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Bacterial homologs of innate eukaryotic antiviral
defenses with anti-phage activity highlight shared
evolutionary roots of viral defenses
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SUMMARY

Prokaryotes have evolved a multitude of defense systems to protect against phage predation. Some of these
resemble eukaryotic genes involved in antiviral responses. Here, we set out to systematically project the cur-
rent knowledge of eukaryotic-like antiviral defense systems onto prokaryotic genomes, using Pseudomonas
aeruginosa as a model organism. Searching for phage defense systems related to innate antiviral genes from
vertebrates and plants, we uncovered over 450 candidates. We validated six of these phage defense sys-
tems, including factors preventing viral attachment, R-loop-acting enzymes, the inflammasome, ubiquitin
pathway, and pathogen recognition signaling. Collectively, these defense systems support the concept of

deep evolutionary links and shared antiviral mechanisms between prokaryotes and eukaryotes.

INTRODUCTION

Prokaryotes are subject to persistent predation by bacterio-
phages, driving the evolution of diverse host defense systems
and phage-encoded countermeasures to evade these defense
systems." This ongoing arms race relies on the rapid turnover of
defensive and counter-defensive mechanisms,> and is facilitated
by mobile genetic elements (MGEs) that encode the large majority
of the known anti-phage defense mechanisms.” These MGEs
integrate into genetic hotspots within the genome, known as de-
fense islands.®> '° Searching for defense systems within these de-
fense islands has significantly expanded our understanding of the
prokaryotic immune repertoire, leading to the discovery of more
than 100 defense mechanisms in the past 6 years.>™" "2

A few of these defense mechanisms exhibit a striking resem-
blance to eukaryotic genes involved in antiviral response, such
as Toll/interleukin-1 receptor (TIR), Argonaute, Gasdermin, cy-
clic guanosine monophosphate-adenosine monophosphate
synthase (cGAS), and Dynamin-like (Mx) proteins.>”'*'° These
findings highlight shared evolutionary strategies in the context of
the perpetual struggle against viral pathogens, bridging the gap
between prokaryotic and eukaryotic immune systems. Further
investigating the link between prokaryotic and eukaryotic im-
mune systems can provide valuable insights into the evolu-
tionary origins and underlying mechanisms of eukaryotic im-
mune responses.

Motivated by these factors, we set out to systematically proj-
ect the current knowledge of eukaryotic-like antiviral defense
systems onto prokaryotic genomes using Pseudomonas aeru-
ginosa as a model organism, a bacterium known for its excep-
tional diversity and abundance of defense systems.?'%?° Here,
we report that inositol-monophosphate phosphatase (IMPase)
Hermes, a plant-tolerance-like factor, provides anti-phage de-
fense via modifications of the cell surface that prevent viral
adsorption. We also report a DNA replication helicase/nuclease
2 (DNA2)-containing anti-phage defense protein (Prometheus)
that is similar to eukaryotic antiviral R-loop acting enzymes,
important components of the innate immune system of various
eukaryotes.”'? In addition, we discovered four eukaryotic-like
anti-phage defense systems, two of which are similar to anti-
viral inflammasome components featuring a new clade of
NACHT domain-containing proteins with a distinct architecture
and two previously unknown anti-phage effectors: NucS and
SfsA (bNACHT Erebus and bNACHT Hypnos). Moreover, we
discovered another defense system that contains eukaryotic-
like ubiquitin-related components, consisting of a fused E1-
E2-JAB protein combined with a metallo-beta-lactamase fold
(MBL-fold) protein (6A-MBL). This defense system is a distant
homolog of the pathogen receptor signaling of Toll-like recep-
tors and introduces a new subtype of the TIR-containing
Thoeris anti-phage defense family. Thoeris type Ill is character-
ized by the presence of a ThsB-like protein with a NucS
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Figure 1. Anti-phage activity of defense systems identified in P. aeruginosa that are homologous to eukaryotic antiviral immunity
(A) Strategy used for the identification of bacterial homologs of proteins involved in eukaryotic innate immunity, from vertebrates (Homo sapiens, Mus musculus,
and Bos taurus; InnateDB) and plants (363 species; PRGdb) that are in proximity of known defense systems. Shown are the functional domains found within these
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endonuclease effector domain and an uncharacterized SMF/
DprA-LOG (SLOG) domain protein from a lineage not previously
linked to Thoeris systems.

These defense systems can be found in up to 11 bacterial
phyla, being the most prevalent among Proteobacteria, and
enhance our understanding of the complex connection between
bacterial and eukaryotic immune systems.

RESULTS

Eukaryotic-like antiviral homologs show anti-phage
activity

To identify eukaryotic-like defense systems in P. aeruginosa, we
used the entire set of experimentally verified protein sequences
associated with eukaryotic innate immunity from the InnateDB*>*
as our starting database (n = 10,139), including Homo sapiens
(n = 7,886), Mus musculus (n = 2,100), and Bos taurus (n = 153)
(Table S1). Additionally, we applied DRAGO3** to search for
plant pathogen recognition proteins and a custom literature-
based list of functional domains associated with plant and verte-
brate innate immunity (Table S1). We used this starting set of
proteins as a seed to identify all eukaryotic homologs included
in Eukprot® with the use of MMseqs2 (easy-cluster)®® and sub-
sequently built a hidden Markov model (HMM) protein signature
from an average of 218 sequences for each validated innate im-
mune protein. By applying these signatures to all representative
proteins within regions of genomic plasticity of P. aeruginosa, we
identified 757 homologs, indicating that 11.2% of the represen-
tative genes within the overall pangenome of P. aeruginosa
exhibit similarity to eukaryotic proteins associated with innate
immunity (Figure 1A; Table S2).

To narrow down the selection of these eukaryotic homologs
for testing possible antiphage activity, we focused on gene clus-
ters that occur in the proximity of known defense systems. The
resulting 457 homologs contained a large range of functional do-
mains, including the most abundant type Il restriction enzyme
(RESII) and DEAD/DEAH box helicase (DEAD). These two
functional domains are also present within the most notable
nucleotide-acting antiviral defenses within eukaryotes, including
retinoic acid-inducible gene | (RIG-l) and endoribonuclease
Dicer.®"*® To assess the likelihood of these functional domains
being associated with anti-phage activity, we determined if
they were enriched in defense islands compared with other
genomic regions. This was achieved by computing the log-fold
change (log,>FC) in the prevalence of the domain within proximity
to known defense systems (<0.1 Mb) compared with its preva-
lence at greater distances (>0.1 Mb) (Figure 1A). The 0.1 Mb
threshold was determined based on the distances observed
between known defense systems within defense islands of
P. aeruginosa, which align with those previously reported in
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E. coli.* Among the eukaryotic antiviral associated functional do-
mains that are most enriched in phage defense islands, several
were already known to be shared by bacterial and eukaryotic
antiviral strategies. These included components involved in
pathogen recognition, such as signal transduction ATPases
with numerous domain (STAND) proteins and cGAS/DncV-like
nucleotidyltransferases (CD-NTases) involved in the eukaryotic
antiviral pathway of cGAS.**!

We then set out to experimentally test the anti-phage activity
of eleven conserved gene clusters that contain at least one of
the most enriched functional domains, including DEAD, RESIII,
ATPase, Helicase, NACHT, Ubiquitin-activating E1, TIR, and
the less common IMPase, by introducing the gene clusters
with their native promoters into P. aeruginosa strain PAO1 on a
low-copy plasmid'® (Figure 1B; Table 1). These strains were sub-
sequently challenged with a set of representative P. aeruginosa
phages from six taxonomic groups (Figure 1A),'*? revealing
six eukaryotic-like defense systems. Remarkably, all except
one (Prometheus) demonstrated a complete inhibition (more
than 10°%-fold) of phage propagation for at least one phage,
including Hermes, bNACHT Erebus, bNACHT Hypnos, 6A-
MBL, and Thoeris lll (Figure 1B). Together, these findings confirm
the discovery of six defense systems with eukaryotic-like anti-
viral functional domains. We will discuss these in more detail in
the subsequent sections.

Hermes is a homolog of eukaryotic immune IMPases
that prevents phage adsorption

Hermes was named after the Greek deity that functions as the
messenger of the gods and consists of one gene with an inositol
monophosphatase (IMPase) functional domain (Figure 2A;
Table 1). Hermes provides complete protection against myoph-
ages ¢Pa10 and ¢Pa34 from the Pbunavirus genus, causing a
reduction in phage infectivity of at least 10°-fold in efficiency of
plating assays (Figure 1B), reducing phage propagation in liquid
cultures by 10%-fold (Figures 2B and S1A), and allowing an
almost complete recovery of bacterial growth under phage pre-
dation (Figure 2C). A point mutation in a conserved aspartic acid
residue (D89A) in the predicted IMPase active site completely
abolished phage protection (Figure 2D). Hermes shows strong
similarity to eukaryotic IMPases (inositol monophosphatase 1,
IMPA) involved in innate antiviral responses, both structurally
(distance matrix alignment [DALI] Z score: 32.8) and at the
sequence level (20%-30% pident) (Figures S1B and S1C). Her-
mes also shares resemblance with the bacterial IMPase SuhB,
a constituent of the core genome of P. aeruginosa®*** (31%
pident; DALI Z score: 30.0) (Figure S1B). Similar to SuhB and
IMPA, Hermes is predicted to form a dimer structure (Fig-
ure S1D). Noteworthy, phylogenetic analyses suggest that Her-
mes is the closest bacterial relative to the eukaryotic IMPase

homologs, in addition to their prevalence in the P. aeruginosa homolog set in comparison to homologs more distant from defense systems (log,FC). A subset of
conserved gene clusters containing these enriched functional domains was selected for subsequent assessment of their potential antiviral activity (in bold). The
candidate defense systems were cloned with their native promoters into pUCP20 and then introduced into the P. aeruginosa strain PAO1. The anti-phage activity
of the candidate defense systems was assessed using efficiency of plating assays.

