities
in how cell-cell-communication is achieved81. In biofilm communities,
bacteria communicate through ion-based signals which resemble
electrical signals used by neurons82. While such communication
mechanismsmaybe redundant or accessory for bacteria, in agreement
with the widespread but low incidence of TLP genes in our database,
co-opting these receptors must have been essential for the evolution
of animals, where Teneurins are conserved in all organisms with a
centralized nervous system. Taken together, this suggests that the
acquisition of the Teneurin gene represents an important event in the
evolution of complex multicellular life.

Methods
Teneurin-like protein identification using hiddenMarkovmodel
searches
The sequence region of protein WP_088111228.1 corresponding with
the Teneurin-like protein (TLP) superfold (residues 673 to 2139) was
extracted from the NCBI Protein database (https://www.ncbi.nlm.nih.
gov/protein) and searched against the non-redundant protein
sequencedatabase (NR) using theNCBI BLASTwebsite (16th Dec 2022).

The top90matching sequence regionswith at least 36% sequence
identity and 99% query coverage were extracted and aligned using

MAFFT (v7.49083). The resultingmultiple sequence alignmentwas split
into 3 separate alignments corresponding with the 3 TLP superfold
domains: FN-plug (region 673-928), NHL (929-1255) and YD shell (1256-
2139). A single HiddenMarkovModel (HMM)was constructed for each
domain using hmmbuild (HMMer software package, v3.1b1, http://
hmmer.org) and the three models were combined into a single HMM
library.

A dataset of 481,806 bacterial genomes, comprising 16,838 dif-
ferent species, was identified as present in the PubMLST Multi-species
database44 on 18th January 2023 (https://pubmlst.org/species-id). Each
genome was downloaded from the database, subjected to a six-frame
translation (EMBOSS transeq, v6.6.0.0) and the protein sequences
were scanned against the HMM library using hmmscan (HMMer
software84). All operations were performed on a Dell PowerEdge R815
Server with 512Gb of RAM and 64 CPU cores.

Sequencematches with an E-value of 1e-10 or less and at least 30%
domain overlap were shortlisted for manual inspection of the results.
In total 143 genomes from 93 different species were identified as
containing the 3 TLP superfold domains, adjacent to each other on the
same reading frame and in the correct domain order.

Sequence conservation and phylogenetic tree inference
Each TLP sequence was retrieved from the homology search men-
tioned above. Amultiple sequence alignment (MSA) of all bacterial TLP
full length sequences and chosen metazoan representative was

Fig. 5 | Teneurins emerge from a bacterial toxin precursor through horizontal
gene transfer. a Schematic tree depicting Teneurin gene transfer event (orange
arrow) from an unknown bacterial precursor to the choanoflagellates-animals
clade. The ancestral gene ‘bacterial TLP’may function as toxin but later co-opted to
cell adhesion in bilaterian animals. Non bilaterian animals refer to sponges, pla-
cozoa, ctenophora and cnidaria. Black cross represents the absence of Teneurins
gene. b Bacterial TLP family hypothetical mechanism of action. Upon synthesis,
TLPs are possibly exposed on the cell surface, enabling CTD trafficking. Released

CTD, triggered by a yet to be discoveredmechanism are represented as hexagonal
shape, with colours representing the various enzymatic functions. Dashed arrows
indicate potential action siteswithin anotherbacterial cell or on anunknown target.
Solid squares represent immunity protein. c In analogy to (b), Bilaterian Teneurins
mediate cell to cell adhesion in a receptor-ligand interaction. They bind other
Teneurin molecules in a homophilic interaction and/or the adhesion G protein-
coupled receptor Latrophilin in a heterophilic manner (PDB id:6SKA4). Bilaterian
Teneurins also have an intracellular region involved in signalling.
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generated using MUSCLE program of the jalview package85,86.
Sequences corresponding to Chitiniphilus eburneus, Olavius algar-
vensis associated proteobacterium Delta3 (OalgA1CA) and Mizugakii-
bacter sediminis were removed from final analysis given that the
sequence were either partial or do not correctly align with the other
TLP sequences.

The conserved region corresponding to superfold sequences
including the FN-plug, NHL and the YD-shell were isolated and further
cleaned using TrimAL with default preset from the NG phylogeny.fr
online server87–90. The cleaned output from TrimAL was the used as a
query for tree inference using IQ-TREE server with default preset and an
ultrafast bootstrap of 1000×90. Themaximum likelihood consensus tree
was then uploaded on Itol server for visualization and annotation91.

Bacterial TLP N-terminal domain annotation and secretion
pathway prediction
Full length protein sequences were subjected to signal peptide pre-
diction using the signal P5 server92. The CD search and interporscan
server were used to search form domain homology and annotate
domain function93–95.

Structure prediction and comparison with available structures
on the PDB database
Structure predictions were performed using Alphafold2 in a local
version of ColabFold49,96. A complete MSA sampling using the default
database was performed along 3 cycles, generating 5 structures cor-
responding to eachbacterial TLPCTD sequence. TheCTDcorresponds
to the region downstream of the RHS cleavage site ‘DPxG’ motif.
Among each set of structures, the one presenting the highest pLDDT
score was chosen for structural homology and functional inference
using DALI or foldseek server50,51.

