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A bacterial NLR-related protein recognizes
unrelated phage triggers to sense infection
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Immune systems must rapidly sense viral infections to initiate antiviral signaling and protect the host. Bacteria encode >100 distinct viral
(phage) defense systems and each has evolved to sense crucial components or activities associated with the viral lifecycle. Here we used a high-
throughput AlphaFold-multimer screen to discover that a bacterial NLR-related protein directly senses multiple phage proteins, thereby
limiting immune evasion. Phages encoded as many as 5 unrelated activators that were predicted to bind the same interface of a C-terminal
sensor domain. Genetic and biochemical assays confirmed activators bound to the bacterial NLR-related protein at high affinity, induced
oligomerization, and initiated signaling. This work highlights how in silico strategies can identify complex protein interaction networks that

regulate immune signaling across the tree of life.
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Introduction

Bacteria, like eukaryotes and archaea, have evolved diverse
molecular strategies to protect themselves against viruses. In
bacteria these are called phage defense systems and each typically
encodes sensor and effector components to allow the system to
recognize and respond to bacteriophage (phage) infection. Recent
studies have identified many unrecognized defense systems, but
amajor gap in our understanding is the mechanism by which each
senses infection'. This gap is potentiated by technical
limitations of common genetic and biochemical approaches.
Isolation of phage mutants that escape defense systems often
identifies genes that indirectly impact sensing or phage-encoded
inhibitors but can miss essential phage genes or redundant
activators. Mass spectrometry-based experiments often suffer
from high background, making it difficult to distinguish relevant
signals from noise. This can be particularly challenging for
activators that bind with lower affinity or are expressed at low
levels.

Protein structure prediction software offers an opportunity to
employ computational strategies to predict protein-protein
interactions and understand how defense systems sense infection.
Here, we used high-throughput AlphaFold-multimer screening to
identify phage proteins that are recognized by a phage defense
system®’. This software package uses amino acid sequence,
multiple sequence alignments, structural homology, and machine
learning models to enable protein structure prediction based on
input amino acid sequences’. The AlphaFold-multimer model
incorporates species-of-origin information and other parameters
to enable in silico prediction of structures for multichain
complexes and protein-protein interactions®. The multimer model
uses a weighted predicted template model score (pTM) that is
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calculated to measure interchain contacts and quantify the
confidence of a predicted interaction®’, meaning a higher
weighted pTM score represents a more confidently predicted
interaction between the proteins in the model.

We sought to understand phage protein sensing by bacterial
NACHT domain-containing (bNACHT) proteins. NACHT
domains are P-loop NTPases that are part of the large and diverse
family of STAND NTPases. In bacteria, many STAND NTPases
are antiphage and are broadly named AVAST or Avs systems®%*,
bNACHT defense systems are related to the well-characterized
mammalian NLR immune proteins that form inflammasomes,
other mammalian NACHT domain containing proteins involved
in immune signaling such as CIITA, and fungal NLR-like
immune proteins® 4, AVAST systems and bNACHT proteins are
also distantly related to plant NLRs!>!®, bNACHT systems are
potently antiphage and widely distributed in the genomes of
bacteria but have poorly characterized mechanisms for activation.
We screened a series of bNACHT proteins for interactions with
phage proteins using AlphaFold-multimer and identified that a
bNACHT C-terminal domain is an exceptionally versatile sensor
of many activators.

Results

An AlphaFold-multimer screen predicts phage proteins that bind
bNACHTI1

The bNACHTI11 protein from Klebsiella pneumoniae provides
robust defense against phages T2, T4, and T6, but the phage
sensing mechanism is unknown (Fig. 1B)°. Prior characterization
of bBNACHT11 and closely related defense proteins revealed that
bNACHT11 encodes a new type of pattern recognition domain
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Figure 1. An in silico screen identifies phage proteins predicted to bind bNACHT11.

(A) Schematic of the workflow for an in silico screen to identify phage-encoded activators of clade 14 bNACHT proteins (see Methods). Proteins encoded by 91
phages in the Tequatrovirus family were clustered using MMSeq2 ***' and 629 representative proteins were then screened using AlphaFold-multimer to predict
interactions with bNACHT proteins of interest. See table S1 for a list of all proteins used to generate the clusters, and a final list of the cluster representatives. (B)
Efficiency of plating of indicated phages infecting E. coli expressing bNACHT11 (+) or an empty vector (-). Data represent the mean + standard error of the mean
(SEM) of n = 3 biological replicates, shown as individual points. (C) Results of AlphaFold-multimer screening for bNACHT11 (WP_114260439.1). Average
weighted pTM score (ipTMx0.8 + pTMx0.2) was calculated for each protein screened, then ranked such that the highest-scoring proteins are on the right of the graph
(inset). High-scoring clusters are labeled with the name of the phage T2 or T4 protein in that cluster (T4 CDS 30.5: NP_049819.1; T2 gp009: YP_010073657.1; T2
gp006: YP_010073654.1; T2 gp028: YP_010073676.1; T2 gp021: YP_010073669.1; T2 gp046: YP_010073694.1; T2 gp072: YP_010073720.1; T2 gp057:

YP_010073705.1). See table S2 for the data used to generate this figure.

called a Short NACHT-associated C-terminal (SNaCT) domain.
SNaCT domains are widespread in bacteria, rapidly evolving, and
predicted to be crucial for phage sensing’. To understand
bNACHTI11 activators and the SNaCT domain, we used the
AlphaPulldown and AlphaFold-multimer software packages to
enable high-throughput computational screening for protein-
protein interactions between a representative set of phage-
encoded proteins and bNACHT11 (Fig. 1A, table S1 and S2,
Methods)®"!.

Phages T2, T4, and T6 are “T-even” phages and the best
characterized members of the double-stranded DNA phage genus
Tequatrovirus'®'. To capture the diversity of proteins encoded
by this genus, we used the MMSeq2 sequence-based software to
build a nonredundant library of clusters of phage proteins that
represents the pangenome of 91 different Tequatrovirus
members?*?!, To decrease the complexity of this library, we
excluded proteins that were shorter than 50 amino acids or found
in only one genome, which generated a final list of 629
representative phage proteins (table S1, Methods).

We then used AlphaFold-multimer® to predict interactions
between each representative Tequatrovirus protein and
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bNACHTI11. 15 predicted structures were computed for each
interaction and the weighted pTM scores were averaged. This in
silico screen identified several phage-encoded proteins that were
confidently predicted to interact with bNACHT11 (Fig. 1C).