(B) The anti-phage activity of the defense systems against a panel of eight phages from six distinct taxonomic groups, measured by efficiency of plating assays.
Previously validated defense systems' were included as controls. The defense system architecture shows functional domains, color-coded based on their
predicted function (Table 1). Genes are drawn to scale, with the scale bar representing 1,000 amino acids. The bar graph shows the abundance of the defense

systems in P. aeruginosa genomes of RefSeq.
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Table 1. Genes and functional domains of the eukaryotic-like defense systems

Clusters of Orthologous Genes (COG)/Pfam/Conserved

Defense system Gene Functional domain(s) Domains Database (CDD) Best eukaryotic hit
Hermes hrsA IMPase? PF00459, cl00289 IMPA1/2
Prometheus proA DUF4011, DNA2,>° PF13195, PF18741, MOV-10 RNA helicase
tandem repeat (TR),® COG1112, PF11784
REase_MTES, DUF3320
bNACHT Erebus eruA NACHT,*" TPR,*° cl26020, PF05729, NLRC4 inflammasome
NucS endonuclease® PF13176, PF01939
bNACHT Hypnos hyoA NACHT,* TPR,*° ¢l26020, PF05729, NLRC4 inflammasome
SfsA-N DNA-binding® PF13176, PF17746
6A-MBL mblB ComA-like MBL-fold cd07731 -
cap2-3 E2,% E1,% JAB® PF14457, cl37499, UBEZ2E1
PF14464
Thoeris type IlI thcB1 Cap12-like TIR* PF01582 SARM1
thcB2 TIR-like DUF1863 PF08937 -
thcB3 TIR-like DUF1863 PF08937 -
thcB4 ThsB-like TIR,*° PF01582 SARM1 TLR adaptor
NucS endonuclease®
thcA SLOG PF18178 -

#Functional domain associated with eukaryotic antiviral response.
PFunctional domain is present in the eukaryotic homolog.
°Predicted with HHrepID.

9Predicted with Foldseek or DALI.

45—

family (Figure 2E).**~°° Eukaryotic IMPases typically function by
dephosphorylating IMPase to produce myo-inositol, which
serves as the precursor for key signaling molecules in several
cellular processes, including apoptosis, stress tolerance, cyclic
AMP (cAMP) production, and cell growth.*>™* In addition, eu-
karyotic IMPases provide viral defense through affecting viral
attachment and interfere with viral packaging by altering lipid
composition and expression of viral receptors.®’ In bacteria
and archaea, inositol-containing molecules have been linked to
osmotic balance,>” capsule (CPS) expression,>® and the biosyn-
thesis of membrane phosphatidylinositols, which can be modi-
fied to anchor proteins or complex carbohydrates to cell sur-
faces.®® Given the role of the IMPase family in surface
alterations in both eukaryotes and prokaryotes, we hypothesized
that Hermes-mediated phage defense might involve surface
modifications preventing phage adsorption. Further investiga-
tions revealed that Pbunavirus ¢Pa34 completely failed to adsorb
to Hermes cells, while PhiKzvirus $Pa36 adsorbed similarly to
control and Hermes cells (Figure 2F).

Analysis of cell surface components, including CPS (Fig-
ure 2G), lipopolysaccharides (LPSs, Figure 2H), and outer mem-
brane proteins (Figure S1E), demonstrated alterations at all
levels in cells expressing Hermes. Because Pbunavirus have
been shown to use LPS as their receptor,®>°® we hypothesized
that modifications in LPS could account for the observed inability
of $Pa34 to adsorb to Hermes cells. Strikingly, while $Pa34 suc-
cessfully adsorbed to LPS extracted from control and Hermes
D89A cells (which also contained CPS), no adsorption was
observed for LPS derived from Hermes-expressing cells (Fig-
ure 2l), supporting our hypothesis that Hermes provides phage
defense through LPS and/or CPS alterations at the cell surface
via IMPase-dependent pathways.
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To gain insights into the substrate specificity of Hermes, we in-
spected the binding pocket and compared the conserved resi-
dues among Hermes, IMPA1, and SuhB (Figure S1B). We
observed that Ala90 in the active site of Hermes differs from
the corresponding Thr95 in IMPA1 and Thr109 in SuhB, which
are critical residues for sequestering magnesium ions that cata-
lyze the hydrolysis of IMPase into myo-inositol.*® This variation
suggests that Hermes may target a related but distinct substrate,
a hypothesis further supported by mass spectrometry analysis,
which showed identical levels of IMPase and myo-inositol in
both Hermes-expressing and control cells (Figure S1F).

Collectively, our findings reveal a conserved mechanism of
antiviral defense by IMPase-relatives in both prokaryotes and
eukaryotes, which prevents viral adsorption through alterations
of the cell surface (Figure 2J).

Prometheus is a bacterial homolog of human DNA2
antiviral defense genes

Prometheus, named after the Greek titan associated with the
creation and protection of humanity, is part of the bacterial
DNA2-like enzyme (Bad) family,®” which also includes anti-
phage genes hhe,® Mokosh MkoA, and Mokosh MkoC.” Prome-
theus is composed of one very large open reading frame encod-
ing a protein of 2,221 amino acids with four predicted functional
domains: DUF4011, DUF3320, DNA2 helicase/nuclease, and
REase MTES domains (Figure 3A; Table 1).

The DNA2 domain is shared with several human antiviral
genes, including NFX1-type zinc-finger-containing protein 1
(ZNFX1), Senataxin (SETX), DNA-binding protein SMUBP-2
(IGHMBP?2), helicase with zinc finger 2 (HELZ2), Moloney leuke-
mia virus 10 homolog (MOV-10), and UP Frameshift 1 helicase
(Upf1) (Figures 3A, 3B, and S2A).2"?°°2 These human genes
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Figure 2. Hermes is an anti-phage defense system with strong similarities to eukaryotic antiviral IMPase proteins by preventing phage
adsorption

(A) The functional domains of Hermes and mutation sites tested in (D). LoF, loss of function.

(B) Impact of Hermes on phage propagation in liquid culture. The propagation of phage ¢Pa34 was monitored over time, and the 6 h time point is shown here, with
all data points displayed in Figure ST1A. The control bar represents phage propagation in PAO1 containing an empty plasmid. Bars represent the average of six
biological replicates with individual points and standard deviation shown. * p< 0.05.

(C) Effect of the defense system on bacterial growth upon phage infection. PAO1 cells containing an empty plasmid (control) or Hermes (defense system [DS])
were infected with phage $Pa34 at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for a period of 12 h. Curves represent the
average of three biological replicates.

(D) Effect of mutations in the functional domains of the defense system on phage protection. The infectivity of phage ¢Pa34 on PAO1 cells containing an empty
plasmid (control), Hermes, or Hermes with point mutations was assessed by plaque assay. Bars represent the average of three biological replicates with indi-
vidual points and standard deviation shown.

(E) Phylogenetic tree of IMPase-containing proteins. The phylogenetic tree of 366 representative proteins was inferred and bootstrapped using IQ-Tree2 and
rooted with a fructose-1,6-bisphosphatase class 1 protein (FBPase class 1; GenBank: CEI80039.1) from P. aeruginosa. The clades of human IMPA1 and IMPA2,
plant IMPL1 and IMPL2, and prokaryotic HrsA and SuhB are indicated in the tree.

(F) Adsorption of phage $Pa34 to cells harboring either an empty plasmid (control) or Hermes. The values represent the average concentration of unbound phage
during a 30-min incubation period, for three biological replicates, with standard deviations shown. Adsorption of phage $Pa36, which is not targeted by Hermes,
serves as a control.

(G) Capsule amount produced by cells harboring empty plasmid (control), Hermes, or Hermes with a point mutation (D89A). The capsule amount was determined
using Percoll density gradients (40%, 60%), and 80%). The location of the capsule band is highlighted with a white triangle.

(H) Lipopolysaccharide (LPS) fractions extracted from cells expressing empty plasmid (control), Hermes, or Hermes with a point mutation (D89A). LPS samples
were separated on a 12% SDS-PAGE gel and stained with SYPRO Ruby. Regions exhibiting band intensity differences in Hermes cells compared with control and
D89A cells are indicated by dashed rectangles.

(legend continued on next page)
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Figure 3. Prometheus is a homolog of a multitude of human DNA2 antiviral defense genes

(A) The functional domains of Prometheus, mutation sites tested in (F), and sequence similarity to the antiviral eukaryotic protein ZNFX1 from Homo sapiens
(NP_066363.1). LoF, loss of function.

(B) Phylogenetic tree of DNA2-containing proteins. The phylogenetic tree of 1,124 representative proteins was inferred and bootstrapped using IQ-Tree2.
Branches with a bootstrap confidence interval > 90% are indicated with red dots. The phylogenetic tree was rooted with the ATP-dependent DNA helicase RecG
protein (Genbank: NP_254032.1) from P. aeruginosa PAO1. The clades of human MOV-10, HELZ2, Upf1, ZNFX1, SETX, and SMUBP-2, prokaryotic Prometheus
ProA, and DNA2-containing phage defense systems hhe and Mokosh type I/ll (MkoA and MkoC) are indicated in the tree.

(C) Impact of Prometheus on phage propagation in liquid culture. The propagation of phage $Pa18 was monitored over time, and the 6 h time point is shown here,
with all data points displayed in Figure S2B. The control bar represents phage propagation in PAO1 containing an empty plasmid. Bars represent the average of
six biological replicates with individual points and standard deviation shown. * p < 0.05.

(D) Effect of the defense system on bacterial growth upon phage infection. PAO1 cells containing an empty plasmid (control) or Prometheus (defense system [DS])
were infected with phage ¢Pa18 at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for a period of 12 h. Curves represent the
average of three biological replicates.

(E) A violin plot comparing the number of predicted R-loops in targeted and non-targeted phages.

(F) Effect of mutations in the functional domains of Prometheus on phage protection. The concentration of phage $Pa18 when spotted on PAO1 cells containing
an empty plasmid (control), Prometheus, or Prometheus with LoF point mutations, as assessed by plaque assay. Bars represent the average of at least three
biological replicates with individual points and standard deviation shown.

