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INTRODUCTION: Many organisms have evolved
specialized immune pattern-recognition re-
ceptors, including nucleotide-binding oligo-
merization domain-like receptors (NLRs) of
the STAND superfamily that are ubiquitous
in plants, animals, and fungi. NLRs oligomerize
upon recognition of pathogen-associated mo-
lecular patterns, leading to the activation of
an effector domain that mediates an inflam-
matory or cell death response. Although the
roles of NLRs in eukaryotic immunity are well
established, it is unknown whether prokary-
otes use similar defense mechanisms.

RATIONALE: We previously identified a set of
bacterial and archaeal STAND nucleoside tri-
phosphatases (NTPases), dubbed Avs (antiviral
STAND), that protect bacteria from tailed
phages through an unknown mechanism. Like
eukaryotic NLRs, Avs proteins have a charac-
teristic tripartite domain architecture consist-
ing of a central NTPase, an extended C-terminal
sensor, and an N-terminal effector. Here, we
investigate the defense mechanism of these
Avs proteins.

RESULTS: Using genetic screens in Escherichia
coli, we characterized four Avs families (Avs1 to

Avs4) and found that they detect hallmark viral
proteins that are expressed during infection.
In particular, Avsl to Avs3 recognize the large
terminase subunit, and Avs4 recognizes the
portal. These two proteins together make up the
conserved DNA packaging machinery of tailed
phages. Coexpression of an Avs protein with its
cognate target in E. coli resulted in cell death.

We assessed the specificity of Avs target
recognition with a panel of terminases and
portals from 24 tailed phages, spanning nine
major families. Notably, a single Avs protein
was capable of recognizing a large variety of
targets (terminase or portal), with less than 5%
sequence identity in some cases.

We next reconstituted Avs activity in vitro,
focusing on representatives from Salmonella
enterica (SeAvs3) and E. coli (EcAvs4), both of
which contain N-terminal PD-DExK nuclease
effectors. In the presence of their cognate tar-
get, SeAvs3 and EcAvs4 mediated degradation
of double-stranded DNA. Nuclease activity re-
quired the presence of Mg?* and adenosine tri-
phosphate (ATP); however, the hydrolysis of
ATP was not strictly required. Single-stranded
DNA and RNA substrates were not cleaved.

‘We determined the cryo-electron microscopy
structures of the SeAvs3-terminase and EcAvs4-
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portal complexes, revealing that both form tet-
ramers in which the C-terminal sensor domain
of each Avs subunit binds to a single target
protein. Binding is mediated by shape comple-
mentarity across an extended interface, consis-
tent with fold recognition. Additionally, SeAvs3
directly recognizes terminase active-site residues
and its ATP ligand. Tetramerization of both
SeAvs3 and EcAvs4 is mediated by their STAND
ATPase domains and allows the N-terminal nu-
cleases to adopt active dimeric configurations.

Bioinformatic analysis of Avs proteins across
prokaryotic lineages revealed at least 18 distinct
types of N-terminal effectors that are modularly
swapped between Avs homologs, as well as
widespread distribution of avs genes across
phyla with extensive horizontal gene transfer.
Finally, we also discovered phage-encoded Avs
inhibitors, highlighting an extensive arms race
between prokaryotes and viruses.

CONCLUSION: NLR-like defense proteins in
bacteria and archaea recognize the conserved
folds of hallmark viral proteins and assemble
into tetramers that activate diverse N-terminal
effectors. The mechanism of these proteins
highlights the similarity between the defense
strategies of prokaryotes and eukaryotes and
extends the paradigm of pattern recogni-
tion of pathogen-specific proteins across all
three domains of life.
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Mechanism and structures of NLR-like defense proteins in prokaryotes. (Left) Comparison of the domain architectures of 11 representative NLR-like pattern-
recognition receptors across four kingdoms of life. Selected structures of activated complexes are shown as examples. T3SS, type 3 secretion system. (Right) Defense
mechanism of Avs proteins in bacteria and archaea (this study). Target binding triggers the formation of Avs tetramers, which activates an N-terminal effector

that disrupts the viral life cycle.
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Many organisms have evolved specialized immune pattern-recognition receptors, including nucleotide-
binding oligomerization domain-like receptors (NLRs) of the STAND superfamily that are ubiquitous

in plants, animals, and fungi. Although the roles of NLRs in eukaryotic immunity are well established,
it is unknown whether prokaryotes use similar defense mechanisms. Here, we show that antiviral STAND
(Avs) homologs in bacteria and archaea detect hallmark viral proteins, triggering Avs tetramerization
and the activation of diverse N-terminal effector domains, including DNA endonucleases, to abrogate
infection. Cryo—electron microscopy reveals that Avs sensor domains recognize conserved folds, active-
site residues, and enzyme ligands, allowing a single Avs receptor to detect a wide variety of viruses.
These findings extend the paradigm of pattern recognition of pathogen-specific proteins across all

three domains of life.

acteria and archaea have evolved nu-

merous defense mechanisms against

viral infections that involve a wide range

of strategies and enzymatic activities

(1-5). Defense systems are activated by
viral nucleic acids, in the case of restriction-
modification and CRISPR-Cas systems, or by
different types of infection-induced cellular
stress, including DNA double-strand breaks (6),
inhibition of host transcription (7), cytosolic
nucleotide depletion (8), and the disruption
of translation elongation factor EF-Tu (9) or
RecBCD repair nuclease (10). Alternatively,
some systems constitutively synthesize small
molecules that interfere with phage replica-
tion (11, 12). However, for numerous defense
systems, the mechanisms of activation remain
uncharacterized, and it appears likely that
distinct modes of activation exist within the
diverse repertoire of recently discovered sys-
tems (7, 3, 4, 13).

STAND nucleoside triphosphatases (NTPases),
which include nucleotide-binding oligomer-
ization domain-like receptors (NLRs) such as
animal inflammasomes and plant resistosomes,
are among the key players in immunity, cell
signaling, and particularly programmed cell
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death in eukaryotes (14-21). STAND NTPases
have a conserved tripartite domain architecture,
consisting of a central NTPase domain, a
C-terminal sensor that contains superstructure-
forming repeats, and, in many cases, an N-
terminal effector that mediates inflammation
or cell death. In animal and plant innate im-
munity, STAND proteins function by recog-
nizing diverse pathogen-associated molecular
patterns (PAMPs), including peptidoglycan
fragments from the bacterial cell wall (18),
double-stranded RNA (2I), bacterial flagel-
lin and type 3 secretion systems (16, 17), and
endogenous host proteins that have been
modified by pathogens (19, 20). In all of
these cases, recognition of the PAMP leads
to oligomerization of the STAND NTPase
and activation or recruitment of effector
proteins.

Bacteria and archaea, especially those with
complex signaling systems, also encode a di-
verse repertoire of STAND NTPases that are
predicted to be involved in signal transduction
and possibly in programmed cell death (14, 15).
However, the functions of these proteins are
largely unknown, with the exception of several
that have been characterized as transcriptional
regulators (22-24). We recently identified a
group of prokaryotic STAND NTPases, dubbed
Avs (antiviral STAND) (4), that are often en-
coded next to restriction-modification and
other defense systems (fig. S1) and protect
bacteria from tailed phages (fig. S2). Here,
we investigate the mechanism of Avs proteins.

Avs systems are activated by two conserved
phage proteins

Although the domain architectures of Avs
proteins resemble those of eukaryotic NLRs
(Fig. 1, A and B), it is unclear whether they
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function through similar molecular mecha-
nisms. We identified four distinct families of
Avs proteins (Avsl to Avs4) (fig. S3), each of
which contains highly divergent tetratrico-
peptide repeat (TPR)-like sensor domains, and
selected two representatives for further char-
acterization: SeAvs3 from Salmonella enterica
NCTC13175 and EcAvs4 from Escherichia coli
NCTC11132, both of which provide robust pro-
tection against the T7-like coliphage PhiV-1
(fig. S2). We first asked how phage infection
leads to Avs activation and whether a specific
phage-encoded trigger exists for these defense
systems. We cloned fragments covering the
whole PhiV-1 phage genome into expression
plasmids and transformed the resulting frag-
ment library into E. coli containing either Avs
proteins or empty-vector controls (Fig. 1C and
data S1). We hypothesized that coexpression of
Avs proteins with their putative triggers might
lead to cell death and depletion of the re-
spective phage genes from the pool, and we
performed deep sequencing to detect enrich-
ment or depletion of phage genes. Four phage
genes were generally toxic to all cells; how-
ever, two genes were depleted only in the
presence of Avs proteins, namely the large
terminase subunit (gp19) when coexpressed
with SeAvs3 and the portal protein (gp8)
when expressed with EcAvs4 (Fig. 1D and
fig. S4.). By Southern blot, we observed that
Avs3- and Avs4-mediated depletion of phage
DNA during infection was abolished in gp19
and gp8 knockout phage strains, respectively
(Fig. 1E and fig. S5), indicating that gp19 and
gp8 are both necessary and sufficient for Avs
activation.