Multiple phage proteins bind and activate bNACHT |

We selected several proteins encoded by phage T2 and/or T4 as
representatives of the highest scoring Tequatrovirus protein
clusters and used a genetic assay to interrogate their ability to
activate bNACHT11. We co-expressed genes from phage T2
(NCBI genome ID: NC _054931.1, gp006, gp009, gp028, gp021,
gp046, gp072, gp057) and T4 (NCBI genome ID: AF158101.1,
gene 30.5) using an inducible vector with bNACHT11 under its
endogenous promoter in E. coli MG1655. We and others have
reported that AVAST and bNACHT defense systems typically
initiate abortive infection in response to phage and activation of
bNACHT11-like proteins inhibited bacterial growth*%%!422,
Therefore we assayed for colony formation as a readout for
bNACHT activation. Coexpression of bNACHTI11 with T2
gp006, T2 gp009, T2gp028, or T2 gp046 resulted in a large
decrease in colony formation, suggesting that these proteins
activate bNACHT11 (Fig. 2A, fig. S1I). Subsequent analyses
revealed that the potent inhibition of colony formation for some
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Figure 2. Multiple phage proteins bind and activate PNACHT11.

(A) Quantification of colony formation of E. coli expressing an Empty Vector (-) or bNACHT11 (+) on one plasmid and gfp (EV) or indicated phage protein on a
second plasmid. The expression of gfp or phage proteins is IPTG-inducible. See fig. S1 for predicted structures and PAE plots of proteins tested. (B) Quantification
of recovered transformants of E. coli cotransformed with plasmids expressing an Empty Vector (-) or bNACHT11 (+) and a gfp empty vector (EV) or the indicated
phage protein. The expression of gfp and phage proteins is IPTG-inducible. For A and B, experiments were performed using 500 uM IPTG induction in LB media.
(C) Quantification of colony formation of E. coli expressing wild-type gp006 (WT) or gp006”** (120A) with a C-terminal VSV-G tag on one plasmid and empty
vector (EV) or bNACHTI11 on a second plasmid. For A-C, data represent the mean £ SEM of n = 3 biological replicates, shown as individual points. (D-F)
AlphaFold-multimer predicted structure of bNACHT11 (green) binding the indicated phage protein. (G-I) Binding curve of purified His-tagged gp006 and gp00
(G), gp009 (H), or gp057 (I) binding to purified bNACHT11, measured using microscale thermophoresis (MST). Data represent the average of n=4 (G) orn=3 (H
and 1) individual replicates + SEM. See fig. S2 for protein purification gels, untransformed individual replicates, and binding measurements in high salt conditions.
(J-L) Above: Traces showing the absorbance at 280 nM (Axs0) of the indicated samples being run over a size exclusion (SEC) column. Labels indicate the identity
of proteins in each peak. Below: Coomassie staining of representative samples taken from in between the indicated volumes. For samples containing both bNACHT11
and an activator, portions of the gel corresponding to each are shown. Top: bNACHT11. Bottom: activator. Data in J are representative of n = 3 replicates. Data in

K are representative of n = 1 replicates. Data in L are representative of n = 2 replicates.
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plasmid pairs selected for mutations during strain construction
(data not shown). We further tested plasmid pairs by
cotransforming into E. coli and plating directly on inducing vs.
non-inducing conditions. Expression of T4 30.5 and T2 gp057
with bNACHT11 resulted in fewer recovered transformants than
phage proteins alone, suggesting that these proteins are also
activators of BNACHT11 (Fig. 2B, fig. S1J).

To extend the results of our genetic assay, we purified
recombinant bNACHT11 and three candidate activators (T2
gp006, T2 gp009, and T2 gp057), and measured the affinity of
protein binding. We found that bNACHT11 binds gp006 with a
Kp of 80 = 21 nM, T2 gp009 with a Kp of 269 + 43 nM, and T2
gp057 with a Kp of 149 + 68 nM (Fig. 2G-1, fig. S2I-L). We
hypothesized that this binding was dominated by hydrophobic
interactions due to the number of hydrophobic residues at the
predicted binding interface. To test whether ionic contacts were
important in this interaction, we performed binding experiments
using bNACHT11 and T2 gp006 under high salt conditions (1 M
KCl) and found that the Kp of this interaction was not disrupted
(fig. S2G, H).

Previous investigations have demonstrated that human NLRs are
activated by directly binding a ligand, leading to a conformational
change in the core NACHT domain that -causes
oligomerization®»**, The conformational change requires NTP
binding. We hypothesized that the phage proteins identified in
our screen may similarly lead to oligomerization upon binding
bNACHTI11. To test this hypothesis, we used size exclusion
chromatography to detect the formation of higher molecular
weight complexes in samples containing bNACHT11, T2 gp006,
T2 gp009, T2 gp057, and/or NTP. We found that incubation of
bNACHT11 with ATP and each of these activators resulted in the
formation of a high molecular weight complex (Fig. 2J-L).
Investigation of the complex showed this peak contained
primarily the bNACHTI1 protein. This data suggests that
bNACHTI11 oligomerizes upon activator binding, in a manner
analogous to the formation of the inflammasome in humans or
resistosome in plants**?, The formation of this oligomer required
ATP binding, but not hydrolysis, as incubating bNACHT11 with
the nonhydrolyzable ATP analog AMP-PNP and T2 gp057
resulted in oligomerization (Fig. 2L). Using molecular weight
standards, we estimate that this complex consists of 6-9
bNACHTI11 monomers (fig. S3N).

To confirm the predicted binding interface of bNACHT11 and T2
gp006, we mutated isoleucine 20 in T2 gp006 to an alanine. This
residue is predicted to interact with a hydrophobic interface on
bNACHT11. We found that the gp0062°* mutation resulted in
decreased growth inhibition when coexpressed with bNACHT11
(Fig. 2C). We also found that purified T2 gp006™°A had a reduced
affinity for bNACHT11, with a Kp of 351 + 88 nM (Fig. 2G and
S2J). This data suggests that the predicted binding interface
between bNACHT 11 and its activators is likely accurate, but that
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Figure 3. PONACHT11 SNaCT domain mutants allow phage escape.

(A) Above: Zoomed in view of the AlphaFold-multimer predicted binding
interface between bNACHT11 (green) and gp006 (cyan). Residues predicted
to be involved in the interaction are labeled and shown as stick models.
Below: Domain organization of bNACHTI11, with lines indicating the
position of mutated residues. (B) Efficiency of plating of phage T2 infecting
E. coli expressing bNACHT11 of the indicated genotype. See fig. S3 for
phage T4 and T6 efficiency of plating. (C) Efficiency of plating of wild-type
(WT) or mutant (A) T2 phages infecting E. coli expressing bNACHT11-
6xHis (+) or an empty vector (-). (D) Efficiency of plating for a panel of
phage T2 mutants infecting E. coli expressing bNACHT11"*A-6xHis (+) or
an empty vector (EV). For B, C, and D, data indicate the mean + SEM of n =
3 biological replicates, shown as individual points.

additional residues play a role in T2 gp006 binding to
bNACHTI1.
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Figure 4. In silico screening of clade 14 bNACHT proteins reveals specificity features.