(G) Prometheus is hypothesized to interfere with phage nucleic acids during transcription.

share a DNA2 and (ribo)nuclease domain with Prometheus and
provide protection against various viruses, such as Epstein-Bar
virus, Influenza, West Nile virus, and human immunodeficiency
virus 1 (HIV-1).2"2°732 |nterestingly, in both Prometheus and its
eukaryotic homologs, the DNA2 domain is split into two parts
by tandem repeats, although the function of this arrangement
is unknown (Figure 3A). The antiviral human homologs of Prome-
theus regulate viral transcription through an R-loop dependent
mechanism. Targeting of these RNA-DNA hybrids with a dis-

placed single-stranded DNA (ssDNA) strand,*® which are formed
during transcription,®® often results in transcription termination
or attenuation.®®

We hypothesized that Prometheus exerts its antiviral response
by interfering with phage transcripts through action on R-loops
formed during transcription. Testing this hypothesis, we
observed that Prometheus provides protection against podoph-
ages ¢Pa3 and ¢Pa18 from the Autographiviridae family, sipho-
phage ¢Pa28 from the Casadabanvirus genus, and siphophage

(I) Adsorption of phage to LPS extracts containing also capsular polysaccharides (CPSs) from cells carrying an empty plasmid (control), Hermes, or Hermes with
an LoF point mutation (D89A). The values indicate the average concentration of phage bound to decreasing amounts of C/LPS from each strain, for at least three
biological replicates, with standard deviations shown.

(J) Proposed model for anti-phage defense by Hermes (HrsA). Hermes induces changes in the surface structures of P. aeruginosa, such as CPS and LPS, leading
to the prevention of phage adsorption.
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¢Pa53 from the Mesyanzhinovviridae family, as observed in effi-
ciency of plating assays (Figure 1B), liquid cultures (Figures 3C
and S2B), and bacterial growth experiments during phage pre-
dation (Figure 3D). Interestingly, these phages contain 3-12 tran-
scribed DNA regions prone to R-loop formation,®’ whereas
phages unaffected by Prometheus have no predicted R-loops
($Pa36, $Pa10, and ¢pPa34) (Figures 3E andS2C). We noticed
that Prometheus homolog hhe protected against phage lambda
with one predicted R-loop and was unable to protect against
phages lacking R-loops, such as T2, T4, T5, P1, and M13°
(Table S3), while Mokosh can protect more broadly.’

We found that mutations of conserved residues in any of the
four domains (DUF4011, DNA2, REase MTES, and DUF3320)
abrogated protection, indicating that all domains are essential
for Prometheus function (Figure 3F). Further investigations using
RNA sequencing (RNA-seq) to analyze transcription profiles of
phage ¢$Pa18 in control versus Prometheus cells revealed a
10-fold decrease in phage overall transcription (Figure S2D).
This decrease was also evident in the phage genomic abun-
dance in the presence of Prometheus, suggesting suppression
of phage replication (Figure S2D). To understand the suppres-
sion of replication, we further looked into the domain organiza-
tion of Prometheus. The REase MTES domain belongs to the
Swt1-like protein family found in several eukaryotic groups.®”
In eukaryotes, Swt1 proteins act as RNA endonucleases, playing
a role in the quality control of nuclear mRNA export, a crucial
step in eukaryotic gene expression.®® However, research on a
bacterial Prometheus homolog in Geobacillus stearothermophi-
lus indicates that the protein functions as a ssDNA endonu-
clease.”” This suggests that Prometheus might act as a ssDNA
endonuclease on the displaced ssDNA of the R-loop through
the actions of the DNA2 nuclease and/or REase MTES domains.
The activity of the DNA2 helicase/nuclease domain may be facil-
itated by the putative helicase-related domains DUF4011 and
DUF3320%* (Figure 3F). Notably, DUF3320 is absent in 54% of in-
stances of Prometheus, even though mutagenesis of this domain
(as well as of DUF4011) results in inactivation of the system (Fig-
ure 3F). Structural predictions indicate that the DUF3320 domain
in Prometheus is similar to a DNA-binding fork head domain (Fig-
ure S2E; DALI Z score: 6.3), suggesting a potential role in facili-
tating the helicase or R-loop binding of DNA2 in Prometheus.

In summary, our analysis highlights Prometheus as a defense
system with similarities to eukaryotic antiviral proteins containing
DNA2 helicase/nuclease domains. This resemblance suggests a
shared mechanism for countering viral infections by acting on
viral R-loop structures formed during transcription (hypothetical
model proposed in Figure 3G).

Erebus and Hypnos contain NACHT domains

bNACHT Erebus and bNACHT Hypnos are named after the
Greek god personification of darkness (Erebus) and his nephew
Hypnos, the Greek god of sleep. Both anti-phage systems show
similarities with eukaryotic antiviral inflammasome components,
representing NACHT domain-containing NLR proteins (nucleo-
tide-binding domain leucine-rich repeat containing, also known
as nucleotide oligomerization domain (NOD)-like receptors).
NLRs are part of the STAND superfamily and function in antiviral
activities within almost all domains of life® (Figure 4A; Table 1).
Of these eukaryotic NLRs, Erebus and Hypnos are most similar

¢ CellP’ress

to intracellular-pathogen NLR family caspase recruitment
domain (CARD)-containing protein 4 (NLRC4). NLRC4 contains
several functional domains, including NACHT, an N-terminal
CARD, and a C-terminal leucine-rich repeat (LRR).°® Erebus
and Hypnos share common features with NLRC4 such as the
presence of the NACHT domain, but also a protein repeat struc-
ture: the tetratricopeptide repeat (TPR) domain. In addition,
Erebus and Hypnos contain DNA-acting functional domains
not previously associated with phage defense, instead of the
CARD domain in NLRC4.

Hypnos and Erebus provide robust protection against myoph-
ages ¢Pa10 and $Pa34 from the Pbunavirus genus (Erebus) and
podophages $Pa3 and ¢Pa18 from the Autographiviridae family
(Hypnos), resulting in a reduction of phage infectivity by at least
10*-fold in efficiency of plating assays (Figure 1B). Both defense
systems limit phage propagation (¢Pa34 by Erebus, $Pa18 by
Hypnos) in liquid culture (Figures 4B and S3A). While Erebus al-
lows full recovery of bacterial growth during phage infection (Fig-
ure 4C), Hypnos provides a benefit in bacterial growth approxi-
mately 2 h post-infection (Figure 4C). Point mutations of
conserved amino acids in the NACHT Walker A ATP binding
pocket of both defense systems (K50A in Erebus and K52A in
Hypnos) resulted in the complete loss of phage protection
(Figure 4D).

In humans, plants, and fungi, NACHT-containing NLRs are
widely involved in the recruitment of the inflammasome during
the innate immune response upon sensing pathogen-derived
biomolecules.®® Although some NACHT-containing NLRs are
found to be activated upon sensing viral dsRNA,° the vast ma-
jority sense pathogen-derived proteins.”®"®> Recently, some
clades of prokaryotic NACHT domain containing NLRs have
been found to provide phage defense.®” Here, we demonstrate
anti-phage activity by NACHT proteins from clade 20 (Figure 4E),
Erebus, and Hypnos, characterized by an N-terminal NACHT
domain, a central TPR domain, and effector domains NucS
and SfsA-N at their C terminus (Figures 4A and 4F). This organi-
zation is distinct from most NACHT domain-containing NLRs,
which typically display an N-terminal effector instead.®” More-
over, Erebus and Hypnos encode two TPR regions linked by a
helical bridge (Figure 4F), and mutagenesis of this bridge re-
sulted in the loss of phage defense (R740A in Erebus and
R817A in Hypnos, Figure 4D).

In other NACHT-like defense systems, the NACHT-like domain
physically associates with the effector domain to prevent its ac-
tivity. This inhibition is lost upon TPR-mediated sensing of phage
infection, resulting in protein multimerization,®® and activation of
the effector domain. In line with these observations, the effector
domains of both Erebus and Hypnos are structurally predicted to
be near the NACHT domain, suggesting that the NACHT domain
may prevent the activity of the effector domain until the target is
sensed, similar to the role of NACHT in eukaryotes’? (Figures 4F,
S3B, and S3C). It remains unclear if multimerization is required
for the activation of the effector domains,”®’* since these do-
mains and this unusual domain organization has not been char-
acterized before. However, the effector domain of Erebus, NucS,
is known for binding and cleaving ssDNA extremities of
branched DNA,”® while the oligonucleotide/oligosaccharide-
binding (OB) fold of SfsA-N in Hypnos likely provides non-spe-
cific DNA-binding or cleaving capabilities.”*"®
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Figure 4. Erebus and Hypnos are NACHT-containing anti-phage NLRs with strong homology to eukaryotic antiviral NLRs

(A) The functional domains of Erebus and Hypnos and mutation sites tested in (D). LoF, loss of function.

(B) Impact of Erebus and Hypnos on phage propagation in liquid culture. The propagation of phage $Pa34 for Erebus and ¢Pa18 for Hypnos was monitored over
time, and the 6 h time point is shown here, with all data points displayed in Figure S3A. The control bar represents phage propagation in PAO1 containing an empty
plasmid. Bars represent the average of at least four biological replicates with individual points and standard deviation shown. *p < 0.05.

(C) Effect of Erebus (top) or Hypnos (bottom) on bacterial growth upon phage infection. PAO1 cells containing an empty plasmid (control) or the defense system
(DS) were infected with phage $Pa34 for Erebus and $Pa18 for Hypnos at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for a
period of 12 h. Curves represent the average of three biological replicates.

(D) Effect of mutations in the functional domains of Erebus and Hypnos on phage protection. The infectivity of phage ¢Pa34 for Erebus and ¢Pa18 for Hypnos on
PAO1 cells containing an empty plasmid (control), defense system, or defense system with point mutations was measured by plaque assay. Bars represent the
average of at least three biological replicates with individual points and standard deviation shown.

(E) Phylogenetic tree of all bacterial NACHT domain containing NLRs. The phylogenetic tree was built from the proteins provided by Kibby et al.®” (n = 3,247) and
inferred using FastTree. The clades are colored based on their antiviral properties.

