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Abstract

Vibrio cholerae biotype El Tor is perpetuating the longest cholera pandemic in recorded history.
The genomic islands VSP-1 and VSP-2 distinguish El Tor from previous pandemic V. cholerae
strains. Using a co-occurrence analysis of VSP genes in >200,000 bacterial genomes we built
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gene networks to infer biological functions encoded in these islands. This revealed that dncV; a
component of the cyclic-oligonucleotide-based anti-phage signalling system (CBASS) anti-phage
defence system, co-occurs with an uncharacterized gene vc0175that we rename aveD for
anti-viral cytodine deaminase. We show that AvcD is a deoxycytidylate deaminase and that its
activity is post-translationally inhibited by a non-coding RNA named Avcl. AvclD and bacterial
homologues protect bacterial populations against phage invasion by depleting free deoxycytidine
nucleotides during infection, thereby decreasing phage replication. Homologues of avcD exist in
all three domains of life, and bacterial AvclD defends against phage infection by combining traits
of two eukaryotic innate viral immunity proteins, APOBEC and SAMHDL1.

Results

Vibrio cholerae is the aetiological agent of the diarrhoeal disease cholera, for which there
have been seven recorded pandemics. The El Tor biotype, responsible for the seventh
pandemic (1961 to present), acquired two genomic islands of unknown origins, named the
Vibrio Seventh Pandemic Islands 1 and 2 (VSP-1 and VSP-2)1, that are not present in
previous pandemic strains and are hypothesized to have a crucial role in EI Tor’s evolution
to pandemicity?. VSP-1 and VVSP-2 comprise ~39 kb DNA and encode ~36 putative open
reading frames (ORFs), many of which remain to be characterized (Extended Data Fig.
1a,b)3~7. While the majority of the genes in these two islands remain to be studied, it is
hypothesized that the biological functions they encode may contribute to environmental
persistence® and/or the pathogenicity® of the EI Tor biotype.

In support of this idea, VSP-1 encodes a phage defence system encompassing the

genes ancV, capV, ve0180and ve0181 called the cyclic-oligonucleotide-based anti-phage
signalling system (CBASS)? (Fig. 1a). CBASS limits phage invasion of bacterial populations
via a process termed abortive replication whereby, upon phage infection, cyclic GMP-AMP
(cGAMP) synthesis by DncV activates cell lysis by stimulating the phospholipase activity

of CapV?10, Such phage defence systems are critical for the adaptation and spread of
pandemic V. cholerae as three lytic phages, ICP1, ICP2 and ICP3, eradicate V/ cholerae both
in vivo and in environmental niches to limit cholera epidemics!1-13. Thus, the ability to
counteract phage infection is hypothesized to be a key driver in the emergence of pandemic
V. cholerae.

During our search for VSP-1 and VSP-2 gene networks, we determined that the unstudied
gene ve0175, renamed herein as aveD for anti-viral cytidine deaminase (CDA) (formerly
named dcdVA4), co-occurs in bacterial genomes with dncV/. Given that AveD encodes

a putative deoxycytidine deaminase, we hypothesized that this enzyme provides defence
against phages by altering nucleotide concentrations upon phage infection.

Correlation analysis identifies VSP-1 and VSP-2 gene networks.

To assign predicted functions to VSP-1 and VSP-2 genes, we built networks of VSP island
genes (groups of genes that are likely to accomplish a shared biological task) based on
their co-occurrence across all sequenced bacterial genomes (>200,000) in the National
Center for Biotechnology Information (NCBI) non-redundant database. We hypothesized
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that VSP genes co-occurring together in the genomes of diverse taxa were likely to

share evolutionary history and thus a conserved biological function. Our freely available
program ‘GeneCoOccurrence’ (available at https://github.com/clinte14/GeneCoOccurrence)
predicted, along with other networks (Extended Data Fig. 1a,b), a VSP-1 gene network
centred on dncV/that contains the CBASS anti-phage system® (Extended Data Fig. 1a).
Curiously, the VSP-1 deoxycytidylate deaminase (DCD), vec0175, which we renamed
anti-viral CDA (avcD), was also found to co-occur with ancV/ (Extended Data Fig. 1a).
Recognizing that the co-occurrence of dncVand aveD may indicate a shared or common
biological purpose, we sought to understand the function of aveD.

AvcD inhibits growth of V. cholerae in the absence of VSP-1.

We found that over-expressing aveD (pAvceD) in wild-type (WT) V. cholerae did not
affect growth. However, growth was impaired in a double VSP island deletion mutant
(AVSP-1/2) when over-expressing aveD (Fig. 1a). Expression of pAvcD in AVSP-1/2
produced filamentous cell morphologies, suggesting that these cells have a defect in cell
division that manifests in a reduced growth yield (Fig. 1b). We performed the same image
analysis in single island mutants and found that cell lengths increased only in strains lacking
VSP-1 (Fig. 1c). Expression of pAvcD in a strain lacking a previously unannotated 222-
nucleotide ORF (A/ig??4), encoded immediately 5” of avcDin VSP-1 (Extended Data Fig.
1a), produced a filamentous cell morphology that was abrogated when jg?22 was provided
in trans (Fig. 1d). Importantly, AvcD-dependent filamentation was not observed in strains
lacking either annotated locus flanking /%% (avcD and vc0176) (Fig. 1d).

AvcD activity is inhibited by the non-coding sRNA Avcl.

To determine whether the AvcD inhibiting component encoded in jg?22 was a small peptide
or an untranslated small regulatory RNA (SRNA), we deconstructed the ig??? locus in

an inducible plasmid by truncating the locus, removing the plasmid-encoded ribosome
binding site (RBS) and mutating potential start codons (‘**). We then explored whether
these constructs retained the capacity to inhibit AvcD-induced filamentation in Aig?22 when
co-expressed with pAveD. We found the minimum inhibitory length of the /g2 locus is
between 157 nt and 174 nt and neither the lack of the RBS nor nonsense mutations of three
possible start codons abrogated its ability to suppress filamentation (Fig. 1e and Extended
Data Fig. 2). Collectively, these results suggest that the AvcD-inhibitory component of jg?2?
is a novel SRNA, and we refer to the 174 nt locus within /g2 as Avcl, for AvcD Inhibitor
(formerly dif\A%) (Fig. 1e).

To determine whether Avcl regulates AvcD at the level of pre- or post-translation, we
expressed an aveD C-terminally tagged 6x histidine construct (AveD8*H1S) in WT and
Nig??2 \/ cholerae and measured the cellular abundance of AveD®*HIS ysing western
blotting. Expression of AveD8XIS manifested in a filamentous cell phenotype in Ajg?22
that was not observed in the WT strain, indicating the tagged protein retains its native
activity and is also negatively regulated by Avcl (Extended Data Fig. 3a). However, the
cellular abundance of AvcD8*IS was not different between these two strains (Extended
Data Fig. 3b,c). Additionally, incubation of purified AvcD with in vitro transcribed Avcl
RNA revealed robust AvcD—-Avcl complex formation (Fig. 1f). While AvcD also interacted
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with the Avcl reverse complement sequence (Avcl-RC), this interaction was not as strong

as Avcl (Extended Data Fig. 4a). A negative control protein, RpfR-FI1° (Fig. 1f), did

not interact with Avcl. Native gels were used for the binding reactions, which results in
different migration between Avcl and Avcl-RC; however, the sizes of Avcl and Avcl-RC
were identical as determined using denaturing polyacrylamide gel electrophoresis (PAGE)
(Extended Data Fig. 4b). This result is consistent with the formation of a distinct three-
dimensional RNA structure by Avcl but not Avcl-RC (Fig. 1f and Extended Data Fig. 4a).
Together, we conclude that Avcl RNA interacts with AvcD to suppress AvcD-dependent

cell filamentation, although the RNA-binding specificity parameters of AvcD require further
analysis.

Conservation of AvclD activity in bacteria.

To determine if AvcD activity and its regulation by Avcl are conserved, we evaluated the
activity of three proteobacterial AvcD homologues from Vibrio parahaemolyticus, Proteus
mirabilis and Escherichia coli ETEC (Extended Data Fig. 5). In common with V/ cholerae
aveD, all three aveD homologues induced filamentation upon over-expression in £. coli (Fig.
1g). Although there was little nucleotide sequence similarity in the sequences present 5" of
each aveD homologue (Extended Data Fig. 5b), we hypothesized that these sequences might
encode ave/ functional homologues. We found that co-expression of each avc/homologue
with its corresponding aveD partner did indeed suppress cell filamentation in £. coli. (Fig.
1g). To further identify the functional conservation of the homologues, we co-expressed
each species aveD with each species avel/ in E. coli and found that cross-species inhibition
of AvcD homologues occurs only between V. cholerae and V. parahaemolyticus, while Avcl
from P mirabilis and ETEC only inhibited the activity of their native AvcD partner (Fig. 1h
and Extended Data Fig. 6). These data demonstrated that, although each Avcl can inhibit its
cognate AvcD activity, the specific molecular interactions that mediate this process are not
conserved across genus boundaries.