(A) Left: A sequence-based phylogenetic tree of NACHT modules generated using NACHT module-containing proteins from eukaryotes and prokaryotes. In green
is highlighted the monophyletic clade 14. Adapted from Kibby et al., 2023. Right: A phylogenetic tree built on 544 bacterial NACHT-containing ((INACHT) proteins
from clade 14 (see Methods). Yellow, green, and blue dots indicate the bootstrap values at those branch points. Pink dots indicate clade 14 bNACHT proteins with
confirmed phage defense phenotypes. Orange dots indicate additional bNACHT proteins screened for interactions with Tequatrovirus proteins (See table S2). See
table S3 for a list of proteins included in the tree. BNACHT11: WP_114260439.1, bNACHTO1: WP_015632533.1, bNACHTO02: WP_021557529.1, bNACHT12:
WP_021519735.1, bNACHT23: WP_000433597.1, a: WP_089552071, b: WP_201146468, c: WP_279077480, d: WP_248423937, e: WP_274682305, f:
WP_036160395, g: WP_047083588, h: WP_346532815,1: WP_021182293,j: WP_064277770. (B) Percent identity of an alignment of all clade 14 bNACHT proteins
used to assemble the tree on the right in (A). The position of the NACHT and SNaCT domains in the alignment is indicated below. (C) Heat map representing
AlphaFold-multimer screening of interactions between SNaCT domain-containing bNACHT proteins with Tequatrovirus proteins. X- and y- axes were arranged
using hierarchical clustering (see Methods, table S4). The bNACHT proteins are colored according to their position on the phylogenetic tree in A. Shown here is the
data for all cluster representatives with an average weighted pTM score > 0.4 for at least one bBNACHT protein screened. See fig. S4F for a heat map including every
phage protein cluster screened. (D) Inset of the highest scoring proteins for bNACHT11, bNACHTO02, and WP_089552071 from Fig. 4C. Phage proteins tested for
bNACHT11 activity are labeled above. (E) Colony formation of E. coli expressing bNACHTO2 on one plasmid and the indicated phage protein on a second plasmid.
The expression of phage proteins (+) or gfp (-) is IPTG-inducible. Experiments were performed using 500 pM IPTG induction in LB media. Data represent the mean
+ SEM of n = 3 biological replicates, shown as individual points.

The SNaCT domain interface mediates activator recognition

Surprisingly, the predicted structures of bNACHT11 interacting
with T2 gp006, T2 gp009, or T2 gp057 show a single binding
interface on bNACHT11 recognizing multiple unrelated phage
proteins. This surface is modeled as a predicted p-sheet fold that
helps to form a hydrophobic surface in the SNaCT domain (Fig.
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2D-F, Fig. 3A, fig. SIA—H). We hypothesized that mutations to
this surface would disrupt bNACHT11 activator binding and
decrease defense system sensitivity. To test the role of this
interface in activator recognition, we generated alanine mutants
to bNACHT11 S518, 1519, F522, 1549, and 1553 (Fig. 3B). We
mutated R214 in the NACHT domain of bNACHTII as a
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negative control. This residue is predicted to be involved
nucleotide binding?®, and previous work showed that mutation at
this position abrogates activity in a related bNACHT protein
without impacting expression’. We found that alanine mutations
to 1519, F522, and 1553 strongly decreased phage protection
against all phages tested. Mutations to S518 and 1549 subtly
decreased protection against phage T2, but strongly decreased
protection against phages T4 and T6 (Fig. 3B, fig. S3D, E). Both
the I519A and the F522A mutant phenotypes could be explained
by decreased protein expression, however, other mutants were
equivalently expressed (fig. S3C).

We further investigated the activity of these mutants in our
genetic assay for activation and found that both the S518 A mutant
and 1549A mutant maintained growth inhibition comparable to
wild-type bBNACHT11 when coexpressed with T2 gp006 (fig.
S3F). The I519A and I553A mutants disrupted the growth-
inhibiting effects of coexpression. These results suggest that
hydrophobic residues at the binding interface of the SNaCT
domain in bNACHTI11 are crucial for sensitive activator
recognition.

bNACHT1 recognizes a large pool of phage-encoded activators

We investigated bNACHT 11 activating proteins in the context of
phage infection by generating a panel of knockout phages missing
one or more putative activators. Individual and combined
deletions of gp006, gp009, gp028, or gp057 could be constructed
using conventional methods, showing that these proteins are not
essential for phage replication. None of these deletion mutants
evaded bNACHT11-mediated defense (Fig. 3C, fig. S3). These
results suggest that there are additional, high-affinity activators
of bNACHT11 encoded by phage T2Agp6/9/57/28.

To demonstrate the role of gp006, gp009, gp028, and gp057 in
vivo, we reasoned that we needed to weaken the ability of the
SNaCT domain to recognize other unidentified phage activators,
thereby making phage recognition more dependent on the known
activators. Targeted mutations were constructed in the
bNACHT11 SNaCT domain and these strains were infected with
wild-type and T2 phages deleted for activating proteins.
Strikingly, we found that while bBNACHT115%4 conferred over
1,000-fold protection against wild-type T2, this mutant
completely lost protection against T2 phages lacking gp006,
gp009, gp028, or gp057 individually (Fig. 3D, S3H).
bNACHT11%%3 confers only weak protection against wild-type
phage T2, but this protection is also abrogated by deletion of
gp006 (fig. S31I).

Taken together, these data suggest that ONACHT11 directly binds
several phage proteins with high affinity to sensitively detect
redundant signatures of infection. Point mutations in the SNaCT
domain weaken the interaction between defense system and
activator, amplifying the effect of mutations to escape detection.
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High-throughput screening reveals SNaCT domain specificity
features

We next sought to expand our screen to predict activators of
related phage defense systems. Our previous analysis of NACHT
domain-containing proteins across the tree of life divided these
proteins in 25 monophyletic clades. bBNACHT11 is a member of
clade 14, a large group of proteins characterized by the presence
of a C-terminal SNaCT domain that is widely distributed in
bacteria (Fig. 4A)°. The sequence of the SNaCT domains found
in this clade were highly variable, suggesting that they are under
intense evolutionary pressure to diversify (Fig. 4B)°.

To understand the breadth of Tequatrovirus phage proteins
detected by clade 14 bNACHT proteins, we ran 14 related
SNaCT-containing bNACHT proteins through our AlphaFold-
multimer pipeline (Fig. 4C). We observe that closely related
clade 14 bNACHT proteins, such as bNACHT02, bNACHT11,
and WP_089552071, are predicted to interact with many of the
same phage proteins as bNACHTI11, but more distantly related
bNACHT proteins have different predicted activators (Fig. 4C,
fig. S4).