(F) Tertiary structure of Erebus predicted by Alphafold2. The functional domains are color-coded, with TPR shown in green, NACHT in orange, and the effector
domain (NucS) in red.

(G) Hypothetical model for anti-phage defense by Erebus (EruA) and Hypnos (HyoA), with only Erebus shown. Erebus and Hypnos are hypothesized to sense
phage infection using the TPR domains, causing a conformational change in the NACHT domain that leads to the release of the effector domain. The effector
domains will likely initiate the antiviral response via DNA-acting mechanisms.

Collectively, our findings reveal the anti-phage activity of two  teins. Based on this similarity, we propose that upon sensing
NACHT-containing NLR proteins, Erebus and Hypnos, with the presence of phage proteins by the bridge-linked TPR do-
strong similarity to eukaryotic NACHT-containing antiviral pro-  mains, the NACHT domain undergoes a conformational change,
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Figure 5. 6A-MBL employs a ubiquitination-like mechanism to activate an MBL-fold protein

(A) The functional domains of 6A-MBL and mutation sites tested in (D). LoF, loss of function. The location of a conserved glycine (G) at the C-terminal of the MBL is
indicated above the gene and represents the residue where the substrate protein is commonly linked to its target via a ubiquitin-like mechanism.

(B) Impact of 6A-MBL on phage propagation in liquid culture. The propagation of phage $Pa34 was monitored over time, and the 6 h time point is shown here, with
all data points displayed in Figure S4A. The control bar represents phage propagation in PAO1 containing an empty plasmid. Bars represent the average of six
biological replicates with individual points and standard deviation shown. * p < 0.05.

(C) Effect of the defense system on bacterial growth upon phage infection. PAO1 cells containing an empty plasmid (control) or 6A-MBL (defense system [DS])
were infected with phage ¢Pa34 at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for a period of 12 h. Curves represent the
average of three biological replicates.

(D) Effect of mutations in the functional domains of 6A-MBL on phage protection. The infectivity of phage ¢Pa34 on PAO1 cells containing an empty plasmid
(control), 6A-MBL, or 6A-MBL with point mutations was assessed by plaque assay. Bars represent the average of at least three biological replicates with in-
dividual points and standard deviation shown.

(E) Hypothetical model for anti-phage defense by 6A-MBL. 6A-MBL is hypothesized to sense phage infection through the fused E1-E2-JAB protein (Cap2-3),

leading to the activation of a potential nuclease activity of the MBL-fold protein (MblB).

activating the effector domain (NucS or SfsA-N) and triggering
the initiation of the antiviral response, possibly through DNA
cleaving or DNA repressing mechanisms (hypothetical model
proposed in Figure 4G).

6A-MBL contains a ubiquitination-like domain and an
MBL-fold protein

6A-MBL contains one gene with a fused E1-E2-JAB functional
domain (Cap2-3) and a second gene with an MBL-fold functional
domain (MbIB)”” (Figure 5A; Table 1). In eukaryotes, E1, E2, and
JAB (DUB) function in the ubiquitin signaling pathway, which
fine-tunes the eukaryotic innate immunity by either modulating
the stability of key molecules or by regulating cytokine produc-
tion.”® In bacteria, these functional domains provide phage de-
fense in cyclic-oligonucleotide-based anti-phage signalling sys-
tems (CBASS) type Il via a ubiquitin-like mechanism termed
cGASylation.”® The E1-E2 Cap2 protein of CBASS type Il is
responsible for cGAS conjugation of CD-NTase to a target mole-
cule upon viral infection. JAB Cap3 functions as a regulator of
cGASylation by cleaving the cGAS conjugates.”® Previously
identified phage defense systems had E1-E2 and JAB encoded
by separate genes,””® but in 6A-MBL these are fused. Here, we
show that this configuration provides strong protection against
myophages $Pa10 and ¢Pa34 of the Pbunavirus genus and
jumbo myophage ¢Pa36 of the Phikzvirus genus, resulting in a
reduction of phage infectivity by at least 10*-fold in efficiency
of plating assays (Figure 1B). 6A-MBL limits the propagation of
phage ¢Pa34 in liquid cultures (Figures 5B and S4A) and allows
full recovery of bacterial growth during phage infection (Fig-

ure 5C). Point mutations in conserved amino acids of each pre-
dicted functional domain resulted in the complete loss of phage
protection (Figure 5D).

Based on previous studies on E1-E2 and JAB components of
antiviral responses in both eukaryotes and prokaryotes,”®’ we
hypothesize that upon phage infection, the E1-E2 and JAB do-
mains of 6A-MBL prime the MBL-fold protein for activation
through a ubiquitin-like mechanism. This may be aided by com-
plex formation between the two proteins, as predicted by Alpha-
fold. The complex consists of a dimer of Cap2-3 connected by
the E1 domains. The E2 and JAB domains of Cap2-3 interact
with MbIB, forming a heterodimeric complex (Figure S4B). In
addition, we observed a conserved glycine (G395) in the C-termi-
nal region of MbIB in proximity of the active site of the JAB
domain of Cap2-379 (Figure 5A). These conserved glycine resi-
dues at the C-terminal region often serve as the conjugation
site in other ubiquitin-like phage defense systems, such as
CBASS type I1.7°7%? In CBASS type I, conjugation of the cyclase
to its target increases signal molecule production activating
downstream anti-phage effectors. Here, we suspect MbIB to
go through a similar activation step, and this is supported by
the loss of protection observed when deleting G395-A396-
S397 in MbIB (Figure 5D). However, the mechanism of this acti-
vation remains unclear. The MBL-fold was originally discovered
in beta-lactamases and later found to be widely distributed in
various proteins, exhibiting hydrolase activity targeting nucleic
acids and small molecules.®® The MBL-fold protein of 6A-
MBL shows strong structural similarity to the OB-fold domain
of DNA internalization-related competence protein ComEC
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Figure 6. Thoeris type lll is a phage defense system of the TIR domain antiviral family

(A) The functional domains of Thoeris Ill and mutation sites tested in (D).

(B) Impact of Thoeris type Ill on phage propagation in liquid culture. The propagation of phage ¢Pa34 was monitored over time, and the 6 h time point is shown
here, with all data points displayed in Figure S5A. The control bar represents phage propagation in PAO1 containing an empty plasmid. Bars represent the
average of six biological replicates with individual points and standard deviation shown. * p < 0.05.

(C) Effect of Thoeris type Il on bacterial growth upon phage infection. PAO1 cells containing an empty plasmid (control) or Thoeris type Ill (defense system [DS])
were infected with phage ¢Pa34 at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for a period of 12 h. Curves represent the
average of three biological replicates.

(D) Effect of gene deletions and mutations in the functional domains of Thoeris type Ill on phage protection. The infectivity of phage ¢Pa34 on PAO1 cells
containing an empty plasmid (control), Thoeris type llI, or Thoeris type Ill with point mutations was assessed by plaque assay. Bars represent the average of at
least three biological replicates with individual points and standard deviation shown.

(E) Tertiary structure of the ThcA:ThcB4 tetramer predicted by Alphafold2. The SLOG-containing ThcA is shown in orange, and the TIR and NucS domains of
ThcB4 are shown in green and red, respectively.

(F) Phylogenetic tree of SLOG-containing proteins. The phylogenetic tree of 13,399 representative proteins was inferred and bootstrapped using IQ-Tree2. The
representative proteins include all groups within the SLOG clan (CL0349), as indicated in the tree. Branches with bootstrap confidence interval > 90% are
indicated with red dots.

(G) Hypothetical model for anti-phage defense by Thoeris type Ill. Thoeris type lll is hypothesized to sense phage infection by TIR proteins (ThcB1 for $Pa34),
leading to the production of signaling molecules. These are likely detected by the SLOG domain of ThcA for the activation of the NucS endonuclease effector

response by ThcB4, with which it forms a complex.

(Foldseek®" E value: 1.56e—11), a protein predicted to be a
nuclease.® It is therefore possible that the MBL-fold protein of
B6A-MBL acts as the nucleic acid acting effector upon phage
infection.

In summary, our findings demonstrate that 6A-MBL is an anti-
phage defense system with similarities to eukaryotic antiviral
proteins associated with the ubiquitin pathway and CBASS
type Il. Based on this similarity, we hypothesize that 6A-MBL
senses phage infection by the fused E1-E2-JAB protein
(Cap2-3), which may use a ubiquitin-like pathway to activate
the MBL-fold protein (MbIB), resulting in anti-phage activity (hy-
pothetical model proposed in Figure 5E).

Thoeris type lll expands the TIR domain antiviral family

Thoeris type lll contains a SLOG domain protein (ThcA) accom-
panied by four TIR(-like) domain-containing proteins (ThcB1-B4)
(Figure 6A; Table 1). ThcA and ThcB4 are consistently encoded
within the Thoeris type Il cluster, while the remaining genes
exhibit variable presence (ThcB1: 51%; ThcB2 and ThcB3 com-
bined: 18%; either ThcB2 or ThcB3: 64%), establishing them as
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core genes of this defense system. Thoeris type Il exhibits
robust protection against a myophage from the Pbunavirus
genus ($Pa34), reducing its infectivity by more than 10%-fold in ef-
ficiency of plating assays (Figure 1B). It efficiently reduces phage
proliferation in liquid cultures (Figures 6B and S5A) and facilitates
nearly complete recovery of bacterial growth during phage pre-
dation (Figure 6C). Mutations in conserved amino acids within
core protein ThcA (SLOG, H49A) and accessory TIR domain con-
taining protein ThcB1 (TIR, D55A) resulted in the loss of defense,
while mutagenesis of the active site of other TIR proteins (ThcB2
E82A, ThcB3 E83A, ThcB4 E203A) within the cluster did not
result in the loss of defense activity (Figure 6D). However, dele-
tion of any TIR domain proteins led to a complete loss of protec-
tion, indicating that the presence of all TIR domain proteins is
necessary, while all the individual TIR enzymatic activities are
not (Figure 6D).