Vector and cloning
All cDNA used for the project was commercially synthesised using
Genscript. Bacillus inaquosorum constructs (residues 398-2237, BiTLP)
and R2103A (BiTLPR2103A) were subcloned into a petMCN vector carry-
ing a N-terminal His tag and a TEV protease site97. In addition, BiTLP
andBiTLPR2103A carry aN-terminal StrepII tag, a central FLAG tag (within
the RHS associated core) andC-terminal HA tag. All bacterial TLPs CTD
were cloned into a pBAD vector fused with a N-terminal twin-strep-HA
tag98. BiTLPFL (residues 1-2237) was commercially synthesised and
cloned by Azenta into a pProExHta vector containing anN-terminalHis
tag. A list of all plasmids and primers used in this study is provided in
Supplementary Table 2.

Protein expression and purification
The BiTLP construct was transformed into E.coli BL21. Bacterial cells
carrying the vector were selected for growth in TB media supple-
mented with 100μg/μl ampicillin and protein expression was induced
with 0.5mM IPTG at 18 °C for 14 to 16 h. Bacterial pellet were harvested
by centrifugation for 30min at 4000 rpm at 4 °C. Bacterial cells were
resuspended in lysis buffer (50mM Tris pH 7.5, 300mM NaCl, 5mM
imidazole, 0.1%Tritonx100, 5mM mercaptoethanol). Cell lysis was
performed by sonication (amplitude: 45, 30 s x 5). Crude cells were
then clarified by centrifugation for 1 h at 4 °C, 30000 g. Supernatant
was loaded onto a prepacked His-Trap column (GE). BiTLP protein was
eluted with wash buffer containing 500mM imidazole. Protein was
incubated overnight with TEV protease at 4 °C. Following treatment,
the samplewas reloadedonto apre-equilibratedHis-Trap column (GE).
The flowthrough containing the cleaved sample were concentrated
and loaded onto a Superose6 10/300 column (GE). Protein fractions
were analysed by SDS-PAGE on a 4-12% Bis-Tris gel and protein con-
centration was measured using a Nanodrop at A280nm.

The BiTLPFL construct was transformed into E. coli LOBSTR cells
and selected on LB medium supplemented with 100 μg/μL ampicillin.

Cells were harvested by centrifugation for 30min at 4000 × g at 4 °C.
The bacterial pellets were resuspended in lysis buffer (50mMTris-HCl
pH 7.5; 500mMNaCl; 10mM imidazole; 10% glycerol; 1mMTCEP-HCl)
and lysed using a constant flow cell disruptor. The crude lysate was
clarified by centrifugation (27,000 g; 30min; 4C). The clarified lysate
was passed through 0.45 and 0.2 µm syringe filters and subsequently
applied to a prepacked HisTrapTM HP column (Cytiva). BiTLPFL was
eluted stepwise usingwashbuffer containing 20 to 500mM imidazole.
Fractions containing BiTLPFL were concentrated and then loaded onto
a Superdex™ 200 Increase 10/300 (Cytiva), and fractions corre-
sponding to were pooled, concentrated to 0.2mg/ml and stored
at –80 °C.

Cryo-EM sample preparation and data collection
3μl of purified BiTLP at 0.5mg/ml was applied onto a plasma cleaned
holey carbon grid (Quantifoil® R 1.2/1.3, 300 copper mesh, Agar Sci-
entific; Cat#AGS143-2). The grids were blotted for 3.5 s (blot force=5),
at 20 °C with 100% humidity then plunged into liquid nitrogen-cooled
liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). Data
were collected on a Titan Krios (Thermo Fisher Scientific) equipped
with a K3 Summit direct electron detector at a nominal magnification
of 105,000x with a calibrated pixel size of 0.83Å/pixel. Image stacks
were acquired with an accumulated dose of 38.3 e–/Å2 fractionated
over 40 frames and a defocus range of −0.8 to −2.2 μm.

For BiTLPFL, 2μl of purified sample at 0.2mg/ml was applied onto
a glow discharged holey carbon grid (Quantifoil® R 1.2/1.3, 300 copper
mesh). Following a 3 s incubation time, the grid was blotted for 10 s,
and then plunged into liquid ethane using the EMGP2 Leica system
operating at 4 °C and 95% humidity. Data for BiTLPFL were collected
usingCryoARM300 (JEOL) equippedwith an in-columnOmega energy
filter and K3 direct electron detector (Gatan). Movies of BiTLPFL were
acquired using SerialEM v3.199 in super resolution and CDSmodes at a
nominal magnification of 100,000x corresponding to a calibrated
pixel size of 0.2432Å/pixel. Image stacks were acquired with an
accumulated dose of 40 e–/Å2 fractionated over 40 frames and a
defocus range of −0.5 to −2.5 μm.

Cryo-EM data processing, model building and validation
For BiTLP, preprocessing includingmotion correction, CTF parameter
estimation, particle picking, and extraction was carried out using
SIMPLE 3.0100. Further processingwas carriedout in cryoSPARC101. Junk
particles were discarded through iterative rounds of 2D classification.
Five ab initio model were generated. Particles were further 3D classi-
fied through heterogenous refinement. The best map was further
refined using homogenous refinement. Following particle polishing in
RELION102, particles were re-imported into CryoSPARC101 and after two
rounds of 2D classification, the map was further refined by homo-
genous refinement with a total of 3,010,268 particles included in the
final map reached an average resolution of 2.06Å based on the
FSC =0.143 criteria as estimated in CryoSPARC101.

The final map was sharpened by applying a uniform, inverse
B-factor of −50 Å2, following which an AlphaFold model of BiTLP was
docked into the sharpened map, using the ‘dock in map’ tool in
PHENIX103. The fitted model was subjected to iterative rounds of
manual refinement in COOT104 and real space refinement in PHENIX103.
The final model was validated using MolProbity105 within PHENIX103.

