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Bacteria have adapted to phage predation by evolving a vast assortment of
defence systems’. Although anti-phage immunity genes can be identified using
bioinformatic tools, the discovery of novel systems is restricted to the available

prokaryotic sequence data?. Here, to overcome this limitation, we infected
Escherichia coli carrying a soil metagenomic DNA library® with the lytic coliphage
T4 toisolate clones carrying protective genes. Following this approach, we
identified Brigl, a DNA glycosylase that excises a-glucosyl-hydroxymethylcytosine
nucleobases from the bacteriophage T4 genome to generate abasic sites and inhibit
viral replication. Brigl homologues that provide immunity against T-even phages
are presentin multiple phage defence loci across distinct clades of bacteria.

Our study highlights the benefits of screening unsequenced DNA and reveals
prokaryotic DNA glycosylases as important players in the bacteria-phage

armsrace.

Bacteria have evolved a diverse battery ofimmune systems to coun-
teractinfections by viruses and plasmids'. Multiple studies have used
bioinformatic analyses to identify new antiviral genes and immune
systems present within defence islands*® as well as in pathogenic-
ity islands” and prophage elements®. More recently, one study
performed a functional selection for antiviral immune systems in
the E. coli pangenome, identifying immune systems harboured by
E. coli strains that had gone unnoticed in previous bioinformatic
searches’. Although these studies have undoubtedly expanded our
understanding of the diversity of immune systems present in bac-
teria, they have all relied on the availability of sequenced genomes.
Analyses of 16S ribosomal RNA sequences suggest that uncultivated
and unsequenced microorganisms represent the majority of bacte-
rial lineages?. This ‘microbial dark matter’, which is beginning to be
accessed through single-cell genomics'®, arguably contains a vast
assortment of unknown genetic pathways, including those involved
in anti-phage defence. To tap into this uncharted sequence space,
we screened a library of environmental DNA (eDNA) constructed
in E. coli for clones showing resistance or immunity to phage T4
infection. This library was constructed by cloning microbial DNA
isolated from an arid soil collected in Arizona into a cosmid vector®",
After challenging this library with the lytic coliphage T4 we isolated
Brigl, a DNA glycosylase from an unknown organism that provides
immunity through the excision of a-glucosyl-hydroxymethylcytosine
(a-glucosyl-hmC) nucleobases present in the T4 genome'?, thus
inhibiting phage replication after infection. Our study illustrates
both a powerful method for the discovery of new anti-phage
defence systems as well as a unique mechanism of anti-phage
immunity.

Isolation of defence genes from eDNA

Touncover novel anti-phage defence systems presentin unsequenced
bacterialgenomes, we screened aneDNA library generatedinan earlier
study. The library consists of large (approximately 40 kb) DNA frag-
ments, extracted from a soil sample collected in Arizona, that were
clonedinto pWEB-TNC cosmids, packaged into A phage and transfected
into £. coli EC100 cells>™. The library, which contains at least 10 million
clones, was infected with phage T4 to select resistant clones that enable
colony formation (Extended DataFig. 1a). We picked 16 random colonies
andused aplaque assay to determine that twelve carried immunity to T4
phageinfection, but did not provide immunity to the unrelated phage
Avir (Extended Data Fig. 1b; see also Supplementary Fig.1for unedited
images of plaque assays and gel electrophoresis). Sequencing of the
selected cosmidsrevealed a34.5-kb DNAinsert (Extended DataFig.1c),
that probably belongs to the phylum Actinobacteria (Supplementary
Data File 1). Further subcloning of cosmid fragments (Extended Data
Fig. 1c-fand Supplementary Fig. 2, which shows replicates for these
and all subsequent plaque assays reported in this study) determined
thatgene ¢, which encodes an unknown proteinbelonging to the super-
family of uracil DNA glycosylases, was solely responsible for immunity
(Fig.1laand Extended Data Fig.1g). This gene lies within the vicinity of
other putative defence systems (Extended Data Fig. 1c,e), including
a Thoeris ThsA-like gene® and Wadjet™, a genetic context that sug-
gests that gene cis part of a bacterial defence island present in the
isolated eDNA.

To investigate how gene c affects T4 infection, we first determined
that it does not affect phage adsorption (Extended Data Fig. 2a).
We also performed quantitative PCR (qQPCR) to measure phage DNA
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Fig.1|ScreeningofaneDNAlibrary uncovers anunknown gene that
protectsE. coliagainst phage T4 infection by preventing viral replication.
a, Tenfold serial dilutions of phage T4 on lawns of £. coli EC100 that harbour
the pWEB-TNC cosmid, which carries different genes presentin athree-gene
operonisolated after the screening of an eDNA library with this phage. Gene ¢
encodes Brigl. Dataarerepresentative of threeindependent experiments.

b, Quantitative PCR analysis of T4 DNA by amplification of the gp43gene. Viral

accumulation (at two different loci, gp43and gp34) ininfected cells at
2,4,8and 20 min post-infection (Fig.1b and Extended Data Fig. 2b-f).
We found that, in contrast to susceptible hosts, which showed a steady
increase in phage DNA over time, the T4 DNA content decreased in
E. coli expressing gene c (Fig. 1b and Extended Data Fig. 2b-f). This
result demonstrates that gene ¢ not only inhibits T4 DNA replica-
tion but also causes a slight and gradual depletion of the phage DNA
within the infected population (Extended Data Fig. 2¢,d). Finally, we
performed next-generation sequencing of £. coli cells infected with T4
for 8 min, which showed that phage DNA reads were severely depleted
across the entire T4 genome in cells expressing gene c (Fig. 1c). We
named this gene bacteriophage replication inhibition DNA glyco-
sylase 1 (brigl) (see sequences in Supplementary Information). The
cosmid harbouring only gene ¢, pFgmD3-4 (Fig. 1a), was therefore
renamed pBrigl.

Brigl targets glucosylated DNA bases

Tounderstand how brigl affects T4 replication, weisolated an ‘escaper’
phage that completely bypassed Brigl defence (Fig. 2a) and displayed
avery similar pattern of DNA reads during infection in the presence
or absence of brigl expression in E. coli hosts (Fig. 2b). Sequencing
of the viral DNA revealed a single-base-pair deletion within the T4
a-glucosyltransferase (a-gt) gene, resulting in a frameshift (escaperl;
Supplementary Table 1). Sequencing of PCR products obtained using
DNAisolated fromanother 18 escaper phages showed additional muta-
tions in a-gt, most of them frameshifts (Supplementary Table 1). We
alsogenerated anin-frame deletion of this gene, phage T4 Aa-gt, which
phenocopied the escaperl mutation (Fig. 2a). Finally, plasmid-borne
expression of a-gt rescued E. coli from lysis by both T4 escaperland
T4 Aa-gt (Fig.2a), aresult that demonstrates that thisgeneis required
for Brigl defence.

a-Glucosyltransferase (a-GT) and B-glucosyltransferase (3-GT)
add glucose in a- and B-linkage to around 70% and 30% of the
5-hydroxymethylcytosine (hmC) bases in the T4 genome'”, respec-
tively (Extended DataFig.2g-h). Brigl provided strong immunity upon
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DNAwas extracted frominfected E. coli EC100 cells carrying pWEB-TNC or
pBriglat2,4and 8 minafter the addition of phage at amultiplicity of infection
(MOI) of 1. Fold-change values were calculated relative to the pWEB-TNC

2 mintime point. Dataare mean +s.e.m. forthreeindependent experiments.
¢, Normalized next-generation sequencing reads of T4 DNA, mappedto the
viralgenome. DNA for sequencing was obtained 8 min after infection of £. coli
EC100 carrying pWEB-TNC or pBrigl atan MOl of 5.

infection with a mutant phage carrying an in-frame deletion of b-gt
(T4 Ab-gt) (Fig. 2a).In addition, we constructed a cytosine-containing
T4 mutant phage, T4(C), with the genotype Aalc AdenB Agp56 Agp42
(Extended Data Fig. 2h), which has been shown to lack hmC in its
genome'. This phage was resistant to Brigl targeting, in contrast to
the triple mutant Aalc AdenB Agp56 phage that harbours both gp42to
synthesize hmC nucleobases and a-gt to glycosylate the bases (Fig. 2c).
Moreover, overexpression of gp42, but not a-gt alone, sensitized T4(C)
to Brigltargeting (Fig. 2c). Finally, we passaged T4 on astrain that over-
expressed -GT to investigate the effect of an increase in the fraction
of B-glucosylated hmC nucleobases on Brigl immunity. We found
that the resulting phage, T4(+B-GT), displayed a small but significant
increase in propagation in the presence of the enzyme (Extended
Data Fig. 2i). Together, these data demonstrate that Brigl targets
a-glucosylated hmC nucleobases in the viral DNA to provide defence
against T4.

Brigl excises a-glucosyl-hmC nucleobases

We performed an AlphaFold2 protein structure prediction'”™® of Brig1,
which generated a high-confidence structural model (Fig. 3a and
Extended Data Fig. 3a) that we used to find structural homologues.
Thetop hitswereall uracil DNA glycosylases, with the best match being
auracil DNA glycosylase from the archaeon Sulfolobus tokodaii® (Dali Z
score?®9.2) (Extended Data Fig. 3b). Uracil DNA glycosylases recognize
uracil bases in DNA (which may result from polymerase error or from
cytosine deamination) and initiate base excision repair by hydrolysing
the N-glycosidic bond between the base and the deoxyribose sugar®.
We therefore hypothesized that Brigl removes a-glucosyl-hmC, but not
B-glucosyl-hmC, from the T4 genome. To test this prediction, we puri-
fied Brigl and determined its activity on a 60-nt single-stranded DNA
(ssDNA) oligonucleotide substrate containing a single hmC residue
within an Mfelrestriction site (Extended DataFig. 3c), towhich weintro-
duced a-glucosyl-hmC and -glucosyl-hmC modifications (Extended
Data Fig. 3d) using purified T4 o-GT and -GT enzymes. Glucosyla-
tionwas confirmed by annealing acomplementary oligonucleotide to
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Fig.2|Theantiviral DNA glycosylase Brigl targets a-glucosyl-hmC
nucleobases torestrict T4 viral replication. a, Tenfold serial dilutions of
different T4 phage stocks onlawns of E. coli EC100, each lawn carrying cosmid
pWEB-TNC or pBrigl, and plasmids pEmpty, p(a-gt) or p(b-gt). Plaque images of
onerepresentative experiment from threeindependent experiments are
shown. b, Normalized next-generation sequencing reads of T4 escaperl DNA,

generateadouble-stranded DNA (dsDNA) substrate for Mfel digestion,
arestriction endonuclease that can cleave hmC-containing, but not
glucosyl-hmC-containing, target sequences? (Extended DataFig. 3e).
The modified ssDNA oligonucleotides were incubated with Brigl to
determineits DNA glycosylase activity using analdehyde-reactive fluo-
rescent probe that can detect abasicsites. The primary product of Brigl
was afull-length oligonucleotide containing an abasic site, generated
by excision of the a- but not the B-glucosyl-hmC nucleobase (Fig.3b). As
apositive control, we treated an equivalent uracil-containing oligonu-
cleotide (Extended Data Fig. 3f,g) with SMUGI, a previously character-
ized human uracil DNA glycosylase®.