In eukaryotes, TIR domains serve as scaffolding adapters dur-
ing inflammation, orchestrating pro-inflammatory responses
through complex formation involving TIR domains of different
proteins.®® ThcB4 is homologous to one such eukaryotic
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scaffolding TIR domain-containing protein, SARM1 (Table 1).
However, unlike SARM1, ThcB4 lacks obvious multimerization
(sterile alpha motif, SAM) and autoinhibition (armadillo, ARM) do-
mains that regulate TIR domain activity.®”**® Eukaryotic TIR do-
mains also serve to signal pathogen recognition by protein re-
peats of the Toll-like receptors.89 In bacteria, the TIR domains
of the Thoeris defense family signal defense effectors upon
sensing phage infection. Unlike eukaryotic Toll-like receptors,
Thoeris TIR domains function both as scaffolding proteins and
phage sensors, independently of protein repeat structures that
function as the main pathogen sensors in eukaryotes.'® In Thoe-
ris types | and I, TIR proteins sense phage infection, generating
secondary messenger molecules (cyclic ADP-ribose [cADPR] or
histidine-ADPR, respectively).”° These molecules are recog-
nized by the SLOG(-like) domain, which activates the effector
present on the same protein, leading to phage defense.

In Thoeris type lll, the two core proteins, ThcB4 and ThcA,
are predicted to form a tetrameric complex of two heterodimer
subunits of ThcB4 and ThcA (Figures 6E, S5B, and S5C). In this
configuration, the NucS endonuclease domain of ThcB4 is in
direct contact with the SLOG domain of ThcA, indicating a po-
tential regulatory role of SLOG. This observation aligns with
previous characterizations of Thoeris types, where SLOG sub-
strate binding physically activates the effector domain.®® Unlike
previous Thoeris types, the SLOG domain of Thoeris type Ill be-
longs to the LD_cluster_3 clade of the SMF/DprA SLOG super-
family, distinct from the traditional SIR2/TIR-associated SLOG
domains (STALD) (Figure 6F). Moreover, the SLOG domain of
Thoeris type |l is also predicted to establish direct contact
with the TIR domain of ThcB4 (Figure 6E), likely facilitating
TIR domain signaling to the SLOG domain upon phage infection
sensing. However, mutagenesis of the TIR domain of ThcB4
(E203A) did not result in defense loss (Figure 6D), suggesting
the production of signaling molecules may be assumed by
other TIR domain proteins within Thoeris type lll. For ¢Pa34,
this role appears to be carried out by the TIR domain of acces-
sory protein ThcB1, as mutation of its active site (D55A) re-
sulted in defense loss (Figure 6D). Based on the requirement
of TheB2 and ThcB3 but not their TIR activity for full system
functioning (Figure 6D), we expect these to be sensors of
phages outside our panel. Mutagenesis of a conserved residue
(G61A) in the Rossmann fold of ThcB4, predicted to bind
reduced nicotinamide adenine dinucleotide (NADH) and to be
essential for TIR activity, resulted in complete loss of protec-
tion, indicating that the activity of ThcB4 is also necessary for
Thoeris defense (Figure 6D).

Interestingly, the TIR domain of ThcB1, which is required for
the defense against ¢Pa34, is phylogenetically distinct from pre-
viously described TIR domains of Thoeris and structurally re-
sembles the dimeric Cap12 TIR domain present in effectors of
the CBASS and Pycsar defense systems®' (Figures S5C-S5E).
Unlike these systems where the Cap12 TIR domain causes
cellular NAD* depletion upon phage infection, no change was
observed in cellular NAD™ levels during phage infection in Thoe-
ris type lll, suggesting that ThcB1 likely acts as a phage sensor
rather than an NAD" depleting effector (Figure S5F).

Here, the TIR domains in Thoeris type lll likely produce ADPR
derivatives upon phage sensing, similar to Thoeris type | and Il
systems, to signal the SLOG domain of ThcA for activating the
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NucS endonuclease domain of core protein ThcB4. Mutagenesis
of a conserved amino acid (D368A) in the NucS domain resulted
in loss of defense, further supporting a crucial role of the NucS
domain, likely as an anti-phage effector nuclease (Figure 6D).

In summary, Thoeris type Il represents an addition to the anti-
viral TIR domain family, which carries a distinct Thoeris-associ-
ated class of SLOG domain that likely activates the anti-phage
NucS nuclease effector in ThcB4 (hypothetical model proposed
in Figure 6G).

Distribution of the anti-phage repertoire across
bacterial phyla

Analysis of the distribution of the defense systems in prokaryotic
genomes revealed that Prometheus and 6A-MBL are the most
widely distributed systems (Table S4; Figure S6). Prometheus
was found in seven bacterial phyla, exhibiting the highest abun-
dance in Actinomycetota (Figures S2F and S2G), while 6A-MBL
was found in eleven bacterial phyla, predominantly prevalent
within Proteobacteria (Figures S4C and S4D). The remaining
four defense systems were almost exclusively (>92%) observed
in Proteobacteria, spanning various classes, except for Hermes,
which is restricted to Gammaproteobacteria (Figures S1G, S1H,
S3D, S3E, S5G, and S5H; Table S4).

To assess the impact of the defense systems on the diverse and
abundant defense repertoire in P. aeruginosa,'**° we determined
their distribution across all complete genomes (n = 541) available
from the RefSeq database. Prometheus and 6A-MBL are well
distributed across the P. aeruginosa groups (Figures S2H and
S4E; Table S5). Hermes, Erebus, Hypnos, and Thoeris Il are
less abundant in P. aeruginosa (Figures S1l, S3F, and S5lI;
Table S5). Collectively, the six validated systems constitute 3%
of the total defense systems found in P. aeruginosa and increase
the average number of defense systems per strain from 9.7 t0 10.0
(Table S5). All new defense systems can often be found within
close proximity of known defense systems (Figures 1A, S1J,
S2l, S3G, S4F, and S5J).*% In summary, the defense systems
described here have a prominent presence among Proteobacteria
and contribute to the phage defense repertoire of P. aeruginosa.

DISCUSSION

In this study, we searched for bacterial homologs of eukaryotic
antiviral defense genes in P. aeruginosa with antiphage proper-
ties. We uncovered more than 450 candidates located in prox-
imity to known anti-phage defenses. Experimental testing of
eleven candidates revealed six eukaryotic-like anti-phage de-
fenses, including Hermes, Prometheus, Erebus, Hypnos, 6A-
MBL, and Thoeris lll. Five candidate defense systems eluded
experimental validation, possibly due to the limited panel of
phages, the presence of unknown phage-encoded anti-genes,
or incompatibility with the genetic background in the
P. aeruginosa test strain. Of the ones that were validated, Her-
mes features a eukaryotic-like antiviral functional domain not
previously associated with anti-phage activities in bacteria.
This defense system causes alterations in surface structures
crucial for phage receptor interactions, effectively preventing
phage adsorption, akin to the antiviral function of its eukaryotic
homologs.®" Likewise, Prometheus is thought to play a role anal-
ogous to its eukaryotic counterparts.®®:%°
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We also report the eukaryotic-like defense systems bNACHT
Erebus, bNACHT Hypnos, 6A-MBL, and Thoeris Ill, each poten-
tially equipped with nucleic acid interfering activities. Among
these, Erebus and Hypnos represent anti-phage NACHT-con-
taining NLR proteins from NACHT clade 20, which display a
domain architecture distinct from most NACHT-containing
NLRs,®” characterized by an N-terminal NACHT domain, central
TPR domain, and C-terminal effector. This is an indication that
the antiviral function of NACHT-containing NLRs is independent
of domain organization and conserved across almost all do-
mains of life.°®> Furthermore, while the precise phage sensing
mechanisms of these systems remain enigmatic, the presence
of TPR domains in Erebus and Hypnos suggests a potential
interaction with specific phage proteins as their targets.

Another interesting finding is an anti-phage E1-E2-JAB fusion
in the 6A-MBL system. Previously, these domains were
described in unfused proteins, found both in eukaryotes and pro-
karyotes, where they participate in ubiquitin-like signaling path-
ways crucial for modulating innate immunity.*""®°" In the pro-
karyotic defense systems CBASS and Pycsar, these proteins
prime bacterial cyclases for increased production of signaling
molecules, which subsequently activate an effector.”® In the
context of 6A-MBL, it seems likely that the E1-E2-JAB fusion
protein regulates the activity of an MBL protein through a ubiqui-
tin-like mechanism that regulates its anti-phage activity.

Finally, Thoeris lll represents a member of the TIR domain anti-
viral family found across eukaryotes and prokaryotes.
Comprising several TIR domain-containing accessory proteins
(TheB1, TheB2, and TheB3) and two core proteins (ThcB4 and
ThcA), Thoeris type lll is distinct from other Thoeris types by em-
ploying a unique class of SLOG, an endonuclease as a putative
effector, and encoding the effector and SLOG domains in un-
fused proteins that form a tetrameric complex.® It is noteworthy
that the endonuclease NucS present in Thoeris type Il is an
endonuclease effector domain not previously linked to anti-
phage defense and is also found in bNACHT Erebus.

Four out of six of the validated defense systems in our study
share domains with recently reported phage defense systems
in bacteria.*"®”°" This phenomenon underscores the remark-
able shared nature of anti-phage protein domains to other ge-
netic contexts, which underlies the rapid diversification in host-
pathogen interactions and evolution of innovative functions.®
This observation is relevant due to its potential to accelerate
the mechanistic characterization of these defense systems.
Currently, the pace of understanding the workings of defense
mechanisms significantly lags the discovery of new sys-
tems.?*~¢ Shared domains among these systems offer a prom-
ising bridge to narrow this knowledge gap. By leveraging insights
gained from the study of one system to better comprehend
another, we can expedite our understanding of the molecular in-
tricacies that drive these defense mechanisms.

