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Toll/interleukin-1 receptor (TIR) domain-containing proteins play a critical role
in immune responses in diverse organisms, but their function in bacterial sys-
tems remains to be fully elucidated. This study, focusing on Escherichia coli,
addresses how TIR domain-containing proteins contribute to bacterial immu-
nity against phage attack. Through an exhaustive survey of all E. coli genomes
available in the NCBI database and testing of 32 representatives of the 90% of the
identified TIR domain-containing proteins, we found that a significant propor-
tion (37.5%) exhibit antiphage activities. These defense systems recognize a
variety of phage components, thus providing a sophisticated mechanism for
pathogen detection and defense. This study not only highlights the robustness
of TIR systems in bacterial immunity, but also draws an intriguing parallel to the
diversity seen in mammalian Toll-like receptors (TLRs), enriching our under-
standing of innate immune mechanisms across life forms and underscoring the

evolutionary significance of these defense strategies in prokaryotes.

Toll/interleukin-1 receptor (TIR) domain-containing proteins play a vital
role in the immune response of various organisms, including mammals,
plants, and bacteria'. To date, at least 25 genes with TIR domains have
been identified in the human genome, the vast majority of which are
involved in pathogen recognition and the initiation of signaling path-
ways that activate the immune responses’. Similarly, in plants, proteins
containing the TIR domain also play an important role in the immune
system™*, Specifically, TIR domains are nicotinamide adenine dinucleo-
tide (NAD")-hydrolyzing enzymes that participate in signal transduction
pathways essential for plant defense mechanisms against various
pathogens®®. Recent research has also elucidated the defensive role of
TIR-containing proteins in bacteria, particularly in their protection
against phage infection”. These findings underscore a universally
conserved defense mechanism that spans various life forms.

In contrast to the numerous TIR domain-containing proteins
involved in pathogen recognition in mammals?, only six TIR-containing

antiphage defense systems have been identified in bacteria (Supple-
mentary Table 1%, The Thoeris defense system employs TIR-domain
proteins (ThsB) and a second protein (ThsA) with NADase activity. Upon
phage infection, ThsB generates a signal molecule that activates ThsA,
leading to NAD" depletion and abortion of the infection, thus preventing
phage propagation™®”. In a type of Short prokaryotic Argonaute
defense system, the TIR domain-containing protein and Short Argonaute
form heterodimeric complexes (SPARTA). The NADase activity of the
TIR domain of SPARTA is activated in the presence of highly transcribed
multicopy plasmid DNA, leading to cell death through NAD(P)
depletion’. In a type of the CBASS defense system, the protein con-
taining the TIR and STING domains forms a filament structure in
response to phage infection'’®, The filament structure coordinates the
activation of the NADase activity of the TIR domains, resulting in NAD*
depletion and abortive infection to inhibit phage propagation'. Simi-
larly, some Pycsar systems also use the TIR domain to deplete cellular
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NAD" to induce abortive infection. In these systems, the NADase activity
of the TIR domain was activated by cyclic pyrimidines, which were
produced by uridylate cyclases in response to phage infection®. TIR
domains have also been identified in the Retron®" and Avs (antiviral
STAND)">?° defense systems, but their mechanisms for preventing phage
replication are unknown.

While a large number of TIR domain-containing proteins have been
identified in bacteria®*">™", the specific functions of many of these pro-
teins, particularly in the context of antiphage activity, are not yet fully
understood. This gap in knowledge represents a significant area for
exploration, similar to the extensive roles that have been identified for
TIR domain-containing proteins in the human immune response. In
addition, phage components that specifically trigger the activation of
bacterial TIR systems are unknown. Deciphering these triggers is critical
to understanding the mechanisms by which TIR systems sense and
respond to phage attack, which could have profound implications for
our understanding of bacterial defense strategies. This study aims to
systematically explore the landscape of the TIR defense system in E. coli
by utilizing all available E. coli genome sequences from NCBI, together
with a comprehensive collection of E. coli phages, thereby aiming to
bridge these identified knowledge gaps.

Results

Extensive antiphage activity of TIR domain-containing proteins
in E. coli: unveiling a robust bacterial defense system

To explore the landscape of TIR domain-encoding potential defense
systems in £. coli, we first identified all TIR domain-containing proteins
(781) out of 11,688,950 annotated E. coli proteins using all 2289 E. coli

genomes available in NCBI by October 2020 (Fig. 1a). To ensure that all
TIR-containing proteins are encoded by the E. coli genome, only the
genomic DNAs were used for the analysis. These TIR-containing pro-
teins were clustered into 64 clusters based on their sequences. We
analyzed the genomic structure spanning 5 genes upstream and
downstream of TIR genes in each cluster to identify the operon con-
figuration, which were considered as candidate defense systems
(Fig. 1a). For the 21 clusters with more than 10 members (Fig. 1b), we
cloned one representative candidate system from each cluster from
our E. coli collections. For the remaining clusters with 1-8 members, we
were able to clone the representative candidate system from 11 clus-
ters using our E. coli collections (Fig. 1b). In total, we cloned 32 can-
didate systems representing 90% (703 of the 781 cluster members) of
E. coli TIR domain-containing proteins. The candidate systems with
their native promoter were cloned into pSECI1 vector and transformed
into E. coli MG1655 strain to evaluate their defense activities against a
collection of 111 different phage strains®.