We further tested Brigl activity by treating reaction products
with heat and sodium hydroxide, conditions that accelerate the
cleavage of the DNA backbone at abasic sites via B-elimination®* and
thus enable the detection of these sites as DNA fragments. Using
this method, Brigl exhibited robust base excision activity on the
a-glucosyl-hmC-containing substrate but not on ssDNA substrates
harbouring -glucosyl-hmC,hmC, 5-methylcytosine or 2-aminoadenine
(Extended DataFig. 3g,h). Finally, we confirmed Brigl activity usinga
third method to detect abasic sites. We incubated the oligonucleotide
product with Endonuclease IV, an apurinic/apyrimidinic endonucle-
ase that cleaves the sugar-phosphate backbone adjacent to an abasic
site?*?, This treatment resulted in the cleavage of the ssDNA substrate
atthe positionwhere the glucosyl-hmC nucleobaseislocated (Extended
DataFig. 3i).

To obtain direct evidence of the removal of the glucosyl-hmC
nucleobase, we performed high-resolution mass spectrometry. We
treated an 18-nt ssDNA oligonucleotide containing either a single
uracil, hmC or a-glucosyl-hmC nucleobase (Extended Data Fig. 4a)
with SMUGI or Brigl. With SMUGI and Brigl treatment of the uracil-
and a-glucosyl-hmC-containing oligonucleotides, respectively, we
recorded, ineach case, strong primary peaks with mass values equiva-
lent to the loss of the excised target nucleobase and the gain of a water
molecule that were interpreted as the introduction of an abasic site
(Extended Data Figs. 4b,c). Together, these results demonstrate that
Briglis a DNA glycosylase that excises a-glucosyl-hmC nucleobases
from ssDNA to generate abasic sites, with a high level of stereoisomeric
specificity.
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mapped to the viralgenome. DNA for sequencing was obtained 8 min after
infection of £. coli EC100 carrying pWEB-TNC or pBriglatan MOl of 5. ¢, Tenfold
serial dilutions of different T4 phage stocks on lawns of £. coli EC100, each lawn
carrying cosmid pWEB-TNC or pBrigl, and plasmid pEmpty, p(a-gt) or p(gp42).
Plaqueimages of one representative experiment from three independent
experiments are shown.

Brigl generates abasic sites in dSDNA

Although the T4 genome can have ssDNA intermediates during replica-
tion*, most of the viral DNAis in a double-stranded form. We therefore
tested whether Brigl can also introduce abasic sites in dsDNA oligonu-
cleotide substrates (Extended Data Fig. 5a,b) which were glucosylated
athmCsites and subsequently determined to be resistant to Mfel cleav-
age, which confirmed the presence of the modification (Extended
Data Fig. 5c). We first treated a dsDNA substrate harbouring either a
single a-glucosyl-hmC or uracil in the top strand with Brigl or SMUG1.
Whenseparated by non-denaturing polyacrylamide gel electrophoresis
(PAGE), only the products treated with heat and sodium hydroxide
showed a high molecular weight species (Extended Data Fig. 5d). This
is most probably owing to the generation of nicked dsDNA that runs
slower onanon-denaturing gel”. To corroborate this, we separated the
products by urea-PAGE, which revealed cleavage products generated by
Brigl and subsequent heat and sodium hydroxide treatment, but not by
treatment with the glycosylase alone (Fig. 3c and Extended Data Fig. Se).
By contrast, dsDNA substrates containing hmC in the top strand that
were treated with Brigl and heat and sodium hydroxide did not show
cleavage products, that are indicative of the introduction of abasic
sites (Extended Data Fig. 5f). Next, after confirming that both top and
bottom ssDNA oligonucleotides were subject to glycosylase activity
(Extended Data Fig. 5g), we tested DNA duplex molecules containing
modified bases in both strands. Brigl treatment led to the cleavage
of both strands after 3-elimination, generating a dsDNA break and
cleavage products that can be separated by non-denaturing, native
PAGE (Fig. 3d). Similar results were obtained for SMUG1 experiments
(Extended Data Fig. 5h). Finally, Brigl did not display any activity on
the dsDNA substrate withhmCinboth strands (Extended Data Fig. 5i).
Together, these results indicate that Brigl is a monofunctional DNA
glycosylase that generates abasic sites, with insignificant lyase activity.

Brigl degrades T4 phage DNA

Wealsotested the effect of Brigl on T4 phage DNAin vitro. We incubated
wild-type and escaperl1 viral DNA with Brigl for 30 min at 37 °C and
visualized the products via agarose gel electrophoresis. Although the
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Fig.3|Briglexcises a-glucosyl-hmC nucleobases. a, AlphaFold2 structure of
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shownintranslucentgrey. Right,zoomed-in view of putative glycosylase
pocket, with uracil (pink-purple sticks) from Protein Data Bank (PDB) 4ZBY
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substratebinding. b, Polyacrylamide gel electrophoresis of 60-nt single-stranded
oligonucleotides containing a single modified base, incubated with either
SMUGI1 or Briglat37 °Covernight, and then treated withan aldehyde-reactive
Alexa488fluorescent probetolabel and detect abasic sites. The same gel

was stained with ethidium bromide to detect ssDNA. U, uracil; a-Glc-hmC,
a-glucosyl-hmC; B-Glc-hmC, B-glucosyl-hmC. Data are representative of one
experiment. ¢, Urea-PAGE of dsDNA substrates harbouring a-glucosyl-hmCin
thetopstrand (see Extended Data Fig. 5a) treated either with SMUG1 or Brigl at
37 °Covernight, withand without heatingin the presence of sodium hydroxide
for 30 min. Gels were stained with ethidiumbromide. L, ssDNA size ladder. Data
arerepresentative of twoindependent experiments. d, Native PAGE of dSDNA
substrates harbouring a-glucosyl-hmCinboth strands (Extended Data Fig. 5a)
treated either with SMUG1 or Briglat 37 °C overnight, with and without heating
inthe presence of sodium hydroxide for 30 min. Gels were stained with ethidium
bromide.L, dsDNAsizeladder. Dataarerepresentative of one experiment.

e, Agarose gel electrophoresis of T4, T4 escaperl or pWEB-TNC DNA (500 ng)
treated with increasing concentrations (2,20,200,400 or 800 nM) of Brigl or
with 10 units of NEB SMUG1 (Sm) for 30 minat 37 °C. Data are representative of
threeindependent experiments.

T4 DNA treated with Brigl was not distinguishable from an untreated
control DNA when using low voltage and low temperature (4 °C) to
separate thereaction products, experiments at higher voltage and tem-
perature resulted in DNA cleavage and degradation via 3-elimination
at abasic sites caused by the heat generated during electrophoresis
(Fig. 3e and Extended Data Fig. 6a,b). In these conditions, increasing
concentrations of Brigl caused amobility shift, but no degradation, in
escaperl DNA and a cosmid control DNA (pWEB-TNC) (Fig. 3e). Heating

to 65 °C, or treatment of the reaction products with SDS, before elec-
trophoresis eliminated the mobility shifts (Extended Data Fig. 6¢,d),
results that suggest that Brigl can bind to non-target DNA. Finally,
Brigl treatment of phage T4(+3-GT) DNA, which contains a higher
proportion of B-glucosyl-hmC nucleobases than wild-type T4 DNA
(Extended Data Fig. 2i), resulted in the generation of a lower num-
ber of abasic sites, evidenced by the reduced DNA degradation via
heat-promoted 3-elimination during electrophoresis (Extended Data
Fig. 6e). Together, these dataindicate that heat-promoted -elimination
atabasicsites generated by Brigl resultsin the degradation of wild-type,
a-glucosylated T4 phage DNA.

Briglresiduesimportant for activity

Thenucleotide binding pocket of Briglis predicted tobe muchlarger
(Fig. 3a) than that of the S. tokodaii uracil DNA glycosylase (Extended
DataFig.3b), with extraspace adjacent to the C5 position of the pyrimi-
dine where the additional a-glucosyl-hydroxymethyl group would
protrude (Fig.3aand Extended DataFig. 3d). To test whether this puta-
tive binding pocketisimportant for Brigl activity, we mutated amino
acids predicted to outline this area: Y121, E147 and N145 (Fig. 3a). On
the basis of the structure of other related glycosylases, Y121 would
stack against the flipped-out base (as is the case for F55in S. tokodaii
uracil DNA glycosylase; Extended Data Fig. 3b), whereas E147 would
formhydrogen bonds to its Watson:Crick face. Because this residue is
oftenasparagine rather than glutamate? (for example N82in S. tokodaii
uracil DNA glycosylase; Extended DataFig. 3b), we also considered the
N145residue (Fig.3a).Invivo, the Y121A, E147A and E147Q, but not the
N145A, substitutions affected Brigl-mediated immunity (Extended
DataFig. 7a). In vitro, the Y121A/E147A double mutation abrogated
base excisionactivity on ssDNA oligonucleotides as well as on T4 DNA
(Extended DataFig. 7b,c). These results demonstrate that the putative
DNA glycosylase catalytic pocket of Brigl isimportant for base excision
activity as well as defence against phage T4.

Involvement of host DNA repair pathways

As endonuclease IV can cleave ssDNA oligonucleotides at the abasic
sites generated by Brigl (Extended Data Fig. 3g), we explored whether
other enzymes that participate in base excision repair in £. coli could
be important for Brigl immunity in vivo. We tested immunity in hosts
lacking either one or both of the two major E. coli apurinic/apyrimidinic
endonucleases, exonuclease I11 (XthA) and endonuclease IV**° (Nfo),
the pyrimidine DNA glycosylase-lyase endonuclease I1I* (Nth) or the
abasic site sensor YedK*2. Deletion of any of the genes encoding these
enzymes did not affect T4 plaque-forming unit (PFU) counts in the
presence of Brigl (Extended Data Fig. 8a), suggesting that they are
not required for immunity. We also performed the opposite experi-
ment (that is, overexpressing XthA and Nfo to determine whether
they enhance Brigl immunity) and found that neither of the apurinic/
apyrimidinic endonucleases provided a further decrease in T4 PFUs
(Extended Data Fig. 8b). Finally, we determined that other nucleases,
helicases and recombinasesinvolved in recombinational DNA repair—
RecBCD, RecQ, RecJ and RecA*, which could process DNA ends gener-
ated by the sequential activity of Brigl and host- or phage-encoded
apurinic/apyrimidinic endonucleases—did not affect immunity
(Extended Data Fig. 8c). Therefore, our data indicate that the major
E. coliDNA repair enzymes and apurinic/apyrimidinic endonucleases
do not have a specialized role in Brigl-mediated anti-phage defence.