Data processing for BiTLPFL was performed in cryoSPARC101.
Iterative rounds of 2D classification were conducted to remove junk
particles. 2D class rebalancing was then performed and the resultant
particles used for an ab initio model. Heterogenous refinement was
then performed, and the highest quality map was selected for further
refinement using homogenous refinement. This map was then used as
the reference map for further rounds of 3D classification using
exported particles from cryoSPARC101 to RELION102. Improvement of
the β-propeller density was observed using RELION102. The
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corresponding particles and map were re-imported back into cryoS-
PARC for homogenous refinement, yielding a final map at 3.74 Å
resolution. The map was sharpened using DeepEMhancer to improve
map resolvability106.

An AlphaFoldmodel of BiTLPFL was then generated and fitted into
the map using the Namdinator server107. Manual model building using
COOT104 was then performed and molecular dynamic flexible fitting
was performed using ISOLDE (ChimeraX plugin108;). Real space
refinement and validation were then performed in PHENIX103.

All figures were prepared using UCSF ChimeraX v.1.8109.

Western blot
Samples were separated on a 4-12% Bis-Tris NuPAGE gel and trans-
ferred to a nitrocellulose membrane by electrophoresis. The mem-
brane was blocked with 3% (w/v) BSA in PBS buffer supplemented with
0.01% (v/v) Tween-20 for 30min at room temperature. After that, the
membrane was sequentially incubated with primary and secondary
HRP-conjugated antibodies prior to signal detectionwith ECL reagents
(RPN2106, VWR). Depending on the tag of interest, commercial
monoclonal anti-HA (sigmaAldrich, H3663-200UL), anti-strepII (IBA, 2-
1507-001) or anti-FLAG (sigma Aldrich, F1804-50UG) antibodies were
used at 1:1000 dilution. Secondary antibody anti-mouse IgG HRP
(ThermoFisher, 31430) was used at 1:10000 dilution.

Molecular dynamics simulations
The structure of Bacillus inaquosorum CTD used for molecular
dynamics simulation was generated using Alphafold249. The protein
wasmapped to aCoarse-grained representationusingMartinize2110. To
study membrane association, a system containing one protein posi-
tioned in the solvent, above a POPG:POPE (3:1)membranewasbuilt. All
systems were built using the insane111 python script. To study mem-
brane deformation, we constructed a system containing four proteins
already positioned at proximal the membrane based on the final
snapshot of a system containing one protein.

All simulations were performed with GROMACS 2020.5 and the
MARTINI3 force field112. The Bussi–Donadio–Parrinello (V-rescale)113

thermostat was used to control the temperature. During equilibration,
the Berendsen barostat6 (τp = 3ps) was used, while the Parrinello-
Rahman barostat114 (τp = 12 ps) was used for production runs. In all
cases, the barostat was semi-isotropic, the reference pressure was set
to 1 bar and the compressibility to 3.0×10-4 bar-1. Electrostatic interac-
tions and Lennard-Jones interactions were cutoff at 1.1 nm using the
reaction-field115 method and the potential-shift Verlet method. Bonds
betweenbeadswere constrained to equilibriumvalues using the LINCS
algorithm116.

After a short minimization of 5000 step, the systems were equi-
librated at 300K in the NPT ensemble for 200ps, using a 20 fs time-
step, with the proteins being harmonically restrained. Production runs
were performed then in the NPT ensemble. Ten runs of 3 µs were
performed for the mono-protein system, while a production run of 10
µs was set up for the 4-protein system.

Distance analysis was performed as previously described in Jack-
son et al.117. Analysis of the membrane deformation was performed
using a previous script118. Briefly, the script segments themembrane in
patches of defined sizes and computes their local norm. The averaged
dot product between local norms and the z axis was then used to
quantify the deformation of the membrane.

Propidium iodide staining
Bacterial cells expressing either the empty vector, BiTLPCTD or sp-
BiTLPCTD were incubated with propidium iodide (stock 1mg/ml) at
room temperature for 10min. Cells were then centrifuged at 5000 g
for 3min and pellets are resuspended with fresh M9 media. 5 µl of cell
resuspension was applied onto agar pad and air dried under sterile
condition prior to sealing with with a coverslip. Cells were imaged

using theOxfordNanoimager-Swith 100x/1.49oil immersionobjective
lens and a pixel size of 117 nm. Each image was a composite of 200
frames, each with 100ms exposure, and cells were imaged at an angle
of 49°. Images were analysed using theMicrobeJ119 plugin for ImageJ120,
and plotted usingGraphpad (version 9 forMacOS, GraphPadSoftware,
San Diego, California USA, hQps://www.graphpad.com/).

Toxicity assay
Each CTD construct was transformed into E. coli Top10 cells. An
overnight LB pre-culture was used to inoculate 20mL of LB medium,
and protein expression was induced when the OD₆₀₀ reached 0.5-0.6
by adding 2%L-arabinose.OD₆₀₀wasmeasured every hour for 6 hours
post-induction. Bacterial cells were then harvested by centrifugation
and stored for small affinity pulldown on streptavidin agarose beads.
For each construct, an overnight culture was serially diluted, and 3 µL
of the culture was spotted onto a soft agar plate supplemented with
2% arabinose and 100 µg/mL ampicillin, then incubated over-
night at 37 °C

NAD glo assay
Relative intracellular NAD+ levels were quantified in cell lysate using
the NAD/NADH-glo bioluminescence assay as per the instructions of
themanufacturer (Promega). NADbioluminescencewas recorded on a
CLARIOstar Plus (BMG Labtech) microplate reader, for 2 h. Statistical
analysis using a one-way ANOVA test, with a Tukey’s post-hoc test was
performed using GraphPad Prism (version 9 for MacOS, GraphPad
Software, San Diego, California USA, hQps://www.graphpad.com/).