E. coli MG1655 with or without the candidate TIR defense system
was infected with 10-fold serially diluted phages to observe plaque
formation. The defense activity of the TIR systems against each phage
was determined based on their ability to inhibit plaque formation
compared to the pSEC1 empty vector control, and expressed as the
fold reduction in Efficiency of plating (EOP). Twelve systems have
defense activities against a variable number of phages, and 9 of them
are new defense systems and named TIR-I to IX (Fig. 2a). The anti-
phage activity of each TIR system depends on the specific phage, with
strong inhibitory effects for some phages and little or no inhibitory
effects for others. However, all TIR systems can inhibit at least one
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Fig. 1| Screening of candidate antiphage defense systems containing TIR

domains. a Flowchart to identify candidate systems containing TIR domains from
all E. coli genomes available in the NCBI database. b Locus architectures of 64 TIR
candidate defense systems. The bar graph shows the members of each cluster in the

sequenced E. coli genomes. The cluster highlighted in blue indicates the 32 TIR
systems cloned in this study. Domains: RT reverse transcriptase, DUF domain of
unknown function, TPR tetratricopeptide repeat, TM transmembrane.
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Fig. 2 | Identification of 12 antiphage systems with TIR domains in E. coli. a The
domain organization of each system was shown, and their defense activities were
determined in triplicate using E. coli MG1655 against 111 different phages as
described in Methods. The color indicates the fold reduction in EOP of the repre-
sentative results of each TIR system against each phage in EOP experiments. The
bar graph shows the number of phages restricted in each system. b Essential
domain architectures and mutational analysis of the defense systems. Conserved
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amino acids or the putative active sites were indicated with red stars. Assays were
done in triplicate and data were presented as the mean = S.D. E. coli MG1655 cells
containing the empty vector were used as controls. Asterisks indicate statistical
significance relative to the control. *, **, **, and *** indicate p < 0.05, p < 0.01,
p<0.001, and p <0.0001, respectively (ANOVA). The ns indicates not significant.
Source data are provided as a Source data file.

phage with a 10*fold reduction in EOP (highlighted in dark green in
Fig. 2a), and 95.5% of the phages (106/111) are targeted by at least one
of these TIR defense systems.

Five of these new systems (I, IlI, IV, VII, and VIII) contain two
proteins, and the single gene deletion assays showed that both pro-
teins of each system are required for their antiphage activities (Fig. 2b).
All other new defense systems contain only one protein. In addition to
the TIR domains, four new systems also contain either transmembrane
(TM), AAA, tetratricopeptide repeat (TPR), or DUF4238 domains,
which have also been found in other defense systems’'>'>?°, For the
remaining new defense systems, only the TIR domain was identified
(Fig. 2). Mutation of the conserved amino acid residues within the
active sites of TIR NADase? revealed that TIR domains are required for
the defense activities of all the 12 systems (Fig. 2b). Thoeris systems
have previously been cloned from Bacillus subtilis>*?*, but their
homologous systems in E. coli have not yet been confirmed. We have
shown that both type I (cluster 9) and type Il Thoeris (cluster 1) are

present in E. coli, with type 1 having broader antiphage activ-
ities (Fig. 2a).

For all TIR systems, phage infection at a multiplicity of infection
(MOI) =2 resulted in more rapid death of E. coli cells expressing an
individual defense system compared to cells without the defense sys-
tem (Supplementary Fig. 1). The one-step growth curve experiment
assays showed that no or very few progeny phages were produced in E.
coli cells expressing TIR-VII, TIR-VIII, or TIR-Retron. For the remaining
TIR systems, the progeny phages were significantly reduced in E. coli
cells expressing an individual defense system compared to cells with-
out the defense system (Supplementary Fig. 2).

Evolutionary analysis revealed that the TIR-Retron systems have
a wide genetic diversity, while the remaining 11 TIR systems are
divided into two phylogenetic branches (Supplementary Fig. 3).
Prevalence analysis of TIR systems in prokaryotes revealed that TIR-
I is the most abundant and widespread system (Supplementary
Fig. 4a). Interestingly, this system was also found in Caudoviricetes
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of the Duplodnaviria phylum (Supplementary Fig. 4a), suggesting
that it may be a mechanism for interspecies competition among
phages. TIR-IV systems are mainly found in Proteobacteria and
Bacillota (Supplementary Fig. 4b). Most of the TIR-IIl and TIR-VIII
systems were found in Proteobacteria, whereas TIR-1 and TIR-VII
systems were found only in Proteobacteria (Supplementary
Fig. 4c-f). Since TIR-V, TIR-VI, and TIR-IX are single-protein systems
with only a short TIR domain, they were excluded from our phylo-
genetic analysis. Nearly 30% of TIR-Il systems contain an ATPase
domain in addition to a TPR domain, which has also been found in
the Avs system'>?. The TIR and TPR domains can be present in the
same protein or can be located separately on two different proteins
(Supplementary Fig. 4g). In some cases, TIR-Il contains one or two
additional proteins. TIR-I, TIR-Ill, and TIR-IV systems appear in
diverse domains contexts, whereas the TIR-VII and TIR-VIII systems
were found in a single form (Supplementary Fig. 4g).