The discovery that multiple defensive proteins employed by
human cells possess direct homologs in prokaryotes, func-
tioning in viral defense, illuminates the cross-domain links in
the evolution of the human defense system and holds implica-
tions for future mechanistic studies of human innate immunity.
By expanding our knowledge of eukaryotic-like phage defenses,
we can gain further insights into these perspectives. The
comprehensive exploration and characterization of prokaryotic
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antiviral defenses could yield a plethora of new biotechnological,
therapeutic, and diagnostic tools, as seen previously with re-
striction-modification systems, CRISPR-Cas and Argonaute,
which have led to widespread methods for DNA and RNA
engineering.”’ 10

Altogether, we show the existence of antiviral pathways that
are shared between bacteria and eukaryotes. Detailed future
studies will be required to unveil the molecular mechanisms of
these defense systems, and this will further help to understand
the complex relationship between host defense mechanisms of
different domains of life that are potentially forged through a
shared viral past.
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Percoll Sigma-Aldrich Cat# P1644-100ML
Phosphate buffered saline Calbiochem Cat# 524650-EA
Proteinase K Sigma-Aldrich Cat# P2308-25MG
Q5 DNA polymerase New England Biolabs Cat# M0491L
Sarkosyl Sigma-Aldrich Cat# L9150-50G
Sodium chloride Fisher Scientific Cat# AC424290010
Sodium dodecyl sulfate Sigma-Aldrich Cat# 8.17034
SurePAGE™, Bis-Tris, 10x8, 4-12%, 12 wells GenScript Cat# M00653

T4 DNA Ligase

New England Biolabs

Cat# M0202S

TAE 40X Promega Corporation Cat# V4281
Critical commercial assays

DNA Clean & Concentrator Kit Zymo Research Cat# D4029
GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific Cat# K0503
GeneJET Genomic DNA Purification Kit Thermo Fisher Scientific Cat# K0721

NAD/NADH Quantification Kit

NEBuilder® HiFi DNA Assembly Master Mix
Pierce BCA Protein Assay Kit

Qubit RNA High Sensitivity (HS) Assay Kit
RNase-Free DNase Set

RNeasy Mini Kit (50)

SilverQuest™ Silver Staining Kit

Zymoclean Gel DNA Recovery Kit

Sigma-Aldrich

New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Qiagen

Qiagen

Thermo Fisher Scientific
Zymo Research

Cat# MAK037
Cat# E2621L
Cat# 23225
Cat# Q32852
Cat# 79254
Cat# 74104
Cat# LC6070
Cat# D4002

Deposited data

Raw data for bioinformatic and This study https://doi.org/10.5281/zenodo.10210781
experimental analysis.

Raw data for RNA-seq and DNA This study https://www.ncbi.nIm.nih.gov/bioproject/1112814
nanopore sequencing experiments

Oligonucleotides

All the DNA oligonucleotides IDT N/A

are listed in Table S6

Recombinant DNA

All plasmids are listed and N/A N/A

described in Table S7

Software and algorithms

Adobe lllustrator 26.0.1 Adobe N/A

Adobe Photoshop CC 2018 Adobe N/A

Alphafold v2.3.2 Jumper et al.;"%* https://github.com/deepmind/alphafold/releases

AutoDockTools v4.2.6
Autodock vina

Bedtools intersect v2.31.1
Blastp

Bwa v0.7.18
cblaster v1.3.18
ChimeraX

Clustal W v2.1

Dali

Mirdita et al.'%

Morris et al. 2009'%°
Trott and Olson 2010'°%"
Quinlan et al.’*®
Altschul et al.'®®

Li and Durbin'"®
Gilchrist et al.™"”
University of California,
San Francisco (UCSF)

Thompson et al."'?;
Larkin et al. 2007'"®

Holm and Laakso™*

https://ccsb.scripps.edu/mgltools/
https://vina.scripps.edu/
https://github.com/arg5x/bedtools2/releases

https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE=Proteins

https://github.com/Ih3/bwa
https://github.com/gamcil/cblaster
N/A

http://www.clustal.org/clustal2/

http://ekhidna2.biocenter.helsinki.fi/dali/
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DRAGO3 Garcia et al., 2021""* http://prgdb.org/prgdb4/drago3
DefenseFinder v1.0.9 Tesson et al.?° https://github.com/mdmparis/defense-finder
EdgeR v4.0.2 Robinson et al.""® https://bioconductor.org/packages/

EnhancedVolcano R package v1.20.0

Eukprot v3

FastTree v2.1.11
Filtlong v0.2.1
Foldseek v6
GraphPad Prism 7.00
HHrepID

Hmmbuild v3.3.2
HMMer v3.3.2
Hmmsearch
Integrative Genomics Viewer (IGV)
iQ-Tree2 v2.2.6

iTol v1.0

MassHunter v10.1

Minimap2 v2.28
Muscle v5.3
Mmseqgs2 v15.6
OpenBabel v2.4.0
PADLOC v1.1.0
Parsnp v1.7.4
Phobius v1.01

PPanGGOLIN v1.2.74
PRGdb v4.0
PSI-BLAST

PyMol v2.5.4
QmRLFS-finder
R-loop tracker
Samtools v1.20
Seqkit v2.7.0 (rmdup)

Blighe et al.’"®

Richter et al.*®

Price et al.""”

N/A

van Kempen et al.®*
GraphPad

Biegert and Séding''®
Finn et al.'"®
Finnetal.'"®

Finn et al.""®
Thorvaldsdéttir et al.'°
Minh et al.'®'
Letunic and Bork'??

Agilent

Li123

Edgar'®*
Dai et al.'®®
O’Boyle et al. 2011'%°

Payne et al.’*’

Treangen et al.'?®

Kall et al.’?°

Gautreau et al.’*°

Garcia et al., 2021
Altschul et al."®’

Delano, 2002'%?

Jenjaroenpun et al., 2024'%*

Brazda et al.®"
Lietal.'®
Shen et al'*®

release/bioc/html/edgeR.html

https://bioconductor.org/packages/
release/bioc/html/EnhancedVolcano.htmi

https://evocellbio.com/eukprot/
http://www.microbesonline.org/fasttree/
https://github.com/rrwick/Filtlong
https://github.com/steineggerlab/foldseek
N/A
https://toolkit.tuebingen.mpg.de/tools/hhrepid
https://anaconda.org/bioconda/hmmer
https://github.com/EddyRivasLab/hmmer
https://github.com/madscientist01/hmmsearch
https://igv.org/doc/desktop/
https://github.com/igtree/igtree2/
https://itol.embl.de/

https://www.agilent.com/en/product/
software-informatics/mass-spectrometry-
software/data-analysis/quantitative-analysis

https://github.com/Ih3/minimap2/releases
https://www.drive5.com/muscle/
https://github.com/soedinglab/MMseqs2
https://openbabel.org/wiki/Main_Page
https://github.com/padlocbio/padloc
https://github.com/marbl/harvest

https://bioweb.pasteur.fr/packages/
pack@phobius@1.01

https://github.com/labgem/PPanGGOLIN
http://prgdb.org/prgdb4/
https://blast.ncbi.nim.nih.gov/
Blast.cgi?PAGE_TYPE=BlastSearch&
PROGRAM=Dblastp&BLAST _
PROGRAMS=psiBlast

https://pymol.org/2/
http://r-loop.org/?pg=gmrlfs-finder
https://bioinformatics.ibp.cz/#/analyse/rloopr
https://github.com/samtools/samtools/releases/
https://github.com/shenwei356/seqkit/releases

SignalP v5.0 Almagro Armenteros et al.’*® https://services.healthtech.dtu.dk/
services/SignalP-5.0/

Skyline Maclean et al.”®’ https://skyline.ms/project/nome/
software/Skyline/begin.view

trimAl v1.8 Capella-Gutiérrez et al.'*® https://vicfero.github.io/trimal/

Webflags v1 Saha et al.’®® https://github.com/GCA-VH-lab/FlaGs2

Other

Agilent G6460C Triple Quad Mass Spectrometer
Bio-Rad Gel Doc XR+

Epoch 2 microplate reader

Nanophotometer

Agilent

Bio-Rad

Biotek Instruments
Implen
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Qubit 4 Fluorometer Thermo Fisher Scientific Cat# Q33238
ACQUITY Premier Peptide CSH C18 Column, Waters Corporation Cat# 186010709

130 A, 1.7 um, 2.1 x 50 mm with Premier
VanGuard FIT Guard

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stan J. J.
Brouns (stanbrouns@gmail.com).

Materials availability
All unique bacterial strains, phages, and plasmids generated in this study are available from the lead contact without restriction.

Data and code availability
e Raw data are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacteria and phages

A set of 6 clinical isolates of P. aeruginosa obtained from the University Medical Centre Utrecht (UMCU)'® was used to amplify pu-
tative eukaryotic-like defense systems. Escherichia coli strain Dh5c¢. and P. aeruginosa strain PAO1 were used for cloning of plasmid
pUCP20 with the defense systems. All bacterial strains were grown in Lysogeny Broth (LB) at 37 °C and 180 rpm, or in LB agar (LBA,
1.5 % agar (w/v)) plates at 37 °C. Strains containing plasmid pUCP20 were grown in media supplemented with 100 png/ml of ampicillin
(for E. coli) or 200 pg/ml of carbenicillin (for P. aeruginosa). All phages used in this study were obtained from the Fagenbank, '° except
for Pseudomonas phage PP7 which was acquired from LGC Standards. Phages were amplified in liquid media with PAO1, centri-
fuged at 3,000 x g for 15 min, filter-sterilized (0.2 um PES), and stored as phage lysates at 4 °C until further use.

METHOD DETAILS

Identification of anti-phage defense systems

We searched for defense systems using PADLOC v1.1.0 with PADLOC-DB v1.4.0,"?” and DefenseFinder v1.0.9 with defense-finder-
models v1.2.2,2° and the HMMs with completeness rules and thresholds as applied in Gao et al.® Additionally, Detocs was searched
for using blastp'®® (> 0.7 subject length / query length < 1.5; 0.7 > query coverage < 1.3; evalue < 1e-9) and found complete if all three
genes were present with a maximum of 1 gene in between.'“° We observed dtcB to fail gene annotation, thus we manually checked
for its presence when dtcA and dtcC were identified within close proximity (1 gene in between).