Briglimmunity against diverse phages

To test the range of phages restricted by Brigl, we infected E. coli
with seven different coliphages and found that, in addition to T4,
phages T2 and Té6 were highly sensitive to Brigl targeting (Fig. 4a).
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Fig.4 |Brigl providesimmunity against diverse phages thatcarry
a-glucosyl-hmcC nucleobases. a, Tenfold serial dilutions of common
coliphages spotted onlawns of E. coli EC100 carrying cosmid pWEB-TNC or
pBrigl. T6 Aba-gtlacks the glucosyltransferase that adds the second glucose

to a-glucosyl-hmC nucleobasesin phage T6. Data are representative of three
independent experiments. b, Agarose gel electrophoresis of 50 ng of T2, T4, T6,
T6 Aba-gt or pWEB-TNC DNA (p) treated with 10 units of SMUG1 or 100 nM of
Briglfor30 minat37°C.L,DNAsizeladder. Dataare representative of two
independent experiments.

These phages contain a-glucosylated (70% in T2; 3% in T6), but not
B-glucosylated hmC sites'. In addition, both phage genomes carry
B-1,6-glucosyl-a-glucose (gentiobiose; Extended Data Fig. 9a) adducts
(T2,5%; T6,72%). As the majority of the hmC nucleobases in the T2
genome are o-glucosylated, this phage is, as expected, very sensitive
to Brigl targeting (Fig. 4a). Conversely, as only a small fraction of the
T6 genome contains a-glucosyl-hmC, the high susceptibility of this
phage to Briglis notable (Fig. 4a). To investigate this, we isolated two
T6 phages that escaped targeting (Extended Data Fig. 9b) and found
that both carried inactivating mutations in the T6 a-gt gene (Supple-
mentary Table 1), whose effect was reverted through expression of
phage T4 a-gt (Extended Data Fig. 9b). We also treated T2, T4 and T6
phage DNA with purified Brigl (Fig. 4c and Extended Data Fig. 9¢c). We
found that T4 and T2 DNA, but not T6 DNA, was partially degraded
duringelectrophoresis—aresult that, as opposed to the in vivo results,
correlates withthe low fraction of a-glucosyl-hmC nucleobases in the
T6 genome. To test this, we deleted the ba-gt gene, which encodes
B-a glucosyltransferase (Ba-GT), the enzyme required to add the sec-
ond glucose in B-linkage to a-glucosyl-hmC nucleobases and gener-
ate gentiobiosyl-hmC (Extended Data Fig. 9a). This phage, T6 Aba-gt,
only carries a-glucosylated hmC nucleobases (presumably in 75% of
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the cytosines; Extended Data Fig. 9a), and is more susceptible to Brigl
immunity thanwild-type T6 (Fig. 4a and Extended DataFig. 9d). Inaddi-
tion, treatment of T6 Aba-gt DNA with Brigl resulted in degradation
after running the products on a gel (Fig. 4b). Together, these results
suggest that whereas gentiobiose modifications render T6 DNA resist-
anttoBriglinvitro, invivo thereisawindow during the virallytic cycle,
after the activity of «-GT on newly replicated hmC nucleobases'>"
but before the addition of the second glucose by fa-GT, when alarge
proportion of the hmC nucleobases in T6 are modified only with
a-glucose and are therefore susceptible to Brigl restriction.

Finally, we tested 69 different E. coli phages from the BASEL col-
lection** and found that Brigl provides immunity against Bas35-45,
all members of the T-even family that modify their genomes with
a-glucosyl-hmC (Extended Data Fig. 9e). By contrast, plaque forma-
tion by two other T-even phages within the collection, Bas46 and
Bas47, predicted to carry arabinosyl-hmC nucleobases instead of
glucosyl-hmC3**%, was not affected by Brigl (Extended Data Fig. 9¢).
Overall, these data demonstrate that Brigl restricts a large number
of T-even phages that contain a-glucosylated hmC residues in their
genomes. Although additional modifications of these nucleobases
prevent Brigl activity, their transient presence during the lytic cycle
is sufficient for efficient immunity.

Homologues of Brigl also provide immunity

We used PSI-BLAST to analyse the prevalence of Brigl in prokaryotic
genomes and found 42 non-redundanthomologues (annotated on NCBI
as hypothetical proteins). Many of these are present within putative
anti-phage defence islands (Fig. 5a and Extended Data Fig. 10a), near
other annotated anti-phage immunity genes* (Supplementary Data
File 1). Most of the Brigl homologues currently available in genetic
databases are found in Actinobacteria (Fig. 5a). We found that two
closely related Brigl homologues, both present in Nocardioides, pro-
vided immunity against T4 and T6 (Fig. 5a,b). These homologues are
present in putative defence islands (Extended Data Fig. 10b,c, and
Supplementary Data File 1), with the one harboured by Nocardioides
zhouiibeing located in a similar genomic neighbourhood as brigl—
thatis, adjacenttoapredicted ADP-ribosyl glycohydrolase and near a
ThsA-like SIR2-domain protein (Extended Data Fig. 10b). Both homo-
logues share around 50% amino acid identity with Brigl (Supplementary
DataFile1) and ahighlevel of predicted structural similarity (Extended
DataFig.10d-g).

Discussion

Here we have developed afunctional screen for the discovery of prokar-
yotic anti-phage defence systems from eDNA. Many novel defence
systems have been uncovered through bioinformatic exploration of
deposited DNA sequences***, Although this approach has been highly
effective, success depends on the availability of genomic data. One
recent study performed a functional screen on genomic libraries of
different E. colistrains’, amethod that has the benefit of an almost guar-
anteed expression of the library inserts. The sequence space screened,
however, was limited to the genetic content of this bacterium. The use
of eDNA libraries for the isolation of clones with antiviral properties
hasthe caveat that many genes may not be expressed in aheterologous
host. However, such eDNA libraries enable exploration of the micro-
bial dark matter'®¥. They provide access to the genetic information
of diverse, yet to be discovered, organisms, that do not need to be
cultured and that in principle can be isolated from any environment
of our planet*®*®, Finally, our screen has the advantage of unearthing
not only individual antiviral systems, but also entire defence islands
and/or mobile genetic elements, which may reveal new insights into
prokaryotic host-virus conflicts in nature (see also Supplementary
Discussion).
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Fig.5|Briglhomologues provide anti-phage defence. a, Maximum likelihood
tree of 42 Brigl homologues (noted by their NCBI protein accession numbers)
foundindifferent phyla: Firmicutes (purple background), Proteobacteria
(greenbackground), Actinobacteria (pink background), Cyanobacteria (blue
background) and Planctomycetota (orange background). Brigl homologues
that provide anti-phage defence against T4 and T6 are indicated inred. Grey
squaresindicate the presence of putative defence genesin theimmediate
vicinity (within tengenes upstream and downstream); brown squares indicate
BREX/Pgl genes within ten genes upstream and downstream; yellow squares
indicate transposases within ten genes upstream and downstream; and orange
squaresindicate ADP-ribosyl glycohydrolases within ten genes upstreamand
downstream. b, Tenfold serial dilutions of phage T4 or T6 on lawns of . coli
EC100 carrying the pAM39 vector to express the Brigl homologues shownin
redinausinganarabinose-inducible promoter, in the presence (+Ara) or absence
(-Ara) of theinducer. Plaque images of one representative experiment from
threeindependent experiments are shown.

OureDNAlibraryscreenyielded a prokaryotic defenceisland contain-
ing a DNA glycosylase, Brigl, that provides immunity in E. coli against
T-even bacteriophages by excising a-glucosyl-hmC nucleobases in

the viral DNA. Brigl did not restrict the propagation of T4 Aa-gt nor
Bas46-47 phages, whose genomes lack a-glucosyl-hmC and instead
contain B-glucosyl-hmC and arabinosyl-hmC nucleobases, respectively.
The enzymealso did not degrade T6 phage DNA, which primarily har-
boursgentiobiosyl-hmC. Therefore, itis conceivable that T-even phages
have diversified their hmC modification patterns to avoid restriction
by DNA glycosylases involved in anti-phage defence such as Brigl. If so,
the arms race between phages that modify their DNA and their hosts
most probably resulted in the evolution of alarger family of Brig DNA
glycosylases with activity against different hmC nucleobases, which
probably includes some of the Brigl homologues that we found associ-
ated with other defence genes but did not provide immunity against
T4 and T6 (Extended Data Fig.10a).

Our assays with oligonucleotide substrates showed that the phos-
phate backbone of ssDNA and dsDNA substrates containing a single
a-glucosyl-hmC nucleobase or dsDNA substrates containing two
a-glucosyl-hmC nucleobases on opposite strands remained largely
uncleaved despite overnight incubation with large amounts of Brigl
protein (Fig. 3 and Extended Data Fig. 5). We therefore propose that
Brigl, like members of the uracil DNA glycosylase superfamily®, is pri-
marily a monofunctional DNA glycosylase rather than a bifunctional
glycosylase-lyase that would also nick the DNA phosphate backbone
upon base excision®. We believe that Brigl activity disrupts the lytic
cycle of T-even viruses by generating abasic sites throughout the viral
genome that: (1) impede phage transcription and/or replication; (2) lead
to spontaneous hydrolysis of the phosphate backbone at the highly
reactive abasic sites; and/or (3) result in DNA interstrand crosslinks
and DNA-protein crosslinks owing to abasic site reactivity®. In addi-
tion, given that Brigl can target ssDNA substrates, it would be pos-
sible for this enzyme to attack ssDNA intermediates that form during
rolling-circle replication of T-even phages?. Notably, we observed
weak base excision activity after treating a uracil-containing ssDNA
oligonucleotide with high concentrations of Brigl (Extended Data
Fig. 3h and Extended Data Fig. 4c). This weak secondary activity on
uracil suggests Brigl has probably evolved from members of the uracil
DNA glycosylase superfamily.

Given that there is no evidence for the misincorporation of
a-glucosyl-hmC into bacterial DNA in the absence of phage infec-
tion, it is unlikely that Brigl would participate in a host base excision
repair pathway dedicated to the removal of these nucleobases. On
the contrary, we believe that Brigl is a bona fide antiviral effector.
Supporting this idea, the a-gt gene, responsible for the generation of
a-glucosyl-hmC nucleobases, is widespread across phages infecting
diverse hosts (Supplementary Data File 1), and we found that Brigl
provided immunity against 11 out of 69 phages from the BASEL collec-
tion (Extended Data Fig. 9e). Furthermore, many Brigl homologues are
part of anti-phage defence islands, frequently associated with BREX/
Pgl genes, but also with toxin—-antitoxin cassettes, restriction endo-
nucleases and CRISPR-Cas systems (Extended Data Fig. 10a-c and
Supplementary DataFile1).In these genetic contexts, Brigl provides an
additional layer ofimmunity against phages containing a-glucosyl-hmC
that cannot be targeted by other systems present in the anti-phage
defenceislands, such as CRISPR-Cas and restriction endonucleases'**°
and possibly BREXimmunity. Although the exact mechanism used by
BREX systems to restrict phage infection is unknown, it was recently
shown that wild-type T4, but not an a-gt/b-gt double mutant phage that
lacks hmC glucosylation, evades BREX immunity in E. coli HS", suggest-
ing that BREX systems are inhibited by glucosylated nucleobases. In
hosts harbouring defence islands with restriction enzymes, CRISPR
or BREX in addition to Brigl, phages targeted by the latter will not be
ableto escape through mutationsin a-gt that eliminate a-glucosylation
of the viral DNA, since they will become susceptible to the defence
mechanisms that target non-glucosylated DNA. The next step of
the arms race could involve a change in the nucleobase modification
of the phage to avoid Brigl excision and regain virulence. Our study
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enables exploration of this immunity mechanism with an alternative
mode of attacking viral DNA that involves base excision rather than
the direct cleavage of sugar-phosphate backbones.
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Methods