Taken together, our results indicate that TIR domain-containing
proteins, like restriction-modification (RM) and other prevalent
defense systems®, play an important role in defense against phage
infection in E. coli. While these results suggested that a significant
proportion of TIR proteins (12 of the 32 tested TIR proteins) have
defensive roles, it is important to note that these results are based on
the subset of proteins we tested and may not represent the activity of
all TIR domain-containing proteins in E. coli.

Diverse recognition spectrum of E. coli TIR systems: covering all
stages of phage replication

To elucidate the phage components that trigger the activation of the
TIR systems, we first selected the phage mutants that have evolved the
ability to escape the constraints imposed by TIR systems over multiple
generations (Fig. 3a). In total, we screened 62 phage-host pairs and
isolated 24 escaped phages, which partially or completely overcame 10
of the 12 TIR defense systems (Fig. 3b). We isolated multiple resistant
phages for the TIR-III, TIR-1V, TIR-V, TIR-VII, TIR-VIII, TIR-Retron, and
type Il Thoeris systems, but only a single escaped phage was isolated
for the TIR-l, TIR-VI, and TIR-IX systems. Escapes from the type |
Thoeris and TIR-II systems were not achieved.

Comparative sequence analysis between the escaped phages and
their wild-type (WT) counterparts identified 25 phage genes that could
trigger TIR systems (Fig. 3b). Of these, 20 encode proteins with diverse
known functions, including protein kinase, DNA helicase, ssDNA
binding protein, capsid protein, and tail protein. These phage proteins
are involved in different stages of phage replication, covering the early,
middle, and late phage periods (Fig. 3¢). These results suggest that the
TIR defense systems are capable of recognizing different phage com-
ponents, similar to mammalian Toll-like receptors (TLRs). TLRs are
groups of proteins that contain the TIR domain and are a crucial part of
the innate immune system. To date, 10 TLRs have been identified in
humans, and each TLR recognizes specific patterns found in various
pathogens, known as pathogen-associated molecular patterns
(PAMPs), and plays a critical role in initiating immune responses”.
Similarly, our results showed that E. coli employs multiple TIR systems
to recognize different phage-associated molecular patterns (PhAMPs)
and trigger the antiphage responses. It is important to note that the
TIR domains of mammalian TLRs do not directly recognize
pathogens?”. Similarly, the TIR domains of E. coli do not necessarily
recognize phages directly.

Since all 12 TIR systems protect against phages by inducing cell
death or growth arrest, we determined the activity of the identified
proteins to induce cell death by co-expressing individual proteins and
their corresponding TIR system. We found that the expression of tail
tube protein of phage #90 was toxic in cells containing the TIR-III
system but not in cells lacking the defense system, whereas the mutant
tail tube protein was not toxic even in the presence of the TIR-IIl sys-
tem (Fig. 3d). Similarly, the expression of the WT, but not the mutant,

tail fiber protein of phage #75 (Fig. 3e), the hypothetical protein of
phage #114 (Fig. 3f), and the ssDNA-binding protein of phage #45
(Fig. 3g) were toxic only in cells containing the TIR-VI, TIR-VIII, and TIR-
Retron systems, respectively. These results suggest that these proteins
can trigger the activation of corresponding TIR systems and lead to cell
death or growth arrest. We then analyzed in detail all mutations that
conferred phage resistance to the defense system, which were dis-
cussed below.

Individual TIR defense system can be sensitive to the same
components of different phages

In humans, each of the 10 TLRs can recognize similar PAMPs from
different pathogens. For instance, TLR4 is capable of recognizing
lipopolysaccharide (LPS) from a wide range of Gram-negative
bacteria®. Similarly, in E. coli, we found that some TIR systems can
be sensitive to the same components of different phages. For instance,
all four escaped phages (#45, #41, #75, and #106) from TIR-IV have
mutations only in their major capsid proteins (Figs. 3b and 4a). The
major capsid proteins of phages #41, #75, and #106 have 97-99.2%
sequence similarity, but the mutation sites of each escaped phage are
different (V89A, V106D, and A176E for phages #41, #75, and #106,
respectively) (Fig. 4a). Interestingly, these three phages showed no
sequence similarity to phage #45, indicating that the activation of TIR-
IV is not sequence specific. Similarly, two of the three escaped phages
(#95 and #97) from TIR-Retron have mutations in their DNA primase-
helicase proteins, and two of the four escaped phages (#75 and #117)
from type Il Thoeris have mutations in their tail proteins (Figs. 3b, 4b,
and 4c). Amino acid sequence analysis showed that there is only 35.5%
and 46.5% sequence similarity for the DNA primase-helicase and tail
proteins, respectively, indicating that these TIR systems may recognize
the conserved structure or function rather than the sequence.

We then focused on the TIR-IV system to determine how it
recognizes the major capsid proteins. First, we modeled the structures
of the major capsid proteins of phages #45 and #41 using AlphaFold2%.
Since phages #75 and #106 share 97% and 99.2% DNA sequence
identity with phage #41 respectively, they were not included in the
structural analysis. Interestingly, the major capsid proteins of phages
#45 and #41 share a similar structure although without sequence
similarity (RMSD = 4.73), indicating that TIR-IV recognizes the specific
structure (Fig. 4d). However, none of these major capsid proteins can
directly activate TIR-IV to induce cell death (Supplementary Fig. 5a),
indicating that the major capsid protein is not efficient in activating
TIR-IV. In addition, the transmission electron microscopy analysis of
the purified phages showed that all the escaped phages have similar
morphology to WT phages, indicating that the mutations did not alter
the capsid structures (Fig. 4e).