To validate these findings, we transformed
plasmids expressing gp19 or gp8 into E. coli
harboring SeAvs3 or EcAvs4 and measured
cell viability. Consistent with our previous
results, we observed cell death after coexpres-
sion of SeAvs3 and gpl19, as well as coexpression
of EcAvs4 and gp8, but not with the reciprocal
pairs (Fig. 1E). This toxicity depended on the
predicted nuclease activity of both SeAvs3
and EcAvs4 and, importantly, was not due to
any intrinsic features of the natural phage
gene sequence, because recoded gene sequences
also led to cell death (Fig. 1F). Furthermore, the
enzymatic activity of the phage terminase,
which contains adenosine triphosphatase
(ATPase) and nuclease domains unrelated to
those of Avs proteins, was not required for
SeAvs3-mediated toxicity (Fig. 1F).

Avs proteins recognize a diverse range of
terminase and portal proteins

To investigate the specificity of Avs activation,
we cloned the portal and large terminase sub-
unit genes from 24 tailed phages, spanning
nine major phage families, and coexpressed
these genes in E. coli with 15 Avs systems
spanning all four Avs families (data S2 and S3).
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Fig. 1. Prokaryotic STAND NTPases recognize phage terminase and portal
proteins. (A) Maximum likelihood tree of the ATPase domain of selected
NLR-like STAND NTPases in four model organisms across kingdoms of life.

(B) Domain architectures of representative NLR-like genes in (A). Ankyrin, ankyrin
repeat; BIR, baculoviral inhibitor of apoptosis repeat; CARD, caspase activation
and recruitment domain; FIIND, function to find domain; LRR, leucine-rich repeat;
PLP, patatin-like phospholipase; PYD, pyrin domain; RX-CC, potato virus X

‘We quantified cellular toxicity and depletion of
specific Avs-phage protein pairs for all 720
combinations by deep sequencing (Fig. 2A and
data S2). These experiments revealed precise
target specificity: Avsl to Avs3 recognized only
large terminase subunits, whereas Avs4 recog-
nized only the portal protein (Fig. 2B and
fig. S6). To assess the robustness of the assay,
we repeated these experiments by varying the
Avs promoter or the amount of terminase
and portal induction and obtained similar
results (fig. S7). Surprisingly, Avsl and Avs2

Gao et al., Science 377, eabm4096 (2022)

log,, average

also recognized terminases despite the lack of
substantial sequence similarity among the
C-terminal TPRs of Avsl to Avs3, although
we detected a structurally similar  sheet-
rich domain at the end of the TPR arrays in
all three proteins (fig. S8). These findings
demonstrate conservation of target recogni-
tion across Avs families and suggest that the
portal and large terminase subunit are key
PAMPs that are recognized by prokaryotes.
Moreover, Avs systems recognize PAMPs from
diverse phages; for example, SeAvs3 and EcAvs2

12 August 2022

resistance protein coiled-coil domain; TPR, tetratricopeptide repeat; WD40, WD40
repeat. (C) Schematic of the genetic screening approach used to identify phage-
encoded activators of Avs proteins that induce cell death. AmpR, ampicillin
resistance gene. (D) Genetic screen results for phage-encoded activators.

(E) Quantification of the phage DNA band intensity in a Southern blot of DNA
isolated from phage-infected E. coli. WT, wild type. (F) Photographs of E. coli
cotransformation assays with avs genes and phage activators identified in (D).

were strongly activated by 20 of 24 and 19 of
24 tested terminases, respectively, and EcAvs4
was strongly activated by 15 of 24 tested portals
(>100-fold depletion) (Fig. 1F). Because the
portals and terminases from different phage
families have limited sequence similarity, with
less than 5% pairwise sequence identity in some
cases (Fig. 2C), but share the same core fold
(figs. S9 to S11), this broad range of activity
implies that Avs proteins are triggered by
conserved structural features rather than by
specific peptide sequences. Consistent with
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Fig. 2. Avs proteins are pattern-recognition receptors for the terminase
and portal of diverse tailed phages. (A) Schematic of the plasmid depletion
assay. (B) Heatmaps of plasmid depletion for the terminase and portal proteins
of representative phages spanning nine major tailed phage families. The native
avs promoter was retained for all homologs except for those outside of the
Enterobacteriaceae family (EpAvsl and CcAvs4). Terminases and portals were
induced with 0.002% arabinose. Horizontal black lines at the top of the panel
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indicate groups of terminase proteins with at least 20% pairwise sequence
identity. Asterisks indicate prophages. aa, amino acids; CTD, C-terminal domain;
D. archaeon, Desulfurococcales archaeon ex4484_217 2; E. coli-1, E. coli
NCTC9020; E. coli-2, E. coli M885; S. flava, Sphingopyxis flava R11H. (C) Pairwise
amino-acid sequence identity between the core folds of the terminases and
portals in (B), excluding nonconserved regions. (D) Activity of four Avs proteins
against the human herpesvirus 8 (HHV-8) terminase and portal.
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this possibility, EcAvs2 and EcAvs4 displayed
weak but clear recognition of the terminase
and portal, respectively, of human herpesvirus 8
(Fig. 2D), which is a highly diverged evolution-
ary derivative of tailed phages (25) and does not
infect prokaryotes.

SeAvs3 and EcAvs4 are phage-activated
DNA endonucleases

SeAvs3 and EcAvs4 contain predicted N-
terminal PD-DExK-family nuclease domains
(Fig. 3A), which we hypothesized degrade
phage and cellular DNA upon target recog-
nition. The nuclease domain of SeAvs3 is most
similar to Cap4 effector nucleases of cyclic
oligonucleotide-based defense systems (26, 27),

whereas EcAvs4 has an Mrr-like restriction
endonuclease (28). Both Avs proteins contain
conserved D-QxK or E-QxK catalytic motifs
(Fig. 3B), and, in addition to the STAND NTPase,
the SeAvs3 system contains a small open read-
ing frame (ORF), the deletion of which reduced
antiphage activity in E. coli (fig. S12A).

To biochemically reconstitute Avs activity
in vitro, we purified recombinant SeAvs3, the
protein encoded by the small ORF, EcAvs4,
and the PhiV-1 terminase (gp19) and portal
(gp8) proteins (fig. S13A). We incubated
SeAvs3 and the small ORF product with linear
double-stranded DNA (dsDNA) and observed
progressive degradation of the substrate in
the presence of gp19 but not gp8 (Fig. 3, C and

D). This nuclease activity was dependent on
the catalytic residues of SeAvs3 but did not
require the small ORF product (Fig. 3C). We
further investigated the substrate specificity
of Avs systems and found that the nuclease
activity was specific for dSDNA, whereas single-
stranded DNA and RNA were not cleaved (fig.
S13B). Moreover, SeAvs3 cleaved both linear
and circular dsDNA, including E. coli genomic
DNA (fig. S13C), indicative of endonuclease
activity with no specificity for phage DNA,
which is consistent with an abortive infec-
tion defense mechanism.

We next investigated cofactor requirements
of SeAvs3 and found that in vitro activity de-
pends on both Mg?* and adenosine triphosphate

A &
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Fig. 3. SeAvs3 and EcAvs4 are phage-activated DNA endonucleases.

(A) Domain architecture of SeAvs3 and EcAvs4. (B) Alignment of Avs D-QxK
nuclease motifs with characterized Cap4 and Mrr representatives. Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
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Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (C to E) Agarose gel
analysis of SeAvs3 nuclease activity in vitro with a linear dsDNA substrate
[(C) and (D)] and cofactor requirements (E). (F to H) Agarose gel analysis of
EcAvs4 nuclease activity in vitro with a linear dsDNA substrate [(F) and (G)]
and cofactor requirements (H).
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(ATP); however, ATP hydrolysis is not strictly
required because nuclease activity was ob-
served at a reduced level in the presence of
the nonhydrolyzable ATP analog adenylyl-
imidodiphosphate (AMP-PNP) (Fig. 3E). We also
found that the nuclease activity of EcAvs4 is
activated by gp8, but not by gp19, and was abol-
ished in an EcAvs4 Q63A/K65A (GIn®>—Ala/
Lys®*—Ala) nuclease mutant (Fig. 3F). Similar
to SeAvs3, nuclease activity of EcAvs4 required
the presence, but not the hydrolysis, of ATP
(Fig. 3H), consistent with phage plaque assays
of SeAvs3 and EcAvs4 ATPase active-site mu-
tants (fig. S12B). Together, these experiments
indicate that SeAvs3 and EcAvs4 are promis-
cuous DNA endonucleases that are activated
by distinct, highly conserved phage proteins
in an ATP-dependent manner.