Based on these findings, we hypothesized that bNACHTO02
recognizes many of the same proteins that activate bNACHT11.
We tested this hypothesis using our genetic coexpression assay
and found that bNACHTO02 was indeed also activated by T2
gp057 and T2 gp046 (Fig. 4E). We next tested these phage
proteins for their ability to activate other bNACHT proteins that
they were not predicted to interact with. We found that T2 gp006
and T2 gp009 had no impact on colony formation in the presence
of other clade 14 bNACHT systems. Unexpectedly, T2 gp046 and
T2 gp057 did activate bNACHTO1 (fig. S4A-D). Overall, these
data suggest that diversification of the SNaCT domain has
enabled specific detection of many different phage proteins
across diverse bNACHT defense systems.

Discussion

For many recently identified phage defense systems, the
mechanism by which they sense phage infection remains
unknown. Here we use an in silico pipeline to predict interactions

between a bacterial defense system and phage-encoded proteins,
revealing that bNACHTI11 can recognize multiple distinct
activators. This activation is the result of direct binding
dominated by hydrophobic interactions and mutations in the C-
terminal SNaCT domain impacted recognition of phage-encoded
activators. Finally, we expand this in silico strategy to other
defense systems to explore how diverse SNaCT sensor domains
confer specificity to different phage proteins and predict likely
activators of other bNACHT defense systems.

bNACHTI1 joins an emerging group of defense systems that
recognize multiple unrelated phage proteins to sense infection.
The CapRel>™*° and KpAvs2 defense systems also bind more than
one phage protein during infection?>?’2%, The CapRel™*® system
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has overlapping but distinct binding sites for both of its identified
activators, and KpAvs2 binds disparate proteins for different
phages. However, bNACHT11 is distinct from other defense
systems because it uses the same binding interface to recognize
several proteins that differ in both their sequence and predicted
structure.

Using computational, genetic, and biochemical approaches, we
found that a single binding site in the C-terminal SNaCT domain
of bNACHT11 recognized at least five distinct phage proteins
from the T-even family. We showed that bNACHT1! binds
multiple phage proteins with nanomolar affinity and that activator
binding results in bNACHTI!! oligomerization. A major
outstanding question raised by our work is: what is the function
of the many phage-encoded proteins that activate bNACHT11?
We hypothesize that these phage proteins perform redundant or
similar roles during infection and that bNACHTI11 mimics a
binding partner that these phage proteins share. This mode of
innate immune signaling has been referred to as the “integrated
decoy model”, whereby immune sensors detect pathogen
activities by serving as a “decoy” of a core host pathway. One
example comes from the plant immune sensor RRS1 in
Arabidopsis thaliana, which recognizes the AvrRps4 avirulence
protein from pathogenic Pseudomonas syringae by the C-
terminus functioning as a decoy of the WRKY-like transcription
factors that are targeted by ArRps4%. Understanding the function
bNACHT11 activators may lead to new insights into fundamental
steps within the phage life cycle.

Understanding the mechanism by which defense systems sense
phage infection gives us critical mechanistic insight into the NLR
molecular machine. Identifying protein activators of bNACHT11
now enables studying the molecular dynamics of the SNaCT
domain, bNACHT oligomer assembly, and the effector function
initiated by the bNACHT N-terminus. This work further
demonstrates the power of using computational approaches to
discover novel protein-protein interactions. Like all techniques,
AlphaFold-multimer produces false positive and false negative
results, however, the trade-off is exceptionally high throughput
compared  to conventional  techniques such  as
immunoprecipitation followed by mass spectrometry or two-
hybrid approaches. We demonstrated the power of in silico
screening by expanding our analysis to predict activators for
diverse bNACHT systems. We anticipate similar in silico
strategies will continue to provide a detailed understanding of the
complex signaling that occurs between virus and host and provide
a framework for illuminating immune signaling events
throughout the tree of life.
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Experimental Model and Subject Details

Bacterial Strains and culture conditions

All E. coli strains used in this study are listed in table S5. E. coli were grown as
described previously °. Briefly, bacteria were cultured in LB medium (1%
tryptone, 0.5% yeast extract, and 0.5% NaCl) shaking at 37 °C and 220 rpm in 1-
3 mL of media in 14 mL culture tubes, unless otherwise indicated. When
applicable, chloramphenicol (20 pg/mL) or carbenicillin (100 pg/mL) were
added. Constructed strains were frozen for storage in LB with 30% glycerol at -
70 °C. OmniPir E. coli was used for construction and propagation of all plasmids
°. E. coli MG1655 (CGSC6300) was used to collect all experimental data. E. coli
BL21 (DE3) (NEB cat#: C2527H) or E. coli Rosetta2 with the pPRARE2 plasmid
(Millipore Sigma cat#: 71400-3) were used to express proteins for purification.

When indicated, experimental data was collected using MMCG medium (47.8
mM NaHPO4, 22 mM KH,PO4, 18.7 mM NH4Cl, 8.6 mM NaCl, 22.2 mM
Glucose, 2 mM MgSOs, 100 uM CaClz, 3 pM Thiamine, Trace Metals at 0.1x
(Trace Metals Mixture T1001, Teknova, final concentration: 5 mM Ferric
chloride, 2 mM Calcium chloride, | mM Manganese chloride, | mM Zinc Sulfate,
0.2 mM Cobalt chloride, 0.2 mM Cupric chloride, 0.2 mM Nickel chloride, 0.2
mM Sodium molybdate, 0.2 mM Sodium selenite, 0.2 mM Boric acid)). When
experiments using MMCG required bacteria expressing two plasmids, strains
were grown using reduced antibiotic concentrations (MMCG with 20 pg/mL
carbenicillin and 4 pg/mL chloramphenicol).

Phage Amplification and Storage

All phages used this study are listed in table S6. Phages were amplified via either
liquid or plate amplification following the protocol for a modified double agar
overlay *. For liquid amplification, 5 mL mid-log cultures of E. coli MG1655 in
LB plus 10 mM MgCl,, 10 mM CaClz, and 100 uM MnCl, were infected with
phage at an MOI of 0.1 and grown, shaking, for 2—16 hours. Cultures were then
pelleted to remove cellular debris. The supernatant was harvested by decanting
and ~100 pL chloroform was added to the cultures to remove any bacterial
contamination.

For plate amplification, 400 uL of mid-log MG1655 were mixed with 3.5 mL LB
soft agar mix (LB with 0.35% agar and 10 mM MgCl,, 10 mM CaCl, and 100 pM
MnCl,) and 100-1,000 PFU. Plates were then incubated for 16 hours at 37 °C. 5
mL of SM buffer (100 mM NaCl, 8 mM MgSOa, 50 mM Tris-HCI pH 7.5, 0.01%
gelatin) was added to the plate and allowed to soak out the phages for 1 hour
before SM buffer was collected and passed through a 0.2 pm filter or treated with
1-3 drops of chloroform to remove viable bacteria. All phages were stored at 4
°C in SM buffer (100 mM NaCl, 8 mM MgSOs, 50 mM Tris-HCI pH 7.05, 0.01%
gelatin) or LB.