To determine whether mutations on the major capsid protein
affect the infection kinetics, E. coli cells with WT or inactivated mutant
TIR-IV system were infected with the WT or the escaped phages. As
expected, E. coli culture containing WT TIR-IV system is resistant to WT
phages, whereas the escaped phages can induce culture collapse after
1-2 h of infection (Supplementary Fig. 5b). Interestingly, for the phages
#41, #45, and #75, the escaped phages lysed cultures containing the
inactive TIR-IV system about 20-70 min slower than the WT phages
(Fig. 4f). One-step growth curves also showed that these escaped
phages had an increased latency and a decreased number of the
released virions compared to the WT phages (Fig. 4g), which is con-
sistent with the fact that the escaped phages generated smaller pla-
ques compared to the WT phages (Supplementary Fig. 5c). These
results indicate that the mutations on the major capsid protein can
dramatically alter culture lysis kinetics, probably by affecting virion
assembly to enable immune evasion. However, other mechanisms may
also be involved, as escaped mutant of phage #106 showed similar
infection kinetics to the WT phage (Fig. 4f, g and Supplementary
Fig. 5b, ¢, last panels).
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Different TIR defense systems can be sensitive to the same
components of different phages

In mammals, there are cases where different TLRs can recognize the
same PAMPs, for example, both TLR7 and TLR8 can recognize single-
stranded RNA from viruses®**.. Similarly, we have found that different
TIR systems can recognize the same components of different phages.
For instance, TIR-V recognizes the portal protein of phage #20, and
TIR-IX recognizes the portal protein of phage #70 (Fig. 5a, b). In
determining the toxicity of these portal proteins, we found that it is
very difficult to transform the portal genes of phage #20 into E. coli
cells containing the TIR-V system, and the transformation efficiency
decreased 10-fold to 100-fold (Fig. 5c). In addition, the colonies gen-
erated are tiny. These results indicated the toxicity of the portal pro-
tein. We then randomly picked up two colonies from each
transformation and sequenced the TIR-V and portal protein expression
plasmids. Surprisingly, the sequencing results showed that all TIR-V
systems were disrupted at the same position by the transposase S1 (IS1)
or S4 (IS4) families when the WT or mutant portal genes were present
(Fig. 5c and Supplementary Fig. 6a), whereas no mutations were found
in the portal genes. The IS4 family of transposable elements, which
includes a variety of insertion sequences characterized by specific
transposase motifs, is involved in genomic rearrangements and is
important for bacterial adaptability and evolution®. Our results
showed that the disrupted TIR-V systems lost antiphage activity when
transformed into E. coli MG1655 (Fig. 5d). These results indicated that
co-expression of portal proteins, even the mutant, and the TIR-V sys-
tem was lethal to E. coli cells.

Expression of the WT, but not the mutant, portal protein of phage
#70 was toxic to E. coli cells containing the TIR-IX system (Fig. 5e),
indicating that the portal protein can activate the TIR-IX system. To
determine whether phage portal proteins are common triggers, we
determined the toxicity of portal proteins of T7 or T4 phages in E. coli
cells expressing these systems and found that T7 portal protein can
activate TIR-V but not the TIR-IX systems, whereas T4 portal protein
can activate both systems (Fig. 5f, g). Interestingly, both TIR-V and TIR-
IX are unable to protect E. coli cells from T7 phage, whereas TIR-V is
unable to protect E. coli cells from T4 phage (Supplementary Fig. 6b),
suggesting that these phages may encode proteins for anti-TIR-V and
anti-TIR-IX systems. Similar phenomenon has been reported in the
CBASS system, where the T4 phage encodes the gp57B protein to
hydrolyze 3’, 3'-cGAMP, a signal molecule to activate CBASS
effectors®. Taken together, our results indicated that the portal pro-
teins may be the common triggers of TIR-V and TIR-IX systems, and
TIR-V and TIR-IX systems may share the same recognition pattern,
while each has its own specific recognition pattern.

Amino acid sequence alignment showed that these portal proteins
have no sequence similarity, indicating that TIR-V and TIR-IX systems
recognize the similar structural pattern. Therefore, we modeled the
structure of these portal proteins using AlphaFold2 and found that they
are partially superimposed meanwhile with some differences
(RMSD =5.39-7.36) (Fig. 5h, i), which may partially explain the recogni-
tion pattern of TIR-V and TIR-IX systems. Both TIR-V and TIR-IX are
single-protein systems, and structural analysis using AlphaFold2 showed
that their C-termini are almost completely superimposed (RMSD = 0.76)
although with very low sequence similarity, while their N-termini are not
superimposed (Fig. 5j). This suggests that although both the TIR-V and
TIRIX systems recognize the portal proteins, the dissimilarity of the
N-termini may make the portal proteins they recognize different. How-
ever, further studies are needed to confirm this speculation.