Bacterial strains and growth conditions

Cultivation of E. coli EC100 (Lucigen), E. coli K-12 MG1655*, E. coli K-12
BW25113* and all other E. coli strains used in this study were carried
outinlysogeny broth (LB) at 37 °C with shaking. Overnight cultures
were inoculated from single bacterial colonies. Wherever applicable,
media were supplemented with chloramphenicol at 12.5 pug ml™ (for
cosmids) or 25 pg ml™ (for plasmids), spectinomycin at 50 pg ml ™,
kanamycin at 50 pg ml™, ampicillin or carbenicillinat 100 pg ml™, and/
or tetracycline at 5 pg ml™ to ensure cosmid or plasmid maintenance.
E.coliKeio knockout strains were obtained from the Coli Genetic Stock
Center at Yale University**. The type I-E CRISPR interference strain
E. coliK-12MG1655 ACT-01was a gift from C. A. Voight*. Miniprepped
plasmids (prepared by QlAprep Spin Miniprep Kit, QIAGEN, 27106)
were cloned into chemically competent E. coli EC100 cells (Lucigen),
electrocompetent E. coli EC100 cells (Lucigen) or rubidium chloride
(RbCl,) chemically competent E. coli K-12 MG1655 cells. For E. coliK-12
BW25113 and Keio knockout strains, protein purification strains, and
strains with two plasmid combinations, existing strains were first made
electrocompetent and then transformed with plasmid through elec-
troporation (1 mm Bio-Rad Gene Pulser cuvette at 1.8 kV). The list of
strains used in this study are available in Supplementary Data File 2.

Plasmid construction
For plasmid construction, refer to Supplementary Data File 2.

Gibson assembly

For Gibson assemblies*, 25-100 ng of the largest dsDNA fragment was
combined with equimolar volumes of the smaller fragment(s) in a total
volume of 5 plin nuclease-free water. Reaction mixtures were prepared
on ice and mixed with 15 pl of Gibson assembly master mix, pipette
mixed and incubated at 50 °C for 1 h in a thermal cycler. Gibson reac-
tions were transformed into chemically competent £. coli EC100 cells
(Lucigen) or RbCl, chemically competent £. coli K-12 MG1655 cells by
mixing 5 pl of Gibson reaction with 50 pl cells and following a standard
transformation protocol for chemically competent cells.

Oligonucleotide cloning

Oligonucleotide cloning was used to create a repeat-spacer-repeat
CRISPR array with a desired spacer following a previously described
protocol®. In brief, we used a Bsal restriction digest cloning
approach. Parent type II-A CRISPR array-containing plasmids with a
repeat-spacer-repeat carried a30 bp spacer sequence with two Bsal cut
sites at either end (pCas9)*. To set up the Bsal plasmid digest, we mixed
42 pl of the parent CRISPR plasmid (40-60 ng pl™) with 6 pl Bsal-HF
(NEB, R3535L), 6 pI NEB CutSmart buffer and 6 pl nuclease-free water.
Therestriction digest reaction wasincubated at 37 °C for approximately
6 h. Two IDT oligonucleotides comprised the type II-A CRISPR spacer to
beinsertedinto the Bsal cut plasmid CRISPR array: a‘top’ strand oligo-
nucleotide with sequence 5-AAAC-(30 bp spacer)-G-3’and a‘bottom’
strand oligonucleotide with sequence 5’-AAAAC-(30 bp spacer reverse
complement)-3’. Foroligonucleotide cloning of type I-E spacersinto
pACYC184-TypelEspcNT, the top strand oligonucleotide had sequence
5’-ACCG-(32 bp spacer)-3’and the bottom strand oligonucleotide had
sequence 5’-ACTC-(32 bp spacer reverse complement)-3’. The two
oligonucleotides were phosphorylated with T4 polynucleotide kinase
(NEB, M0201S) in a 50 pl reaction: 1.5 pl 100 pM top oligonucleotide,
1.5 pl 100 pM bottom oligonucleotide, 41 pl nuclease-free water,
51l T4 DNA ligase reaction buffer (NEB, B0202S), 1 ul T4 polynucleo-
tide kinase (NEB, M0201S). The reaction was incubated at 37 °C for
1hinathermalcycler. After phosphorylation, oligonucleotides were
annealed by adding 2.5 pl of 1 M sodium chloride (Fisher Scientific,
S271-3) solution to the 50 pl reaction and incubating for 5 minat 98 °C
and then allowing the reactionto gradually cool to room temperature

(approximately 2 h). The annealed oligonucleotides were diluted 1:10
in nuclease-free water and ligated into the Bsal-digested plasmidin a
20 pl reaction: 10 pl Bsal-digested plasmid, 6 pl nuclease-free water,
1pl1:10 diluted annealed oligonucleotides, 5 1l T4 DNA ligase reaction
buffer (NEB, B0202S), 111 T4 DNA ligase (NEB, MO202M). The ligation
reaction was performed at room temperature overnight. The next day,
5 ulof the ligation reaction was transformed into 50 pl of chemically
competent E. coli EC100 cells (Lucigen) or electrocompetent ACT-01
cells following dialysis, and colonies were confirmed by PCR the next
day. Thelist of CRISPR spacers generated by Bsal cloning and used in
this study are available in Supplementary Data File 2.

Strain construction

A Red recombineering was used to generate the £. coli K-12 BW25113
AxthA Anfo strain. An overnight culture of the E. coli K-12 BW25113 Anfo
Keio strain carrying the pAM38(red) plasmid with chloramphenicol
resistance was diluted and grownto OD,, ~ 0.3 and theninduced with
0.2%L-arabinose until 0D, ~ 1-1.2. Cells were made electrocompetent
by washing twice with cold water and electroporated (1 mm Bio-Rad
Gene Pulser cuvette at 1.8 kV) with a PCR product carrying axthA:tetR
gene replacement matching the xthA:kanR gene replacement found
in the E. coli K-12 BW25113 AxthA Keio strain, with ~50 bp homology
upstream and downstream of the xthA locus in the PCR product. After
~2 hofrecovery, cells were plated on LB agar plates with kanamycin at
50 pg ml™ and tetracycline at 5 pg ml™ to select for double mutants.
Double knockouts were confirmed by PCR. After confirmation, strains
were grown overnight in LB with kanamycin at 50 pg ml™ and tetracy-
clineat5 pg mi™ (but no chloramphenicol which selects for the plasmid)
and with 0.2% L-arabinose induction. Without antibiotic selection,
induced plasmid was rapidly lost due to toxicity from A Red overexpres-
sion. Strains were frozen at -80 °C (900 pl culture +100 pl DMSO) and
struck out on appropriate antibiotic plates to confirm both double
knockouts and loss of the recombineering plasmid.

Preparation of phage stocks

Avir, T4 and T7 were gifts from B. Levin. T2, T3, T5and T6 phages were
purchased from ATCC. Phages were first grown up in10 ml cultures of
exponentially growing E. coliK-12MG1655 or EC100 cells at ODq, ~ 0.3.
The phage-added cultures were incubated at 37 °C with shaking
overnight. Tubes were then spun down at 15,000g for 10 min at 4 °C.
Phage-containing supernatants were filtered using Acrodisc 13 mm
SUPOR 0.45 pmsyringe filters (Pall, 4604) into 15 ml conical tubes and
supernatants frozen down as phage stocks at =80 °C (900 pl filtered
supernatant + 100 pl DMSO). To grow up a phage stock for plaquing
assays and other experiments, a pipette tip was used to scrape off a
tiny portion of a frozen phage stock, which was then resuspended in
20 pl LB medium. Serial dilutions were prepared from the resuspended
phage and spotted on a fresh LB top agar (LB broth Lennox base, 0.5%
agar) lawn of E. coli EC100 in LB agar. The plate was incubated at 37 °C
overnight after drying at room temperature for 25 min. The next day
asingle phage plaque was picked from the top agar lawn using a P20
pipettesetto15plandresuspendedinal0 mlculture of exponentially
growingE. coliEC100 at OD, - 0.3. The phage-added culture was incu-
bated at 37 °C with shaking overnight. The tube was spun down the next
day at 15,000g for 10 min at 4 °C. The phage-containing supernatant
was filtered using an Acrodisc 13 mm SUPOR 0.45 um syringe filter
(Pall, 4604) into a15 ml conical tube. All final phage stocks were titred
ontop agar lawns of E. coli EC100 and stored at 4 °C.

Togrow phage stocks of Brigl escaper phages, single plaques formed
by T4 or T6 phages on lawns of pBrigl-carrying EC100 cells were picked
using a P20 pipette and resuspended in 20 pl LB medium. Serial dilu-
tions were prepared from the resuspended phage and spotted on a
fresh LB top agar lawn of E. coli EC100 carrying pBrigl to maintain selec-
tion of the escaper phage. The plate was incubated at 37 °C overnight
after drying at room temperature for 25 min. The next day a single
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phage plaque was picked from the top agar lawn using a P20 pipette
settol5ulandresuspendedinalO mlculture of exponentially growing
ODy ~ 0.3 E. coli EC100 carrying pBrigl for continued selection. The
phage-added culture was incubated at 37 °C with shaking overnight and
filtered the next day as described earlier to generate the escaper phage
stock. Final phage stocks were titred on top agar lawns of £. coli EC100
andstored at4 °C. Thelist of phages used in this study are available in
Supplementary Data File 2.

Generation of mutant phage stocks

T4 and T6 phage stocks were used to construct T4 Aa-gt, T4 Ab-gt,
T4 Aalc AdenB Agp56, T4(C) and T6 Aba-gt mutant phage stocks.
In each case, a culture of E. coli EC100 cells carrying a recombinant
pUT18C-based plasmid was grown overnight at 37 °C with shaking in
10 ml LB supplemented with 100 pg ml™ carbenicillin. The pUT18C
plasmid contained a cloned segment of phage T4 or T6 DNA with the
desired gene deleted and ~750-1000 bp homology arms flanking the
deleted genicregion on either side. The overnight culture was diluted
1:50 in 10 ml LB medium supplemented with 100 pg ml™ carbenicil-
lin. After approximately 1 h of culture growth, OD,,, was measured
for the culture and confirmed to be between 0.2 and 0.4. The 10 ml
culture was then infected with 2 pl of T4 or T6 phage stock and grown
overnight at 37 °Cwith shaking to allow wild-type phages to recombine
with the plasmid. The next day, the tube was spun down at 15,000g for
10 min at 4 °C. The phage-containing supernatant was filtered using
an Acrodisc 13 mm SUPOR 0.45 um syringe filter (Pall, 4604) into a
15 ml conical tube.