Structural basis of Avs binding and
target recognition

To investigate how Avs systems recognize and
bind their cognate phage proteins, we solved
cryo-electron microscopy (cryo-EM) structures
of the SeAvs3-terminase and EcAvs4-portal
complexes in the presence of ATP and Mg**
(figs. S14 to S17 and table S1). A reconstruc-
tion at 3.4-A resolution revealed that SeAvs3
forms a tetramer, with each C-terminal TPR
domain gripping the ATPase and nuclease do-
mains of the gp19 terminase (Fig. 4, A and B).
These TPR lobes are flexible and required
symmetry expansion to improve their local
resolution to 3.4 A (Materials and methods
and figs. S15 to S17). For EcAvs4 bound to the
PhiV-1 gp8 portal (Fig. 4, C and D), image pro-
cessing revealed equal abundances of a tetra-
meric complex and an octameric complex
corresponding to tetramer head-to-head di-
merization (fig. S14). At lower protein con-
centrations, however, we observed only the
tetramer, indicating that it is most likely the
functional complex (fig. S14)). Negative-stain
and cryo-EM imaging of SeAvs3 and EcAvs4
in the absence of phage proteins revealed
only smaller monomeric particles (fig. S14),
indicating that phage protein binding is re-
quired for the assembly of SeAvs3 and EcAvs4
into tetramers.

Tetramerization of both SeAvs3 and EcAvs4
is mediated through their STAND ATPase
domains, which interact in a manner dis-
tinct from each other and from other char-
acterized STAND ATPase oligomers like the
Roq1 resistosome tetramer (29) or the Apafl
apoptosome heptamer (30) (fig. S18). The
SeAvs3 ATPase domain forms a C4-symmetric
tetramer by interactions between the nucleotide-
binding (NBD) and winged-helix (WHD) sub-
domains and the NBD subdomain of the
adjacent protomer, whereas the EcAvs4 ATPase
domain forms a C2-symmetric dimer of dimers
with a tighter interface (1232 A2 of buried sur-
face area, compared to 436 A? for SeAvs3),
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with adjacent WHDs and NBDs both interact-
ing (fig. S18). The smaller interface in SeAvs3
is compensated for by additional contacts be-
tween its C-terminal TPR domains (Fig. 4, A
and B). SeAvs3 and EcAvs4 both maintain ATP
in their active sites with an adjacent magnesium
ion coordinated by the canonical Walker A and
B motifs (Fig. 4, E and F). Notably, in both cases,
tetramerization of the STAND ATPase domains
brings adjacent N-terminal nuclease domains
close together, forming two nuclease dimers
with overall C2 symmetry (Fig. 4, G and L).
SeAvs3 and EcAvs4 contain nuclease effec-
tors of the PD-DExK superfamily. Conven-
tional PD-DExK nucleases (e.g., restriction
endonucleases) use a pair of acidic residues
to coordinate at least one metal ion and a
conserved lysine residue to bind the scissile
phosphate and stabilize the transition state
for nucleolytic cleavage (Fig. 4J) (31, 32). In the
SeAvs3 Cap4 tetramer, this arrangement of
residues is found in all four protomers; how-
ever, in the two “outward-facing” protomers,
an extended f strand makes a steric block for
DNA binding and/or metal coordination (Fig.
41). In the two “inward-facing” protomers, a
homotypic interface between the N-terminal
o helices prevents the formation of this f strand,
enabling the catalytic site to adopt the active
configuration (Fig. 4H). Based on the crystal
structure of the Hind III restriction endo-
nuclease (33), the inward-facing protomers
can be predicted to form a cavity for DNA
binding, with each protomer likely cleaving
opposite strands of the DNA (Fig. 4K). The
EcAvs4 Mrr tetramer shows a similar princi-
ple, whereby the two inward-facing protomers
contain active sites that resemble canonical
PD-DExK nucleases, but in the outward-facing
protomers, Glu*®, which is part of the conserved
trio of active-site residues, is displaced (Fig. 4,
M and N). Glu® is found in the loop that spans
residues 33 to 52, and interactions between
this loop on an “inward” protomer and an ad-
jacent “outward” protomer likely stabilize its
position in the inward protomer. Like the
SeAvs3 Cap4 tetramer, these two inward
protomers form a cavity that accommodates
DNA in a manner similar to Hind III (Fig. 4K).
SeAvs3 and EcAvs4 both contain extensive
TPR domains for binding their cognate phage
proteins, which we confirmed using a bacterial
two-hybrid system and protein copurification
(figs. S19 and S20). The SeAvs3 TPR domain
forms a left-hand-like structure capped by a
B sheet-rich C-terminal domain (Fig. 5A). This
domain has two cavities in which the termi-
nase ATPase and nuclease domains are nestled.
Consistent with the ability of SeAvs3 to bind
terminases with little sequence similarity
(Fig. 2C), there are few specific residue-
residue pair contacts between SeAvs3 and the
PhiV-1 terminase. Instead, binding is deter-
mined by shape and charge complementarity
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between the two proteins, burying more than
3700 A? of solvent-accessible surface area. This
complementarity is maintained across a diverse
range of experimental structures and AlphaFold
models of phage terminases (Fig. 5B). Addi-
tionally, SeAvs3 directly recognizes residues
within the two terminase active sites. In par-
ticular, Asp'”' in SeAvs3 forms a salt bridge
with the highly conserved Arg®! within the
Walker A motif of the terminase ATPase (Fig. 5,
C and E). An arginine in this position is found
in most terminase ATPases that activate SeAvs3
but not in nonactivating terminases (Fig. 5E
and fig. S21). These observations suggest that
Arg® within the Walker A motif is a determi-
nant of recognition specificity, and indeed,
mutation of the cognate arginine in the T4
terminase ATPase domain substantially re-
duced SeAvs3 activation by the ATPase domain
(Fig. 5F). Notably, an arginine is not typically
found in this position in endogenous cellular
ATPases (34), suggesting a possible mechanism
for avoiding off-target activation. Furthermore,
Arg"® and Lys"®® in SeAvs3 form salt bridges
to the four conserved aspartates that make
up the active site of the terminase nuclease
(Fig. 5, D and E), and mutation of Asp®®® in the
PhiV-1 terminase nuclease notably reduced
SeAvs3 activation by the nuclease domain (Fig.
5F). Thus, SeAvs3 directly reads the active-site
residues of both domains of the terminase.
Furthermore, the ATP ligand bound by the
terminase is detected by interactions between
the gamma phosphate and His"”° and Tyr'™*
of SeAvs3 (Fig. 5C). Targeting this ligand
presumably helps avoid phage escape muta-
tions, because ATP binding is required for the
function of the terminase.

Because SeAvs3 detects both domains of the
terminase, we hypothesized that there might
be some functional redundancy in these inter-
actions. Indeed, SeAvs3 was activated by the
nuclease domain alone from some phages,
including T7, but was also activated by the
ATPase domain alone from T4 and ZL19, a
T1 family phage (fig. S22). Likewise, SeAvsl
was activated by the nuclease domain from
T7, but in the case of ST32, both the nuclease
and ATPase domains were required. These
results suggest that Avsl and Avs3 recognize
both the nuclease and ATPase domains but
differ in the extent of activation by either do-
main, depending on the terminase. By con-
trast, deletion of the nuclease domain had no
impact on Avs2 activity for any of the five tested
terminases, suggesting that Avs2 recognizes
the ATPase domain only (fig. S22). This pat-
tern of recognition is consistent with the larger
size of Avsl and Avs3 compared with Avs2.

The TPR domain of EcAvs4 also binds the
PhiV-1 portal with a large interface, burying
5800 A? of solvent-accessible surface area, that
includes notably few residue-residue contacts
(Fig. 5G). The portal protein is recognized
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Fig. 4. Cryo-EM structures A 0,;? NS c
of SeAvs3 and EcAvs4 SeAvs3 ATPase PR

in complex with their PSS §

cognate triggers. (A and vveee ATPase Nudease »

B) Structure of the SeAvs3-
terminase complex.