Identification of conserved gene clusters within the variable regions of Pseudomonas aeruginosa

We used PPanGGOLIN v1.2.74'%%141 to identify the conserved gene clusters within the variable regions of all 541 complete
P. aeruginosa assemblies from the Refseq database on June 16, 2022. Functional domains were identified using HMMER
v3.3.2"'%% in combination with the Pfam-A models v36.0.

We utilized Eukprot v3*° to find homologs of innate immune proteins from vertebrates and plants. For the vertebrate innate pro-
teins, we built HMM profiles of the aligned InnateDB*® in June 2022 using MUSCLE v5.1"%* and hmmbuild."'® We applied the same
method to find homologs of plant innate proteins, using the Plant Resistance Genes database (PRGd) v4.0.>* Additionally, we applied
DRAGO3** to search for plant pathogen recognition proteins. For both vertebrate and plant innate proteins, we created a custom
database of functional domains found to be associated with innate defense in literature (Table S1). This list of functional domains
and the created HMM profiles were then searched for in the representative genes of the P. aeruginosa pangenome, with an e-value
lower than 0.01 considered significant. We adopted a guilt-by-association approach to categorize the eukaryotic innate-like homo-
logs into “near” and “remote” based on their distance to known phage defense systems. This classification was determined by their
proximity within 100 kb of a known defense system. We established this threshold based on the bimodal distribution of distances
between known defense systems in P. aeruginosa (Figure 1A). We then annotated the homologs found in P. aeruginosa using the
Pfam-A HMM library and checked for enriched functional domains within the “near” defense island compared to “remote”. A subset
of conserved gene clusters with these enriched functional domains were selected for further testing of antiviral activity. The
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conservation of these gene clusters across species was further assessed using Webflags v1."*° In addition, the signal peptide and
transmembrane regions were annotated with the use of SignalP v5.0'*® and Phobius v1.01."2° All confirmed defense systems were
checked for the presence of repeat regions using HHrepID."'® Regions of the proteins that remained uncharacterized were further
analyzed using DALI** and Foldseek v6.%* A confidence level higher than 90% and an e-value lower than 0.001 was considered
significant.

Cloning of the putative eukaryotic-like defense systems

The putative eukaryotic-like defense systems were amplified from P. aeruginosa strains using primers from Table S6 with Q5 DNA
Polymerase (New England Biolabs). PCR products were run on 1% agarose gels, and bands were excised and cleaned using the
Zymoclean Gell DNA Recovery Kit (Zymo Research). Plasmid pUCP20 was digested with BamHI and EcoRI (NEB), treated with
FastAP (Thermo Scientific), and cleaned with the Zymo DNA Clean & Concentrator Kit (Zymo Research). The defense systems
were then cloned into the digested pUCP20 using the NEBuilder HiFi DNA Assembly Master Mix and transformed into chemically
competent NEB® 5-alpha Competent E. coli following the manufacturer’s instructions. Plasmids (Table S7) were extracted using
the GeneJET Plasmid Miniprep kit and confirmed by sequencing (Macrogen). Confirmed plasmids were transformed into PAO1
by electroporation as previously described'*® and the cells were plated on LBA plates supplemented with 200 pg/ml of carbenicillin.

Selection for point mutations

A combination of strategies was employed to identify the amino acids to mutate in the defense system proteins. These included per-
forming a literature search to identify known critical amino acids of the functional domains of the proteins, multiple protein alignments
using PSI-BLAST'®" and Clustal W v2.1""? to identify conserved amino acids, and Alphafold2'°*1%® 3D prediction to visually inspect
active sites.

Cloning of knockout and point mutants of the defense systems

Gene knockouts and point mutations of the defense systems in pUCP20 were obtained by round-the-horn site-directed mutagenesis
using phosphorylated primers (Table S6) and Q5 DNA Polymerase. PCR products were digested with Dpnl (NEB), run on 1% agarose
gels, and the bands were extracted and cleaned with the Zymo Gel DNA Recovery Kit. The amplified plasmids were ligated with T4
DNA ligase (NEB) at room temperature for 2 hours and transformed into chemically competent NEB 5-alpha Competent E. coli
following the manufacturer’s instructions. Plasmids were extracted using the GeneJET Plasmid Miniprep kit and confirmed by
sequencing (Macrogen). Confirmed plasmids were transformed into PAO1 by electroporation as previously described.

Efficiency of plating

Phage stocks were 10-fold serially diluted in LB and the dilutions were spotted onto double layer agar plates of PAO1 with empty
pUCP20 or pUCP20 with defense systems following the small plaque drop assay.'* The anti-phage activity of the systems was
calculated as the fold reduction of phage infectivity of the PAO1 strain that contains the pUCP20-encoded defense systems,
compared to the infectivity of the PAO1 strain containing the empty plasmid.

Infection dynamics of phage-infected cultures

Bacterial cultures of PAO1 strains with empty pUCP20 or pUPC20 containing a defense system at an ODggo = 0.1 were infected with
phage at an MOI <1 and incubated at 37°C and 180 rpm. Samples were taken at Oh, 2h, 4h, and 6h, and centrifuged at 3,000 x g for
5 min. The phage-containing supernatant was serially diluted and spotted onto DLA plates of PAO1 to estimate phage concentration.

Liquid culture collapse assays

Overnight bacterial cultures were diluted to an ODggg = 0.1 in LB and distributed into 96-well plates. Phages were added at MOls of
0.01 and 10, and the plates were incubated at 37°C in an Epoch2 microplate spectrophotometer (Biotek ) for ODgog measurements
every 10 min for 24h, with double orbital shaking.

Screening for mutant phages that escape defense

Screening for mutant phages that evade defense was performed as previously described with minor adjustments.’“° Briefly, phages
were 10-fold serially diluted and spotted onto DLA plates containing PAO1 strains expressing individual defense systems. After over-
night incubation at 37°C, plates were examined for plaque formation. Single plaques were selected and transferred into LB, incu-
bated for 1h at room temperature, and centrifuged at 8,000 x g for 5 min to recover the phage-containing supernatant. The recovered
phage suspensions were then serially diluted and spotted onto DLA plates containing PAO1 strains expressing either an empty
pUCP20 vector or individual defense systems. Original phages were also diluted and spotted for comparison. Following overnight
incubation at 37°C, the fold change in phage concentration between the negative control cells and those containing defense systems
was determined.

LC-MS analysis
The LC-MS analyses were performed using an Agilent LC/MS system consisting of a high pressure liquid chromatography set-up
coupled to a triple-quadrupole (QQQ) mass spectrometer (G6460C) equipped with a standard electrospray ionization (ESI) source.
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Both systems were operated through MassHunter v10.1. The samples were randomized prior to their analysis. 3 ul of each sample
were injected into the column of the HPLC. Myo-inositol and inositol monophosphate were delivered to a CSH C+g guard-column and
a CSH C4g column (Waters) (2.1 mm by 5 mm, 1.7-um pore size) at 30°C with a flow rate of 0.3 ml/min using the following binary
gradient: 0% B (acetonitrile), ramp to 5% B in 5 min followed by a 6 min ramp to 75% B then a 1 min ramp back to 100% A
(5 mM ammonium acetate) and 3 min re-equilibration (A, 20 mM ammonium formate). The metabolites eluting from the column
were sprayed into the mass spectrometer operated in data-dependent mode, as in dynamic multiple reaction monitoring (dMRM)
mode using transitions. The MRM transitions were generated by optimizing the fragmentor voltage and the collision energy. The
dMRM was acquired in negative mode with a cycle time of 500 ms. Data processing was done using Skyline.'®” Peaks corresponding
to myo-inositol and inositol monophosphate were integrated for quantification, and the area under the curves were exported for
further analysis.

Phage adsorption kinetics in Hermes

Bacterial cultures of PAO1 strains containing pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A were grown until an ODggg 0f 0.3,
infected with phage $Pa34 or $Pa36 at an MOI of 0.1, and incubated at 37°C and 180 rpm. Samples were taken at 0, 10, 20, and
30 min post-infection and immediately centrifuged at 12,000 x g for 1 min. The supernatant was serially diluted and spotted onto
DLA plates of PAO1 to estimate the concentration of non-adsorbed phages.

Extraction and visualization of outer membrane protein

Outer membrane proteins were extracted from PAO1 strains containing pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A as
previously described with slight modifications.'*® Overnight grown cultures were centrifuged at 10,000 x g for 20 min, and the
cell pellet re-suspended in 10 mM Tris-HCI pH 8.0. Cells were lysed using B-PER™ Bacterial Protein Extraction Reagent (Thermo
Fisher Scientific) following manufacturer instructions. The supernatant was centrifuged at 21,000 x g for 1h at 15°C, and the cell pel-
let containing cytoplasmic and outer membranes was re-suspended in 10 mM Tris-HCI pH 8 containing 2% Sarkosyl. Samples were
incubated in a rotary shaker at room temperature for 30 min and centrifuged at 21,000 x g for 30 min at 15°C. The pellet was re-sus-
pended in 10 mM Tris-HCI pH 8 containing 2% Sarkosyl and centrifuged again. The outer membrane pellet was then washed twice
and re-suspended in 10 mM Tris-HCI pH 8. Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo)
according to manufacturer instructions and the samples run on a 4-12% SurePAGE, Bis-Tris gel (GenScript) at 200V in MOPS buffer
(GenScript). The gel was stained with Bio-Safe Coomassie G-250 stain (Bio-Rad) and visualized on Bio-Rad Gel Doc XR+.

Extraction and visualization of lipopolysaccharides

LPS was extracted from P. aeruginosa PAO1 cells harboring pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A as previously
described with minor modifications.'*” Briefly, overnight cell cultures were adjusted to an ODggo of 0.5 in NaCl 0.9% (w/v). Cells
were centrifuged at 10,600 x g for 1 min and the pellet re-suspended in NaCl 0.9% and centrifuged again. The cell pellet was re-
suspended in lysis buffer (1M Tris-HCI pH 6.8, 2% SDS, 4% 2-mercaptoethanol, 10% glycerol) and incubated at 95°C for 10 min.
Proteinase K solution (25 pg/ml proteinase K in lysis buffer) was added to cooled down samples and incubated at 56°C for 1h
with shaking. The solution was directly loaded onto a 4-12% SurePAGE, Bis-Tris gel and run at 20 mA in MOPS buffer. The gel
was stained with the SilverQuest Silver Staining Kit (Thermo Scientific) following manufacturer instructions and imaged with Bio-
Rad GelDoc XR+.