Method Details

Generation of Representative Phage gene clusters

Representative phage gene clusters were generated using all Tequatrovirus family
reference genomes from NCBI, 16 Tequatrovirus genome sequences found in the
BASEL collection *', and the genomes representing the common lab phages T2,
T4, and T6, for a total of 91 phage genome sequences. A complete list of the input
genomes used can be found in table S1. The CDS regions for each of these
genomes were extracted using Geneious. Excluding proteins that were less than
50 amino acids, we used the MMSeq2 clustering algorithm®*?' (default
parameters: 80% identity and 80% coverage) to cluster the remaining 22,719
proteins into 862 representative clusters. Any clusters representing only one input
protein were removed, leaving us with a final set of 629 phage proteins
representing those commonly expressed by phages in the genus Tequatrovirus.
For a full list of the proteins represented in each cluster, see table S1.

To order clusters on the X-axis based on their position in the phage genome, the
Mauve alignment plugin was used in Geneious Prime to generate a genome
alignment of all 91 genomes represented in the clusters®>>*. To make this
alignment possible, the origin of each genome used was set to 7 nucleotides
upstream of the gene r//4, commonly used as the beginning of Tequatrovirus
genomes. We then assumed that there were no major genome rearrangements and
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used otherwise default settings in Mauve to generate the alignment and extract the
position of each cluster representative in the genome.

MSA generation and protein structure prediction

Multiple sequence alignments for each gene were generated using
AlphaPulldown'”. Generated MSAs were then used as input for AlphaFold-
multimer®. In AlphaFold, each model generated three predictions for a total of 15
predicted structures per interaction. After the predictions were completed, the
ipTM + pTM scores (“weighted pTM”) for each model were averaged, and the
average weighted pTM score was used to identify confidently predicted
interactions for further follow-up.

Plasmid construction

The plasmids used in this study are listed in table S5. DNA manipulations and
cloning were performed as previously described”*. Briefly, target genes were
amplified from plasmid, phage or bacterial genomic DNA using Q5 Hot Start
High Fidelity Master Mix (NEB, M0494L) flanked by 18 base pairs of homology
to the vector backbone. Vectors were digested using restriction digest and genes
were ligated into vectors using modified Gibson Assembly*. Gibson reactions
were then transformed via heat shock or electroporation into competent OmniPir’
and plated onto appropriate antibiotic selection. When possible, phage gene
coding sequences were amplified from the genomic DNA of the indicated E. coli
phages. bNACHT and phage protein point mutations were generated by
amplifying out the gene of interest in two parts from a plasmid template, with the
desired mutation occurring in the overlapping region between the two amplicons.
Unless otherwise indicated, all enzymes were purchased from New England
Biolabs.

For all vectors using the pPLOCO2 backbone, pEK0252 was amplified and purified
from OmniPir. Purified plasmid was then linearized using Sbfl-HF and NotI-HF.

For all vectors using the pTACxc backbone, pAW1608 was amplified and
purified from OmniPir. Purified plasmid was then linearized using BmtI-HF and
NotI-HF.

For all vectors using the pETSUMO?2 backbone, pAW 1642 was amplified and
purified from OmniPir. Purified plasmid was then linearized using BamHI-HF
and NotI-HF.

For all vectors using the pET backbone, pAW1642 was amplified and purified
from OmniPir. Purified plasmid was then linearized using NdeIl-HF and NotI-HF.

Plasmid pEK0278 was purchased from TWIST Biosciences and cloned into the
BamHI and Xhol restriction sites of the pET21(+) vector. When needed, DNA
sequences were randomly generated to ensure that inserts had a minimum length
of 300bp, per manufacturer suggestions.

For constructing vectors encoding the eLbuCas13a system *’ with appropriate
spacers, the backbone was amplified from pBA681 using PCR (forward primer
0EK0228: ATGCTTGGGCCCGAA. Reverse primer 0EK0229:
GGGCGGAGCCTATGGAAAAACGGCTTTGCCGCG). Gibson ligation was
used to circularize the vector with the new insert.

Sanger sequencing (Azenta, Quintara) was used to validate the correct sequence
within the multiple cloning site. When needed, nanopore sequencing (Quintara,
Plasmidsaurus) was used to obtain the sequence of the entire plasmid.

Efficiency of plating/phage replication analysis

Efficiency of plating (EOP) was used to determine phage titer and replication. To
do this, we employed a modified double agar overlay assay *°. Briefly, overnight
cultures of E. coli MG1655 expressing the indicated plasmids in MMCG plus
appropriate antibiotics were diluted 1:10 into the same media and cultivated for
an additional two to three hours to reach logarithmic growth phase (OD600 0.1—
0.8). 400 pL of the culture was then mixed with 3.5 mL 0.35% agar MMCG, plus
an additional 5 mM MgCl, and 100 mM MnCl,. The mixture was then poured
onto a 1.6% agar MMCG plate and cooled for 15 minutes. 2 uL of a phage dilution
series in SM buffer was spotted onto the overlay and allowed to adsorb for 10
minutes before the plate was incubated overnight at 37 °C.

Plaque formation was analyzed the following day. Instances with a hazy zone of
clearance rather than individual plaque formation counted the lowest phage
concentration at which clearance was observed as ten plaques. 0.9 plaques at the
least dilute spot were used as the limit of detection in instances where no zone of
clearance or plaque formation was visible.

Kibby et al. 2024 (preprint)

The inverse of EOP was used to calculate fold protection. The PFU of a phage
lysate on sensitive host bacteria expressing an empty vector was divided by the
PFU for the same phage lysate measure on test bacterial strains. In this way, a 10-
fold decrease in EOP is a 10-fold increase in phage protection.

Colony formation/growth inhibition analysis

The impact of coexpression of different alleles of bNACHT and phage proteins
on bacterial growth was quantified using a colony formation assay. Briefly, E.
coli was cultivated overnight in LB with appropriate antibiotics. Cultures were
diluted in a 10-fold series into LB and 5 pL of each dilution was spotted onto an
LB or MMCG agar plate containing the appropriate antibiotics, as well as IPTG
as indicated. Spotted bacteria were allowed to dry for 10 minutes before the plates
were incubated overnight at 37 °C.

Growth inhibition was measured the following day by enumerating the colony
forming units of each strain, reported as CFU/mL for the starting culture. For
instances where bacteria were growing but no individual colonies could be
counted, the lowest bacterial concentration at which growth was observed was
counted as ten CFU. In instances where no growth was visible, 0.9 CFU at the
least dilute spot was used as the limit of detection.

Transformation efficiency analysis

The impact of coexpression of bNACHT alleles and phage proteins on bacterial
growth was quantified using a cotransformation assay. Briefly, electrocompetent
E. coli MG1655 was transformed with 50 ng of each purified plasmid in the
cotransformation assay, recovered for 1 hour in SOC (2% Tryptone, 0.5% yeast
extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCls, 10 mM MgSO4, 20 mM
glucose), and spot-plated to measure colony formation as described above.