Serial dilutions of recombinant phage were prepared and spotted
on a fresh top agar lawn of E. coli EC100 containing a pCas9 plasmid
inLB agar supplemented with 25 pg ml™ chloramphenicol. The pCas9
plasmid carried a type II-A CRISPR spacer targeting the phage gene
that was deleted to select specifically for recombinant phage with the
desired deletion. Top agar plates were incubated at 37 °C overnight
after drying at room temperature for 25 min. The next day multiple
phage plaques were picked from the top agar lawn using a P20 pipette
set to 15 pl and resuspended in 20 pl LB medium. Five microlitres of
theresuspend phage plaques were boiled in 15 pl colony lysis buffer*®
at 98 °C for 15 min and then PCR checked to confirm that the desired
gene was deleted, either with the deletion carried on the pUT18C
recombinant plasmid or a de novo CRISPR-generated deletion that
eliminated the appropriate gene. Serial dilutions were prepared for1-2
correct phage plaques, which were then replaqued onto top agar lawns
of pCas9 selectionstrains and incubated overnight at 37 °Cfor stringent
selection. The next day, asingle phage plaque was picked from the top
agar lawn using a P20 pipette set to 15 pl and pipetted directly into an
ODgq, ~ 0.2-0.4 exponentially growing culture that maintained the
same selection for the mutant phage. The phage-infected culture was
grownovernight at 37 °C with shaking. The next day, the tube was spun
downat15,000gfor 10 min at4 °C. The phage-containing supernatant
was filtered using an Acrodisc 13 mm SUPOR 0.45 pm syringe filter (Pall,
4604) into al5 ml conical tube. In some cases, an arabinose-inducible
type I-E CRISPR-Cas expressing E. coli MG1655 strain, ACT-01, with a
pACYC184-based plasmid expressing an arabinose-inducible type I-E
CRISPR spacer was used to select for the recombinant phage. Inthese
instances, 0.2% L-arabinose was included in allmediafor proper phage
selectionthrough typeI-E CRISPR-Castargeting. To make the T4 Aa-gt
phage, instead of CRISPR selection, E. coli EC100/pBrigl was used to
select for the pUT18C-recombined phage. PCR and Sanger sequencing
confirmed the desired in-frame deletion of a-gt in the mutant phage,
matchingthe exact deletion carried onthe pUT18C-da-gt recombina-
tion plasmid.

To make the T4(+B-GT) phage, which is T4 phage carrying a higher-
than-normal fraction of B-glucosyl-hmC nucleobases, wild-type T4 was
passaged through E. coli EC100 carrying the plasmid p(b-gt), which over-
expresses T4 3-GT under 1 mM isopropyl-p-D-thiogalactopyranoside

(IPTG) induction. An overnight culture of E. coli EC100/p(b-gt) was
diluted1:50 in10 mI LB medium supplemented with 50 pg ml™ spectino-
mycinand1 mMIPTG. After approximately 1 h15 min of culture growth,
0D, was measured for the culture and confirmed to be between 0.2-
0.4.The10 ml culture was theninfected with 2 pl of wild-type T4 phage
stock and grown overnightat 37 °C with shaking. The next day, the tube
was spun down at 15,000g for 10 min at 4 °C. The phage-containing
supernatant was filtered using an Acrodisc 13 mm SUPOR 0.45 pm
syringe filter (Pall, 4604) into a 15 ml conical tube.

Please refer to Supplementary Data File 2 for the plasmids used to
generate each mutant phage. All final phage stocks were titred on top
agarlawns of E. coliEC100 and stored at 4 °C. The list of phages used in
this study are also available in Supplementary Data File 2.

Plaque assays and efficiency of plaquing analysis

Overnight cultures were launched from single colonies in 3 ml of LB
medium supplemented with appropriate antibiotic(s). Top agar lawns
of E. coliwere prepared by mixing 100 pl of overnight culture with 6 ml
of LB top agar (LB broth Lennox base, 0.5% agar) supplemented with
appropriate antibiotic(s). Top agar mixtures were poured over LB agar
in10 cm plates supplemented with appropriate antibiotic(s). Where
necessary, 0.2% L-arabinose was included in the overnight media as well
asinthe LB top agar and the LB agar plate. Plates were dried at room
temperature, partially open by a sterilizing flame, for 25 min for the
top agar to solidify. Serial dilutions of phage stock were prepared and
spotted on the top agar after drying. Forimaging of plaque assays, 2.5 pl
of each phage dilution was spotted on top agar using a multichannel
pipette. For quantification of phage titres, efficiency of plaquing, and
isolation of single phage plaques for phage DNA sequencing, 3-3.5 pl
of each phage dilution was spotted on top agar using a multichannel
pipette and the plate was tilted to allow phage spots to drip down the
plate for easier quantification and isolation of single plaques. In all
cases, plates were incubated at 37 °C overnight after drying at room
temperature for 25 min or until the plates were completely dry. Over-
night plaque assays were imaged the next day (-16-24 h after infection)
using the FluorChem HD2 system (ProteinSimple). Plaque assay images
were all auto-contrasted using Adobe Photoshop to give clearerimages.
In some cases, image brightness was enhanced further using Adobe
Photoshop for better visualization of phage spots. Plaque assays with
BASEL phages reported in Extended Data Fig. 9e were performed in
larger 15 cm plates of LB agar supplemented with 12.5 pug ml™ chlo-
ramphenicol, to allow for plaquing of up to ten different phagesona
single lawn. Here, the protocol was performed exactly as above, except
with scaled up volumes: 300 pl of overnight culture was mixed with
15 ml of LB top agar supplemented with12.5 pg ml™ chloramphenicol.
As before, 2.5 pl of each phage dilution was spotted on top agar using
amultichannel pipette.

In Extended DataFig. 2i, efficiency of plaquing was quantified as the
number of plaques formed by the phage on an £. coli EC100/pBrigl
(targeting) lawn divided by the number of plaques formed by the same
phageonanE. coliEC100/pWEB-TNC (control) lawn. In Extended Data
Fig.9¢, to quantify phage plaques of T6 and T6 Aba-gtformed onE. coli
EC100/pBrigl (targeting) lawns, infections were spread out across the
entire top agar lawns to accurately count individual plaque-forming
units (PFUs). To this end, 100 pl of phage stock normalized to -1 x 10°
PFU pl™ (so ~10® PFUs total) was mixed with 100 plof overnight culture
and then mixed with 6 mI LB top agar (with 12.5 pug mI™ chlorampheni-
col) and subsequently poured over an LB agar plate, supplemented
with 12.5 pg ml™ chloramphenicol. Top agar plates were incubated at
37 °Covernight after drying at room temperature for 25 min. The next
day, single plaques were counted across the entire top agar lawn. To
accurately determine the total PFUs added of each phage, plaquing
of serial dilutions of the -1 x 10° PFU pl™ normalized phage stocks was
performed following the standard procedure of a plaque assay outlined
above, using 3.5 ul drips of each phage dilution to facilitate more precise



quantification of phage titres. Efficiency of plaquing was quantified
as the total number of plaques formed by the phage across an entire
E. coli EC100/pBrigl (targeting) lawn divided by the experimentally
estimated total number of PFUs added.

Functional selection of a T4-resistant clone in the AZ52 soil DNA
libraryinE. coli

The DNA library we used was generated in an earlier study using DNA
extracted from an arid soil sample collected in Arizona". The library,
AZ52,is comprised of large -40 kb DNA fragments from soil microor-
ganisms cloned into apWEB-TNC cosmid. The insert-carrying cosmids
were transformed into £. coli EC100 cells (Lucigen), generating a soil
DNA library with approximately 20 million clones, divided into mega-
pools carrying roughly 1.25 million clones each.

Each clone within thelibrary houses acosmid with asoil DNAinsert,
which carries genes from soil-derived microorganisms. Soil-derived
genes cantherefore be expressed heterologously inour library system.
We performed our functional screen using the coliphage T4. To grow
up libraries, we scraped frozen library stocks of £. coli EC100 carrying
megapools3-16 of the AZ52 DNA library into separate tubes with 10 ml
LB supplemented with 12.5 pg ml™ chloramphenicol and grew cultures
overnight at 37 °C with shaking. The next day, we infected E. coli EC100
overnight cultures with T4 at amultiplicity of infection (MOI) of 10, high
enough tokill almost all clones without bona fide immunity. Infections
were performedin 6 mILB top agar with 500 pl of overnight stationary
culture mixed with phage at MOI 10 on LB agar plates, supplemented
with12.5 pg ml™ chloramphenicol. We incubated plates at 37 °C for
36-48 h and theninspected surviving colonies within top agar infec-
tions. We found that only megapool 4 showed anincreased number of
surviving colonies upon T4 infection compared to aninfection of . coli
EC100 cells carrying an empty pWEB-TNC cosmid (control).

As cells may survive T4 infection due to mutations within the E. coli
host that prevent phage infection and not due toimmunity genes car-
ried within the soil DNA cosmids, we wanted to enrich for true immu-
nity genes carried on cosmids. To eliminate false positive clones, we
extracted pooled cosmid DNA from the surviving colonies on the
enriched plate. To do this, we scraped top agar with surviving colonies
intoa 50 ml conical tube, melted the top agarin a 98 °C heating block
for10-15 min until the top agar was completely melted, and then centri-
fuged the tube at-4,000g for 5 min at room temperature to collecta cell
pellet from which surviving cosmids were isolated using the QIAprep
Spin Miniprep Kit (QIAGEN, 27106). The miniprepped cosmid pool was
then transformed into 50 pl of electrocompetent E. coli EC100 cells
(Lucigen) through electroporation (1 mm Bio-Rad Gene Pulser cuvette
at1.8 kV)andrecoveredin1 mlSOC medium. After 1.5 hof recovery, cells
were assayed for transformation efficiency by pipetting tenfold serial
dilutions of the transformation culture on to an LB agar plate supple-
mented with12.5 pg ml™ chloramphenicol. While the plate was grown
overnight at 37 °C, the remaining transformation culture was stored
overnight at4 °C. The next day, based on the calculated transformation
efficiency, the transformation culture was spread onto ten15cm LB
agar plates supplemented with 12.5 pg ml™ chloramphenicol, plating
for -30,000 colonies on each plate, for a total of ~300,000 colonies.
Plates were incubated overnight at 37 °C and the next day colonies
from all ten plates were scraped into 20 ml LB, vortexed and inverted
to mix, and then diluted to OD, =10. The OD,, =10 colony mixture
was then mixed 1:1 with 50% glycerol to make a —-80 °C freezer stock
of alx phage-enriched DNA library for AZ52 megapool 4. This library
was then grown up for re-infection with T4 and the steps described
above were repeated two more times to generate a freezer stock of a
3x phage-enriched DNA library for AZ52 megapool 4.

We sampled colonies from the 3x-enriched library for anti-phage
immunity by streaking the library to single colonies on an LB agar
plate supplemented with12.5 pg ml™ chloramphenicol. Sixteensingle
colonies were grown overnight in LB supplemented with 12.5 pg mI™

chloramphenicol at 37 °C with shaking. Colonies were assayed for
anti-phage immunity using plaque assays (described above) with
phages Avir and T4. Of the sixteen colonies, twelve were found to carry
immunity against T4 and none against Avir. Cosmids were isolated from
the twelve T4-resistant clones using the QIAprep Spin Miniprep Kit
(QIAGEN, 27106) and sent for Sanger sequencing by Genewiz/Azenta
using the universal primers T7 and M13F40, which flank the metagen-
omic DNA insert within the pWEB-TNC cosmid. Sequencing the
T4-resistant cosmids revealed they all contained the same metagen-
omic DNA insert, suggesting that they all originated from the same
T4-resistant library clone. One of the twelve T4-resistant clones was
frozenat-80 °C (900 pl culture+100 pul DMSO) for use in future experi-
ments.