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

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-52847 (BiTLP); and
EMD-71831 (BiTLPFL). The atomic coordinates have been deposited in
the Protein Data Bank (PDB) under accession codes 9IFO (BiTLP); and
9PT5 (BiTLPFL). The source data underlying Figs. 2, 3b and e, 4d and
Supplementary Fig. 6c are provide as Source Data files. Unedited gels
and Western blots are shown in Supplementary Fig. 8. Molecular
dynamics trajectories are available from the corresponding authors
upon request. Source data are provided with this paper.

References
1. Tucker, R. P., Beckmann, J., Leachman, N. T., Schöler, J. &Chiquet-

Ehrismann, R. Phylogenetic analysis of the teneurins: conserved
features and premetazoan ancestry. Mol. Biol. Evol. 29,
1019–1029 (2012).

2. Wides, R. The natural history of teneurins: a billion years of evo-
lution in three key steps. Front. Neurosci. 13 (2019).

3. Jackson, V. A., Busby, J. N., Janssen, B. J. C., Lott, J. S. & Seiradake,
E. Teneurin structures are composed of ancient bacterial protein
domains. Frontiers in Neuroscience 13 (2019).

4. del Toro, D. et al. Structural basis of teneurin-latrophilin interac-
tion in repulsive guidance of migrating neurons. Cell 180,
323–339.e19 (2020).

5. Cortés, E., Pak, J. S. & Özkan, E. Structure and evolution of neu-
ronal wiring receptors and ligands. Dev. Dyn. 252, 27–60 (2023).

6. Lovejoy, D. A. & Pavlović, T. Role of the teneurins, teneurin
C-terminal associated peptides (TCAP) in reproduction: clinical
perspectives. Horm. Mol. Biol. Clin. Investig. 24, 83–90 (2015).

7. Burbach, J. P. H. & Meijer, D. H. Latrophilin’s social protein net-
work. Front Neurosci. 13, 643 (2019).

8. Tucker, R. P. Teneurins: domain architecture, evolutionary origins,
and patterns of expression. Front. Neurosci. 12 (2018).

Article https://doi.org/10.1038/s41467-026-69246-x

Nature Communications |         (2026) 17:2753 10

http://www.graphpad.com/
http://www.graphpad.com/
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-52847
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-71831
https://doi.org/10.2210/pdb9IFO/pdb
https://doi.org/10.2210/pdb9PT5/pdb
www.nature.com/naturecommunications


9. Cai, K., Zhang, X. & Bai, X. Cryo-electron microscopic analysis of
single-pass transmembrane receptors. Chem. Rev. 122,
13952–13988 (2022).

10. Gogou, C. et al. Alternative splicing controls teneurin-3 compact
dimer formation for neuronal recognition. Nat. Commun. 15,
3648 (2024).

11. Mosca, T. J., Hong, W., Dani, V. S., Favaloro, V. & Luo, L. Trans-
synaptic Teneurin signalling in neuromuscular synapse organiza-
tion and target choice. Nature 484, 237–241 (2012).

12. Suzuki, N. et al. Teneurin-4 is a novel regulator of oligodendrocyte
differentiation and myelination of small-diameter axons in the
CNS. J. Neurosci. 32, 11586–11599 (2012).

13. Berns, D. S., DeNardo, L. A., Pederick, D. T. & Luo, L. Teneurin-3
controls topographic circuit assembly in thehippocampus.Nature
554, 328–333 (2018).

14. Sando, R., Jiang, X. & Südhof, T. C. Latrophilin GPCRs direct
synapse specificity by coincident binding of FLRTs and teneurins.
Science 363, eaav7969 (2019).

15. Pederick, D. T. et al. Reciprocal repulsions instruct the precise
assembly of parallel hippocampal networks. Science 372,
1068–1073 (2021).

16. Mosca, T. J. On the Teneurin track: a new synaptic organization
molecule emerges. Front. Cell. Neurosci. 9, 204 (2015).

17. Alkelai, A. et al. A role for TENM1 mutations in congenital general
anosmia. Clin. Genet. 90, 211–219 (2016).

18. Hor, H. et al. Missense mutations in TENM4, a regulator of axon
guidance and central myelination, cause essential tremor. Hum.
Mol. Genet. 24, 5677 (2015).

19. Pu, J.-L. et al. Parkinson’s disease in teneurin transmembrane
protein 4 (TENM4) Mutation Carriers. Front Genet 11,
598064 (2020).

20. Li, S., DeLisi, L. E. & McDonough, S. I. Rare germline variants in
individuals diagnosed with schizophrenia within multiplex famil-
ies. Psychiatry Res. 303, 114038 (2021).

21. Heinrich, A. et al. The risk variant in ODZ4 for bipolar disorder
impacts on amygdala activationduring rewardprocessing.Bipolar
Disord. 15, 440–445 (2013).

22. Xu, C. et al. Molecular and cellular mechanisms of teneurin sig-
naling in synaptic partner matching. Cell 187, 5081–5101.e19
(2024).

23. Peppino, G. et al. Teneurins: role in cancer and potential role as
diagnostic biomarkers and targets for therapy. Int J. Mol. Sci. 22,
2321 (2021).

24. Jackson, V. A. et al. Structures of Teneurin adhesion receptors
reveal an ancient fold for cell-cell interaction. Nat. Commun. 9,
1079 (2018).

25. Li, J. et al. Structural basis for teneurin function in circuit-wiring: a
toxin motif at the synapse. Cell 173, 735–748.e15 (2018).