AvcD is widely conserved and has two distinct domains.

Using a selection of proteobacteria AvcD homologues as starting points, we performed
a homology search across the tree of life (Methods) to determine the breadth of

AvcD’s phylogenetic distribution. This analysis revealed a conserved two-domain AvcD
core architecture consisting of an N-terminal P-loop NTPase (PLN)16 and a C-terminal
DCD with homologues found in all three domains of life (Extended Data Fig. 7a,b

and Supplementary Table 4). In support of functional homology among distant aveD
homologues, expression of avcD from the eukaryotic Saccharomyces cerevisiae! dedl
(~30% similarity) also resulted in filamentation in £. coli cells (Extended Data Fig. 7c).

Inspection of a Phyre2 (ref. 18) model of V/ cholerae AveD (Extended Data Fig. 8a)
revealed conserved catalytic residues in the PLN16 probably involved in performing a
phosphotransfer reaction with nucleotide substrates and a zinc-dependent CDA active-site
motifl® ([HAE]X,g[PCXXC]) in the DCD domain. Ectopic expression of AvcD active site
variants, in either the PLN (S52K and D162A + Q163A) or DCD domain (E384A and
C411A + C414A), failed to induce E£. colifilamentation (Fig. 2a), despite being abundantly
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expressed (Extended Data Fig. 8b), indicating that the catalytic activities originating from
both the PLN and DCD domains are required for AvcD-induced filamentation.

As the substrates of CDAs are primarily free nucleotides2?, we hypothesized that the AvcD
DCD domain would also deaminate free nucleotides. Though attempts to purify active
AvcD were unsuccessful, perhaps owing to the absence of unknown cellular co-factors, we
found that soluble lysates from E. coli ectopically expressing AvcD specifically deaminated
exogenous dCTP and dCMP substrates only, as none of the other amine-containing
nucleotides we tested was deaminated (Fig. 2b). Deamination activity was not observed

in the soluble lysates of £. coli expressing the AvcDE384A CDA active site variant, providing
further evidence for this function (Fig. 2b).

AvcD deaminates dCTP and dCMP to ultimately make dUMP.

The deaminated products of dCTP and dCMP are dUTP and dUMP, respectively. To
understand the dynamics of AvcD deamination of dCTP, we measured the concentrations

of dUTP and dUMP over time in soluble lysates from AvcD-expressing cells following

the addition of 1 uM dCTP using ultraperformance liquid chromatography—-tandem mass
spectrometry (UPLC-MS/MS). dUTP was not detected in AvcD-expressing lysates at

time 0, suggesting that AvcD affects cellular nucleotide concentrations. Although the
concentration of dUTP in AvcD containing lysates peaked after 5 min and receded after

10 min (Fig. 2¢), the concentration of dUMP progressively increased to a final concentration
of ~1 uM (Fig. 2d). No appreciable change in either dUTP or dUMP was observed in the
vector control lysates for the duration of the experiment (Fig. 2c,d). The dUMP that was
formed in AvcD lysates was not modified as it had the identical predicted mass of cellular
dUMP. Collectively, these lysate experiments indicate that AvcD deaminates both dCTP and
dCMP substrates and cellular lysates containing AveD ultimately funnel dCTP to dUMP,
suggesting that AvcD profoundly impacts nucleotide metabolism.

We quantified the in vivo impact of AvcD activity on the intracellular concentrations

of deoxynucleotide species using UPLC-MS/MS following over-expression of AvcD,
AvcDS52K | AvcDES384A  the ETEC AveD homologue (AveDETEC) and a vector control in

E. coli. While all strains contained similar levels of dATP, dGTP, dTTP and dUMP, the
intracellular abundances of dCTP and dCMP were significantly reduced in E. coli expressing
AvcD and AvcDETEC (Fig. 2e and Supplementary Table 5). No dUTP was found following
expression of AvcD or AveDETEC, while dUTP was detected in the vector and two AvcD
variant strains (Fig. 2e). Unlike the results observed with the in vitro AvcD lysates (Fig.
2d), no difference in dUMP was observed between any of the strains when nucleotides were
extracted directly from live cells (Fig. 2e). We hypothesize that this discrepancy is due to
compensatory metabolic pathways active in live cells?! that are lost during the preparation
of cell lysates reported in Fig. 2d. Importantly, as we describe below, natural activation of
AvcD shows increased in vivo accumulation of dUMP (Figs. 3g, 4g and 5d), analogous to
our results in Fig. 2d.
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AvcD impairs genome replication.

Thymineless death (TLD) is caused by thymine depletion during DNA replication resulting
in replication fork instability?2. £. coli cells undergoing TLD are filamentous and contain

a high genomic-origin-to-terminus ratio (orf.ter). TLD-like phenotypes are also observed
upon guanine depletion?3. We found that a Aig??? V/ cholerae mutant expressing AvcD

both forms filaments (Fig. 1b) and has an approximately threefold higher or7 ter ratio than
cells containing vector only (control) or aveD mutants (Extended Data Fig. 8c). While the
TLD-like phenotypes associated with AvcD are probably artefacts of over-expression, they
provide further evidence that active AvcD alters cellular nucleotide pools. We also found that
Nig??2 \/ cholerae does not form filaments without ectopic AvcD expression (Extended Data
Fig. 8d), probably owing to polar effects on expression of the genomic copy of aveD, which
is reduced relative to WT V/ cholerae (Extended Data Fig. 8e).

Avcl and AvcD resemble a toxin—antitoxin system.

To test if aveDand avce/ are in an operon, we used diagnostic PCR with primers located in
avel and aveD on complementary DNAs (cDNA) produced by WT and Aig??? RNA (Fig.
3a). The presence of an 839-nt product using primers spanning avc/to aveD (*ad’) only
amplified using the WT cDNA template confirmed that both genes are present on a shared
transcript (Fig. 3b). Additionally, we quantified the relative abundance of ave/and aveD
RNA using gRT-PCR and found the avc/ locus was at least 18-fold more abundant than
aveD at all growth phases (Fig. 3c).

The co-transcription of avec/and aveD and the post-translational regulation of AveD activity
by the abundant SRNA Avcl is reminiscent of type 111 toxin—antitoxin (TA) systems24:25,

In type 1 TA system fox/N, cessation of transcription depletes the abundance of the

labile SRNA antitoxin Toxl, thereby liberating the ToxN endoribonuclease toxin22. We
hypothesized that cessation of transcription might lead to activation of AvcD. To test this
hypothesis, we treated WT and AaveD V. cholerae with either rifampicin or spectinomycin
to block transcription or translation, respectively, and measured the intracellular abundance
of dCTP, dCMP, dUTP and dUMP over time. Indeed, rifampicin treatment led to rapid and
significant decreases in dCTP and dCMP and an increase in dUMP in WT V/ cholerae but
not the AaveD mutant (Fig. 3d—g). Spectinomycin did not differentially alter the abundance
of these nucleotides in either strain (Extended Data Fig. 9a—d). Notably, no significant
change in dUTP was observed between the strains in either condition. These data indicate
that cessation of transcription, and not translation, leads to AvcD activation and demonstrate
that Avcl is an SRNA antitoxin.

cGAMP does not activate the AvclD TA system.

We initiated studies of aveD based on our discovery that this gene frequently co-occurs

in bacterial genomes with the cGAMP synthase anc\® (Extended Data Fig. 1a and
Supplementary Table 1), a critical member of the CBASS anti-phage system®. We
hypothesized that this co-occurrence was indicative of cGAMP allosteric activation of AvcD,
analogous to the activation of the CBASS-effector CapV10. However, co-expression of both
DncV and AveD in AcapV V. cholerae, a strain that encodes ave/ but can no longer induce
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CBASS-dependent autolysis® 10 via CapV, did not produce filamentous cells (Extended Data
Fig. 10). This demonstrates that cGAMP does not activate AvcD.

AvclD is an anti-phage defence system.