(C and D) Structure of

the EcAvs4-portal complex.
(E and F) ATP molecule

in the STAND ATPase active
site of EcAvs4 and SeAvs3.
The cryo-EM density is
shown as a transparent
surface. (G) SeAvs3
Cap4-like nuclease effector
domain. (H and I) Active
sites for the inward- and
outward-facing protomers
of the SeAvs3 Cap4-like
nuclease. (J) Equivalent view
of the active site of Hind IlI B
bound to target DNA with

two divalent metal ions

[Protein Data Bank (PDB)

ID 3A4K]. (K) Electrostatic
surface potential for the

SeAvs3 Cap4-like nuclease

and the EcAvs4 Mrr-like

nuclease. Active sites are
indicated by purple circles.

|deal B-form DNA is

modeled on both surfaces

based on the crystal

structure of Hind Il bound

to its target (PDB ID G
3A4K). (L) EcAvs4 Mrr-like
nuclease effector domain.
(M and N) Active sites

for the inward- and outward-
facing protomers of the
EcAvs4 Mrr-like nuclease.
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through its stem, clip, and part of its wing
domain. In an assembled dodecameric portal
complex, these regions are found toward the
interior and are therefore more constrained in
their fold requirements (Fig. 5I). Consistent
with this observation, we performed random
mutagenesis by polymerase chain reaction
(PCR) to screen for portal mutations that
abrogate Avs4 activation and found that all
29 identified mutations were nonconservative
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Cap4 nuclease

Outward-facing active site (PDB: 3A4K)

and located in the core wing or stem regions
(fig. S23), possibly disrupting the core portal
fold. The clip domain, which contains a con-
served antiparallel  sheet with an intervening
o helix, is recognized by B-sheet augmenta-
tion with a hairpin of EcAvs4 (Fig. 5H), a mode
of fold recognition that does not depend on
the amino acid sequence of the target. Be-
cause portal proteins are not enzymes, there

Hindlll active site

are no active-site residues to target as in the
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Loop
,ﬂ,

Mrr nuclease
Outward-facing active site

Mrr nuclease
Inward-facing active site

SeAvs3-terminase complex. Finally, portal oligo-
merization is not compatible with the Avs4-
bound state (Fig. 5H), suggesting that Avs4
recognizes portal monomers before they assem-
ble into the procapsid.

Avs proteins are widespread and possess
diverse, modular effector domains

To assess the diversity of avs genes in pro-
karyotes, we collected all intact homologs
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Fig. 5. Structural basis for viral-fold recognition by SeAvs3 and EcAvs4.
(A) The interface between SeAvs3 and the PhiV-1 terminase. An SeAvs3 surface
view is shown in transparency. SeAvs3 is colored from the N to C terminus
according to the key. (B) AlphaFold or crystal structures of different terminases
modeled into SeAvs3. The ATPase and nuclease domains were individually
aligned to the PhiV-1 terminase domains. (C and D) Recognition of the

PhiV-1 terminase ATPase and nuclease active sites by the SeAvs3 TPR domain.
(E) Sequence logos for terminase ATPase Walker A motifs and terminase
nuclease active sites. A total of 11,000 terminase sequences were clustered at
30% sequence identity, and motifs were extracted from clusters containing
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terminases targeted or not targeted by SeAvs3 according to Fig. 2B (see also
fig. S21). (F) Plasmid depletion assay for SeAvs3 coexpressed in E. coli with

a terminase ATPase or nuclease domain harboring active-site mutations. (G) The
interface between EcAvs4 and the PhiV-1 portal. An EcAvs4 surface view is
shown in transparency. EcAvs4 is colored from the N to C terminus according to
the key. (H) B-sheet augmentation between EcAvs4 and the portal clip domain.
(I) Comparison of the EcAvs4-bound state of the PhiV-1 portal, the cryo-EM
structure of the highly homologous T7 portal in its native virion, and AlphaFold
models of diverse portals. A top view of the assembled dodecamer of the T7
portal is also shown.

from each of the four families present in the
National Center for Biotechnology Informa-
tion (NCBI) nonredundant protein sequence
database (data S4 to S8). The avs genes were
identified in ~4: to 5% of sequenced prokaryotic
genomes and are broadly distributed (Fig. 6A),
with at least one avs gene detected in 27 of
29 and 3 of 10 well-represented bacterial and
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archaeal phyla, respectively (Fig. 6B and fig.
S24A). Each Avs family has a characteristic pro-
tein size (Fig. 6C). We next constructed phylo-
genetic trees of each of the four families (Fig. 6,
D and E; and fig. S24, B and C) and found that
these trees did not follow bacterial and archaeal
phylogenies, suggesting extensive horizontal
gene transfer, particularly for avs2 and avs4, in
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agreement with previous analyses of STAND
NTPases (14, 15). Furthermore, we detected at
least 18 distinct types of N-terminal effector
domains present in Avs proteins, including
non-nuclease domains such as proteases, nucle-
osidases, sirtuins (SIR2), Toll/interleukin-1
receptor homology (TIR) domains, cytidine mo-
nophosphate (CMP) hydrolases, transmembrane
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Fig. 6. Taxonomic distribution and A
domain architectures of Avs families.
(A) Distribution of avs genes across
phyla. The values above the bars
indicate the number and percentage

of genomes containing each gene.

PVC, Planctomycetota, Verrucomicrobiota,
and Chlamydiota. (B) Number of
bacterial and archaeal phyla (minimum
100 sequenced isolates) with at least
one detected instance of an avs

gene. (C) Kernel density plots of the
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helices, and domains with unknown functions
(data S4 to S8). Some less common variants
are predicted to participate in intracellular sig-
naling networks through effector-associated
domains (EADs) that may recruit a caspase-like
protease by protein-protein interaction (35, 36)
(fig. S25), reminiscent of animal NLRs.

The apparent frequent exchange of N-
terminal domains in the evolution of the Avs
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families emphasizes the modular organization
characteristic of STAND NTPases (15) and
implies that closely related ATPase and TPR
domains can activate a wide range of effector
functions beyond DNA cleavage. To test this
hypothesis, we chose an Avs4 homolog from
Sulfurospirillum sp. that contains ATPase and
TPR domains that are highly similar to those
of EcAvs4, with 44% overall amino acid iden-
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Mrr nuclease  Sulfurospirillum sp.

tity, but encompasses an N-terminal region
with predicted transmembrane helices instead
of a nuclease (fig. S26A). We generated a chi-
meric Avs4 protein by transplanting the trans-
membrane domain to EcAvs4 and found that
the chimera conferred protection against T7,
PhiV-1, and ZL19 (Fig. 6F and fig. S26B) while
retaining the ability to recognize the portal
proteins from diverse phages (fig. S26C).
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Phages inhibit Avs defense through diverse
antidefense proteins

Bacterial and archaeal viruses have evolved
diverse mechanisms to counteract defense sys-
tems (37), including numerous anti-restriction
and anti-CRISPR proteins (38, 39). We hypoth-
esized that Avs inhibitors might exist among
phage early genes, which are expressed be-
fore the portal and terminase genes during

the phage life cycle. Focusing on the Auto-
graphiviridae family of T7-like coliphages,
which have readily identifiable early genes, as
well as portals and terminases that strongly
activate Avs proteins, we identified a set of
122 representative early genes that typically
encode small proteins (median length 77 amino
acids), typical of antidefense genes (data S9).
We performed a genetic screen for suppressors

of Avs toxicity by coexpressing these genes with
SeAvs3, EcAvs4, or KpAvs4 and their cognate
trigger (Fig. 7A). We identified several early
genes that rescued cell growth (Fig. 7B), most
of which originate from a hypervariable re-
gion within a group of closely related phages
isolated from wastewater (Fig. 7C) (40, 41).
To validate these observations, we pro-
duced three of the Avs inhibitors by cell-free
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matic of a pooled screen in
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translation and observed inhibition of SeAvs3
nuclease activity in vitro by Lidtsur-17 and, to a
lesser degree, by Forsur-7 (Fig. 7D). Lidtsur-17,
Forsur-7, and Lidtsur-6 were also active in
phage plaque assays and restored phage prop-
agation on Avs-containing E. coli (fig. S27). Sur-
prisingly, these inhibitors were active against
different Avs families, including the chimeric
Avs4, where the effector nuclease of EcAvs4
was replaced with a transmembrane domain.
Furthermore, the lack of detectable sequence
similarity between these inhibitors suggests
distinct modes of action, which resembles the
case of the highly diverse anti-CRISPRs (38, 39).
Further studies will be required to elucidate
how these phage proteins block Avs activity.