Different TIR defense systems can recognize different
components of the same phage

In mammals, each TIR protein recognizes a different component of the
same pathogen, forming a powerful defense network against infection
by that pathogen**. To determine whether this is also the case in

bacteria, we analyzed three phages, #45, #70, and #117, which can
escape three different TIR systems during the directed evolution
(Fig. 6a—c). The phage #117 escape mutants from Type Il Thoeris (phage
#117Thoeris-ll)r TIR-II (phage #117TIR-lll)r and TIR-VII (phage #117T1R-Vll)
systems contain a point mutation on the tail protein, the tail tube pro-
tein, and a hypothetical protein, respectively (Fig. 3b). We found that
the phage #1171hoeris-n €an only escape the Type Il Thoeris system, but
not the TIR-IIl and TIR-VII systems (Fig. 6a). These results are further
supported by the fact that the tail tube protein is toxic only in the
presence of TIR-Ill, whereas the tail tube protein cannot induce cell
death in the presence of either Thoeris-Il or TIR-VII systems, indicating
that the tail tube protein cannot activate these two TIR systems (Fig. 6d).

The phage #45 escape mutants from TIR-Retron (phage
#45T1R-Retron), TIR-I (phage #451r1), and TIR-IV (phage #451rqv) Sys-
tems contain a point mutation on the ssDNA-binding protein, protein
kinase, and major capsid protein, respectively (Fig. 3b). Similarly, we
found that the phage #451rrewron €an only escape the TIR-Retron
system, but not the TIR-I and TIR-IV systems (Fig. 6b). The ssDNA-
binding protein of phage #45 has weak toxicity in the presence of TIR-
Retron, but not in the presence of TIR-I and TIR-IV (Fig. 6e). Similar
results were also observed for phage #70 that the escaped phages
form Type Il Thoeris can still be restricted by TIR-V and TIR-IX
systems (Fig. 6¢).

Taken together, these results indicate the strong defense network
of the TIR systems, such that a phage escaped from one TIR system by
mutation can still be recognized by the other type of TIR system. This is
probably one of the reasons for the great diversity of bacterial TIR
systems in nature. Although only 28.8% of E. coli strains contain more
than one TIR system (Supplementary Fig. 7), the high frequency of
horizontal gene transfer (HGT) in E. coli makes it easy to obtain new
defense systems from the population.

Discussion

The comprehensive study presented here has elucidated the sophis-
ticated nature of bacterial defense mechanisms against phage attack,
with a particular focus on the role of TIR domain-containing proteins in
E. coli. A key finding of our investigation is that a substantial propor-
tion, 37.5% to be precise, of the tested E. coli TIR proteins exhibit
antiphage activities. This not only underscores the robustness of TIR
systems in bacterial immunity, but also points to a remarkable parallel
with the diversity observed in mammalian TLRs. Such a parallel
enhances our understanding of innate immune mechanisms across
different biological domains and underscores the evolutionary
importance of these defense systems in prokaryotes. TLRs are typically
membrane-associated, share highly conserved structural features such
as transmembrane domains and leucine-rich repeats, and often func-
tion as homo- or heterodimers with other TLRs*. However, it seems to
us that some of these features are absent in bacterial TIR systems, and
more studies are needed to further compare the mechanisms of bac-
terial TIR systems with mammalian TLRs.

Our study of the specific interactions between E. coli TIR proteins
and various phage components underscores the versatility and speci-
ficity of these bacterial defense systems. The data showed that different
TIR systems in E. coli can recognize and respond to a wide range of
phage-associated molecular patterns, mirroring the adaptability seen in
more complex immune systems such as those of mammals. This broad
recognition capability underscores the ongoing evolutionary arms race
between bacteria and phages, highlighting the critical role of diverse
recognition strategies in bacterial survival. The ability of E. coli TIR
systems to recognize a broad spectrum of phage components indicates
a sophisticated evolutionary adaptation that provides these bacteria
with a versatile toolkit to counter diverse phage threats. This versatility
not only demonstrates the complexity of bacterial defense, but also
sheds light on host-pathogen interactions at the molecular level and
provides insights into their co-evolutionary dynamics.
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Fig. 4 | Individual TIR defense systems can be sensitive to the same components
of different phages. a-c Plaque assays showed that the TIR-IV (a), TIR-Retron (b),
and Thoeris-Il (c) systems are sensitive to major capsid proteins, DNA primase-
helicases, and tail proteins of different phages, respectively. The empty vector
lacking the TIR system was used as a negative control. Tenfold serial dilutions of
phage were used for infection. Mutation sites in the proteins were indicated by
black arrows. d Structural analysis of the major capsid proteins of phages #41 and
#45. Structures were modeled using AlphaFold2 and analyzed using PyMOL. The
mutation sites were highlighted in red. e Electron micrographs of purified WT and