26. Li, J. et al. Alternative splicing controls teneurin-latrophilin inter-
action and synapse specificity by a shape-shifting mechanism.
Nat. Commun. 11, 2140 (2020).

27. Meijer, D. H., Frias, C. P., Beugelink, J. W., Deurloo, Y. N. & Janssen,
B. J. C. Teneurin4 dimer structures reveal a calcium-stabilized
compact conformation supporting homomeric trans-interactions.
EMBO J. 41, e107505 (2022).

28. Li, J., Bandekar, S. J. & Araç, D. The structure of fly Teneurin-m
reveals an asymmetric self-assembly that allows expansion into
zippers. EMBO Rep. 24, e56728 (2023).

29. Busby, J. N., Panjikar, S., Landsberg, M. J., Hurst, M. R. H. & Lott, J.
S. The BC component of ABC toxins is an RHS-repeat-containing
protein encapsulation device. Nature 501, 547–550 (2013).

30. Zhang, D., de Souza, R. F., Anantharaman, V., Iyer, L. M. & Aravind,
L. Polymorphic toxin systems: Comprehensive characterization of
trafficking modes, processing, mechanisms of action, immunity
and ecology using comparative genomics. Biol. Direct 7, 18 (2012).

31. Ferralli, J., Tucker, R. P. & Chiquet-Ehrismann, R. The teneurin
C-terminal domain possesses nuclease activity and is apopto-
genic. Biol. Open 7, bio031765 (2018).

32. Jurėnas, D. & Journet, L. Activity, delivery, and diversity of Type VI
secretion effectors. Mol. Microbiol. 115, 383–394 (2021).

33. Koskiniemi, S. et al. Rhs proteins from diverse bacteria mediate
intercellular competition. Proc. Natl. Acad. Sci. 110, 7032–7037
(2013).

34. Pei, T.-T. et al. Intramolecular chaperone-mediated secretion of an
Rhs effector toxin by a type VI secretion system.Nat. Commun. 11,
1865 (2020).

35. Günther, P. et al. Structure of a bacterial Rhs effector exported by
the type VI secretion system. PLOS Pathog. 18, e1010182 (2022).

36. Tang, L. et al. Vibrio parahaemolyticus prey targeting requires
autoproteolysis-triggered dimerization of the type VI secretion
system effector RhsP. Cell Rep. 41, 111732 (2022).

37. González-Magaña, A. et al. Structural and functional insights into
the delivery of a bacterial Rhs pore-forming toxin to the mem-
brane. Nat. Commun. 14, 7808 (2023).

38. Hernandez, R. E., Gallegos-Monterrosa, R. & Coulthurst, S. J. Type
VI secretion system effector proteins: Effective weapons for bac-
terial competitiveness. Cell. Microbiol. 22, e13241 (2020).

39. Allsopp, L. P. & Bernal, P. Killing in the nameof: T6SS structure and
effector diversity. Microbiology 169, 001367 (2023).

40. Roderer, D., Schubert, E., Sitsel, O. & Raunser, S. Towards the
application of Tc toxins as a universal protein translocation sys-
tem. Nat. Commun. 10, 5263 (2019).

41. Aleksandrova, N. A., Roche, S. G., Low, Y. S. & Landsberg, M. J.
Recent insights into mechanisms of cellular toxicity and cell
recognition associatedwith theABC family of pore-forming toxins.
Biochem. Soc. Trans. 51, 1235–1244 (2023).

42. Minet, A. D. & Chiquet-Ehrismann, R. Phylogenetic analysis of
teneurin genes and comparison to the rearrangement hot spot
elements of E. coli. Gene 257, 87–97 (2000).

43. Tucker, R. P. & Chiquet-Ehrismann, R. Teneurins: A conserved
family of transmembrane proteins involved in intercellular sig-
naling during development. Dev Biol. 290, 237–245 (2006).

44. Jolley, K. A., Bray, J. E. & Maiden, M. C. J. Open-access bacterial
population genomics: BIGSdb software, the PubMLST.orgwebsite
and their applications. Wellcome Open Res. 3, 124 (2018).

45. Fagan, R. P. & Fairweather, N. F. Biogenesis and functions of
bacterial S-layers. Nat. Rev. Microbiol 12, 211–222 (2014).

46. Ravi, J. & Fioravanti, A. S-layers: The ProteinaceousMultifunctional
Armors of Gram-Positive Pathogens. Front. Microbiol. 12, (2021).

47. Green, E. R. & Mecsas, J. Bacterial Secretion Systems: An Over-
view. Microbiol Spectr. 4, 4.1.13 (2016).

48. Luo, Y. et al. The love and hate relationship between T5SS and
other secretion systems in bacteria. Int. J. Mol. Sci. 25, 281 (2023).

49. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

50. Holm, L. Dali server: structural unification of protein families.
Nucleic Acids Res. 50, W210–W215 (2022).

51. van Kempen, M. et al. Fast and accurate protein structure search
with Foldseek. Nat. Biotechnol. 42, 243–246 (2024).

52. Rooney,A. P., Price,N. P. J., Ehrhardt,C., Swezey, J. L.&Bannan, J.D.
Phylogeny and molecular taxonomy of the Bacillus subtilis species
complex and description of Bacillus subtilis subsp. inaquosorum
subsp. nov. Int. J. Syst. Evolut. Microbiol. 59, 2429–2436 (2009).

53. Dunlap, C. A., Bowman, M. J. & Zeigler, D. R. Promotion of Bacillus
subtilis subsp. inaquosorum, Bacillus subtilis subsp. spizizenii and
Bacillus subtilis subsp. stercoris to species status. Antonie van.
Leeuwenhoek 113, 1–12 (2020).