CDAs are conserved anti-viral defence mechanisms in eukaryotes?6-28, and several TA
systems have been implicated in phage defence2®29-31, We hypothesized that avc/D might
constitute an anti-phage defence mechanism, and that its association with CBASS was the
result of independent phage defence mechanisms clustering in mobile genetic elements to
form “defence islands’32. To test anti-phage activity of avc/D, we transformed a plasmid
containing the V/ cholerae, V. parahaemolyticus, P. mirabilis or ETEC ave/D operon
expressed from its native promoter into £. col/i MG1655, which does not encode an ave/D
homologue, and infected this set of £. co/irecombinants with a diverse panel of lytic
coliphages (Supplementary Table 1). We showed that each ave/D operon conferred its £.
colf host with resistance to at least one of ten lytic coliphage tested (Fig. 4a). To assess
whether phage defence requires the activity of the PLN, DCD or both domains of AvcD,
we generated inactive variants of AvcD derived from V/ parahaemolyticus (pAvclDVFP)

and assessed phage defence for T3, T5 and T6, for which the WT variant demonstrated
significant protection (Fig. 4a). In virtually all cases, mutation of either the PLN or DCD
domain, or both, abolished AvcD-dependent protection, suggesting that both domains are
necessary for phage defence (Fig. 4b). For reasons that we do not currently understand,

one exception to this finding was the E376 A DCD mutant exhibited substantial, but
reduced, protection against T5 phage infection, suggesting that the PLN domain might
have anti-phage activity on its own against certain phages. Consistent with depletion of
dCTP and dCMP decreasing phage replication, T5 phage infecting £. coli containing the V/
parahaemolyticus WT avelD operon (pAvclDVP) contained fewer phage genomes relative to
a strain containing a double active-site mutant allele of aveDVP (pAvclDVP-aveDSAIKFEITEA)
over the course of 40 min (Fig. 4c).

As the avelD operons from V. parahaemolyticus (pAvclDVP) and E. coliETEC
(pAvcIDETEC) conferred robust protection against T3 phage, we infected £. co/i maintaining
these orthologous systems with T3 phage (multiplicity of infection (MOI) of 5) and
measured the intracellular abundance of dCTP, dCMP, dUTP and dUMP over time. In the
presence of each avc/D orthologue, T3 infections significantly decreased intracellular dCTP
and dCMP and increased dUMP, while the dUTP level was not changed (Fig. 4d-g).

To evaluate the dependence of changes in nucleotide levels following phage infection on the
PLN and DCD domains of AvcD, £, coli carrying pAvclDVP or the double domain active-
site variant pAvclDVP S47K+E376A \yere ejther infected with T3 or SEC®18 or treated with
a rifampicin control. In response to infection with either T3 or SEC®18 phage, or treatment
with rifampicin, pAvcIDVF depleted dCTP and dCMP while increasing dUMP (Fig. 5a,b,d).
In contrast, pAvclDVP-aveDS49K+E3T6A did not significantly decrease intracellular dCTP or
dCMP nor increase dUMP (Fig. 5a,b,d). Consistent with earlier observations (Figs. 3f and
4f) dUTP was not significantly changed in these conditions (Fig. 5¢). The interplay between
the PLN and DCD domains remains unclear. We hypothesize that the PLN may function

as a dNTPase that converts dUTP to dUMP after DCD deaminates dCTP/dCMP or it
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dephosphorylates dCTP to dCMP before the DCD domain deaminates it to dUMP. The PLN
could also mediate regulation of the DCD domain.

Discussion

Methods

Taken together, our results suggest that AvcD depletes available dCMP and dCTP in

order to protect against bacteriophage predation. We found that AvcD homologues are
widely distributed across the tree of life, including in eukaryotes. Further, we found that

the S. cerevisiae AvcD homologue has similar activity to AveD in bacteria, although the
requirement of the PLN and DCD domains for activity of this enzyme remains to be tested.
Tal et al. independently came to many of the conclusions we describe in our report33.
Finally, we hypothesize that AvcD becomes liberated from Avcl upon phage infection, either
through cessation of transcription or degradation of Avcl (Fig. 6), although the molecular
mechanism by which AvcD is activated remains to be formally determined.

In support of our model, inhibition of host transcription by infecting phage reduces

the levels of Toxl SRNA antitoxin, activating the ToxN endonuclease to prevent phage
production?®. Our results suggest that AvcD-dependent depletion of dCTP and dCMP
starves infecting phage of the nucleotides necessary for genome replication. However,
AvcD might impact phage infection in other ways, for example by modification of cellular
nucleotides such as disrupting phage transcription or by rendering newly replicated phage
genomes sensitive to damage via DNA repair pathways. Purification of active AvcD would
be useful in determining whether this enzyme targets other nucleotide species, such as
double-stranded or single-stranded DNA or RNA. Unlike all previously described type 111
TA systems34, the AvclD system has a cytosine deaminase toxin and an RNA antitoxin
that does not encode nucleotide repeats. Therefore, we propose that AvclD forms a distinct
subclass of the type 111 TA family.

Exhausting deoxynucleotide pools to combat viral infection is a strategy that AvcD has

in common with eukaryotic SAMHD1 (ref. 35). Additionally, AvcD shares functional
similarity with the eukaryotic anti-viral APOBECS3 (ref. 36) enzymes, which do not

utilize free deoxynucleotide substrates, but rather deaminate deoxycytidines in the minus-
strand DNA of retroviruses, leading to viral genome instability. In a distinct way, AvcD
utilizes deamination of dCTP and dCMP substrates to deplete their intracellular abundance,
demonstrating that the utility of draining free deoxynucleotides is a biologically conserved
anti-viral strategy.

The strains, plasmids and primers used in this study are listed in Supplementary Tables
1-3, respectively. Unless otherwise stated, cultures were grown in Luria—Bertani (LB)

at 35 °C and supplemented with the following as needed: ampicillin (100 ug mi~1),
kanamycin (100 pg ml~1), and isopropyl-B-p-thiogalactoside (IPTG) (100 ug mi™1). £
coli BW29427, a diaminopimelic acid auxotroph, was additionally supplemented with 300
g mi~1 diaminopimelic acid. The V/ cholerae EIl Tor biotype strain C6706str2 (ref. 37)
was utilized in this study, and mutant strains were generated using the pKAS32 suicide

Nat Microbiol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsueh et al.

Page 9

vector38 using three fragments: 500 bp of sequence upstream of the gene of interest, 500
bp of sequence downstream of the gene of interest and cloned into the Kpnl and Sacl
restriction sites of pKAS32 using by Gibson Assembly (NEB). Pic-inducible expression
vectors were constructed by Gibson Assembly with inserts amplified by PCR and pEVS143
(ref. 39) or pMMB67EH40 each linearized by EcoRI and BamHl, as well as pET28b
digested with Ncol and Xhol for the C-terminal His tags. To generate the N-terminal His
tag AvcD, pAvcD(4-532), aveD (corresponding to residues 4-532) was PCR amplified
from pAvcD8*iS using Phusion High-Fidelity DNA Polymerase (NEB) with EWAvcDFwd
and EWAvcDrev primers. Finally, In-Fusion Snap Assembly (Takara Bio) was used to
integrate the purified insert into pET28b that had been linearized using the restriction
enzymes Ndel and Xhol. pEVS141 (ref. 41) is used as an empty vector control for
experiments using pEVS143-derived constructs. Site-directed mutagenesis was performed
using the SPRINP method2. Plasmids were introduced into V/ cholerae through biparental
conjugation using an £. coli BW29427 donor. Transformation of £. colifor ectopic
expression experiments was performed using electroporation with DH10b for expression
of pEVS143- and pMMBG67EH-derived plasmids. Transformation of £. coli for protein
production experiments was performed using either electroporation or heat shock at with
BL21(DE3) for expression with pET28b-based constructs.

GeneCoOccurrence bioinformatics analysis.

Our GeneCoOccurrence software package is built on Kim and Price’s approach?3 of
creating maximum related subnetworks using the co-occurrence of genes (in this case,

the genes within genomic islands VSP-1 and VVSP-2) to calculate genetic co-occurrence.
The source code, documentation and a Docker container for this Python3 package are
available at https://github.com/clinte14/GeneCoOccurrence. While VSP-1 is used to simplify
the description of the method detailed below, both VVSP-1 and VVSP-2 were independently
analysed in the same fashion. First, BLASTP was used to find homologues for each VSP-1
gene against the NCBI non-redundant protein database with an £value cut-off of 1074,

The BLAST results were limited to bacterial genomes, and all taxa belonging to the genus
Vibrio were removed to avoid bias from closely related vertical inheritance. The BLAST
results were used to generate a presence or absence matrix of VSP-1 homologues with all
species along one axis and VVSP-1 genes along the other axis. Next, a pairwise Pearson
correlation value was calculated between all VSP-1 genes 7and jusing binary data from the
above-mentioned presence/absence matrix:

I CijN—El'Ej
Y JEE(N-E)N-E))

where Nis the total number of unique species returned from the BLAST search and Cj;
the number of species with co-occurrence of genes 7and j. While a Pearson correlation

is warranted for a normally distributed binary dataset, it does not account for indirect
correlation. For example, if genes 7and jindividually associate with a third gene, a Pearson
correlation will incorrectly calculate a correlation between 7and /. To help correct for
indirect correlation, we calculate a partial correlation wj;from the Pearson
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P;j

Wi = i
Yo \[PiPij

where the (/, /) element of the inverse matrix of Pearson r;is P (ref. 43),

The partial correlation correction wj;has the advantage of generating a normalized output
that ranges between —1 and 1. For example, a wjw;;of 1 reveals that genes 7and / never
co-occur in the same species, while a value of 1 demonstrates that genes 7and jalways
co-occur in the same species. A wj;of 0 is the amount of co-occurrence expected between
unrelated genes 7and jdrawn from a normal distribution. Using the above-mentioned
approach, a partial correlation value w;;was calculated for all genes /7to jin VSP-1 and
VSP-2 (Supplemental Tables 1 and 2). The single highest wj;value for each VSP-1 gene was
represented as an edge (that is, line) in our visualization (S1A and S1B). Any set of genes
that contains no further edges was assigned to a unique maximum related subnetwork that
suggests functional association of the gene products within a unique gene network.