Discussion

Here, we characterize four families of prokary-
otic STAND NTPases and demonstrate that
they are pattern-recognition receptors against
two phage proteins: the large terminase sub-
unit and the portal. These proteins, along with
the major capsid protein, are the signature pro-
teins of the virus realm Duplodnaviria, which
unites tailed phages and tailed archaeal viruses
with herpesviruses (25). Members of this realm,
particularly tailed phages, are the most abun-
dant among known viruses (42, 43). The portal
protein nucleates virion assembly, occupying
the distinctive pentameric vertex of capsids and
providing the attachment site for the phage
tail, and serves as the channel for genome
entry into and exit from the capsid (44). The
terminase is the motor that packages the phage
genome into the capsid at high density and
pressure, using the energy of ATP hydrolysis,
and cleaves DNA concatemers into genome-
size units (45). The universal, complex molecu-
lar functions of these proteins engender strong
selective constraints and hence evolutionary
conservation. It is therefore logical that these
particular proteins were selected as the targets
for pattern recognition during the coevolution
of prokaryotes with viruses. The three groups
(Avsl to Avs3) that recognize terminases
do not form a clade in the phylogeny of the
STAND domain (fig. S3), suggesting that de-
fense based on terminase recognition evolved
independently on multiple occasions.

The in vitro reconstitution and structural
analysis of two Avs systems described here pro-
vide insight into their mechanism of defense,
including promiscuous DNA endonuclease
activity (Fig. 7E). Although many Avs proteins
contain predicted nucleases, we identified di-
verse N-terminal effector domains throughout
Avs families, indicating distinct mechanisms
of defense that remain to be characterized. The
demonstration that at least some of these effec-
tors can be swapped without compromising
Avs defense function highlights the modular
functionality of these proteins, which appears
important for the diversification of defense
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mechanisms. The effectors of SeAvs3 and
EcAvs4 are both activated by tetramerization,
suggesting that the diverse Avs effectors are
unified by the requirement for oligomerization
for activity, a common mechanism for signal
transduction by STAND NTPases (46). Indeed,
oligomerization is also involved in the activation
of Cap4 nucleases in cyclic oligonucleotide-
based antiphage signaling systems (26).

Notably, Avs proteins recognize conserved
structural features of their cognate targets
across an extreme variety of amino acid se-
quences, including those originating from both
tailed phages and archaeal viruses, as well as
eukaryotic herpesviruses, which are only dis-
tantly related and do not infect prokaryotes.
Structural analysis of Avs3 revealed that it di-
rectly detects the active-site residues and ATP
ligand of the terminase, thereby targeting the
moieties that are the most difficult for phages
to mutate without abrogating function.

Notable similarities, but also several differ-
ences, exist between eukaryotic NLRs and pro-
karyotic Avs proteins. Both are intracellular
receptors of the STAND superfamily that
detect PAMPs through C-terminal repetitive
structures. Both exhibit triggered oligomer-
ization, but with distinct interfaces between
the central ATPase domains (fig. S18). Simi-
lar to plant NLRs like RPP1 and the Roql
resistosome, both Avs3 and Avs4 form tet-
ramers, with the effector domains activated by
forming a twofold symmetric dimer of dimers
(29, 47). In the absence of their ligands, animal
and plant NLRs have autoinhibited states that
prevent oligomerization and effector activation
(19). Whether such states exist for Avs proteins
will require further investigation. In contrast to
Avs proteins, NLRs often contain N-terminal
adaptor domains that recruit other proteins
to form macromolecular complexes known as
inflammasomes or resistosomes (19). In these
complexes, the effector (e.g., caspase-1) is a
separate protein rather than a domain of the
NLR. By contrast, Avs effectors are usually the
N-terminal domain of the STAND NTPase.
This simpler organization might be advanta-
geous because counteracting phage replica-
tion requires a rapid, direct cellular response.
This contrast parallels the distinction between
the mechanisms of prokaryotic and eukary-
otic STING proteins, whereby bacterial STING
homologs directly activate TIR domain effectors
rather than regulate transcription, as mamma-
lian STINGs do (19, 48).

Bacteria and archaea encode numerous di-
verse STAND NTPases beyond the four families
characterized in this study (75). Although some
are not involved in defense, such as the tran-
scriptional regulators MalT (22), AfsR (23), and
GutR (24), several are confirmed defense genes
or are predicted to have a defense function
based on their enrichment in genome regions
adjacent to known defense systems (4, 49). We
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investigated several of these other defense-
associated systems (data S2) but observed no
detectable toxicity when coexpressed with any
of the 48 tested terminases or portals, suggest-
ing that they are triggered by other pathogen-
related patterns that remain to be identified.
Further investigation will reveal whether these
triggers are proteins and whether they are
phage-specific or endogenous to the host. For
instance, most characterized plant and fungal
NLRs sense the state of host pathways rather
than pathogen-specific proteins (19, 20), and it
remains a possibility that other groups of pro-
karyotic STAND NTPases function similarly.

Given the extensive sequence divergence
among the STAND NTPases, it is unclear
whether Avs proteins are direct evolutionary
ancestors of eukaryotic NLRs, although this
remains a possibility. Alternatively, or addi-
tionally, the characteristic tripartite domain
architectures of diverse STAND NTPases could
have evolved convergently, suggesting that this
modular organization is a facile way to create
allosterically activated enzymes that respond
to PAMPs and could inspire the design of
engineered molecular sensors. Overall, the
results of this work advance our understanding
of host-virus interactions in diverse microbes
and extend the paradigm of pattern recogni-
tion of pathogen-specific proteins to all three
domains of life.

Materials and methods
Phylogenetic analysis of STAND NTPases

For STAND phylogenetic analysis (fig. S3),
PSI-BLAST searches (50) against the database
of complete bacterial and archaeal genomes
(extracted from GenBank, March 2019) were
performed for three iterations using ATPase
domains of seven Avsl to Avs3 homologs (WP_
126523998.1, WP_115407481.1, WP_084007836.1,
WP_060615938.1, WP_139964370.1, WP_
063118745.1, and WP_001017806.1) investigated
experimentally. The 2000 best hits from each
run were taken and combined with 949 Avs4
homologs found in the NCBI nonredundant
protein sequence database (nr) in 2021. A non-
redundant set of 4843 sequences was used for
phylogenetic reconstruction using a hybrid
UPGMA/FastTree approach as follows. At the
first step, sequence clusters were obtained
using MMseqs2 (51) with a sequence similarity
threshold of 0.5, and the sequences within each
cluster were aligned using MUSCLE (52). At the
second step, cluster-to-cluster similarity scores
were obtained using HHSEARCH (53) (in-
cluding trivial clusters consisting of a single
sequence each) and normalized by the mini-
mum of the self-scores. Relative similarity
scores (s) were converted to distances (d) de-
fined as d = -In s, and a UPGMA (unweighted
pair group method with arithmetic mean)
dendrogram was constructed from the distance
matrix (54). At the third step, sequence-based
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trees were constructed from the cluster align-
ments using FastTree (55) (WAG evolution-
ary model, gamma-distributed site rates) and
rooted by midpoint; these trees were grafted
onto the tips of the profile similarity-based
UPGMA dendrograms. FastTree was also used
to calculate support values. Only the second
step of the above procedure was applied to
reconstruct the UPGMA dendrogram using
multiple alignments of selected well-supported
branches identified by the first procedure.

Construction of avs phylogenetic trees

Homologs of each of the four clades of avs
genes were identified using PSI-BLAST searches
against the NCBI nr database in June 2021
using position-specific scoring matrices for
each clade derived from manually curated mul-
tiple sequence alignments (MSAs) of conserved
regions. After a round of curation to remove
false positives hits and partial proteins, refer-
encing the corresponding genome assemblies
to correct misannotated start codons, a list
of 1584, 2342, 1018, and 1813 nonredundant
full-length proteins were obtained for Avsl,
Avs2, Avs3, and Avs4, respectively. To reduce
sampling bias, sequences were then clustered
at 95% sequence identity (minimum 80%
coverage) using MMseqs2 with parameters-
min-seg-id 0.95 -¢ 0.8—-cov-mode 1. One repre-
sentative from each cluster was selected for
subsequent analyses, resulting in 843, 1255,
630, and 1089 sequences for Avsl, Avs2, Avs3,
and Avs4, respectively.

MSAs of each Avs clade, excluding the varia-
ble N-terminal domains, were generated using
MAFFT v7.450 (56) with global pairwise align-
ment (parameters-maxiterate 1000-globalpair).
Alignments were trimmed using trimAl 1.2 with
a gap threshold of 0.25 (-gt 0.25). Phylogenetic
trees were built from the trimmed MSAs using
IQ-TREE 1.6.12 (57) with the LG+G4 model
and 2000 ultrafast bootstrap replicates (pa-
rameters -nstop 500 -bb 2000 -m LG+G4).
To categorize the N-terminal domains, the
N-terminal sequences were clustered using
MMseqs2 with parameters-min-seq-id 0.4 -c
0.8, and a representative sequence from each
cluster was analyzed using HHpred (58). Phyla
classification was determined from the NCBI
taxonomy database, and trees were rooted by
midpoint and visualized using iTOL (59).