escaped phage virions. Assays were performed in triplicate and the representative
results were shown. f Infection kinetics of WT (green lines) and escaped phages
(blue lines) #45, #41, #75, and #106 on E. coli MG1655 expressing the inactivated
TIR-IV mutant. E. coli MG1655 cells expressing the WT TIR-IV system were used as
controls, and the data were shown in Supplementary Fig. 5. The dashed lines
indicated that the escaped phages lysed cultures about 20-70 min slower than the
WT phages. g One-step growth curve of WT and escaped phages #45, #41, #75, and
#106 on E. coli MG1655. Data were presented as the mean of three biological
replicates + S.D. Source data are provided as a Source data file.
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Fig. 5 | Different TIR defense systems can be sensitive to the same components
of different phages. a, b Plaque assays showed that the TIR-V (a) and TIR-IX (b)
systems are sensitive to portal proteins of phages #20 and #70, respectively. The
empty vector lacking the TIR system was used as a negative control. Tenfold serial
dilutions of phage were used for infection. Mutation sites in the proteins were
indicated with black arrows. ¢ Diagram showing that co-transformation of TIR-V
and portal protein expression plasmids resulted in disruption of the TIR-V system
by transposase S1/S4 insertions. The histogram showed that the transformation
efficiency of the portal protein expression plasmids was significantly decreased in
the presence of the TIR-V system. Data were presented as the mean of three bio-
logical replicates. *** indicates p < 0.001 (ANOVA). The right panel showed that the
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TIR-V system was disrupted by transposase S1/S4 insertions as determined by
colony sequencing. d Plaque assays showed that the antiphage activity of TIR-V was
abolished by transposase S1/S4 insertions. e Toxicity of the WT portal protein of
phage #70 in the presence of the TIR-IX system. f, g The T7 phage portal protein can
activate TIR-V but not the TIR-IX system (f), whereas the T4 phage portal protein
can activate both (g). h, i Structural analysis of the portal proteins of phage T7 (dark
yellow), #20 (violet), T4 (lilac), and #70 (cyan). Mutation sites of escaped phages
were indicated. j Structural and conservation analysis of TIR-V and TIR-IX proteins.
Structures were modeled using AlphaFold2 and analyzed using PyMOL. Source data
are provided as a Source data file.
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Fig. 6 | Different TIR defense systems can recognize different components of
the same phage. a-c Plaque assays showed the resistance of different escaped

phages of #117 (a), #45 (b), and #70 (c) from different systems. The escaped phages
can only escape the TIR system, from which they were selected. The empty vector
lacking the TIR system was used as a negative control. d Toxicity assays of the tail
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tube protein of phage #117 in the presence of the Thoeris-II, TIR-III, or TIR-VII
systems. e Toxicity assays of the ssDNA-binding protein (SSB) of phage #45 in the
presence of the TIR-Retron, TIR-1, or TIR-IV systems. Protein expression was
induced by the addition of arabinose. The empty vector lacking the TIR system was
used as a negative control. Source data are provided as a Source data file.

While our study provides valuable insights, the detailed
mechanisms of action for each TIR system in E. coli have not been
fully elucidated. Given the large number of TIR systems identified,
dissecting the specific mechanisms of each system was beyond the
scope of this study. This limitation points to the need for further
research focusing on individual TIR systems to fully explore their
mechanisms and roles in bacterial immunity. Future research should
delve into the molecular intricacies that govern the specificity of
each TIR system in phage recognition and response. Although all of
these systems contain the TIR domain, the function of this domain in

each system may be different. For instance, the TIR domain of
Thoeris generates a signal molecule to activate the effector
ThsA™'%'7 whereas the TIR domain of the CBASS and Short Argo-
naute defense systems depletes cellular NAD" to induce abortive
infection®™. It is also important to note that while most of the genes
identified from escape mutants are likely triggers for the TIR sys-
tems, some of the identified proteins were not toxic when co-
expressed with the corresponding TIR system (Supplementary
Fig. 8). This suggests that it’s also possible that some of these pro-
tein mutants function as anti-TIR systems, a phenomenon observed
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in other bacterial defense systems®. This gap highlights a potential
area for further investigation.

Although our study used 111 diverse phages to assess the potential
TIR systems, there remains a small possibility that some of these phages
may have escaped detection by certain TIR systems, leading to potential
false negatives. Furthermore, we were able to test the antiphage activity
of 90% of the identified TIR proteins, leaving a gap where the remaining
10% could harbor unobserved antiphage activity. It’s also important to
recognize that although we analyzed all E. coli genomes available in the
NCBI database, this comprehensive approach does not guarantee the
identification of all TIR systems within E. coli. The extensive genetic
diversity of the species and ongoing evolutionary processes suggest
that additional, as yet undiscovered, TIR systems may exist.

In conclusion, this study enriches our understanding of the
sophisticated nature of bacterial defense mechanisms, particularly in
E. coli. While our findings have laid a foundation for understanding the
role of TIR systems in bacterial immunity, they also highlight the need
for more detailed studies to fully unravel the intricacies of these sys-
tems fully. The insights gained from this research not only advance our
knowledge in microbiology, but also pave the way for innovative
applications in medicine and biotechnology.

Methods

Bacteria and phages

E. coli strain DH5a (hsdR17(rK-mK+) sup2) was used for plasmid con-
struction. E. coli strain MG1655 (F-A-rph-1) was used for determination
of the antiphage activities of the TIR-containing defense systems. A
collection of 816 E. coli strains from our laboratory stocks was used to
clone the TIR-containing candidate defense systems. Phages T4 and
T7, along with 111 phages isolated in our previous study using E. coli
MG1655 as a host were used individually to determine the antiphage
activity of each candidate system.