54. Jackson, A. P., Thomas, G. H., Parkhill, J. & Thomson, N. R. Evolu-
tionary diversification of an ancient gene family (rhs) through
C-terminal displacement. BMC Genomics 10, 584 (2009).

Article https://doi.org/10.1038/s41467-026-69246-x

Nature Communications |         (2026) 17:2753 11

www.nature.com/naturecommunications


55. Jurėnas,D. et al.Mounting, structure andautocleavageof a typeVI
secretion-associated Rhs polymorphic toxin. Nat. Commun. 12,
6998 (2021).

56. Hayes, B. K. et al. Structure of a Rhs effector clade domain pro-
vides mechanistic insights into type VI secretion system toxin
delivery. Nat. Commun. 15, 8709 (2024).

57. Meusch, D. et al. Mechanism of Tc toxin action revealed in mole-
cular detail. Nature 508, 61–65 (2014).

58. Kielkopf, C. S., Shneider, M. M., Leiman, P. G. & Taylor, N. M. I.
T6SS-associated Rhs toxin-encapsulating shells: Structural and
bioinformatical insights into bacterial weaponry and self-
protection. Structure 0, (2024).

59. Ma, J. et al. PAAR-Rhs proteins harbor various C-terminal toxins to
diversify the antibacterial pathways of type VI secretion systems.
Environ. Microbiol. 19, 345–360 (2017).

60. Ruhe, Z. C., Low, D. A. & Hayes, C. S. Polymorphic toxins and their
immunity proteins: diversity, evolution and mechanisms of deliv-
ery. Annu Rev. Microbiol 74, 497–520 (2020).

61. Song, N. et al. Genome-wide dissection reveals diverse patho-
genic roles of bacterial Tc toxins. PLOS Pathog. 17,
e1009102 (2021).

62. Weiss, M. S., Blanke, S. R., Collier, R. J. & Eisenberg, D. Structure of
the isolated catalytic domain of diphtheria toxin. Biochemistry 34,
773–781 (1995).

63. Lyons, B. et al. Scabin, a Novel DNA-acting ADP-ribosyltransferase
from Streptomyces scabies*. J. Biol. Chem. 291, 11198–11215
(2016).

64. Mikolčević, P., Hloušek-Kasun, A., Ahel, I. & Mikoč, A. ADP-
ribosylation systems in bacteria and viruses. Comput Struct. Bio-
technol. J. 19, 2366–2383 (2021).

65. Baumgartner, S. & Wides, R. Discovery of teneurins. Front Neu-
rosci. 13, 230 (2019).

66. Jamet, A. & Nassif, X. New Players in the Toxin Field: Polymorphic
Toxin Systems in Bacteria. mBio 6, https://doi.org/10.1128/mbio.
00285-15 (2015).

67. Li, H., Tan, Y. & Zhang, D. Genomic discovery and structural dis-
section of a novel type of polymorphic toxin system in gram-
positive bacteria. Computational Struct. Biotechnol. J. 20,
4517–4531 (2022).

68. Livingstone, P. G., Morphew, R. M. & Whitworth, D. E. Genome
Sequencing and Pan-Genome Analysis of 23 Corallococcus spp.
Strains Reveal Unexpected Diversity, With Particular Plasticity of
Predatory Gene Sets. Front. Microbiol. 9, (2018).

69. Livingstone, P. G. et al. Predatory Organisms with Untapped Bio-
synthetic Potential: Descriptions of Novel Corallococcus Species
C. aberystwythensis sp. nov., C. carmarthensis sp. nov., C. exer-
citus sp. nov., C. interemptor sp. nov., C. llansteffanensis sp. nov.,
C. praedator sp. nov., C. sicarius sp. nov., and C. terminator sp.
nov. Appl. Environ. Microbiol. 86, e01931 (2020).

70. Sitsel, O. et al. Yersinia entomophaga Tc toxin is released by
T10SS-dependent lysis of specialized cell subpopulations. Nat.
Microbiol 9, 390–404 (2024).

71. Gatsogiannis, C. et al. Tc toxin activation requires unfolding and
refolding of a β-propeller. Nature 563, 209–213 (2018).

72. Youderian, P. & Hartzell, P. L. Triple mutants uncover three new
genes required for social motility in myxococcus xanthus.
Genetics 177, 557–566 (2007).

73. Sirota-Madi, A. et al. Genome sequence of the pattern forming
Paenibacillus vortex bacterium reveals potential for thriving in
complex environments. BMC Genomics 11, 710 (2010).

74. Muñoz-Dorado, J., Marcos-Torres, F. J., García-Bravo, E.,Moraleda-
Muñoz, A. & Pérez, J. Myxobacteria: Moving, Killing, Feeding, and
Surviving Together. Front. Microbiol. 7, (2016).

75. Sita, L. V., Diniz, G. B., Horta-Junior, J. A. C., Casatti, C. A. & Bit-
tencourt, J. C. Nomenclature and ComparativeMorphology of the
Teneurin/TCAP/ADGRL Protein Families. Front. Neurosci.
13 (2019).

76. Yue, J., Sun, G., Hu, X. & Huang, J. The scale and evolutionary
significance of horizontal gene transfer in the choanoflagellate
Monosiga brevicollis. BMC Genomics 14, 729 (2013).

77. Kiørboe, T. Predation in aMicrobialWorld:Mechanisms andTrade-
Offs of Flagellate Foraging. Annu. Rev. Mar. Sci. 16, 361–381
(2024).