Cosmid sequencing, assembly and gene annotation

Cosmid DNA was extracted using the QlAprep Spin Miniprep Kit
(QIAGEN, 27106). DNA was sequenced using the Nextera XT DNA Library
PreparationKit (Illumina, FC-131-1024). Paired-end 2 x 75 bp sequenc-
ing was conducted using the 150-cycle MiSeq ReagentKit v3 (Illumina,
MS-102-3001) on the lllumina MiSeq platform. Geneious Prime was
used to assemble the cosmid genome, using the Geneious assembler
(medium sensitivity/fast) on 100,000 paired-end DNA sequencing
reads. The sequence of the cosmid harbouring Brigl was deposited on
GenBank, accessionnumber OR880862. SnapGene was used to predict
ORFs with ATG or GTG start codons (minimum length: 50 amino acids)
within the metagenomic DNA insert of the assembled cosmid genome.
Predicted ORFs were then runthrough NCBIPSI-BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) and HHpred***° (https://
toolkit.tuebingen.mpg.de/tools/hhpred) to ascertain protein function
where possible. Side-by-side genome annotation was also performed
using the Bacterial and Viral Bioinformatics Resource Center (BV-BRC)
Genome Annotation Service (https://www.bv-brc.org/app/Annota-
tion), with the annotation recipe for Bacteria/Archaea and the tax-
onomy name set to Nocardiodes, taxonomy ID 1839. Defence genes and
systemswere identified using DefenseFinder** (https://defense-finder.
mdmparis-lab.com/) and the Prokaryotic Antiviral Defence LOCator
(PADLOC)**** (https://padloc.otago.ac.nz/padloc/).

Subcloning of the T4-resistant cosmid to identify the T4
anti-phage system

Toidentify theimmunity gene(s) inour cosmid, we subcloned four DNA
fragments (A-D) that spanthe entire length of the metagenomicinsert
sequence. DNA fragments were amplified using 10 ng of cosmid DNA
as template for PCR amplification using Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, F530L) with1 M betaine (Sigma-Aldrich,
B0300) and1 ulDMSOina50 pl PCRreaction. Fragments were cloned
into PCR-amplified pWEB-TNC cosmid backbones using NEBuilder
HiFi DNA Assembly Master Mix (NEB, E2621L). NEBuilder HiFi DNA
assembly was carried out at 50 °C in a thermal cycler for 4 h, and then
5 plof the assembly reaction was transformed into 50 pl of chemically
competent E. coli EC100 cells (Lucigen). Cells were incubated onice
for 30 min, heat shockedina42 °Cwater bath for30 s, placed back on
ice for2min and then recovered in 250 pl SOC for 2 h. Cells were then
plated on LB agar supplemented with 12.5 pg ml™ chloramphenicol
andincubated overnight at 37 °C. The next day, 8 colonies were picked,
grown overnight in LB supplemented with 12.5 pg ml™ chloramphenicol
and their cosmids miniprepped the next day using the QIAprep Spin
Miniprep Kit (QIAGEN, 27106). Miniprepped cosmids were sent for
Sanger sequencing by Genewiz/Azenta using the universal primers
T7 and M13F40, which flank the subcloned DNA fragment inserted
into the pWEB-TNC cosmid backbone. Colonies that harboured cos-
mids with correct insert fragments were then assayed for immunity
against phage T4 using plaque assays (see above). Plaque assays
identified Fragment D as the fragment harbouring anti-T4 immunity.
Fragment D was further subdivided into Fragments D1, D2 and D3,
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cloned and tested for immunity as described above. Fragment D3,
containing a three-gene operon, was identified as the minimal DNA
fragment carrying anti-T4 immunity. To determine the gene or genes
responsible within the Fragment D3 operon, we generated six cosmid
constructs (D3-1to D3-6) containing different numbers and combina-
tions of the three genes within the operon, each time being driven by
the same promoter upstream of the first gene within the operon. These
constructs were then tested using plaque assays to identify the gene
within the operon that conveyed anti-T4 immunity.

NCBI blastn of the T4-resistant metagenomic DNA sequence

To identify possible organisms that our metagenomic DNA comes
from, we performed a nucleotide BLAST on NCBI using the algorithm
for somewhat similar sequences (blastn) (https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PROGRAM=blastn&BLAST_SPEC=GeoBlast&PAGE_
TYPE=BlastSearch). We performed blastn on the DNA sequences of
Fragments C and D (see above and Extended Data Fig. 1c).

T4 phage adsorption assay

Overnight cultures of £. coli EC100 cells carrying pWEB-TNC or pBrigl
were diluted 1:50 in 10 ml LB medium supplemented with 12.5 pug ml™*
chloramphenicol. After 1 h 15 min of culture growth, OD,,, was meas-
ured for each culture and normalized to OD,, = 0.3. Cultures were
theninfected with T4 at MOI 0.01and incubated at 37 °C with shaking
for 50 min. A10 ml bacteria-free, media-only control (LB +12.5 pg mi™
chloramphenicol) was mixed with the same volume of T4 and incubated
alongsidethe cultures at 37 °C with shaking for 50 min. Phage-infected
cultures were sampled at the following time points: 0-,10-, 20-, 30-,
40-and 50-min post-infection. At each time point, 400 pl was collected
from each phage-infected culture and spun down in 1.5 ml Eppendorf
tubes at 15,000 rpm for 2 min in a tabletop microcentrifuge at 4 °C.
Phage-containing supernatants were filtered using Acrodisc 13 mm
SUPOR 0.45 pM syringe filters (Pall, 4604) into fresh 1.5 ml Eppen-
dorftubes.Filtered phage supernatants were used to prepare two sets
of serial dilutions to estimate phage titres on fresh top agar lawns of
E. coliK-12 MG1655. Top agar plates were incubated at 37 °C. The next
day, phage plaques were counted to determine phage titres at each
time point. The experiment was repeated another two times in this
manner for three independent biological replicates.

qPCR of phage DNA replication

To quantify phage DNA replication within aninfected £. coli cell, over-
night cultures of £. coli EC100 cells carrying pWEB-TNC or pBrigl were
diluted 1:50 in 50 ml of LB medium supplemented with 12.5 pg ml™
chloramphenicol. After 1h 15 min of growth, OD4,, was measured,
and the culture was normalized to OD,, = 0.3. 700 pl of culture was
dispensed between multiple 1.5 ml Eppendorf tubes, corresponding
to three replicates and multiple time points for each infection being
monitored. These 700 pl cultures were infected with phage T4 at MOI
landincubated at 37 °C with shaking for specified time points. At each
time point, samples were removed from the incubator and tubes spun
down at 15,000 rpm for 1 min in a tabletop microcentrifuge at 4 °C.
Supernatants were removed and cell pelletsimmediately frozen down
at-80 °C for DNA extraction later. Additionally, 1-3 uninfected tubes
for cells carrying pWEB-TNC or pBrigl were also prepared for DNA
extraction as no-phage controls for qPCR.

Total DNA was extracted from frozen E. coli cell pellets using the
Promega Wizard Genomic DNA PurificationKit (Promega, A1125) follow-
ing the protocol for Gram-negative bacteria. Extracted DNA was quanti-
fied usingthe Qubit dsDNAHS Assay Kitand each sample wasnormalized
to4 ng pl™. Atotal of 32 ng DNA was used asinput for qPCR, performed
using Fast SYBR Green Master Mix (Applied Biosystems, 4385612)
and the QuantStudio 3 Real-Time PCR System (Applied Biosystems)
with primer pairs AA870/AA871 (T4 gp43target), AA872/AA873 (T4 gp34
target) and AA387/AA388 (E. coli K-12 MG1655 dxs control). For gPCR

dataanalysis, AAC, values were calculated for the two T4 qPCR targets
for each replicate at each time point. Fold-change values were then
calculated for each replicate relative to the mean AAC, value for cells
carrying pWEB-TNC infected with T4 phage at the earliest time point
post-infection for agiven experiment. The mean fold change of three
biological replicates was plotted for each time point post-infection.

Next-generation sequencing of phage DNA in T4-infected
E.colicells

Overnight cultures of E. coli EC100 cells carrying pWEB-TNC or pBrigl
werediluted 1:50 in10 ml of LB medium supplemented with12.5 pg ml™
chloramphenicol. After1 h15 min of growth, OD4,, was measured, and
cultures were normalized to OD,, = 0.3. Cultures were then infected
at MOI 5 with T4 or T4 escaperl for 8 min at 37 °C with shaking, prior
to centrifugationat15,000gfor 5 minat4 °Cand subsequent freezing
of cell pellets at =80 °C. All cell pellets were stored at =80 °C at least
overnight, until ready for genomic DNA purification using the Pro-
mega Wizard Genomic DNA Purification Kit (Promega, A1125) following
the protocol for Gram-negative bacteria. Purified genomic DNA was
shearedusingapre-splitsnap-cap 6x16 mmCovarismicroTUBE (Covaris,
520045) in a Covaris S220 focused-ultrasonicator and prepared for
next-generation sequencing using the lllumina TruSeq Nano DNA LT kit
(Illumina, 20015964). Paired-end 2 x 75 bp sequencing was conducted
using the 150-cycle MiSeq Reagent Kit v3 (Illumina, MS-102-3001) on
the Illumina MiSeq platform. lllumina paired-end sequencing reads
were aligned to phage genomes using a custom Python script, where
therecorded number of phage-derived sequencing reads at a specific
base pair position within the phage genome was normalized to the total
sequencing reads for each sample.

Phage DNA extraction

Phage genomic DNA was extracted from capsids using a previously
described protocol®. In brief, three tubes of 450 pl of a phage stock
were first treated with DNase I (Invitrogen, 18068015) and RNase A
(Promega, A7973) in DNase I buffer (20 mM Tris-HCI, pH 8,2 mM MgCl,),
thereactionstopped with EDTA (Invitrogen, AM9260G), then capsids
digested with Proteinase K (NEB, P8107S), and finally phage genomic
DNA extracted using the DNeasy Blood & Tissue kit (QIAGEN, 69504).
DNA was quantified using the Qubit dsDNA HS Assay Kit and assessed
for quality using a nanodrop spectrophotometer.

T4 and T4 escaperl genome sequencing and assembly

Phage genomic DNA was sequenced using the Nextera XT DNA
Library Preparation Kit (Illumina, FC-131-1024). Paired-end 2 x 75 bp
sequencing was conducted using the 150-cycle MiSeq Reagent Kit v3
(Illlumina, MS-102-3001) on the Illumina MiSeq platform. Reads were
quality-trimmed using Sickle (https://github.com/najoshi/sickle)
and assembled into contigs using ABySS (https://github.com/bcgsc/
abyss). Finally, contigs were mapped to areference phage T4 genome
(GenBank: AF158101.6) using Medusa (http://combo.dbe.unifi.it/
medusa). Automated genome annotation was performed using
SnapGene and areference phage T4 genome from NCBI (GenBank:
AF158101.6). Alignment of the T4 and T4 escaperl genomes to the
reference T4 genome revealed differential mutations between the two
assembled phage genomes.