Identification of the candidate defense systems containing TIR
domains in E. coli

In this study, we systematically analyzed all 2289 E. coli genomes
available in the NCBI database as of October 2020, as described
previously?. Briefly, the protein-coding sequences were analyzed using
Prodigal (release 2.6.3)*, and protein domains were annotated using
HMMER version 33.0%*. We identified 781 proteins containing TIR
domains and subsequently clustered them using the ‘cd-hit’ tool, with a
sequence identity threshold of -c 0.9” and a word size parameter of “n
5. To explore potential operonic structures, we examined the genomic
context surrounding each TIR domain-containing protein, analyzing the
five genes located both upstream and downstream. This effort aimed to
identify genes in close proximity to the TIR proteins, indicating their
potential inclusion within the same operons, thereby nominating entire
operons as candidate defense systems. Additionally, the domain
structures of these genes were analyzed for functional insights using the
protein structural domain prediction tool at GenomeNet Motif Search
(https://www.genome.jp/tools/motif/). The domain organization of the
12 TIR defense systems was analyzed using HHPRED with a PFAM and
PDB database***. Structure of TIR domain-containing proteins and
some phage proteins were modeled using AlphaFold2 with default
setting” and analyzed using PyMOL (Supplementary Data 3). For pro-
teins with little or no sequence similarity, the cealign command is used
for structure alignment. For proteins with >30% sequence similarity, the
align command is used for structure alignment.

Cloning of candidate systems into E. coli MG1655

In total, 64 clusters of candidate systems were identified. For 21 clus-
ters with more than 10 members, we were able to clone one repre-
sentative candidate system from each cluster from a collection of 816
E. coli strains stored in the laboratory. For the remaining clusters, we
were able to clone the representative candidate system from 11

clusters using our E. coli collections. The candidate systems including
their native promoters were amplified by PCR from our E. coli collec-
tions (Supplementary Data 1). The PCR products were cloned into the
pSEC1 vector and confirmed by sequencing. In total, we cloned 32
candidate systems, representing 90% of E. coli TIR domain-containing
proteins. The candidate systems were individually transformed into E.
coli MG1655 strain to evaluate their defense activities against a col-
lection of 111 different phage strains.

Validation of the candidate TIR defense systems

For each phage, E. coli MG1655 cells with or without the candidate TIR
defense systems were infected with 10-fold serially diluted phages to
observe plaque formation. The anti-phage activity of the TIR systems
was determined based on their ability to inhibit phage plaque forma-
tion compared to the empty vector control. A total of 111 different
phages isolated in the previous study were used to determine the
defense spectrum of each TIR system. E. coli MG1655 cells transformed
with the empty pSECI1 vector were used as controls. Phage plaque
assays were performed as previously described*’. Briefly, 400 uL of
fresh E. coli culture was mixed with 5 mL top agar (30 g/L TSB, 7.5g/L
agar, and 50 ug/mL kanamycin) and poured onto a TSA-agar plate.
Then, 100 pL of 10-fold serially diluted phages were dropped onto the
plate, which were incubated at 37 °C overnight to generate phage
plaques. Efficiency of plating (EOP) was calculated by dividing the
input pfu by the number of plaques produced by infection of E. coli
expressing the defense system.

Phylogenetic analysis

The homologous proteins of TIR systems from bacterial and archaeal
genomes were downloaded from the NCBI database, and detail infor-
mation of these proteins were included in the Supplementary Data 2.
Protein domains were annotated using HMMER version 33.0%. The
‘clusthash’ option of MMseqs2 (release 6-f5alc) was used to remove
protein redundancies (using the ‘-min-seq-id 0.9 parameter).
Sequences were aligned using MUSCLE (v3.8.1551)* with default
parameters. Phylogenetic trees were generated using FastTree
(v2.1.10)** with default parameters and visualized using the online tool
iTOL (v.5)*. Phylum and genus annotations were based on information
provided by the NCBI database (Supplementary Data 2).

Phage infection dynamics in liquid medium

An overnight culture of E. coli cells expressing a specific defense system
was inoculated into fresh LB medium supplemented with 50 ug/mL
kanamycin and incubated at 37 °C with a shaking speed of 200 rpm. E.
coli cells containing the empty plasmid were used as controls. When
the cell density reached OD600 of 0.3, 180 uL of cultures were trans-
ferred to each microwell of the 100-well plate, which contained 20 L of
10-fold serially diluted phages. The plates were immediately placed on
an automated growth curve analysis system (Oy Growth Curves Ab Ltd
Bioscreen C). Cultures were kept at 37 °C with continuous shaking, and
the OD600 was measured every 5 or 10 min for a total duration of 3 h.

Selection of TIR system escape phage mutants through directed
evolution

Four hundred pL of fresh cultured E. coli MG1655 cells expressing the
TIR defense system were mixed with 5 mL top agar (30 g/L TSB, 7.5g/L
agar, and 50 pg/mL kanamycin) and poured onto a 9-cm agar plate.
Then, 4 pL of 10-fold serially diluted phages were dropped onto the
plate. The plaque formed by high titer phages was picked and trans-
ferred to a 1.5 mL Eppendorf tube containing 500 pL of Pi-Mg buffer
(26 mM Na,HPO,, 68 mM NaCl, 22 mM KH,PO,4, 1 mM MgSO,, pH 7.5).
After 1h incubation at room temperature with mixing every few min-
utes, the phages in the supernatant were serially diluted tenfold and
dropped onto the plate plated with E. coli MG1655 cells as described
above. The plate containing E. coli MG1655 cells without TIR defense
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system was used in parallel as a control. The plaque formed by high
titer phages was picked to repeat this cycle until single plaques were
formed in the plate containing E. coli MG1655 cells expressing the TIR
defense system. The single plaque was picked and subjected to several
rounds of purification as described previously*%.