78. Tucker, R. P. Horizontal Gene Transfer in Choanoflagellates. J. Exp.
Zool. Part B: Mol. Dev. Evol. 320, 1–9 (2013).

79. Beckmann, J., Schubert, R., Chiquet-Ehrismann, R. & Müller, D. J.
Deciphering teneurin domains that facilitate cellular recognition,
cell–cell adhesion, and neurite outgrowth using atomic force
microscopy-based single-cell force spectroscopy. Nano Lett. 13,
2937–2946 (2013).

80. Silva, J.-P. et al. Latrophilin 1 and its endogenous ligand Lasso/
teneurin-2 form a high-affinity transsynaptic receptor pair with
signaling capabilities. Proc. Natl. Acad. Sci. USA 108,
12113–12118 (2011).

81. Ram, A. & Lo, A.W. Is smaller better?A proposal to use bacteria for
neuroscientific modeling. Front Comput Neurosci. 12, 7 (2018).

82. Prindle, A. et al. Ion channels enable electrical communication in
bacterial communities. Nature 527, 59–63 (2015).

83. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol. Biol. Evol. 30, 772–780 (2013).

84. HMMER. http://hmmer.org/.
85. Troshin, P. V., Procter, J. B. & Barton, G. J. Java bioinformatics

analysis web services for multiple sequence alignment—
JABAWS:MSA. Bioinformatics 27, 2001–2002 (2011).

86. Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M. &
Barton, G. J. Jalview Version 2—a multiple sequence alignment
editor and analysis workbench. Bioinformatics 25, 1189–1191
(2009).

87. Capella-Gutiérrez, S., Silla-Martínez, J. M. & Gabaldón, T. trimAl: a
tool for automated alignment trimming in large-scale phyloge-
netic analyses. Bioinformatics 25, 1972–1973 (2009).

88. Dereeper, A. et al. Phylogeny.fr: robust phylogenetic analysis for
the non-specialist. Nucleic Acids Res 36, W465–W469 (2008).

89. Lemoine, F. et al. NGPhylogeny.fr: new generation phylogenetic
services for non-specialists. Nucleic Acids Res. 47, W260–W265
(2019).

90. Trifinopoulos, J., Nguyen, L.-T., von Haeseler, A. & Minh, B. Q. W-
IQ-TREE: a fast online phylogenetic tool for maximum likelihood
analysis. Nucleic Acids Res. 44, W232–W235 (2016).

91. Letunic, I. & Bork, P. Interactive Tree of Life (iTOL) v6: recent
updates to the phylogenetic tree display and annotation tool.
Nucleic Acids Res. 52, W78–W82 (2024).

92. Almagro Armenteros, J. J. et al. SignalP 5.0 improves signal pep-
tide predictions using deep neural networks. Nat. Biotechnol. 37,
420–423 (2019).

93. Wang, J. et al. The conserved domain database in 2023. Nucleic
Acids Res 51, D384–D388 (2023).

94. Jones, P. et al. InterProScan 5: genome-scale protein function
classification. Bioinformatics 30, 1236–1240 (2014).

95. Blum,M. et al. The InterProprotein families anddomainsdatabase:
20 years on. Nucleic Acids Res 49, D344–D354 (2021).

96. Mirdita, M. et al. ColabFold: making protein folding accessible to
all. Nat. Methods 19, 679–682 (2022).

97. Romier, C. et al. Co-expression of protein complexes in
prokaryotic and eukaryotic hosts: experimental procedures,

Article https://doi.org/10.1038/s41467-026-69246-x

Nature Communications |         (2026) 17:2753 12

https://doi.org/10.1128/mbio.00285-15
https://doi.org/10.1128/mbio.00285-15
http://hmmer.org/
www.nature.com/naturecommunications


database tracking and case studies. Acta Cryst. D. 62, 1232–1242
(2006).

98. Guzman, L. M., Belin, D., Carson, M. J. & Beckwith, J. Tight reg-
ulation, modulation, and high-level expression by vectors con-
taining the arabinose PBAD promoter. J. Bacteriol. 177,
4121–4130 (1995).

99. Mastronarde, D. N. SerialEM: A Program for Automated Tilt Series
Acquisition on Tecnai Microscopes Using Prediction of Specimen
Position. Microanal 9, 1182–1183 (2003).

100. Caesar, J. et al. SIMPLE 3.0. Stream single-particle cryo-EM ana-
lysis in real time. J. Struct. Biol.: X 4, 100040 (2020).

101. Punjani, A., Zhang, H. & Fleet, D. J. Non-uniform refinement:
adaptive regularization improves single-particle cryo-EM recon-
struction. Nat. Methods 17, 1214–1221 (2020).

102. Zivanov, J., Nakane, T. & Scheres, S. H. W. A Bayesian approach to
beam-induced motion correction in cryo-EM single-particle ana-
lysis. IUCrJ 6, 5–17 (2019).

103. Liebschner, D. et al. Macromolecular structure determination
using X-rays, neutrons and electrons: recent developments in
Phenix. Acta Cryst. D. 75, 861–877 (2019).

104. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr D. Biol. Crystallogr 66,
486–501 (2010).

105. Prisant, M. G., Williams, C. J., Chen, V. B., Richardson, J. S. &
Richardson, D. C. New tools in MolProbity validation: CaBLAM
for CryoEM backbone, UnDowser to rethink “waters,” and NGL
Viewer to recapture online 3D graphics. Protein Sci. 29,
315–329 (2020).

106. Sanchez-Garcia, R. et al. DeepEMhancer: a deep learning
solution for cryo-EM volume post-processing. Commun. Biol. 4,
874 (2021).