Extraction and visualization of capsule density

Bacteria were separated by capsule density using a discontinuous density gradient as previously described with minor adapta-
tions.'“® Briefly, overnight cultures of P. aeruginosa PAO1 cells harboring pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A
were centrifuged for 10 min at 3,200 x g for 10 min, and the pellet re-suspended in 1X phosphate buffered saline (PBS). After centri-
fugation, the pellet was washed once more with 1X PBS, and re-suspended in 1 ml of 1X PBS. The cell suspension was added onto a
discontinuous density gradient of 30%, 60%, 80% Percoll (w/v in 1XPBS, Sigma), and centrifuged for 30 min at 3,000 x g for 30 min.

Phage adsorption to capsule and lipopolysaccharides

CPS and LPS were extracted from PAO1 strains containing pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A as previously
described with slight modifications.'*® Briefly, overnight cell cultures were adjusted to an ODggo of 0.65 and centrifuged at
12,000 x g for 5 min. The cell pellet was re-suspended and vortexed in lysis buffer (60 mM Tris-HCI pH 8, 5 ug/ml of CaCl,,
2 mg/ml MgCly) containing 3 mg/ml lysozyme and incubated at 37°C for 1h. Samples were then subjected to three cycles of freeze
(-80°C) and thaw (37°C). DNase and RNase were added at 20 ug/ml and incubated at 37°C for 30 min, followed by additional incu-
bation with 0.1% SDS. Extractions were boiled at 100°C for 10 min, cooled down and mixed 2 mg/ml of proteinase K in lysis buffer.
After incubation at 60°C for 1h, extractions were centrifuged at 14,000 x g for 2 min. The supernatant was recovered, mixed with cold
75% ethanol, and incubated at -20°C overnight. Extractions were centrifuged at 14,000 x g for 30 min at 4°C and the CPS/LPS pel-
lets resuspended in LB. The CPS/LPS pellets were 10-fold serially diluted and incubated with phage ¢Pa34 at 10° pfu/ml for 1h at
37°C with shaking. The mixtures were 10-fold serially diluted and spotted onto DLA plates containing PAO1 to determine the amount
of phage that did not adsorb to the CPS/LPS extracts.

Cell Host & Microbe 32, 1-17.e1-e8, August 14, 2024 eb




Please cite this article in press as: van den Berg et al., Bacterial homologs of innate eukaryotic antiviral defenses with anti-phage activity highlight
shared evolutionary roots of viral defenses, Cell Host & Microbe (2024), https://doi.org/10.1016/j.chom.2024.07.007

¢? CellPress Cell Host & Microbe

Protein complex prediction

Predicted aligned error plots were generated with Alphafold2 multimer %' for each hetero- and homomeric co-folded protein com-
bination. Overlapping low predicted aligned error rates between proteins were seen as an indication for putative protein complex
formation.

Phage R-loop prediction
QmRLFS-finder'*° was applied to predict the R-loop structures within the phage collection. Predicted R-loops were considered only
if they were identified within a transcript and in the same transcriptional direction.

Comparison of IMPA, SuhB, and HrsA

We compared the structure of bacterial SuhB (M. tuberculosis, PDB: 2Q74) and eukaryotic Human IMPA (PDB: 1AWB) with the Al-
phafold2 predicted structure of Hermes (WP_023087430.1) using DALI pairwise structure comparison. The alignments of these
structures were further investigated using ChimeraX matchmaker.

RNA-seq experiments with Prometheus

Bacterial cultures of PAO1 strains containing pUCP20, Prometheus, and their mutants, were grown until an ODggg of 0.3 and infected
with phage at MOI of 1. Samples were taken pre-infection and at 20 min post infection and centrifuged at 5000 x g for 5 min at 4°C.
RNA was extracted from the cell pellets using the RNeasy Mini kit and the RNAse-free DNase set (Qiagen) following manufacturer’s
instructions. RNA concentration was determined using Qubit RNA High Sensitivity (HS) (Thermo), and the samples subjected to pro-
karyotic mRNA-seq (WOBI) by Novogene (Cambridge, UK). Adapters (5’ adapter: 5’-AGATCGGAAGAGCGTCGTGTAGGGAAA
GAGTGTAGATCTCGGTGGTCGCCGTATCATT-3’; 3’ adapter: 5-GATCGGAAGAGCACACGTCTGAACTCCAGTCACGGATGAC
TATCTCGTATGCCGTCTTCTGCTTG-3’) were removed from the reads and the reads filtered out if they contained an N content
greater than 10%, or low-quality (Qscore<= 5) bases for more than 50% of the total bases. The remaining sequences were mapped
on their corresponding reference genome using bwa v0.7.18.""° Subsequently, the number of reads per gene were determined using
Samtools v1.20"** in cohorts with bedtools intersect v2.31.1'°% and the NCBI genome annotation file (gff).'"*'"®

Sequencing during phage infection

Bacterial cultures of PAO1 strains containing pUCP20, Prometheus, and its mutants were grown until an ODggg of 0.3 and infected
with phage at MOI of 1. Samples were taken pre-infection and at 20 min post infection and centrifuged at 5000 x g for 5 min at 4°C.
DNA was extracted from the cell pellets using the GeneJET Genomic DNA Purification Kit (Thermo Scientific) following manufacturer
instructions. DNA was sequenced using Nanopore at Plasmidsaurus. Obtained reads were quality checked and the bottom 5% of
reads with the lowest quality score reads removed via Filtlong v0.2.1 (default parameters). The filtered reads were mapped onto
the corresponding reference genome of the phage and host using minimap2 v2.28"'%® (map-ont parameter). The alignment statistics
were obtained using Samtools v1.20 and visualized using Integrative Genomics Viewer (IGV).'?°

NAD/NADH measurements

Bacterial cultures of PAO1 strains containing pUCP20, Thoeris Ill, and Thoeris Il H49A SLOG were grown until an ODggg of 0.3. Cul-
tures were divided and one part infected with phage ¢Pa34 at an MOI of 1 for 30 minutes. Uninfected and infected cultures were
centrifuged at 5000 x g for 5 min at 4°C, and the pellet washed once with cold 1x PBS. The cell pellets were then used for NAD/
NADH quantification using the NAD/NADH quantification kit (Sigma) following manufacturer instructions.

Building HMM models of the defense systems

HMM models for multi-gene defense systems were created using cblaster v1.3.18""" to obtain all clusters within P. aeruginosa in which
the defense genes were present and near each other (20% pident). Single-gene defense systems were searched for using PSI-
BLAST'®" search, and sequences with a pident lower than 20% and coverage lower than 70% were excluded. Muscle5'>* (-super5)
was used to align the obtained protein sequences, and hmmbuild v3.3.2""° was used to build the HMM models. The HMM model
scoring thresholds were set based on the 100% sensitivity-point with the help of an ROC curve analysis that scored the HMM sensi-
tivity for the defense gene compared to all other genes within P. aeruginosa. The HMM bitscore obtained for each defense system gene
is as follows: Prometheus proA, 3500; Hermes hrsA, 325; 6A-MBL mbiB, 130, and cap2-3, 230; Erebus eruA, 190; Hypnos hypA, 350;
and Thoeris lll thcA, 75, theB1, 50, thcB2, 50, thcB3, 50, thcB4, 75, with the presence of thcA and thcB4 genes being mandatory.

Search for novel defense systems in archaeal and bacterial genomes

To detect all prokaryotic homologs of the defense systems found in this study, we applied the HMM models on the proteins of all
representative genomes, which were downloaded from RefSeq in February 2023. The taxonomy of each identified defense system
is based on the annotation provided by RefSeq itself.

Phylogenetic tree and annotation of the defense system genes
Phylogenetic trees of ProA (Prometheus) and HrsA (Hermes) were made by obtaining all available Uniprot Release 2024_0 protein
sequences that contained DNA2 (n = 131,097) or IMPase (n = 56,571) functional domains, respectively. ATP-dependent DNA helicase
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RecG protein (Genbank: NP_254032.1) and fructose-1,6-bisphosphatase class 1 (FBPase class 1; Genbank: CEI80039.1) were used
to root the ProA and the HrsA phylogenetic trees, respectively. To generate the TIR and SLOG domain phylogenetic trees, all se-
quences of the corresponding protein clans, STIR (CL073, n = 108k) and SLOG (CL0349, n = 155k), were downloaded from the
InterPro 98.0 database'®? on February 6, 2024. Duplicate sequences were removed using Segkit v2.7.0 (rmdup), '*° followed by a
downsampling step (Seqkit sample). Representative sequences were obtained using mmseqgs?2 v15.6 (easy-cluster),’2> with the de-
gree of downsampling based on the number of representatives obtained (between 1000 and 1500 sequences). The representative
sequences were aligned using Muscle v5.3 (-super5)'** and trimmed using trimAl v1.8 (-automated1).'® The resulting trimmed align-
ment was used to build and bootstrap a phylogenetic tree using IQ-Tree2 v2.2.6'%! (-B 1000, —alrt 1000, -m TEST). The phylogenetic
tree of Hypnos and Erebus was built with the NACHT-containing NLR protein accessions and phylogenetic group information
provided by Kibby et al.°” (n = 3247). These sequences were aligned using Muscle v5.3 (-super5), trimmed using trimAl v1.8'%®
(-automated1), and a phylogenetic tree was built using FastTree v2.1.11""7 with default settings. All phylogenetic trees were visual-
ized using iTOL v1.0."%®

Phylogeny tree of Pseudomonas aeruginosa

A phylogenetic tree was constructed using Parsnp v1.7.4'%% on all complete P. aeruginosa assemblies from the Refseq database on
June 16, 2022 (n = 541) and visualized using iTOL.'??

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise, data are presented as the mean of biological triplicates + standard deviation. A Bonferroni-adjusted p-value
of less than 0.05 was considered significant.
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