Sanger sequencing of bacteriophage escapers

T4 or T6 phage plaques on lawns of E. coli EC100 cells carrying pBrigl
wereisolated and resuspended in 20 pl of LB medium. Serial dilutions
were prepared from the resuspended phage and spotted on a fresh
LB top agar lawn of E. coli EC100 carrying pBrigl to maintain selec-
tionofthe escaper phage. The plate was incubated at 37 °C overnight.
The next day asingle phage plaque was picked from the top agar lawn
using a P20 pipette set to15 pland resuspended in 20 pl of colony lysis
buffer*s, Resuspended phage mixtures were boiled at 98 °C for 15 min
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inathermal cycler,and 1 plof the boiled phage mixture was then used
as template for PCR amplification using Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, F530L) with primers AA681/AA682
to amplify T4 a-gt and primers AA1115/AA1116 to amplify Té6 a-gt. PCR
products were submitted to Sanger sequencing by Genewiz/Azenta
to identify mutations in a-gt. Wild-type T4 and T6 phage stocks were
also PCR-amplified at a-gtloci and sent for Sanger sequencing to pro-
vide reference sequences for comparison. Snapgene was used to align
Sanger sequencing products of the escaper phages to wild-type a-gt
sequences to identify escape mutations.

Brigl structural predictions using AlphaFold2

The structure of the intact (261 amino acid) Brigl protein was pre-
dicted using the colabimplementation of AlphaFold2'™ (https://colab.
research.google.com/github/sokrypton/ColabFold/blob/main/Alpha-
Fold2.ipynb) using default settings (except that theamber option was
turned on to improve side chain rotamers). The highest ranked PDB
structure produced by ColabFold (ptm = 0.86) was then visualized
using PyMOL (The PyMOL Molecular Graphics System, Version 2.5.5,
Schrédinger, LLC; www.pymol.org/pymol.html). Protein structure
predictions of the Brigl homologues from Nocardioides zhouii and
Nocardiodes anomalus were performed in the same way. Cavities and
pockets were visualized in PyMOL using default settings for surface
calculation and the ‘cavities and pockets only’ option for display.

Purification of Brigl

The brigl gene was recloned into the Ndel and Xhol sites of pET21a
using PCR primers that destroyed the Xhol site and added a His, tag
immediately after the native C-terminal glycine of Brigl. The insert was
verified by DNA sequencing. E. coli strain Rosetta(DE3)pLysS was used
for protein expression. Cells were grownin LB medium with 100 pg miI™
ampicillinat37 °C. 0.5 mMIPTG was added toinduce protein expression
when ODg, ~ 0.7, followed by further growth at 37 °Cfor 2 h. Cell pellets
wereresuspended in Nicolumn buffer A (50 mM phosphate, 1 MNaCl,
5% glycerol,1 mM DTT, pH 7.5) with complete mini protease inhibitor
cocktail (Roche), one tablet per litre culture. After adding lysozyme to
afinal concentration of 200 mg ml™, the mixture was sonicated 3 times
for1 mineach, then centrifuged at20,000 rpminanSS-34rotorfor1h.
The supernatant was filtered and loaded onto a Ni column (Cytiva, His-
Trap HP,17-5248-02), and eluted with a 30-minute gradient of 0 to 100%
buffer B (Nibuffer A plus 500 mMimidazole, pH7.5). Brigl-containing
fractions were pooled and diluted with heparin columnbuffer A (25 mM
MES, 0.5 mM EDTA, 5% glycerol,1mM DTT, pH 6), loaded on a hepa-
rin column (Cytiva, HiTrap Heparin HP, 17-0406-01) and eluted with
agradient from 10% to 70% heparin buffer B (heparin column buffer
A +2MNaCl, pH 6) over 90 min. The purest fractions were pooled and
concentrated, then dialysed into storage buffer (20 mM Tris, 0.5 mM
EDTA, 200 mM NaCl, 20% glycerol, 2 mM DTT, pH 8) and flash-frozen
insmall aliquots.

Purification of T4 a-glucosyltransferase

ApET15bderivative encoding N-terminally His, tagged phage T4 o-GT
was used for protein expression. Rosetta(DE3)pLysS cells harbouring
this plasmid were grown and induced as for Brigl, but after induction
grown at 20 °C overnight rather than for 2 h at 37 °C. The same puri-
fication protocol as for Brigl was followed except for a change in the
pH of the heparin column buffers (A =25 mM HEPES, 0.5 mM EDTA,
5% glycerol, 1mM DTT, pH7and B=A +2MNacCl, pH 7). The purest
fractions were pooled and concentrated, then dialysed into storage
buffer (20 mM Tris, 0.5 mM EDTA, 200 mM NacCl, 20% glycerol, 2 mM
DTT, pH 8) and flash-frozen in small aliquots.

Purification of Brigl(Y121A/E147A) mutant
The Brigl(Y121A/E147A) mutant protein was purified according to
amodified protocol. For consistency, wild-type Brigl was purified

according to this same protocol, side-by-side, and this batch of purified
Brigl protein was used only in experiments where Brigl(Y121A/E147A)
was used. Both Brigl and Brigl(Y121A/E147A) were cloned into apET21a
vector, with a His, tagimmediately after the native C-terminal glycine
of Brigl. E. coli strain BL21(DE3) was used for protein expression. Cells
were grown in LB mediumwith 100 pg ml™ ampicillinat 37 °C overnight.
The next day, a1:100 dilution of the overnight was grownin 11 of LB
medium with 100 pg mI™ ampicillin at 37 °C for 3-4 h. 0.5 MM IPTG
wasadded toinduce protein expression when OD, ~ 0.7, followed by
overnight growth (-16 h) at 18 °C. Cells were pelleted at 4500 rpm at
4 °C (EppendorfCentrifuge 5810 R) for 15 min. Cell pellets were resus-
pendedin 20 mloflysis buffer (50 mMHEPES, pH7.7,150 mM NacCl, 10%
glycerol,1 mM TCEP, 30 mMimidazole, 2 Roche mini protease inhibitor
tabs EDTA free, 0.5 mg ml lysozyme) and incubated onice for 1 hwith
shaking. The resuspended pellets were then sonicated using a Qsonica
Q500 sonicator (70% amplitude with10 son, 30 s offfor 2.5 min). The
sonicated samples were spun down at12,000 rpmat 4 °C (Eppendorf
Centrifuge 5810 R) for 30 min and the supernatant run through a gravity
column loaded with 3 ml of HisPur Ni-NTA Resin (Thermo Scientific,
88222). Before passing supernatant, the column was equilibrated with
equilibration buffer (50 mMHEPES, pH7.7,150 mM NaCl, 10% glycerol,
1mMTCEP,30 mMimidazole). Then, the ~20 ml of sonicated cell pellet
supernatant was passed through the column. The column was washed
twice with 25 mlwash buffer (50 mMHEPES, pH7.7,500 mM NaCl, 10%
glycerol,1mM TCEP, 30 mM imidazole) and then eluted with 20 ml
elutionbuffer (50 mMHEPES, pH7.7,150 mM NaCl, 10% glycerol,1 mM
TCEP,300 mMimidazole). The eluted protein was concentrated to <500
plusing an Amicon Ultra-4 Centrifugal Filter, 10 kDa MWCO (Millipore,
UFC801024), with multiple rounds of centrifugation at 4,300g for
10 minat4 °C (Eppendorf Centrifuge 5810 R), carefully resuspending
the mixture between rounds of centrifugation via pipette mixing. The
concentrated eluant was run on an AKTA pure chromatography system
(Cytiva) fitted with a Superdex 75 Increase 10/300 GL column (Cytiva,
29148721) using storage buffer (50 mM HEPES, pH 7.7, 150 mM Nacl,
10%glycerol, 1 mM TCEP). Two peaks, corresponding to fractions 17-20
and 22-27, were collected and separately pooled. Pooled fractions
were concentrated to <500 pl using an Amicon Ultra-0.5 Centrifugal
Filter, 10 kDa MWCO (Millipore, UFC501096), with multiple rounds
of centrifugation at 13,000g for 5 min in a tabletop microcentrifuge
at 4 °C, carefully resuspending the mixture between rounds of cen-
trifugation via pipette mixing. For both Brigl and Brigl(Y121A/E147A),
thesecond peak (fractions 22-26 for Brigl and fractions 23-27 for the
mutant) was determined to be free of nucleic acid contamination via
nanodrop and found to contain pure protein (-29 kDa) by a Coomassie
gel. Concentrated protein was flash-frozeninsmall aliquots and stored
at-80 °C for future use.

Annealing of ssDNA oligonucleotides

To generate dsDNA substrates for Mfel digestion and for DNA glycosy-
lase assays, complementary ssDNA oligonucleotides were annealed.
In brief, 1:1 molar ratios of top and bottom strand complementary
ssDNA oligonucleotides (25-50 uM each) were mixed in a 60 pl reac-
tion containing NaCl to a final concentration of 100 mM. The reac-
tion was heated at 80 °C for 20 min in a water bath or thermal cycler
and then allowed to cool very slowly to room temperature. Annealed
oligonucleotides were purified using an oligonucleotide cleanup kit
(Zymo Research, Oligo Clean & Concentrator Kit, D4061) according to
the manufacturer’sinstructions.

Generation of glucosylated ssDNA and dsDNA oligonucleotides

We tested the activity of «-GT on both single- and double-stranded
DNA as previous studies only tested dsDNA substrates®®. The ssDNA
substrates were hmdC_18, hmdC_60_Mfel and hmdC_60_Mfel_Bot,
whichare18merand 60mer oligonucleotides, each containing asingle
hmC residue (Supplementary Data File 2). The dsDNA substrate was
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hmdC_60_Mfelannealed to Bot_Mfel_60 (Supplementary DataFile2).
Substrate DNAs (100 pM for ssDNA and 50 uM for dsDNA) were mixed at
al:1molar ratio with a-GT in 1x NEBuffer 4 (50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM DTT, pH 7.9)
supplemented with 2 mM UDP-glucose (NEB, supplied with NEB T4
B-GT). All samples were incubated at 37 °C overnight, then purified
with an oligonucleotide cleanup kit (Zymo Research, Oligo Clean &
Concentrator Kit, D4061) according to the manufacturer’s instruc-
tions. A subset of the ss- and dsDNA substrates were also treated with
B-GT (NEB,MO0357S) following the supplier’s instructions and purified
asdescribed above.