107. Kidmose, R. T. et al. Namdinator – automatic molecular dynamics
flexible fitting of structural models into cryo-EM and crystal-
lography experimental maps. IUCrJ 6, 526–531 (2019).

108. Croll, T. I. ISOLDE: a physically realistic environment for model
building into low-resolution electron-density maps. Acta Cryst. D.
74, 519–530 (2018).

109. Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for
researchers, educators, and developers. Protein Sci. 30,
70–82 (2021).

110. Kroon, P. C. et al. Martinize2 and Vermouth: Unified Framework for
Topology Generation. eLife 12, (2024).

111. Wassenaar, T. A., Ingólfsson, H. I., Böckmann, R. A., Tieleman, D. P.
& Marrink, S. J. Computational Lipidomics with insane: A Versatile
Tool for Generating Custom Membranes for Molecular Simula-
tions. J. Chem. Theory Comput. 11, 2144–2155 (2015).

112. Souza, P. C. T. et al. Martini 3: a general purpose force field for
coarse-grained molecular dynamics. Nat. Methods 18,
382–388 (2021).

113. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

114. Parrinello, M. & Rahman, A. Polymorphic transitions in single
crystals: A new molecular dynamics method. J. Appl. Phys. 52,
7182–7190 (1981).

115. Tironi, I. G., Sperb, R., Smith, P. E. & van Gunsteren, W. F. A gen-
eralized reaction field method for molecular dynamics simula-
tions. J. Chem. Phys. 102, 5451–5459 (1995).

116. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS:
A linear constraint solver for molecular simulations. J. Computa-
tional Chem. 18, 1463–1472 (1997).

117. Jackson, V. et al. The guidance and adhesion protein FLRT2
dimerizes in cis via dual small-X3-small transmembrane motifs.
Structure 30, 1354–1365.e5 (2022).

118. Cornet, J. et al. There and back again: bridging meso- and nano-
scales to understand lipid vesicle patterning. Soft Matter 20,
4998–5013 (2024).

119. Ducret, A., Quardokus, E. M. & Brun, Y. V. MicrobeJ, a tool for high
throughput bacterial cell detection and quantitative analysis. Nat.
Microbiol 1, 1–7 (2016).

120. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to
ImageJ: 25 years of Image Analysis. Nat. Methods 9,
671–675 (2012).

Acknowledgements
We acknowledge the Central Oxford Structural Molecular Imaging
Center (COSMIC) electron microscopy where the cryo-EM data of BiTLP
was collected. We also thank Dr Joseph Caesar for support with data
processing. We would also like to acknowledge Australian Microscopy
and Microanalysis Research Facility at the Center for Microscopy and
Microanalysis located at theUniversity ofQueenslandwhere the data for
BiTLPFL is collected. We also thank Professor Steve Kelly for his valuable
help and advice on the phylogenetic tree inference. We also give thanks
to the Fribourg Lab for supplying the petMCN vector used to clone
Bacillus inaquosorum TLP, and to Dr. Valentine Lagage and Dr. Diviya
Choudhary for providing the pBAD vector used to clone all bacterial TLP
CTD and immunity genes. We finally thank the Dean lab for providing us
with the Alphafold model of Bacillus inaquosorum TLP. F.R. was funded
by the Browne research fellowship, the Queen’s college Oxford. J.B. is
funded by a Wellcome Trust Biomedical Resource Grant (number
218205/Z/19/Z, PubMLST: Disseminating and exploiting bacterial diver-
sity data for public health benefit). Research in the E.S. lab was sup-
ported by the Wellcome Trust (202827/Z/16/Z and 226647/Z/22/Z) and
the EMBO Young Investigator Programme.

Author contributions
F.R. and E.S. conceptualized the study and designed the experiments. F.R.
and C.M.R. performed the biochemical experiments. J.C.Z. and Y.S.L.
performed the structural biology experiments. J.C.Z. and L.B. established
and implemented the cryo-EM methodology in the laboratory. F.R., E.S.,
K.E.O., and E.L. built and refined the BiTLP model, while Y.S.L. and M.J.L.
built and refined the BiTLPFL model. J.B. performed the bioinformatic
analyses. J.S. performed the microscopy experiments. A.S. and M.C.
performed the structural predictionsandmolecular dynamics simulations.
F.R., J.S., A.S., J.C.Z. and J.B. analysed the data. F.R., J.S., A.S., J.B., C.M.R.,
Y.S.L., M.J.L., J.S.L., C.K., M.C., M.C.J.M., and E.S. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-69246-x.

Correspondence and requests for materials should be addressed to
Matthieu Chavent, Martin CJ Maiden or Elena Seiradake.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-026-69246-x

Nature Communications |         (2026) 17:2753 13

https://doi.org/10.1038/s41467-026-69246-x
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-026-69246-x

Nature Communications |         (2026) 17:2753 14

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ancestral neuronal receptors are bacterial accessory toxins
	Results
	Bacterial TLPs are found in a small group of species, yet widespread across the bacterial kingdom
	The bacterial TLP structure is homologous to its metazoan counterparts
	The C-termini of TLPs harbour diverse toxic functions
	Bacterial genomes encode TLP-associated immunity proteins

	Discussion
	Methods
	Teneurin-like protein identification using hidden Markov model searches
	Sequence conservation and phylogenetic tree inference
	Bacterial TLP N-terminal domain annotation and secretion pathway prediction
	Structure prediction and comparison with available structures on the PDB database
	Vector and cloning
	Protein expression and purification
	Cryo-EM sample preparation and data collection
	Cryo-EM data processing, model building and validation
	Western blot
	Molecular dynamics simulations
	Propidium iodide staining
	Toxicity assay
	NAD glo assay
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