Construction of phage gene deletions

Phage T2 and T4 knockout mutations were generated following the protocol
described in Adler et al., 2022 ¥'. Briefly, wild-type phages were amplified via
either plate or liquid culture (see above) on E. coli MG1655 strains expressing a
pET vector encoding the template for homologous repair. Phage lysates amplified
in this way were then mixed with 400 pL mid-log bacteria expressing eLbuCas13a
constructs with spacers targeting the gene of interest and poured onto an MMCG
agar plate as in the method described in solid plate amplification detailed above.
Individual plaques were isolated and spot-plated onto E. coli MG1655 expressing
the same spacer to confirm that phages were able to evade the spacers and to
plaque-purify each clone. Deletion of the target gene was validated by PCR.
Validated phage T2 and T4 mutants were subsequently amplified via either liquid
or plate amplification on E. coli MG1655 in MMCG.

The homologous repair templates were designed to encode 250 bp on either side
of the target gene, and the first and last 6 amino acids of the target gene were
maintained in the knockout to minimize polar effects. Two 31-nt spacers were
selected to target the beginning of each gene and induced as needed using
anhydrotetracycline at 5 nM in the top agar of the soft agar overlay.

Validation of protein expression

To analyze the expression of bNACHT and phage protein alleles, 3 mL of E. coli
MG1655 expressing the indicated plasmid were grown to mid-logarithmic phage
in MMCG and 5 x 10* CFU were pelleted. Bacterial pellets were resuspended in
100 pL of 1 x LDS buffer (106 mM Tris-HCl pH7.4, 141 mM Tris Base, 2% w/v
Lithium dodecyl sulfate, 10% v/v Glycerol, 0.51 mM EDTA, 0.05% Orange G).
Samples were incubated at 95 °C for 10 minutes followed by a S5-minute
centrifugation at 20,000 x g to remove debris. Samples in LDS were loaded at
equal volumes and resolved using SDS-PAGE, then transferred to PVDF
membranes charged in methanol. Membranes were blocked in Licor Intercept
Buffer for one hour at 24 °C, followed by incubation with primary antibodies
diluted in Intercept buffer overnight at 4 °C with rocking.

a6xHis antibody (Thermo) was used at 1:5,000 to detect bNACHT11-6xHis and
aF. coli RNA polymerase B antibody (Biolegend) was used at 1:5,000 as a loading
control. Blots were then incubated with Licor infrared (800CW/680RD)
aRabbit/Mouse secondary antibodies at 1:40,000 dilution in TBS-T (0.1% Triton-
X) for one hour at 24 °C and visualized using the Licor Odyssey CLx.
Representative images were assembled using Adobe Illustrator CC 2024.

Clade 14 phylogenetic analysis

To construct the tree in Fig. 4, we used the NCBI protein-protein BLAST plugin
on Geneious to collect the top 500 BLAST results for bNACHTO1, bNACHTO02,
bNACHTI11, bNACHTI12, and bNACHT23, which generated a list of 600
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nonredundant protein sequences **. We excluded protein sequences with fewer
than 300 amino acids, which often had truncated SNaCT domains, resulting in
544 proteins. We then aligned these sequences in Geneious Prime using the
MAFFT alignment strategy * with default settings. The percent identity plotted
in Fig. 4B is from this alignment of 544 proteins. We excluded the last value of
this protein as it represented one individual amino acid. This alignment was then
used to build the clade 14 consensus tree in Fig. 4A using the Geneious Tree
Builder (Genetic Distance Model: Jukes-Cantor, Tree Build Method: Neighbor-
joining, no outgroup, resampled 100 times to generate bootstrap values). From
this tree, we sampled 14 proteins distributed throughout the tree to robustly predict
the diverse sensing capabilities of SNaCT domains in enterobacteria.

Hierarchical clustering of AlphaFold Screen results

To generate the dendrograms and heat maps displayed in Fig. 4C and fig. S4F,
data from all the AlphaFold screens reported in this study was organized using
hierarchical clustering. To do this, we used the “Heatmap of the dataMatrix” *
workflow available on Galaxy (dissimilarity for clustering = euclidean, number
of sample and variable clusters to identify = 1, correlation method = pearson,
agglomeration method = ward).

Protein expression

Vectors for expressing gp006-6xHis and gp006'2°*-6xHis were transformed into
BL21 (DE3) and plated onto 1.6% LB agar plates with 100 pg/mL carbenicillin.
An individual colony was picked the following day and inoculated into 5 mL of
liquid LB media plus 100 pg/mL carbenicillin. The culture was then grown
overnight shaking at 37 °C and 220 rpm. The following day, the culture was used
to inoculate 0.5-1 L of the same media, then grown to an OD600 of ~0.6 before
IPTG was added to 500 uM to induce protein expression. The culture was then
moved to a 16 °C shaking incubator and allowed to grow overnight.

The vector for expressing 6xHis-SUMO-bNACHTI11 was transformed into
Rosetta2 expressing the pPRARE2 plasmid and plated onto 1.6% LB agar plates +
100 pg/mL carbenicillin and 20 pg/mL chloramphenicol. An individual colony
was picked the following day and inoculated into 5 mL of liquid LB media plus
100 pg/mL carbenicillin and 20 pg/mL chloramphenicol. The culture was then
grown overnight shaking at 37 °C and 220 rpm. The following day, the culture
was used to inoculate 0.5-1 L of the same media, then grown to an ODeoo of ~0.6
before IPTG was added to 500 pM to induce protein expression. The culture was
then moved to a 16 °C shaking incubator and allowed to grow overnight.

Vectors for expressing gp009-6xHis, gp0091***-6xHis, gp046-6xHis, gp057-
6xHis, and 6xHis-SUMO-bNACHT11%%A were transformed into Rosetta2
expressing the pPRARE2 plasmid and plated onto 1.6% MMCG agar plates + 100
pg/mL carbenicillin and 20 pg/mL chloramphenicol. An individual colony was
picked the following day and inoculated into 20 mL of M9ZB media (47.8 mM
Na;HPO4, 22 mM KH2POs, 18.7 mM NH4Cl, 85.6 mM NaCl, 1% Casamino acids
(VWR), 0.5% v/v Glycerol, 2 mM MgSOs, Trace Metals at 0.5 x (Trace Metals
Mixture T1001, see above) plus 100 pg/mL carbenicillin and 20 pg/mL
chloramphenicol. The culture was then grown overnight shaking at 37 °C and 220
rpm. The following day, the culture was used to inoculate 0.5-1 L of the same
media to an ODsoo of 0.05, then grown to an OD600 of ~1.5. Cultures were crash-
cooled on ice for 20 minutes before IPTG was added to 500 uM to induce protein
expression. The culture was then moved to a 16 °C shaking incubator and allowed
to grow overnight. Proteins expressed in this way were purified and used in
microscale thermophoresis experiments.