Genomic identification, structural, and sequence analyses of AvcD and Avcl homologues.

AvcD from V. cholerae El Tor N16961 (WP_001901328.1) was identified as locus tag
vc0175. AveD and homologues profiles are performed using translated BLAST tblastn and
run against the nucleotide collection (nr/nt) in the NCBI database, using >40% similarity
cutoff. For previously annotated domains, the Pfam feature in KEGG** was utilized to
determine AvcD homologues. Out of all the AveD homologues, AvcD homologues from
Vibrio parahaemolyticus O1: Kuk str. FDA_R31 (ref. %) (WP_020839904.1), Proteus
mirabilis AR_379 (ref. 46) (WP_108717204.1) and E. coli O78:H11 H10407 (ref. 47)
(ETEC) (WP_096882215.1) were analysed in this study. Genomic contextual information
from prokaryotic gene neighbourhoods was retrieved from NCBI genome graphics feature
to uncover avcl-like genes encoded as a hypothetical ORF 5” of the aveD locus. If
unannotated, the ORFinder feature from NCBI was used to determine the location and size
of the putative avc/ locus. To predict the structure of AveD from V/ cholerae, the amino acid
sequence was submitted to Phyre2 (ref. 18) and structural visualization was performed using
PyMol (https://pymol.org). The amino acid and nucleotide alignments were analysed using
Clustal W Omega from EMBL-EBI web services*® and LocARNA%9, respectively.

Identification and characterization of protein homologues.

All our molecular evolution and phylogenetic analyses for protein characterization were
done using the MolEvolvR webapp: http:/jravilab.org/molevolvr®.

Homology searches.—To ensure the identification of a comprehensive set of
homologues (close and remote), we started with six representative proteobacterial AvcD
proteins from V/ cholerae, V. parahaemolyticus, P. mirabilis and E. coli ETEC described
above along with £. cloacae (WP_129996984.1) and A. veronii (WP_043825948.1), and
performed homologue searches using DELTABLAST against all sequenced genomes across
the tree of life in the NCBI RefSeq database. Homology searches were conducted for each
protein, and the search results were aggregated; the number of homologues per species and
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of genomes carrying each of the query proteins was recorded. These proteins were clustered
into orthologous families using the similarity-based clustering program BLASTCLUST.

Characterizing homologous proteins.—Phyre2, InterProScan, HHPred, SignalP,
TMHMM, Phobius, Pfam and custom profile databases were used to identify signal
peptides, transmembrane regions, known domains and secondary structures of proteins in
every genome. Custom scripts were written to consolidate the results in RStudio, and the
domain architectures and protein function predictions were visualized using the MolEvolvR
web application (https://jravilab.github.io/phage_defense_avcd/).

Phylogenetic analysis (MSA and Tree).—Thousands of homologues from all six
starting points for AvcD proteins were consolidated and representatives were chosen from
distinct lineages and genera, containing both the N- and C-terminal AvcD domains (PLN
and DCD domains). Multiple sequence alignment (MSA) of the identified homologues was
performed using Kalign®! and MUSCLE®Z (msa R package®3). The phylogenetic trees were
constructed using FastTree>*, FigTree>® and the R package ape®®.

Growth curve assays.

Overnight cultures were diluted 1:1,000 into LB supplemented with antibiotics and IPTG in
a 96-well microplate (Costar). Growth was monitored by measuring ODggq every 15 min for
15 h using a BioTek plate reader with continuous, linear shaking.

Fluorescence microscopy and analysis.

Cells were imaged as previously described®’. Briefly, overnight cultures were diluted
1:1,000 into LB supplemented with antibiotics and IPTG. Cultures were grown and induced
for 7-8 h, at which point cells were diluted to an ODggg of 0.5 in 1x PBS, then membrane
stain FM4-64 dye (Thermo Fisher Scientific) was added to a final concentration of 20 g
ml~1. Then, 1% agarose pads in de-ionized water were cut into squares of approximately
20 x 20 mm and placed on microscope slides, and 2 pl of diluted cultures was spotted onto
a glass coverslip, then gently placed onto the agarose pad. FM4-64 signal was visualized
using a Leica DM5000b epifluorescence microscope with a 100x-brightfield objective under
RFP fluorescence channel. Images were captured using a Spot Pursuit CCD camera and

an X-cite 120 Illumination system. Each slide was imaged with at least 20 fields of view
for each biological replicate. Cell lengths were processed using the Fiji plugin MicrobeJ®8,
and data were visualized and analysed using R by quantifying the length of the curvilinear
(medial) axis of detected cells.

RNA isolation, gqRT-PCR and co-transcription analysis.

Triplicate overnight cultures were subcultured 1:1,000 in 10 ml LB and grown to three
different ODgq:0.2 (early exponential), 1.0 (late exponential) and 2.5 (stationary). Then, 1
ml of each replicate was pelleted, and RNA was extracted using TRIzol reagent following
the manufacturer’s directions (Thermo Fisher Scientific). RNA quality and quantity were
determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Then, 5 ug of
purified RNA was treated with DNase (Turbo DNase, Thermo Fisher Scientific). cDNA
synthesis was carried out using SuperScript 11 Reverse Transcriptase (Thermo Fisher
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Scientific). cDNA was diluted 1:64 into molecular-biology-grade water, and amplification
was quantified using 2x SYBR Green (Applied Biosystems). For measuring gene expression
or determining or¥. terratios, 25 pl reactions consisted of 5 pl each of 0.625 pM primers 1
and 2, 12.5 pul of 2x SYBR master mix, and 2.5 pl of template (0.78 ng pl= cDNA for gene
expression and 0.25 ng pl=1 V/ cholerae genomic DNA for ori: ter®). gqRT-PCR reactions
were performed in technical duplicates for biological triplicate samples and included no
reverse transcriptase reaction controls (‘no RT”) to monitor for contaminating genomic DNA
in purified RNA samples. gRT-PCR reaction thermo profile was 95 °C for 20 s, then 40
cycles of 95 °C for 2 s and 60 °C for 30 s in the QuantStudio 3 Real-Time PCR system
(Applied Biosystems). The gyrA gene was used as an endogenous control to calculate
relative quantification (AG).

To determine the co-transcription of ave/and aveD, PCR amplification was performed in 25
ul volumes using Q5 polymerase (NEB), 0.5 uM each of the forward and reverse primers as
indicated, 0.2 mM dNTPs, and 3.5 ul of cDNA or no RT control templates (0.78 ng pl™1)
from RNA purified from WT and Aig??2 \/ cholerae grown to late exponential phase in
biological triplicate. The thermal profile was 98 °C for 30 s, 30 cycles of 98 °C for 10 s, 55
°C for 30's, 72 °C for 10 s and one cycle of 72 °C for 2 min. PCR products were loaded on
a 1% agarose gel and stained with EZ-Vision (VWR). Images were taken using the GelDoc
system (Bio-Rad).