The phylogenetic tree comparing the ATPase
domains of NLR-like genes across model or-
ganisms (Fig. 1A) was constructed in a similar
manner, incorporating the set of 23 human
NLRs and the best characterized NLRs from
Arabidopsis thaliana (60) and Neurospora
crassa (20, 61).

Taxonomic distribution of avs genes

To determine the taxonomic distribution of
avs genes, genome assemblies containing
one or more full-length Avs homologs were
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identified through the NCBI Identical Protein
Groups (IPG) database (data S8). Redundant
assemblies were removed on the basis of their
nine-digit accession numbers. To determine
the percentage of genomes containing avs
genes, the list of all available prokaryotic
assemblies was downloaded from https://
ftp.ncbi.nlm.nih.gov/genomes/GENOME _
REPORTS/prokaryotes.txt.

Construction of terminase and portal alignments

Structures of all tested terminase and portal
proteins were predicted using AlphaFold2
(62), and structures were aligned and visual-
ized using PyMOL 2.3.4. Representatives of
the predicted structures were used as input
for MSA construction using PROMALS3D (63).
Before computing pairwise sequence identi-
ties, MSAs were trimmed to retain only the
regions corresponding to the core terminase
or portal fold.

Cloning

Genes were chemically synthesized or ampli-
fied with Q5 [New England Biolabs (NEB)] or
Phusion Flash (Thermo Scientific) polymerase.
Plasmids were assembled using Gibson as-
sembly. Plasmid sequences were verified by
Tn5 tagmentation and high-throughput se-
quencing, as previously described (4, 64).

Bacterial strains

E. coli NovaBlue and NovaBlue(DE3) were
obtained from Millipore Sigma. E. coli K-12
(ATCC 25404) and strain C (ATCC 13706) were
obtained from the American Type Culture
Collection. All genetic assays were performed
with E. coli NovaBlue(DE3) unless indicated
otherwise.

Competent cell production

E. coli strains were cultured in ZymoBroth
with 25 ug/ml chloramphenicol and made
competent using Mix & Go buffers (Zymo)
according to the manufacturer’s recommended
protocol.

PhiV-1 fragment screen

DNA fragments consisting of intact ORFs were
amplified from phage PhiV-1 and cloned into
expression plasmids after a Lacl-repressed
T7 promoter. Plasmids were pooled with an
mNeonGreen-expressing control plasmid and
transformed into E. coli NovaBlue(DE3) con-
taining either SeAvs3, EcAvs4, or a pACYC184
empty vector. An additional sample consisting
of the plasmid pool transformed into empty
vector-containing E. coli NovaBlue, which does
not express from T7 promoters, was also in-
cluded to assess the basal toxicity of the phage
genes.

After 1 hour of outgrowth in SOC (super
optimal broth with catabolite repression)
medium at 37°C, cells were plated on LB agar
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plates containing 25 pg/ml chloramphenicol
and 100 pg/ml ampicillin in the absence of
isopropyl-B-D-thiogalactopyranoside (IPTG).
Plates were incubated for an additional 12 hours
at 37°C, after which surviving plasmids were
isolated by miniprep (Qiagen). A total of 200 ng
of plasmid for each condition was tagmented
with Tn5 to yield an average fragment size of
~500 base pairs. After addition of 0.5 volumes
of 0.1% SDS and column purification, tagmented
fragments were amplified over eight cycles by
Q5 DNA polymerase (NEB) with sample-specific
i5 and i7 index primers. Amplicons were gel ex-
tracted and sequenced on a NextSeq (Illumina)
using 150 cycles for the forward read. Reads
were mapped to reference sequences using
Geneious Prime. The read coverage of each
sample was then normalized to the read cover-
age of the mNeonGreen control within the same
sample. Finally, for each sample, the read cov-
erage per base was divided by the correspond-
ing read coverage per base for the empty vector
NovaBlue(DE3) control (Fig. 1D) or by that of
the empty-vector NovaBlue control (fig. S4).

Terminase and portal depletion screens

Terminase and portal genes were amplified
directly from phage samples or chemically
synthesized (Twist Bioscience) with codon op-
timization for E. coli. Genes were expressed
under the control of a pBAD promoter. Plas-
mids were pooled with an mCherry-expressing
control plasmid and transformed into E. coli
NovaBlue(DE3) containing an Avs system
or a pACYC184 empty vector. After 1 hour of
outgrowth in SOC at 37°C, cells were plated on
LB agar plates containing 25 pg/ml chloram-
phenicol and 100 pg/ml ampicillin with 0.002%
arabinose or, in some cases, with 0.2% arabi-
nose, as detailed in the figures. After an addi-
tional 12 hours at 37°C, plasmids were isolated
and sequenced, and depletion values (Fig. 2, B
and D; and figs. S7 and S26C) were computed
as described for the PhiV-1 depletion screen.

Portal and terminase mutant screens

Two synonymous versions of the T7 portal
gene were randomly mutagenized by PCR
using KAPA HiFi HotStart ReadyMix DNA
polymerase (Roche) and cloned by Gibson
assembly into a plasmid backbone containing
a Lacl-repressed T7 promoter. Plasmids were
column purified and transformed into E. coli
NovaBlue(DE3) containing EcAvs4, KpAvs4,
or CcAvs4. Cells were plated on LB agar plates
containing 25 ug/ml chloramphenicol and
100 pg/ml ampicillin in the absence of IPTG.
After overnight growth, surviving colonies were
sampled at random, cultured, and sequenced,
and those containing single amino acid substi-
tutions in the portal were retained for subse-
quent analysis. To reduce the number of stop
codons and frameshift mutants sampled, a fluo-
rescent protein (mNeonGreen) was included in
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the plasmid backbone immediately after the
portal ORF with a single-nucleotide overlap,
such that mNeonGreen was translated only if
the portal ORF remained intact (65) (fig. S23,
A and B). Both portal and mNeonGreen were
translated as separate polypeptides.

To quantitatively assess the effect of each
mutant on Avs4-mediated toxicity (fig. S23C),
mutant plasmids were pooled and retrans-
formed into Avs4-containing E. coli as de-
scribed for the PhiV-1 depletion screen. Fold
depletion was also quantified as described,
with the exception that only reads containing
20-mer sequences specific to one mutant (i.e.,
mapping to the mutation site) were counted in
the analysis. A similar procedure was followed
to quantify the effect of truncation of the
terminase or portal (figs. S22 and S23E), as
well as terminase-domain mutations (Fig. 5F).

Antidefense screen

Putative early genes from Autographiviridae
coliphages were tabulated and clustered at
50% sequence identity and 50% coverage using
MMseqs2 (-min-seq-id 0.5 -¢ 0.5), resulting in
120 clusters. One representative was selected
from each cluster, along with two additional
sequences, for a total of 122 initial candidates
(data S9). Genes were synthesized by Twist
Bioscience and cloned by Gibson assembly into
expression vectors containing either the portal
or terminase from phage PhiV-1 driven by a
PBAD promoter. Antidefense candidates were
expressed under the control of a lac promoter.
Plasmids were pooled and transformed into
E. coli containing SeAvs3, EcAvs4, KpAvs4,
or an empty vector. Cells were grown at 37°C
for 16 hours on LB agar plates containing
25 ug/ml chloramphenicol and 100 pg/ml
ampicillin with no added arabinose. After
plasmid isolation, antidefense candidates
were amplified over two rounds of PCR to
attach eight-nucleotide i7 and i5 index bar-
codes and sequenced with a 600-cycle MiSeq
kit to ensure maximal coverage of each ORF.
Reads containing mutations were discarded
in the subsequent analysis.

Phage plaque assays

E. coli host strains were grown to saturation at
37°C in LB or Terrific Broth. To 10 ml of top
agar (10 g/liter tryptone, 5 g/liter yeast extract,
10 g/liter NaCl, 7 g/liter agar), chloramphenicol
was added to a final concentration 25 pg/ml
and, if needed, ampicillin to a final concentra-
tion of 100 pg/ml. Ten-fold dilutions of phage
in phosphate-buffered saline were spotted on
the plates. After overnight incubation at 37°C,
plates were photographed in a dark room with
a white backlight.

Construction of mutant phages
PhiV-1 gp8 and gp19 knockout phages were
constructed as previously described (66, 67)
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using plasmid donors with homology arms to
gp8 or gpl9 in a treA™ E. coli strain [JW5856
from the Keio collection (68)]. The trxA gene
was inserted via the donor into the PhiV-1
genome as a selection marker.