To identify the mutations in the escape mutants, genomic DNAs of
wild-type or escape mutant phages were isolated by the phenol-
chloroform-isoamyl alcohol extraction and sequenced. Briefly, the
phage pellet was first digested with 100uL 10% SDS and 100 pL
0.5 mol/L EDTA in a 65 °C water bath for 15-20 min. A mixture of phe-
nol: chloroform: isoamyl alcohol (volume ratio of 25:24:1, 10 mL) was
added, and the tube was inverted several times until the emulsion
formed. After centrifugation at 10,000 xg for 10 min at 4°C, the
supernatant was collected and subjected to two more rounds of
extraction. The genomic DNAs were precipitated by adding iso-
propanol. After centrifugation at 12,000 x g for 10 min at 4°C, the
genomic DNA pellet was washed twice with 800 pL precooled 70%
ethanol and dissolved in 50 uL deionized water. Genomic DNA was
sequenced on lllumina, and reads were mapped to the parental phage
genome using bwa*® and per-position coverage was obtained using
SAMtools* depth. Pilon version 1.24 was used to correct errors in the
assembled whole genome sequence to improve accuracy. Mutations
were identified using Geneious Prime with the WT phage genome
sequence as a reference.

Toxicity assays of phage genes in the presence of the TIR
systems

The mutant genes of the escape phage (Supplementary Table 2) were
cloned into the pBAD expression vector under the control of an
arabinose-inducible promoter. The corresponding wild-type genes
were also cloned and used as controls. The expression plasmid was co-
transformed with the TIR system or empty vector (EV) into E. coli
MG1655. To determine the toxicity of phage genes using solid media,
400 pL of fresh E. coli MG1655 culture was pelleted by centrifugation at
5000 g for 5 min, washed with 400 pL phosphate-buffered saline (PBS),
and resuspended with 400 uL PBS. Four pL of 10-fold serially diluted
cultures were then spotted on a TSA-agar plate with or without 0.2%
arabinose and incubated overnight at 37°C for bacterial plaque
formation.

Electron microscopy analysis of phages

Phages were propagated and purified as described previously*. Briefly,
log-phase E. coli MG1655 cells (-2 x 10® cells/mL) grown on LB medium
were infected with phages at an MOI of 0.05. After 3-5 h incubation at
200 rpm at 37 °C, the culture was centrifuged at 8000 x g for 10 min,
and the phages in the supernatant were collected by centrifugation at
30,000 x g for 50 min. The phages were resuspended with 2 mL of Pi-
Mg buffer and further purified by CsCl step density gradient cen-
trifugation at 148,000 x g for 1h at 4 °C. Finally, the phages were dia-
lyzed against dialysis solution I (10 mM Tris pH 8.0, 200 mM NaCl, and
5mM MgCl,) for 5 h followed by dialysis solution Il (10 mM Tris pH 8.0,
50 mM NaCl, and 5mM MgCl,) for overnight at 4°C. The purified
phages were observed by transmission electron microscopy (TEM).

One-step phage growth

One-step growth experiments were carried out as described
previously*. Briefly, the log phase E. coli was infected with phages at
various MOIs as indicated in the Fig. 4g and Supplementary Fig. 2. After
7 min incubation at 37 °C, the cultures were then centrifuged for 2 min
at 10,000 x g and washed twice with fresh LB medium to remove the
unabsorbed phages. The infection mixtures were cultured at 37 °C. For
T7 phage in the Supplementary Fig. 2, the culture was withdrawn every
5 min for the first 30 min and every 10 min thereafter until 90 min post
infection. For remaining phages in the Supplementary Fig. 2, the cul-
ture was withdrawn every 10 min until 90 min post infection. For phage

#45 in the Fig. 4g, the culture was withdrawn every 5 min for the first
30 min and every 10 min thereafter until 90 min post infection. For
phages #41, #75, and #106 in the Fig. 4g, samples were withdrawn
every 10 min until 2 h post infection. The E. coli cell pellet was resus-
pended and incubated at 37 °C with a shaking speed of 200 rpm. The
samples were centrifuged at 10,000 x g for 2 min. The phages in the
supernatant were titrated by plaque assay following serial dilutions.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism 8 (Graph-
Pad Software Inc., USA). Sample sizes were chosen according to similar
experiments published in previous literatures***. Multi-group com-
parisons were assessed using one-way analysis of variance (ANOVA).
All data are presented as the mean+SD of three replicates, and
p <0.05 was considered statistically significant. All plaque assays were
performed in triplicate and the representative images were shown.

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 presented in the article or the
supplementary information. The GenBank accession numbers for the
new TIR systems were listed in the Supplementary Data 2. The pdb files
generated using AlphaFold2 in Supplementary Data 3 were deposited
in Figshare (https://figshare.com/s/5f8ece9a7268e5ffb254). Source
data are provided with this paper.
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