Protein purification.

pAvcD(4-532) was transformed via heat shock at 42 °C into £. coli strain BL21(DE3)

and grown at 37 °C and 200 RPM to ODggg 0.8-0.9 in LB medium containing 30 uM
kanamycin. The medium was then supplemented with 100 pM ZnCl,, and AvcD expression
was induced with 500 UM IPTG. Following induction, the cells were grown overnight at

18 °C and 200 RPM. The cells were then pelleted at 7,000¢g for 15 min. Cell pellets were
resuspended in Buffer A (500 mM NaCl, 50 mM HEPES pH 7.5, 40 mM imidazole pH 7.5,
1 ug pI~! DNAse and 1 mM phenylmethanesulfonyl fluoride) and lysed by two passages
through a French press at approximately 25,000 pounds per square inch. Lysate was clarified
at 35,000g at 4 °C for 45 min. The clarified lysate was passed over His60 superflow Ni

resin (Takara Bio), and the protein-bound resin was washed with Buffer B (500 mM NacCl,
50 mM HEPES pH 7.5 and 70 mM imidazole pH 7.5). The resin was then resuspended in
Buffer C (500 mM NaCl, 50 mM HEPES pH 7.5 and 40 mM imidazole pH 7.5), and the
slurry was nutated overnight at 4 °C in the presence of 3.2 g ml~1 thrombin (BioPharm
Laboratories, LLC). Following overnight incubation, the resin was repacked into a column
and eluted by gravity. SDS—-PAGE of the eluate revealed that overnight digestion at 4 °C
resulted in complete cleavage of AvcD from the His6 affinity tag. Following thrombin
digestion, AvcD (residues 4-532) contained two heterologous N-terminal residues (Gly—Ser)
derived from the thrombin cleavage sequence. To remove the majority of thrombin, the
digested AvcD fraction was combined with p-aminobenzamidine-agarose (Millipore-Sigma)
and nutated for 30 min at 4 °C. The protein—resin mixture was then repacked into a column,
and AvcD was eluted by gravity. To inactivate residual thrombin, benzamidine was then
added to the eluted AvcD to a final concentration of 50 mM. AvcD was then concentrated
using a 10 kDa cut-off Vivaspin concentrator (Sartorius). The concentrated AvcD was loaded
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onto a Superdex 200 16/70 column (GE Healthcare) equilibrated in Buffer D (100 mM
NaCl, 20 mM HEPES pH 7.5 and 1 mM tris (2-carboxyethyl) phosphine (TCEP)). S200
peak fractions were analysed by SDS-PAGE to assess purity. The purest AvcD-containing
fractions were combined and concentrated using a 10 kDa cut-off Vivaspin concentrator to
approximately 4.38 mg ml~1 (as evaluated using the Bradford method).

RNA synthesis and purification.

The method for RNA production was modified from previously described®?. The Avcl DNA
template for in vitro transcription was PCR amplified from pAvcl using Q5 High-Fidelity
DNA Polymerase (NEB) and the oligonucleotide pair EJW002 and EJWO003. To incorporate
the T7 promoter into the final Avcl DNA template, forward primer, EJW002, included

the T7 promoter sequence before the homologous sequence for Avcl. Additionally, the

first two residues of the reverse primer, EJW003, were 2”-OMe modified to reduce 3”-end
heterogeneity of the transcript®l. The PCR reaction was analysed using a 1% agarose

gel, and the band corresponding to the Avcl DNA template was excised and gel purified.
Avcl RNA was synthesized by in vitro transcription using the T7-Avcl DNA template

and the HiScribe T7 High Yield RNA Synthesis Kit (NEB). The transcription reactions
were incubated at 37 °C for 4 h. Following transcription, DNase | (NEB) was added to

a final concentration of 1x per reaction and incubated at 37 °C for an additional 15 min.
Avcl was then purified using a guanidinium thiocyanate-phenol-chloroform extraction with
Trizol® reagent (Thermo Fisher Scientific). Extracted RNA was subsequently precipitated
with isopropanol. Precipitated RNA was pelleted via centrifugation and subsequently re-
solubilized in RNA storage buffer (300 mM NaCl, 10 mM Tris pH 8.0 and 2 mM EDTA) for
4 h at 65 °C. Purity of product was evaluated using a denaturing 7 M urea PAGE. Individual
aliquots of Avcl were flash frozen using liquid nitrogen and stored long term at —80 °C.
Reverse complement Avcl was generated as described above using the oligonucleotide pair
EJWO016 and EJWO017.

Electrophoretic mobility shift assay.

For electrophoretic mobility shift assay (EMSA), 10 ul binding reaction mixtures containing
60 pM, 30 uM, 15 uM, 7.5 uM or 3.75 pM AvcD or 357.6 pM RpfR with 0.5 uM Avcl

or Avcl-RC RNA were incubated at 30 °C for 30 min in binding buffer (20 mM HEPES

pH 7.5, 100 MM NaC and 1 mM TCEP). The controls contained either 60 uM AvcD, 0.5
UM Avcl or 0.5 UM Avcl-RC in Buffer D. EMSA loading buffer (40% sucrose, 10 mM Tris
pH 8.0, 60 mM EDTA and 0.03% bromophenol blue) was added to each sample ina 1:1
ratio before loading 10 pl of sample onto the native 1x TBE 6% polyacrylamide gel. Native
PAGE was carried out at 300 V for 40 min at 4 °C. The gel was subsequently stained with
SYBR Gold (Thermo Fisher Scientific) and visualized using UV trans illumination and a
602/50 emission filter on a ChemiDoc MP Imaging System (Bio-Rad Laboratories).

Denaturing urea PAGE.

Denaturing urea PAGE of Avcl and Avcl-RC was performed using 1x TBE 8%
polyacrylamide 7 M urea denaturing gels. For this, 10 ul Avcl or Avcl-RC at 0.5 uM in
RNA storage buffer was mixed 1:1 with 2x RNA loading dye (NEB). Samples were heated
for 5 min at 95 °C and loaded onto the gel. Denaturing PAGE was carried out at 300 V until
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the dye front had travelled three-quarters the length of the gel. The gel was then stained with
ethidium bromide, and the RNA products were visualized using UV trans illumination and a
602/50 emission filter on a ChemiDoc MP Imaging System.

In vitro nucleic acid deamination assay.

Cell lysate preparation.—Overnight cultures were subcultured 1:333 and grown to an
ODgqg of ~0.5-1.0. Cultures were induced with 1 mM IPTG, supplemented with 100 pM
ZnSO4 and grown for an additional 3 h. Cell pellets from 100 ml of induced cultures were
collected in two successive 15 min centrifugation steps at 4,000g and 4 °C. Supernatants
were decanted and pellets were flash frozen in an ethanol and dry ice bath and stored at —80
°C. Pellets were thawed on ice and suspended in 2 ml of lysis buffer E (50 mM NaPOy,

pH 7.3, 300 mM NaCl, 2 mM B-mercaptoethanol, 20% glycerol and Roche cOmplete
protease inhibitor (one tablet per 10 ml)). One millilitre of cell suspension was transferred
to a microcentrifuge tube and sonicated on ice using a Branson 450 Digital Sonifier (20%
amplitude, 20 s total, 2.5 s on, 2.5 s off). Crude lysates were centrifuged at 15,0009 for

10 min at 4 °C and clarified lysates were transferred to fresh microcentrifuge tubes on

ice. Clarified lysates were normalized for total protein to a concentration of 1.9 mg ml~1

as measured by Bradford reagent and a BSA standard. Then, 26.5 pl reactions composed

of lysis buffer E, nucleic acid substrates and 3.5 pl of normalized clarified lysates were
assembled in PCR strip tubes, mixed by gentle pipetting, and incubated at room temperature
(=23 °C) for 1 h. NH,4CI solutions at the indicated concentration were dissolved in lysis
buffer E and substituted for nucleic acid substrates as positive controls.

Ammonia detection.—The evolution of ammonia from the deamination of the nucleic
acid substrates was observed using a phenol-hypochlorite reaction to produce indophenol in
a clear 96-well microtitre plate and modified from Dong et al.62. Fifty microlitres of Reagent
A (composition below) was added to each well followed by 20 pl of the completed in vitro
deamination reaction described above. The phenol-hypochlorite reaction was initiated by
the addition and gentle mixing of 50 pl Reagent B (composition below) to the wells. The
reaction was incubated at 35 °C for 30 min and the absorbance (ABSg3g) was measured
using a plate reader.

Reagent A = 1:1 (v/v), 6% (w/v) sodium hydroxide (Sigma) in water: 1.5% (v/v) sodium
hypochlorite solution (Sigma, reagent grade) in water

Reagent B = 1:1:0.04 (v/v/v), water: 0.5% (w/v) sodium nitroprusside (Sigma) in water:
phenol solution (Sigma, P4557)

Western blot.

Strains containing AvcD- and variant- C-terminal 6x-histidine fusions were grown, induced
and collected as described above (“In vitro nucleic acid deamination assay’: ‘Cell lysate
preparation”), except for the His-tag fusion (pGBS98) which are induced for only 2 h with
100 uM IPTG and not subjected to sonication. The cell pellets were resuspended in 2 mi

of chilled 1x PBS and subsequently normalized to OD of 1.0. One-millilitre aliquots were
collected by centrifugation at 15,000g for 1 min. Cell pellets were subsequently resuspended
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in 90 pl of lysis buffer A and 30 pl of 4x Laemmli buffer, denatured for 10 min at 65 °C and
centrifuged at 15,000¢ for 10 min. Five microlitres of sample was loaded into pre-cast 4—
20% SDS-PAGE gels (Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad) alongside size
standards (Precision Protein Plus, Bio-Rad). Gels were run at room temperature for 90 min
at 100 V in 1x Tris/glycine/SDS running buffer. Proteins were transferred to nitrocellulose
membranes (Optitran). The membranes were blocked using 5% skim milk and incubated
with 1:5,000 THE His Tag antibody, mAb, mouse (GenScript) followed by 1:4,000 goat
anti-mouse 1gG antibody (H&L) [HRP], pAb (GenScript), treated with Pierce ECL western
blotting substrate and imaged using an Amersham Imager 600.