Protein purification

Avs genes were cloned into pCDF-Duet expres-
sion plasmids containing a C-terminal 6xHis
tag. PhiV-1 gp8 and gp19 genes were cloned
into TwinStrep-SUMO expression plasmids.
Proteins were expressed in E. colt BL21(DE3)
cells (NEB no. C2527H). Cells were grown in
Terrific Broth to mid-log phase, and the tem-
perature was lowered to 18°C. Expression was
induced at ODggo 0.6 with 0.25 mM IPTG for
16 to 20 hours before harvesting and freezing
cells at —80°C. Cell paste was resuspended in
lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM
NaCl, 5% glycerol) supplemented with EDTA-
free cOmplete protease inhibitor (Roche).
Cells were lysed using a LM20 microfluidizer
device (Microfluidics), and cleared lysate was
bound to either Strep-Tactin Superflow Plus
(Qiagen) or Ni-NTA Superflow resin (Qiagen).
For TwinStrep-SUMO phage proteins, the resin
was washed with lysis buffer, and proteins
were eluted with lysis buffer supplemented
with 5 mM desthiobiotin. The TwinStrep-
SUMO tag was removed by overnight digest
at 4°C with homemade SUMO protease Ulpl
at a 1:100 weight ratio of protease to target.
Cleaved proteins were run on a Superose 6
Increase column (GE Healthcare Life Sciences)
with a final storage buffer of 25 mM Tris-HCl
pH 7.5, 500 mM NaCl, 10% glycerol, and 1 mM
dithiothreitol (DTT).

Avs proteins containing 6xHis tags were
bound to Ni-NTA resin in the presence of
25 mM imidazole, washed with lysis buffer
containing 50 mM imidazole, and eluted with
lysis buffer containing 300 mM imidazole.
SeAvs3 was diluted to a final concentration
0of 100 mM NacCl and purified using a Resource
Q column on an AKTA pure 25 L (GE Health-
care Life Sciences) with a 100 mM-1M NacCl
gradient. EcAvs4 was further purified by di-
luting to a final concentration of 100 mM NaCl
and absorbing contaminants by flowing the
protein over a Resource Q and Heparin HP
column. SeAvs3 and EcAvs4 were concentrated
and loaded onto a Superose 6 Increase column
with a final storage buffer of 25 mM Tris-HCl
pH 7.5, 500 mM NaCl, 10% glycerol, and 1 mM
DTT. SeAvs3 for cryo-EM analysis was purified
in the same buffer without glycerol and only
300 mM NacCl, then concentrated to 1.4 mg/ml
in a 500-ul 100,000 molecular weight cutoff
(MWCO) Amicon spin concentrator.

Avs complex purification

Avs-TwinStrep constructs were cotransformed
with plasmids expressing either gp8 or gp19
into electrocompetent E. coli BL21(DE3) (Sigma
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Aldrich CMC0016) and grown and induced
as before. Avs pulldowns using Strep-Tactin
Superflow Plus resin were run on SDS-PAGE
(SDS-polyacrylamide gel electrophoresis) gels,
and gp8 and gp19 bands were excised and
confirmed by mass spectrometry (Taplin Bio-
logical Mass Spectrometry Facility, Harvard
Medical School). For tandem affinity purifica-
tion, plasmids containing SeAvs3-6xHis and
gpl19-StrepTag were cotransformed into elec-
trocompetent E. coli BL21(DE3) and grown and
induced as before. An SeAvs3-gpl19 complex was
purified using Ni-NTA followed by Strep-Tactin
SuperFlow Plus resin. The final elution was
run on a Superose 6 Increase column and
yielded a peak elution at 13 ml containing a
1:1 ratio of SeAvs3 and gp19, as determined
by SDS-PAGE band intensity analysis. A stan-
dard curve was generated using the Bio-Rad
Gel Filtration Standard (1511901), and the gel-
phase distribution coefficient (K,.) was cal-
culated as (elution volume - void column)/
(column volume - void volume).

SeAvs3-terminase complex formation
for cryo-EM

Atotal of 20 ug of SeAvs3 was mixed with 8.3 ug
of PhiV-1 gp19 terminase in a total volume of
24 ul in the presence of 17 mM Tris-HCl pH
7.5,280 mM NaCl, 0.8 mM DTT, 2% glycerol,
5 mM MgCl,, and 1 mM ATP. The reaction
was incubated at 37°C for 30 min and placed
on ice for ~1 hour before cryo-EM grid prepa-
ration. Cryo-EM grids were prepared on a
Thermo Scientific Vitrobot Mark IV at 4°C
and 100% humidity. A total of 3 ul of reaction
was applied to a freshly glow-discharged (12 s
at 15 mA) Cu 300 R2/2 holey carbon grid with a
2-nm layer of amorphous carbon (Quantifoil).
After 30 s, the grid was manually blotted with
Whatman Grade 1 filter paper and plunged
into liquid ethane.

EcAvs4-portal complex formation for cryo-EM

PhiV-1 gp8 was cloned into an MBP-bdSUMO
expression plasmid, and EcAvs4 was cloned
into a pCDF-Duet plasmid with an internal
TwinStrep tag added between residues 114
and 115. The EcAvs4 Mrr-like nuclease active
site was mutated (Q63A/K65A) to allow co-
expression with the portal. These two plasmids
were cotransformed into E. coli BL21(DE3).
A total of 6 liters of culture was grown in
Terrific Broth to mid-log phase, and the tem-
perature was lowered to 18°C. IPTG (0.25 mM)
was added to induce expression, and growth
was continued overnight. Cell paste was re-
suspended in lysis buffer (50 mM Tris-HCI
pH 7.4, 250 mM NacCl, 5% glycerol, 5 mM
B-mercaptoethanol, 2 mM MgCl,, 0.1 mM ATP)
supplemented with EDTA-free cOmplete pro-
tease inhibitor (Roche). Cells were lysed using
a LM20 microfluidizer (Microfluidics) and
cleared lysate was bound to Amylose Resin
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High Flow (NEB). After extensive washing
with lysis buffer, the resin was eluted overnight
at 4°C by addition of 10 ug of homemade
bdSENP1 protease. Eluted protein was in-
cubated with Strep-Tactin Superflow Plus
resin, washed with lysis buffer, then eluted
with lysis buffer supplemented with 5 mM
desthiobiotin. The eluate was concentrated
in a 6-ml Vivaspin spin concentrator (30,000
MWCO) and run on a Superose 6 Increase
column using 20 mM Tris-HCl pH 7.4, 200 mM
NacCl, 2 mM MgCl,, and 0.1 mM ATP. Peak
fractions containing EcAvs4 and gp8 were
concentrated to 1.7 mg/ml using a 0.5 ml
Amicon spin concentrator (100,000 MWCO)
then immediately used for cryo-EM grid prep-
aration. Cryo-EM grids were prepared on an
Thermo Scientific Vitrobot Mark IV at 4°C and
100% humidity. A total of 3 ul of sample was
applied to a freshly glow-discharged (60 s at
15 mA) Cu 300 R1.2/1.3 holey carbon grid
(Quantifoil). The grid was blotted for 4 s with
blot force +5 and drain time 1 s, then plunged
into liquid ethane.

Cryo-EM data collection

All data were collected using the Thermo Sci-
entific Titan Krios G3i cryo TEM at MIT.nano
using a K3 direct detector (Gatan) operated in
super-resolution mode with twofold binning
and an energy filter with slit width of 20 eV.

For SeAvs3-gp19, 15,422 movies were collected
at 105,000x magnification giving a real pixel
size of 0.8697 A, with defocus ranging from
1 to 3.5 um with an exposure time of 1.15 s,
fractionated into 30 frames and a flux of
19.7 e /pix/s giving a total fluence per micro-
graph of 30 e”/A% For EcAvs4-gp8, 22,002 movies
were collected at 130,000x magnification giving
areal pixel size of 0.6788 A, with defocus ranging
from 1 um to 2.5 um with an exposure time of
0.6 s, fractionated into 24 frames and a flux of
23.6 e”/pix/s giving a total fluence per micro-
graph of 30.8 e /A%

Cryo-EM data processing

All cryo-EM data were processed using
RELION-4.0 (69). Movies were corrected for
motion using the RELION implementation of
MotionCor2, with 5-by-5 patches and dose-
weighting. Contrast transfer function (CTF)
parameters were estimated using CTFFIND-4.1.
All reported resolutions use the gold-standard
Fourier shell correlation with a cutoff of 0.143.

For the SeAvs3-gp19 dataset, particle pick-
ing was first carried out on 800 micrographs
using the Topaz general model (70). A good
subset of these particles, as determined by
three-dimensional (3D) classification, was
used to train Topaz, and this trained model
was used to pick 128,500 particles from the
entire dataset. Extracted particles, downscaled
fourfold, were subjected to 3D classification
without imposing symmetry using a reference
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derived from a preliminary dataset. A total of
44,489 particles, corresponding to 34.5% of
picked particles, showed sharp features and
apparent C4 symmetry and were reextracted
without binning and refined with C4 symmetry
imposed. After refining per-particle defocus
and global magnification, beamtilt, trefoil, and
performing Bayesian polishing, a reconstruc-
tion was yielded at 3.8-A resolution with clear
density for the SeAvs3 ATPase domain but
blurred density for both the N-terminal nu-
clease and C-terminal TPR+terminase domains.