Protein purification

After overnight induction with IPTG, cultures were harvested by centrifugation
for 30 minutes at 5,000 rpm and 4 °C in an Avanti JXN-26 Floor Centrifuge using
the JXN 12.500 rotor (Beckman). The resulting pellets were resuspended in 40
mL Lysis buffer (20 mM HEPES pH 7.5, 400 mM NaCl, 10% v/v Glycerol, 30
mM Imidazole, 0.1 mM Dithiothreitol (DTT)). After resuspension, cells were
lysed by sonication at 80% amplitude, with 30 second pulses for a total processing
time of 10 minutes using a Sonicator 4000 (Misonix). Debris was removed from
sonicated lysates by centrifugation for 60 minutes at 4 °C and 14,000 x g in a
5910 R centrifuge (Eppendorf). The soluble lysate was then decanted and protein
was purified using immobilized metal affinity chromatography. Briefly, the
soluble lysate was run over 1 mL of Ni-NTa resin (Fisher Sci) equilibrated in
Lysis Buffer. The resin was then washed with 2 x 25 mL of Wash Buffer (20 mM
HEPES pH 7.5, 1 M NaCl, 10% v/v glycerol, 30 mM Imidazole, 0.1 mM DTT)
and protein was eluted in 5-10 mL of Elution Buffer (20 mM HEPES pH 7.5, 400
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mM NaCl, 10% v/v glycerol, 300 mM Imidazole, 0.1 mM DTT). Proteins were
then dialyzed against 2 x 1 L of Dialysis Buffer (20 mM HEPES pH 7.5, 250 mM
KCL 0.1 mM DTT), overnight at 4 °C using either 10 kDa MWCO tubing (VWR),
3 kDa MWCO Snakeskin Dialysis Tubing (VWR), or 3 kDa MWCO Slide-A-
Lyzer Dialysis cassettes (VWR) as appropriate for the molecular weight of the
protein.

The 6xHis-SUMO-tag was cleaved from alleles of bNACHT11 using 6xHis-
ULP1 (produced in-house) during the overnight dialysis step. After dialysis,
proteins were run over 1 mL Ni-Nta beads equilibrated in dialysis buffer to
remove any uncleaved 6xHis-SUMO tagged proteins.

After dialysis, proteins were concentrated as needed using 3 kDa or 30 kDa
MWCO Nanosep spin concentration columns (Pall Labs) and stored 200-500 pL
aliquots in Dialysis Buffer at —70 °C. Protein concentrations were measured using
Aaso on a Nanodrop OneC (Thermo) and protein purity was visualized using SDS-
PAGE followed by Coomassie staining. Proteins purified in this way were used
in microscale thermophoresis experiments.

Microscale thermophoresis

Protein binding affinities were measured using microscale thermophoresis *'. For
these experiments, alleles of phage proteins containing C-terminal 6xHis tags
were labeled using a Monolith His-Tag Labeling Kit RED-tris-NTA 2nd
Generation (Nanotemper: Cat# MO-L018) following manufacturer instructions.
Samples were allowed to equilibrate for 30 minutes at room temperature before
MST measurement. Experiments were performed using independently labeled
proteins and independently pipetted ligand titrations. Measurements were
performed using 60% laser excitation, medium MST power, and a chamber
temperature of 25 °C on a Nano-BLUE/RED Monolith NT.115 (NanoTemper).
All data was analyzed using a hot time of 9-10 seconds. Fraction bound values
were calculated by Mo.AffinityAnalysis software (NanoTemper). Binding data
from three independent experiments were fit using the quadratic binding
equation®?.

[L] + [T] + Kq = LT + [TT + K)? =4 - [L] - [T]
2.1

fraction bound =

In this equation [L] is the concentration of ligand, [T] is the concentration of
labeled target (50 nM for all experiments reported here). The dissociation
constants reported here represent the average of the dissociation constants
calculated for each biological replicate = standard error of the mean.

All reactions used MST Buffer (20 mM HEPES pH 7.5, 250 mM KCl, 5 mM
MgCL, 0.05% v/v Tween-20, 0.1 mM DTT, 1 mM ATP). For high-salt
measurements, salt concentrations were increased to 1 M KCl.

Oligomerization Analysis

To express 6xHis-SUMO-bNACHT11, gp006-6xHis, gp009-6xHis, and 6xHis-
SUMO-gp057, the respective constructs were transformed into E. coli Rosetta2
pLysS (EMD Millipore). The primary cultures (10 mL) were grown in the
presence of appropriate antibiotics (see table S5 for construct details and
antibiotic usage). The following day, primary cultures were used to inoculate 1 L
of 2XYT medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl) in 2 L flasks and
grown at 37 °C until the ODeoo reached approximately 0.75. Protein expression
was induced by adding 0.33 mM IPTG and the cultures were incubated overnight
at 20 °C to promote protein production. After 14-16 hours, the cells were
harvested by centrifugation, and the bacterial pellets were resuspended in ice-cold
resuspension buffer (50 mM Tris-HCI (pH 7.5), 300 mM NaCl, 10 mM imidazole,
10% glycerol, and 2 mM B-mercaptoethanol). Resuspended cells were lysed using
a sonicator and the lysate was clarified by centrifugation. Proteins were purified
through Ni** affinity chromatography (Ni-NTA Superflow, Qiagen). For
bNACHTI11 and gp057, the N-terminal 6xHis-SUMO tags were removed by
buffer exchange to eliminate imidazole using a buffer containing 50 mM Tris (pH
7.5), 300 mM NaCl, 10% glycerol, and 2 mM B-mercaptoethanol, followed by
digestion with Sentrin-specific protease 2 (SENP2) overnight at 4 °C. The cleaved
tags were removed the next day by passing the proteins through Ni** beads again.
All purified proteins were concentrated and further purified using a Superdex 200
Increase 10/300 GL size exclusion column (Cytiva) in a buffer containing 20 mM
HEPES (pH 7.4), 200 mM KCl, and 1 mM dithiothreitol (DTT). The purity of the
proteins was confirmed by analyzing the samples using SDS-PAGE, followed by
staining with Coomassie blue.
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To study the effect of phage trigger addition on the oligomeric state of
bNACHT11, size exclusion chromatography was performed. Briefly, 25 pM
bNACHTI11 was incubated with or without 1 mM ATP, | mM ATPyS, | mM
AMP-PNP, or 1 mM ADP in a buffer containing 20 mM HEPES (pH 7.4), 200
mM KCI, 10 mM MgCl, and | mM DTT. The reaction mixtures were incubated
at room temperature for 2—3 minutes. A 2—3 molar excess of either gp006, gp009,
or gp057 purified protein was then added to the reaction mixture, and the samples
were further incubated at room temperature for 5 minutes. The samples were
immediately transferred to ice and kept on ice until injected into a Superdex 200
Increase 10/300 GL size exclusion column (using buffer 20 mM HEPES pH 7.4,
200 mM KCI, 10 mM MgClL, and 1 mM DTT). The corresponding protein
fractions were collected in a 96-well block, changes in the elution volume were
analyzed, and indicated samples from the peaks were subjected to SDS-PAGE
analysis.