UPLC-MS/MS quantification of deoxynucleotides.

For measuring in vivo intracellular deoxynucleotide concentrations, overnight cultures were
subcultured 1:1,000 and grown to ODgqq of ~1.0. Plasmid expression was induced by the
addition of 1 mM IPTG for 1 h, and 1 ml of cultures were collected by centrifugation

at 15,000¢ for 1 min. Pellets were resuspended in 200 pl of chilled extraction buffer
(acetonitrile, methanol, ultrapure water, formic acid (2:2:1:0.02, v/v/v/v)). To normalize in
vivo nucleotide samples, an additional cell pellet was collected from 1 ml of culture by
centrifugation at 15,000¢g for 1 min, resuspended in 200 ul lysis buffer F (20 mM Tris—
HCI and 1% SDS, pH 6.8), and denatured for 10 min at 60 °C. Denatured lysates were
centrifuged at 15,000¢ for 1 min to pellet cellular debris, and the supernatant was used to
quantify the total protein concentration in the sample using the DC protein assay (Bio-Rad)
and a BSA standard curve®’. The concentrations of deoxynucleotides detected by UPLC-
MS/MS were then normalized to total protein in each sample.

For the quantification of deoxynucleotides in vitro, £. coli BL21(DE3) clarified lysates were
prepared as described for the deamination experiment above and normalized to 20 mg mi~1
of total protein and 200 pl of normalized clarified lysates were assembled in PCR strip
tubes. To measure abundance of dUMP and dUTP before the addition of 1 uM dCTP, 20

ul of normalized clarified lysates was added to 200 pl of chilled extraction buffer. Twenty
microlitres of 10 uM dCTP was then added to the remaining clarified lysate, and 20 pl
lysates aliquots were removed 1, 5, 10 and 30 min after the addition of dCTP and mixed in
200 pl chilled extraction buffer.

All samples resuspended in extraction buffer, in vivo and in vitro, were immediately
incubated at —20 °C for 30 min after collection and centrifuged at 15,000g for 1 min.

The supernatant was transferred to a new tube, dried overnight in a speed vacuum and
finally resuspended in 100 pl ultrapure water. Experimental samples and deoxynucleotides
standards (1.9, 3.9, 7.8, 15.6, 31.3, 62.5 and 125 nM of dATP (Invitrogen), dGTP
(Invitrogen), dTTP, (Invitrogen), dCTP (Invitrogen), dCMP (Sigma), dUTP (Sigma) and
dUMP (Sigma)) were analysed by UPLC-MS/MS using an Acquity Ultra Performance
LC system (Waters) coupled with a Xevo TQ-S mass spectrometer (Waters) with an ESI
source in negative ion mode. The MS parameters were as follows: capillary voltage, 1.0 kV;
source temperature, 150 °C; desolvation temperature, 400 °C; cone gas, 120 L h™2. Five
microlitres of each sample was separated in reverse phase using Acquity UPLC Premier
BEH C18, 2.1 x 100 mm, 1.7 um particle size, VanGuard FIT at a flow rate of 0.3 ml
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min~1 with the following gradient of solvent A (8 mM N, A-dimethylhexylamine + 2.8 mM
acetic acid in water, pH ~9) to solvent B (methanol): #= 0 min; A-100%:B-0%, ¢= 10

min; A-60%:B-40%, £=10.5; A-100%:B-0%, ¢= 15 min; A-100%:B-0% (end of gradient).
The conditions of the MRM transitions were as follows (cone voltage (V), collision energy
(eV)): dATP, 490 > 159 (34, 34); dCTP, 466 > 159 (34, 34); dGTP, 506 > 159 (15, 46);
dTTP, 481 > 159 (25, 34); dUTP, 467 > 159 (25, 34); dCMP, 306 > 97 (43, 22); dUMP, 306
> 111 (22, 22).

In vivo dNTP quantification following termination of transcription and translation.

Overnight cultures were subcultured 1:1,000 into a pair of matched sister cultures and grown
at 35 °C with aeration. Two millilitres of each sister culture was collected at time zero
(ODggg ~1.0) with 1 ml for dNTP quantification and 1 ml for total protein quantification
‘UPLC-MS/MS quantification of deoxynucleotides’). Following the initial culture sampling,
each sister culture was treated with either rifampicin (250 pg ml=1) to stop transcription or
spectinomycin (200 pg mi~1) to stop translation. Following the initial antibiotic treatments,
cultures were sampled for both dNTP and total protein quantifications for the duration of the
experiment at indicated timepoints.

Phage infection and plaque assays.

Coliphages were propagated on £. co/iMG1655 in LB, and their titre was determined using
the small drop plaque assay method, as previously described®. Briefly, 1 ml of overnight
cultures was mixed with 50 ml of MMB agar (LB + 0.1 mM MnCl, + 5 mM MgCl, + 5
mM CaCl, + 0.5% agar), and tenfold serial dilutions of phages in MMB were dropped on
top of them and incubated overnight at room temperature. The viral titre is expressed as
plague-forming units per ml (PFU mI™1).

E. coliMG1655 cells transformed with empty vector (pbBRP15) and each associated pAvcl-
AvcD plasmid were grown in LB overnight at 37 °C. Overnight cultures are subcultured
1:1,000 in melted MMB agar and let to solidify at room temperature. Tenfold serial dilutions
of coliphages in MMB medium were dropped on top of them and incubated overnight at
room temperature. Efficiency of plaquing was determined for each coliphage by comparing
the PFUs on each of the Avcl-AvcD-containing strains with the control pBRP15 containing
strain.

To measure the nucleotides after phage infection, cells were grown in LB overnight at

37 °C. Overnight cultures are subcultured 1:1,000 in LB and grown to ODgqg of ~0.3.
Three millilitres of culture was collected for a time zero reading: 1.5 ml for dNTP
quantification and 1.5 ml for total protein quantification (‘UPLC-MS/MS quantification
of deoxynucleotides’). The cultures are then infected with phage (T3, MOI of 5; SEC¢18,
MOI of 10), and additional 3 ml was removed at each indicated subsequent timepoint.

DNA replication assay.

Overnight cultures were subcultured 1:100 in LB at 35 °C and grown to ODgqg of ~0.3. The
cultures were then infected with T5 phage at the final MOI of 1. Then, 1.5 ml of culture
was collected at 10, 20, 30 and 40 min post-infection. Culture aliquots were centrifuged at
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15,000¢g for 1 min, and the pellets were flash frozen in a dry ice—ethanol slurry. DNA was
extracted using Wizard Genomic DNA Purification Kit (Promega), using the Gram-negative
bacteria protocol and purified DNA from each sample was uniformly resuspended in 50 pl
of DNA dehydration solution. DNA quality and quantity were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). Primers targeting the T5 phage-tail fibre
(ORF124) were used to quantify the abundance of T5 phage genome in each sample with
gPCR as described above (‘RNA isolation, qRT-PCR and co-transcription analysis’). The
relative abundance of T5 genomes was calculated using the difference of C;between 10 min
and each subsequent timepoint (2(-A€2) for each strain.

Statistical analysis.

As specified in the figure legends, all of the statistical analyses for the violin plots

were performed with R statistical computing software, while other data were analysed in
GraphPad Prism Software. Statistical significance was denoted as follows: a single asterisk
(*) indicates P < 0.05; double asterisks (**) indicate < 0.01; triple asterisks (***) indicate
P<0.001; and quadruple asterisks (****) indicate < 0.0001. Mean = standard error of the
mean (s.e.m.) and specific /7 values are reported in each figure legend.

Reporting summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data

A VSP-1 (vc0175-vc0185)

N g |z |8l
3% 3EM38) 3 3 AEN 3
7 s | 0.568
0.145 g
\ S veoizs - 0. o VC0184 N
\ 0.303 CB;S\S‘ V“;‘"" 0.151 ™~ VC0182
0.147 1 : ) wR
@D oo
1 /7 —
10.225 -
] '
1 ,’
\ R - - 7
B VSP-2 (vc0490-vc0516)
g o X e
3 3 3 r
> > > >
el vcosis | 0.14 VC0512 {509
03‘7 »/0.095 vcoso2  0.154 N VCo0514
veose8 T
0'21\6 VC0496
/0'.213 VC0507
v 0174\ cost0 0.369
0.14 oﬂ VC0503 i 0.195 VC0504 0.389
¥ VCo0516 VC0493 ™~ VC0505
VC0497
0.085 0.656 0.381 0.426

VC0498 —>  VC0495 > VC0494 .—»-4——'-

Extended Data Fig. 1 |. VSP-1 and VSP-2 schematic and predicted gene networks (MRS).
Cartoon of VSP-1 (A) and VSP-2 (B) from El Tor V/ cholerae N16961 and gene network

predictions from GeneCoOccurrence. Arrows indicate the highest partial correlation Wij
each gene has to another (ovals). Two arrows are presented pointing in opposing directions
where the highest correlation Wij is reciprocal between two genes. MRS = maximum
relatedness subnetwork.
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Complementation

Extended Data Fig. 2 |. Complementation of various i9222 constructs to prevent AveD induced
cell filamentation.