To improve density for the N-terminal nu-
clease domains, 3D classification without
alignment was performed while imposing C2
symmetry. This revealed two equal popula-
tions of particles each with clear density for
the nuclease domains, related by a 90° rota-
tion in the 2 axis. In the refinement STAR file,
the parameter rinAngleRot was therefore in-
cremented by 90° for one of these populations,
before focused refinement starting at 1.8° local
angular searches with a soft mask around
the nuclease domains. This produced a re-
construction at 3.4 A, measured using the
same soft mask.

To improve density for the C-terminal
TPR+terminase domains, C4 symmetry ex-
pansion was performed on the C4 refinement
data.star file, followed by particle subtraction
with recentering using a mask around one
of the four asymmetric units. This generated
four subparticles for each original particle.
Refinement starting at 1.8° local angular
searches with a soft mask, followed by CTF
refinement and another round of refinement,
produced a reconstruction at 3.4-A resolution.

For the EcAvs4-gp8 dataset, 1825 particles
from 80 micrographs were manually picked
and used to train Topaz. The trained Topaz
model then picked 444,626 particles from
the entire dataset, which were extracted with
fourfold binning and subjected with 3D classi-
fication without imposing symmetry using the
octameric (pseudo-D4) EcAvs4-gp8 reference
derived from a preliminary dataset. A total of
133,133 particles (29.9%) showing the same
pseudo-D4 symmetry were reextracted at
1.034 A/pix and refined with D4 symmetry
imposed. After Bayesian polishing, this yielded
a 3.7-A resolution reconstruction. D1 symmetry
expansion followed by particle subtraction
was then used to convert these particles to
266,266 subparticles that correspond to the
tetrameric complex. Like SeAvs3-gp19, these
also had blurry density for the N-terminal
nuclease and C-terminal TPR+terminase do-
mains but additionally had poor density for
the ATPase domains, suggesting a C2 recon-
struction might be suitable for the whole
tetramer.

To improve overall density, a 3D classifi-
cation without alignment was first performed
with C2 symmetry imposed. This produced
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two equally occupied classes, collectively rep-
resenting a 169,977-particle subset (63.8%),
that appeared identical but for a 90° rotation,
but less clearly distinguished than the same
analysis on SeAvs3-gp19. Therefore, they were
refined together with local 1.8° angular searches
and C2 symmetry but with “Relax symmetry:
C4” to account for the pseudo-C4 symmetry.
This produced a consensus C2 refinement but
still with relatively blurred densities for the
nuclease and C-terminal TPR domains. The
nuclease domain density was improved by
focused refinement with a soft mask, followed
by refining anisotropic magnification, per-
(sub)particle defocus, and beamtilt, trefoil
and fourth-order aberrations, and second
refinement, yielding a 2.9-A resolution re-
construction. The C-terminal TPR domains
were improved by C4 symmetry expansion,
followed by C1 focused refinement with a
soft mask and CTF refinement, but still had
unclear density at the periphery at the site of
an important EcAvs4-portal contact. There-
fore, a final 3D classification was performed
with a soft mask just around this contact and
a regularization parameter (T) of 20. A total
of 500,066 selected subparticles (73%) were
then focus-refined with the same mask to yield
a reconstruction at 3.0-A resolution with better
density for this region.

Model building

Initial models for SeAvs3, EcAvs4, PhiV-1
gp8, and PhiV-1 gp19 were generated using
AlphaFold and fit into the cryo-EM maps using
ISOLDE (71) with adaptive distance restraints,
followed by manual rebuilding in Coot (72)
and further refinement in ISOLDE. Coordi-
nates were refined in real space using PHENIX
(78), performing one macrocycle of global
minimization and atomic displacement pa-
rameter (ADP) refinement and skipping local
grid searches.

In vitro cleavage reactions

Purified Avs proteins were incubated with nu-
cleic acid substrates in reaction buffer (20 mM
HEPES pH 7.5, 100 mM NacCl, 1 mM DTT,
5% glycerol). Typical reactions contained ~100 ng
of DNA substrate, 100 ng Avs protein, and 100 ng
gp8 or gpl9 in a 10-ul reaction volume. MgCl,
was added at 5 mM where indicated, and ATP
and AMP-PNP at 1 mM. Reactions were carried
out at 37°C for the indicated time, and products
were purified using a QIAquick PCR Purifi-
cation column (Qiagen) before agarose gel
analysis with a 1% E-Gel EX (Thermo Fisher
Scientific).

Bacterial two-hybrid assays

Expression plasmids were cloned by fusing
either the T18 or T25 fragments of CyaA from
Bordetella pertussis to nuclease-deficient Avs
proteins, as well as the PhiV-1 gp8 portal and
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gpl9 terminase. E. colt BTH101 cells (F,
cya-99, araD139, galE15, galK16, rpsLI (Str"),
hsdR2, mcrAl, merBI) were cotransformed
with pairs of T18 and T25 containing plas-
mids. Overnight cultures were diluted 1:20 and
plated on indicator plates containing 50 mg/ml
ampicillin, 25 mg/ml kanamycin, 500 pg/ml
ammonium iron(III) citrate, 300 ug/ml S-gal,
and 0.5 mM IPTG. Cells were grown at 30°C
overnight before imaging.

Southern blot analysis

E. coli K-12 (ATCC 25404) cultures were grown
to mid-log phase (ODggo 0.5), and for each
sample, 6 ml of culture was infected with wild-
type or mutant PhiV-1 at a multiplicity of
infection of 1. After 20 min at 37°C, before
cell lysis, infected cells were pelleted and
resuspended in 200 pl of media. After further
incubation at 37°C, for a total of 90 min,
samples were frozen in liquid nitrogen. DNA
was extracted from 200-ul cultures by adding
200 ul of lysis buffer (10 mM Tris-HCI pH 8.0,
1mM EDTA, 100 mM NaCl, 1% SDS, 2% Triton
X-100), 100 pl of glass beads, and 200 ul of
phenol-chloroform (1:1) followed by brief vor-
texing. Samples were centrifuged at 4°C, and
DNA from the upper layer was extracted with
chloroform and precipitated with the addition
of 1 ml of ice-cold 100% ethanol and centrifu-
gation at 4°C. DNA pellets were resuspended
in 200 ul of Tris-EDTA (TE) with 300 ug RNAse
A (Sigma-Aldrich) and incubated at 37°C for
1 hour. DNA was once again precipitated with
the addition of 1 ml of ice-cold 100% ethanol
and 20 pl of 4M ammonium acetate, centri-
fuged, dried, and resuspended in TE.

DNA was digested with Eco47 III and run on
a1% agarose gel in 1x Tris-borate-EDTA (TBE) at
100 V. The gel was denatured with 0.5 M NaOH
and 1.5 M NacCl for 30 min and neutralized
with 1.5 M NaCl and 0.5 M Tris-HCl pH 7.5 for
30 min. DNA was transferred to a Hybond N+
membrane (GE Healthcare Life Sciences) using
overnight capillary flow and 10X SSC buffer
(1.5 M Nacl, 150 mM sodium citrate, pH 7).
Membranes were UV-crosslinked (Stratalinker
1800, Agilent) and blocked at 61°C with Church
hybridization buffer (250 mM NaH,PO,, pH 7.2,
1mM EDTA, 7% SDS). Radiolabeled probes
complementary to the gpl3 gene were gen-
erated from purified PCR products using the
Prime-It Random labeling kit (Agilent) and
[a-32P]-dCTP. Membranes were probed over-
night, washed three times with 61°C Church
hybridization buffer, and exposed overnight
with x-ray film (GE Healthcare Life Science)
before developing. Quantification of phage
DNA bands was performed in Fiji with back-
ground signal subtracted.
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STAND against viral invaders

The innate immune systems of animals, plants, and fungi universally use nucleotide binding oligomerization domain—
like receptors (NLRs) of the STAND superfamily to detect molecular patterns common to pathogens. Gao et al. show
that NLR-based immune pattern recognition is also prevalent in bacteria and archaea, something that was not known
before. In particular, the authors characterized four families of NLR-like genes, finding that they are specific sensors
for two highly conserved bacteriophage proteins. Upon binding to the target, these NLRs activate diverse effector
domains, including nucleases, to prevent phage propagation. These findings demonstrate that pattern recognition of
pathogen-specific proteins is a common mechanism of immunity across all domains of life. —DJ
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