Quantification and Statistical Analyses

Experiments were performed in biological triplicate using cultures grown on three
separate days unless otherwise indicated. Data was plotted using Graphpad Prism
10.3.1 at an n of 3 with error bars indicating standard error of the mean. Figures
were created using Adobe Illustrator CC 2024 v28.6.0.

Accession numbers

T2 phage genome: NC_054931.1
T4 phage genome: AF158101.1
T4 CDS 30.5: NP_049819.1

T2 gp006: YP_010073654.1
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T2 gp009: YP_010073657.1
T2 gp021: YP_010073669.1
T2 gp028: YP_010073676.1
T2 gp046: YP_010073694.1
T2 gp057: YP_010073705.1
T2 gp072: YP_010073720.1
bNACHTOI: WP_015632533.1
bNACHT02: WP_021557529.1
bNACHT11: WP_114260439.1
bNACHT12: WP_021519735.1
bNACHT23: WP_000433597.1

Supplementary Data Tables
Supplementary Table 1. Cluster generation
A. All phage genomes used to build clusters for AlphaFold screening
B.  List of proteins input into MMSeq for clustering (all greater than 50 aa)
C. Complete MMSeq2 output
D. Clusters used for AlphaFold-screening
Supplementary Table 2. AlphaFold-multimer screening results
Supplementary Table 3. Clade 14 bNACHT proteins used to generate
phylogenetic tree
Supplementary Table 4. Hierarchical clustering of AlphaFold screening results.
Supplementary Table 5. E. coli strains and plasmids used in this study
Supplementary Table 6. Phages used in this study

11


https://doi.org/10.1101/2024.12.17.629029
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.629029; this version posted December 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Figures

A bNACHT11

I 10" 0
10°
108
CFU/mL 107
10°

10°

104
bNACHT11

EV 305 gp06 gp09 gp28 gp21 gp46 gp72 gp57

Figure S1. Predicted activators of AONACHT11.
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(A-H) Predicted structure of bNACHT11 binding the indicated phage proteins. Left: The phage proteins screened are colored according to pLDDT. Middle: bNACHT11
is colored according to pLDDT. Right: Predicted aligned error (PAE) of the predicted interaction between bNACHT11 and the indicated phage protein. (A) T2 gp006 (B)
T2 gp009 (C) T4 30.5 (D) T2 gp028 (E) T2 gp021 (F) T2 gp046 (G) T2 gp072 (H) T2 gp057. (I) Quantification of colony formation of E. coli expressing an Empty
Vector (-) or bNACHT11 (+) on one plasmid and gfp (EV) or indicated phage protein on a second plasmid. The expression of gfp or phage proteins is IPTG-inducible.
(J) Quantification of recovered transformants of E. coli cotransformed with plasmids expressing an Empty Vector (-) or bNACHT11 (+) and a gfp empty vector (EV) or
the indicated phage protein. The expression of gfp and phage proteins is IPTG-inducible. For I and J, experiments were performed using 500 pM IPTG induction in LB
media, and data represent the mean + SEM of n = 3 biological replicates, shown as individual points.
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Figure S2. Binding and oligomerization of bNACHT11 with activators.
(A) AlphaFold2 predicted structures of the indicated phage proteins. (B—F) Coomassie stained SDS-PAGE gels of the purified protein indicated with an arrow. (G)
Binding curve of purified His-tagged gp006 binding to purified bNACHT11, measured using microscale thermophoresis (MST) in 1 M KCl. Data represent the average
of n = 3 individual replicates + SEM. (H-L) Normalized fluorescence data for individual MST experiments used to generate the binding curves shown in fig. S2G (H),
Fig. 2G (1, J) Fig. 2H (K) and Fig. 21 (L). (M) Above: Traces showing the absorbance at 280 nM (Axs0) of the indicated samples being run over a size exclusion (SEC)
column. Labels indicate the identity of proteins in each peak. Below: Coomassie staining of representative samples taken from in between the indicated volumes. For
samples containing both bNACHT11 and gp006, portions of the gel corresponding to each are shown. Top: bNACHT11. Bottom: gp006. Data are representative of n =
3 replicates. (N) Standard curve of proteins with known molecular weights run over the SEC column used in (M).
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Figure S3. Phage gene deletions and bNACHT11 SNaCT domain mutations
(A-B) Efficiency of plating of the indicated strains of phage T4 (A) or T2 (B) infecting E. coli expressing bNACHT11 (+) or an empty vector (-). (C) Western blot
analysis of E. coli expressing empty vector, untagged bNACHT11, or 6xHis-tagged bNACHT11 of the indicated genotype. Representative image of n = 2 biological
replicates. (D-E) Efficiency of plating of phage T4 (D) or T6 (E) infecting E. coli expressing bNACHT11 of the indicated genotype. (F) Quantification of colony formation
of E. coli expressing an Empty Vector (-) or 6xHis-tagged bNACHT11 of the indicated genotype on one plasmid and gp006 on a second plasmid. The expression of
2gp006 (+) or gfp (-) is IPTG-inducible. Experiments were performed using 500 uM IPTG induction in LB media. (G-I) Efficiency of plating for a panel of phage T2
mutants infecting E. coli expressing the indicated allele of bNACHT11-6xHis (+) or an empty vector (EV). For A-B and D-1, data indicate the mean + SEM of n =3

biological replicates, shown as individual points.
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Figure S4. SNaCT domain specificity.

(A-D) Colony formation of E. coli expressing the indicated bNACHT protein on one plasmid and T2 gp006 (A), T2 gp009 (B), T2 gp046 (C), or T2 gp057 (D), on a
second plasmid. The expression of phage proteins (+) and gfp (-) is IPTG-inducible. Experiments were performed using 500 uM IPTG induction in LB media. Data
represent the mean = SEM of n = 3 biological replicates, shown as individual points. (E) Results of AlphaFold-multimer screening for bNACHTO02 (WP_021557529.1).
Average weighted pTM score (ipTM*0.8 + pTMx0.2) was calculated for each protein screened, then ranked such that the highest-scoring proteins are on the right of the
graph (inset). Clusters corresponding to genes tested for activity with bNACHT11 are labeled as in Fig. 1. See table S2 for the data used to generate this figure. (F) Heat
map representing the results of AlphaFold-multimer screens of many SNaCT domain-containing bNACHT proteins. Both x- and y- axis were arranged using hierarchical
clustering (see Methods, table S4). Proteins are colored as in Fig. 4A.
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