Cell length distributions of Aig??2 V! cholerae expressing pAvcD. All cell length
distributions represent ~750-1000 cells measured per strain (/7= 3 biological samples), with
summary statistics: mean (diamonds), median (horizontal black line), interquartile range
(box), and data below and above the interquartile range (vertical lines). Different letters
indicate significant differences at p < 0.05, according to Two-way ANOVA with Tukey’s
multiple comparison post-hoc test.
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Extended Data Fig. 3 |. AvcD C-terminal 6x Histidine fusion maintains the same activity as the
WT AvcD enzyme and the presence of avcl does not reduce the abundance of AvcD.
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(A) Representative images of WT V/ cholerae and Ajg?22 cultures maintaining an empty
vector plasmid (pVectorl) or Pc-inducible aveD-6xHIS plasmid (pAveD8*HiS) grown in the
presence of 100 uM IPTG for 2 h. Cells were stained with FM4-64 prior to imaging and
performed in biological triplicate. (B) Representative coomassie stained PAGE gel (top) and
matched anti-6x His antibody Western blot (bottom) of whole cell lysates normalized to
total protein from V/ cholerae WT and Aig?2Z cultures maintaining pVectorl or pAveD8xHis,
Black triangles correspond to AveD®*His (60.6 kDa). Analysis was performed in biological
triplicate and the relative signal intensity (C) was the determined by comparing the
intensities of AveD®*is from paired WT and Ajg??? lysates probed on the same blots.

Data represent the mean + SEM of three biological replicate. Statistical significance was
determined using two-sided Student’s t-test. P values between WT and A/ig??? is 0.185. ns
indicate not significant.
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Extended Data Fig. 4 |. AvcD-Avci complex formation in solution and Denaturing urea PAGE
analysis of Avci and Avci-RC.

(A) AvcD forms a complex with Avcl in an AveD concentration-dependent manner as
determined by EMSA. Trace quantities of Avcl reverse complement (Avcl-RC) binding to
AvcD is observed. (B) Avcl and Avcl-RC run at essentially equivalent molecular weights on
a 7 M urea denaturing PAGE. Low range ssSRNA ladder (NEB). This was performed at least
three times, yielding similar results.
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Extended Data Fig. 5 |. multiple sequence alignment of AveD homologs and Avci homologs
explored in this study.

(A) Amino acid alignment of the V/ cholerae AvcD and three homologs using EMBL-

EBI Clustal W48, “** indicates 100% identity, *:” indicates >75%, and *.” Indicates >50%
similarity. Black triangles indicate conserved residues in V/ cholerae AvcD targeted for
site-directed mutagenesis. (B) Nucleotide alignment of V/ cholerae Avcl and three homologs
using LocARNA%2, The average secondary structure is indicated in dot-bracket notation
(top). Consensus identities are correlated with the height of the bars below the corresponding
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nucleotide. Compatible base pairs are colored according to the number of different types
C-G (1), G-C (2), A-U (3), U-A (4), G-U (5) or U-G (6) of compatible base pairs in the
corresponding columns. The color saturation decreases with the number of incompatible
base pairs.
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Extended Data Fig. 6 |. Cross-species inhibition of aveD and avcl homologs.
Cell length distributions of £. coli co-expressing various combinations of Py,.-inducible

plasmids encoding homologs of aveD and avel. All cell length distributions represent
~1000-3000 cells measured per strain (7= 3 biological samples), with summary statistics:
mean (diamonds), median (horizontal black line), interquartile range (box), and data below
and above the interquartile range (vertical lines). Different letters indicate significant
differences at p < 0.05, according to Two-way ANOVA with Tukey’s post-hoc test. VC

= Vibrio cholerae, VP = Vibrio parahaemolyticus, PM = Proteus mirabilis, ETEC = E. coli
ETEC.
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Extended Data Fig. 7 |. Phylogenetic analysis and domain architectures of the six AvcD query
proteins.
(A) Phylogenetic tree of AveD homologs from representative phyla across the tree of

life. Stars indicate the six proteobacterial starting points for the homology search, as

well as the eukaryotic Saccharomyces cerevisiae dcdl (triangle). (B) Domain architecture
and secondary structure predictions for the six proteobacterial starting points (query
proteins) were predicted using InterProScan (Methods). Results from six main analyses

are shown here for the query proteins: Gene3D (including CATH structure database),

Pfam, ProSiteProfiles, PANTHER, and SUPERFAMILY protein domain profile databases,
and MobiDBL.ite for disorder prediction. No transmembrane regions (using TMHMM)

or membrane/extracellular localization were predicted for any of the proteins (using
Phobius); hence not shown. Numbers (bottom) indicate the amino acid position of predicted
domains and features. (C) Cell length distributions of £. coli expressing pAvcD, a Pyy-
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inducible plasmid encoding dcd1 from S. cerevisiae (pDcd15C), or pVectorl. All cell length
distributions represent ~1000-3000 cells measured per strain (n7 = 3 biological samples),
with summary statistics: mean (diamonds), median (horizontal black line), interquartile
range (box), and data below and above the interquartile range (vertical lines). Different
letters indicate significant differences at p < 0.05, according to Two-way ANOVA with
Tukey’s post-hoc test.
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Extended Data Fig. 8 |. Mutations in conserved residues of AvcD do not affect the stability or
function of the protein.

(A) Phyre2 (ref. 18) predicted structure of AvcD from V/ cholerae El Tor. Insets highlight
conserved residues of the PLN (top) and DCD (bottom) domains selected for mutagenesis.
(B) Representative Coomassie stained gel (top) and anti-6x His antibody Western blot
(bottom) of whole cell lysates from £. co/i BL21(DE3) cells maintaining an empty vector
(pVector8is) inducible C-terminal 6x histidine tagged aveD (WT) or aveD variants (S52K,
D162A + Q163A, E384A, and C411A + C414A) grown in the presence of 1 mM IPTG

for 3 h. Sample inputs were normalized by culture ODggq and resolved by SDS-PAGE.
Three biological replicates of each strain were analyzed with similar results. Black triangles
correspond to the predicted molecular weight of the AvcD tagged fusions (60.6 kDa). M =
molecular weight marker. (C) V/ cholerae mutant expressing the indicated AvcD variants.
ori/ter ratios of Chromosome 1 in Aig??? V. cholerae strains expressing the indicated

pAvcD construct and quantified using qRT-PCR. Each bar represents the mean + SEM,

n=3. Different letters indicate significant differences (/7=3) at p < 0.05, according to Two-
way ANOVA with Tukey’s post-hoc test. (D) Representative images of Aig?? cultures
maintaining an empty vector plasmid pVector 1 or pAvcD grown in the presence of 100 uM
IPTG for 8 h. Cells were stained with FM4-64 prior to imaging and performed in biological
triplicate. (E) Relative difference in avcD expression between Aig??2 and WT V. cholerae
at three different growth phases using qRT-PCR and an endogenous gyrA control. Data
represent the mean + SEM of three biological replicates.
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Extended Data Fig. 9 |. Cessation of global translation, by treatment with spectinomycin, does
not liberate AvcD enzymatic activity.

Intracellular abundance of dCTP (A), dCMP (B), dUTP (C), and dUMP (D) of WT

and AaveD V. cholerae during spectinomycin treatment (200 pg/mL) measured by UPLC-
MS/MS. Data represent the mean + SEM of three biological replicate cultures. No
statistically significant differences in nucleotide concentrations were observed between
strains at any time point as determined by Two-way ANOVA with Two-way ANOVA with
Sidak’s multiple-comparison test.
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Extended Data Fig. 10 |. Ectopic expression of DncV and AvcD does not lead to filamentation in
the AcapV mutant of V. cholerae.

Cell length distributions measured from three biological replicates of AcapV' V. cholerae
cultures co-expressing either two empty vectors, pDncV and an empty vector, pAvcD and
an empty vector, or pDncV and pAvcD grown in the presence of 100 uM IPTG for 8

h. Distributions represent ~1200-1700 cells measured per strain (/=3 biological samples).
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Different letters indicate significant differences at p < 0.05, according to Two-way ANOVA
with Tukey’s post-hoc test.
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Fig. 1 |. AvcD-induced filamentation is inhibited by SRNA Avci.
Growth curves (a) and representative images (b) of WT El Tor V/ cholerae and AVSP-1/2

strains expressing aveD from a Pisc-inducible plasmid (pAvceD) or an empty vector control
(pVectorl). Cells were stained with FM4-64 before imaging. Scale bar, 2 um. This
experiment was repeated at least three times. ¢, Cell length distributions of WT V/ cholerae
and VSP island mutants expressing pAvcD or pVectorl. d, Cell length distributions of
VSP-1 gene locus mutants expressing pAvcD in combination with either plg222 or a vector
control (pVector2). e, Table reporting the capacity of various ig??? Pac-inducible constructs
to prevent AvcD-induced cell filamentation when expressed in combination with pAvcD

in Aig?22 /. cholerae. Dotted line denotes a non-native RBS, “** indicates a putative start
codon mutated to a stop. f, An AvcD-Avcl complex formed in an AvcD concentration-
dependent manner as determined by EMSA. Trace quantities of non-specific binding of
AvcD to the Avcl reverse complement (Avcl-RC) were observed. This experiment was
repeated at least three times, yielding similar results. g, Cell length distributions of £.

coli co-expressing P c-inducible plasmids encoding aveD homologues and their cognate
avcl or vector controls. VC, Vibrio cholerae, \/'P, Vibrio parahaemolyticus, PM, Proteus
mirabilis, ETEC, E. coliETEC. h, Representative images of £. coli co-expressing various
combinations of Pgc-inducible plasmids encoding homologues of aveD and avc/. Scale
represents 2 um. Error bars represent s.e.m. from three biological replicates. All violin
plots represent ~1,000-3,000 cells measured per strain (7= 3 biological samples) with
summary statistics: mean (diamonds), median (horizontal black line), interquartile range
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(box) and data below and above the interquartile range (vertical lines). Different letters
indicate significant differences using two-way analysis of variance (ANOVA) with Tukey’s
post-hoc test (c and d) or to two-sided Dunnett’s post-hoc test (g) against the control strain
(pVectorl + pVector2) at £< 0.05.
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Fig. 2 |. AvcD is a DCD.
a, Cell length distributions of £. coli expressing pAvcD, Py, c-inducible plasmids encoding

a variety of AvcD active-site variants, or pVectorl. The violin plot represents ~1,700-3,000
cells measured per strain (7= 3 biological samples), and different letters indicate significant
differences at £ < 0.05, according to two-way ANOVA with Tukey’s multiple comparison
post-hoc test. b, Colorimetric assay detecting the evolution of ammonium from lysates of
E. coli, previously expressing pAvcD or pAvcDE384A incubated with 12 amine-containing
nucleotide substrates (37.7 mM cytidine and 7.5 mM for all other substrates) for 30 min.
Data represent the mean * s.e.m., /7= 3, two-way ANOVA Sidéak’s multiple-comparison
test. NS, not significant. Pvalues for dCTP and dCMP: WT versus E384A, <0.0001. c,d,
Quantification of dUTP (c) and dUMP (d) using UPLC-MS/MS, in the indicated cell
lysates before and after addition of 1 uM dCTP. Each bar represents mean + s.e.m., 1

= 3. g, In vivo nucleotide concentrations of £. coli expressing pAvcD, AvcD active-site
variants (pAvcDS52K pAvcDE384A) or an AveD homologue (pAveDETEC) for 1 h measured
by UPLC-MS/MS and normalized to a vector control strain. Data are graphed as mean +
s.e.m., n =3, two-way ANOVA with Tukey’s multiple-comparison test. P values for dCTP:
WT versus S52K, 0.0083; WT versus E384A, 0.0193; S52K versus ETEC, 0.0019; E384A
versus ETEC, 0.0236. Pvalues for dCMP: WT versus S52K, 0.044; WT versus E384A,
0.0045; S52K versus ETEC, 0.0039; E384A versus ETEC, 0.049. ND, none detected; NS,
not significant.
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Fig. 3 |. Avci—AvcD is a toxin—antitoxin system.
a, To-scale genomic diagram of avc/and aveD and the primers (a, b, ¢ and d) used for

generating diagnostic PCR products. b, PCR products amplified from nucleic acid templates
(above) using the indicated primer pairs (below) resolved in a 1% agarose gel. All reactions
were performed in duplicate using biologically independent samples with similar results. No
RT, non-reverse transcribed RNA template control. gDNA, genomic DNA control. This was
repeated three times, yielding similar results. ¢, Relative difference in transcript abundance
between ave/and aveD at different growth phases in WT V. cholerae normalized to an
endogenous gyrA control using qRT-PCR. Data are graphed as mean + s.e.m., 7 =3.

d-g, In vivo abundance of dCTP (d), dCMP (e), dUTP (f) and dUMP (g) of WT and

AaveD V. cholerae before and after addition of rifampicin (250 pug ml~1) measured using
UPLC-MS/MS and normalized to total protein. Data represent the mean + s.e.m. of three
biological replicate cultures, two-way ANOVA with Sidak’s multiple-comparison test. NS,
not significant. For dCTP, Pvalues for WT versus AaveD mutant: 5 min, 0.0081; 15-40 min,
<0.0001. For dCMP, Pvalues at 27.5 min: 0.0274. For dUMP, Pvalues at 27.5 min and 40
min: 0.0414 and 0.0001, respectively.
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a, Fold reduction in the number of plaques conferred by four homologous ave/D systems

to a naive £. colihost challenged with a panel of coliphages. Fold reduction determined

by serial dilution plaque assays comparing the efficiency of plaquing on an £. co/i host
maintaining a plasmid borne avc/D system and its native promotor against a vector control
strain. b, Efficiency of plaquing on strains encoding WT avc/DVF from V. parahaemolyticus
(pAvcIDVP) or point mutations in the PLN (S49K), DCD (E376A) or a double domain point
mutant (pAvclDVP-aveDS49K+E376A) against a vector control strain. Data represent the mean
+ s.e.m. of three biological replicate cultures, one-way ANOVA with Dunnett’s post-hoc
test. Pvalues for T3: WT versus S49K, < 0.001; WT versus E376A, <0.001; WT versus
S49K + E376A, <0.001. Pvalues for T5: WT versus S49K, <0.001; WT versus E376A,
0.0002; WT versus S49K + E376A, <0.0001. Pvalues for T6: WT versus S49K, 0.0012;
WT versus E376A, 0.0008; WT versus S49K + E376A, 0.0011. Pvalues for SECH18: WT
versus S49K, <0.0001; WT versus E376A, <0.0001; WT versus S49K_E376A, <0.0001. c,
The relative genome abundance of T5 infecting £. coli expressing pAvclIDVP or its double
point mutation variants pAvclDVP-aveDS49K+E376A Data represent the mean + s.e.m. of three
biological replicate cultures, two-way ANOVA with two-sided Sidak’s multiple-comparison
test. Pvalues at 40 min: 0.0004. NS, not significant. d—g, In vivo abundance of dCTP (d),
dCMP (e), dUTP (f) and dUMP (g) in an £ colihost carrying a vector control, pAvclIDVP or
the avc/D system with its native promoter from £. coli ETEC (pAvclDETEC) before and after
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addition of T3 phage (MOI 5). Nucleotides measured using UPLC-MS/MS and normalized
to total protein. Data represent the mean + s.e.m. of three biological replicate cultures,
two-way ANOVA with Dunnett’s post-hoc test (d—g). NS, not significant. For dCTP, P
values: EV versus ETEC at 5 min, <0.0001; EV versus VP at 12.5 min, <0.0001; EV versus
VP at 20 min, 0.0009; EV versus ETEC at 20 min, 0.001. For dCMP, Pvalues: EV versus
VP at 12.5 min, <0.0001; EV versus ETEC at 12.5 min, 0.0358. For dUMP, Pvalues: EV
versus ETEC at 5 min, 0.0017; EV versus VP at 12.5 min, <0.0001; EV versus ETEC at
12.5 min, 0.0001.
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a—d, In vivo abundance of dCTP (a), dCMP (b), dUTP (c) and dUMP (d) of an £.

colfhost carrying vector control, the ave/D system from V. parahaemolyticus with its

native promoter (pAvclDVP), or an inactive aveD mutant (pAvclDVP-aveDS49K+EST6A) pefore
and after treatment with rifampicin or infected with phage (T3, MOI 5; SEC®18, MOl

10). Nucleotides were measured using UPLC-MS/MS, normalized to total protein. Data
represent the mean + s.e.m. of two biological replicate cultures.
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Fig. 6 |. Model for AvciD-based anti-phage activity in bacteria.
Top: before infection, AvcD is maintained in an inactive state by the abundant SRNA,

Avcl. Bottom: following infection, AvcD is liberated from Avcl, probably by the cessation
of global transcription or the enhanced degradation of Avcl. Active AvcD rapidly

depletes available dCMP and dCTP substrates promoting the accumulation of dUMP, via
deamination, which probably impairs efficient phage DNA replication and new phage virion
production.
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