Modification by a-GT (or 3-GT) was monitored by digestion with
Mfel-HF (NEB, R3589S), which is blocked by the presence of gluco-
sylated hmC but not by hmC (the modified CinhmdC_60_Mfelandin
hmdC_60_Mfel_Bot is within an Mfel site, Supplementary DataFile 2).
Before digestion, single-stranded a-GT- or 3-GT-treated hmdC_60_Mfel
oligonucleotides were annealed to Bot_Mfel_60 or to untreated or
o-GT-treated hmdC_60_Mfel Bot. Approximately 1.5 pg (Extended Data
Fig.3e) or 500 ng (Extended DataFig. 5c) of each sample was digested
with Mfel-HF (NEB, R3589S) for 1 h, then electrophoresed on a10%
TBE gel (Invitrogen, EC6275BOX, 10-well or EC62755BOX, 15-well) at
140V for 35 min. Gels were stained with 2 pug ml™ ethidium bromide
for 20 min, extensively rinsed with distilled water (3x for 10 mineach),
and then scanned using a ChemiDoc MP imager (Bio-Rad) set to UV
trans illumination and the machine’s 605/50 filter to detect ethidium
bromide (Extended DataFig. 3e) or using the Amersham ImageQuant
800 set to UV fluorescence (Extended Data Fig. 5¢).

DNA glycosylase assays with ssDNA oligonucleotides
Detection of the abasic site with an aldehyde-reactive probe. We
used an aldehyde-reactive fluorescent probe, AZDye 488 Hydroxy-
lamine, (fluoroprobes.com) to detect removal of abase from the phos-
phodiester backbone in the absence of DNA cleavage. The dye was
dissolved in distilled water to form a 10 pg pl™* stock solution.
DNAglycosylase reactions were carried outinareactionbuffer con-
taining 45 mM HEPES, pH 7.5, 0.4 mM EDTA, 2% glycerol, 1mM DTT
and 50 mMKClI, ina total reaction volume of 50 pl. The final DNA con-
centrations were 2 pM. Brigl was added to single-stranded o-GT- and
B-GT-treated hmdC_60_Mfel to a final concentration of 35 uM, while
2 pl (10 units; 5 units per pl) of SMUGI (NEB, M0336S) was added to
dU_60 as a positive control. Reactions were incubated overnight at
37 °C, after which 2 pl AZDye 488 dye was added, followed by incu-
bation at 37 °C for 30 min. 1/10 volume of 10% SDS was then added
andincubated for another 30 min and purified by phenol/chloroform
extraction. Samples were then treated with an oligonucleotide cleanup
kit (Zymo Research, Oligo Clean & Concentrator Kit, D4061) accord-
ing to the manufacturer’sinstructions, eluted with 15 pl nuclease-free
water, mixed with loading dye and electrophoresed for 45 minat180 V
on al0% TBE gel (Invitrogen, EC62755BOX). The gel was stained with
2 ug ml™ ethidium bromide for 20 min, extensively rinsed with distilled
water (3% for 10 mineach), then scanned usinga ChemiDoc MP imager
(Bio-Rad) set to UV trans illumination and the machine’s 605/50 filter
todetect ethidium bromide and then using blue epiillumination with
the 530/28 filter for the AZDye 488 fluorescent probe.

Detection by NaOH- or endonuclease IV-mediated cleavage of the
abasic site. DNA glycosylase reactions were carried outinareaction
buffer containing 45 mM HEPES, pH 7.5, 0.4 mM EDTA, 2% glycerol,
1mMDTT and 50 mMKCl, in atotal reaction volume of 50 pl. The final
ssDNA or dsDNA concentrations were 1 uM. Brigl or Brigl(Y121A/
E147A) was added to afinal concentration of 1uM (unless stated oth-
erwise—for example, range of 50-1,600 nM in Extended Data Fig. 7b),
while 1 pl (5 units) of SMUG1 (NEB, M0336S) was added as a positive
control. Reactions were incubated at 37 °C overnight, unless stated
otherwise (for example, 30 minin Extended DataFig. 7b). Following

enzymatic incubation, one set of samples was directly processed
with an oligonucleotide cleanup kit (Zymo Research, Oligo Clean &
Concentrator Kit, D4061) according to the manufacturer’s instruc-
tions. Asecond matched set of samples was treated with NaOH before
cleanup:25plof 0.5 MNaOHwas added to each 50 pl sample and then
heated at 90 °C for 30 min before purification with the oligonucleo-
tide cleanup kit (Zymo Research, Oligo Clean & Concentrator Kit,
D4061) according to the manufacturer’s instructions. All samples
were eluted from the cleanup columns in 15 pl nuclease-free water.
Five microlitres of each was mixed withloading dye and loaded onto
a10% TBE gel (Invitrogen, EC62755BOX) and electrophoresed at 140 V
for 35 min. Gels were stained with 2 pg ml™ ethidium bromide for
20 min, extensively rinsed with distilled water (3x for 10 min each),
and then scanned using a ChemiDoc MP imager (Bio-Rad) set to UV
transillumination and the machine’s 605/50 filter to detect ethidium
bromide (Extended Data Fig. 3h) or using the Amersham ImageQuant
800 setto UV fluorescence (all other relevant figures). For Urea-PAGE
gels, eluted samples were first denatured by mixing 5 pl of purified
sample with 5 pl of 2x TBE-Urea Sample Buffer (Invitrogen, LC6876)
and then heated at 70 °C for 3 min. Denatured samples were load-
ed onto a 6% TBE-Urea gel (Invitrogen, EC68655BOX) and electro-
phoresed at140 V for 35 min. Gels were soaked in ethidium bromide
and rinsed with distilled water as described above, before imaging
with the Amersham ImageQuant 800 set to UV fluorescence. For all
gels, DNA ladders were made by mixing 20-,40-and 60-bp ssDNA or
dsDNA oligonucleotides (Supplementary Data File 2) and loading
themonto their corresponding gels at ~100 ng each oligonucleotide
perload.

For abasic site detection by NEB endonuclease IV (Endo IV), DNA
glycosylase reactions were set up as described above and incubated
with Brigl overnight. Three matched sets of reactions were set up.
After overnight incubation, one matched set of samples was treated
withNaOH as described above and purified using the Zymo Research
Oligo Clean & Concentrator Kit (D4061) according to the manufac-
turer’sinstructions. The remaining two matched sets of samples were
processed directly using the oligonucleotide cleanup kit. The purified
samples were then incubated at 37 °C for 4 hiin a 50 pl reaction with
1x NEBuffer 3 (100 mM NacCl, 50 mM Tris-HCI, 10 mM MgCl,, 1 mM
DTT, pH 7.9), with or without 50 units of NEB Endo IV (5 pl; 10 units
per pl; M0304S). After 4 h, reactions were purified using the Zymo
Research Oligo Clean & Concentrator Kit according to the manufac-
turer’sinstructions. All the purified samples were thenloaded onto a
10% TBE gel (Invitrogen, EC62755BOX), electrophoresed at 140 V for
35 min, stained with ethidium bromide as described above and imaged
with the Amersham ImageQuant 800 set to UV fluorescence.

High-resolution mass spectrometry of SMUG1- and Brigl-
treated ssDNA oligonucleotides
DNA glycosylase reactions were carried out in a reaction buffer con-
taining 45 mM HEPES, pH 7.5, 0.4 mM EDTA, 2% glycerol, 1 mM DTT
and 50 mM KCl, in a total reaction volume of 50 pl. Reactions were
performed with 18mer ssDNA oligonucleotides: dU_18, hmdC_18 and
o-GT-treated hmdC_18 (Supplementary Data File 2). The final ssDNA
concentration in each reaction was 2 pM. Brigl was added to a final
concentration of 2 pM, while 2 pl (10 units) of SMUGI1 (NEB, M0336S)
was added as a positive control. A no-enzyme reaction was used as a
negative control. 2 x50 pl reactions were set up for each reaction con-
dition with the dU_18 oligonucleotide, while 8 x50 pl reactions were
set up for each reaction condition with hmdC_18 and a-GT-treated
hmdC_18.Reactions were incubated overnight at 37 °C. After overnight
incubation, all matched samples were pooled and processed with an
oligonucleotide cleanup kit (Zymo Research, Oligo Clean & Concentra-
tor Kit, D4061) according to the manufacturer’s instructions.
Formass spectrometry, purified oligonucleotide samples were dried
using vacuum centrifugationand dissolved in 50/50 water/acetonitrile



with 0.001% triethylammonium bicarbonate. The pH of the solution
was found to be comparable to that of deionized water. The samples
were introduced to the mass spectrometer by manual injection using
a Hamilton syringe applying pressure by hand at approximately
10 pl min™. Samples were analysed using an orbitrap Ascend tribrid
mass spectrometer (Thermo Scientific) operating in negative mode.
Spectra were recorded in the mass range 600-1,300 m/z at 120,000
resolution. A blank injection was introduced after each sample to
eliminate carryover.

Raw datawasinspected using the Xcalibur Quality Browser (Thermo
Scientific) and spectra were summed as necessary to provide repre-
sentative spectra with a sufficient signal-to-noise ratio (S/N). Spectra
were further processed using UniDec deconvolution software™ with
the following parameters: sampling resolution and peak FWHM were
both setto 0.1, adduct mass was defined as -1.007276 Da, and charge
states were defined 4-12 based on observations fromthe raw data. The
my/z range was adjusted to fit the data and to exclude singly charged
noise. Apart from the mass of the oligonucleotides, additional masses
from metal adducts were also observed.

DNA glycosylase assays with phage and cosmid DNA

Allreactions were performed in 50 pl reaction volumes in a reaction
buffer containing 45 mMHEPES, pH7.5,0.4 mMEDTA, 2% glycerol,1mM
DTTand 50 mMKCI. Assays were performed by incubating 50-500 ng of
extracted phage genomic DNA from capsids or miniprepped pWEB-TNC
cosmid DNA with varying concentrations (2-800 nM) of purified Brigl
or Brigl(Y121A/E147A) or with 10 units of NEB SMUG1 (NEB, M0336S) as
anegative control. Reactions wereincubatedinathermal cyclerat 37 °C
for 30 min (or at 37 °C for 30 min plus an additional 20 minat 65 °Cin
Extended Data Fig. 6¢, to cleave DNA at abasic sites and denature the
glycosylase prior to gel electrophoresis). Reactions were then mixed
with 10 pl of purple 6x loading dye with no SDS (NEB, B7025S) and the
entire reaction volume was loaded onto a 1% agarose gel containing
ethidium bromide. Unless stated otherwise, the gel was run for 70 min
at 85V atroom temperature and then imaged using a UV gel imager
(Amersham ImageQuant 800 set to UV fluorescence). Where SDS was
used for protein denaturation (Extended Data Fig. 6d), all steps were
carried out as described above except, before gel loading, a purple 6x
gelloading dye containingafinal1x concentration of 0.08% SDS (NEB,
B7024S) was used instead of loading dye without SDS.

Forthe gelin Extended DataFig. 6a,b, samples were loaded onto the
1% agarose gelina cold room at 4 °C and run at 40 V for 3 h and then
imaged using a UV gel imager (Amersham ImageQuant 800 set to UV
fluorescence). The same gel was then allowed to equilibrate to room
temperature for 30 min and then run longer by electrophoresis, this
time under high voltage and at room temperature (inaroom tempera-
turegelbox), firstat 85V for 25 min, thenat 150 V for 8 min and finally
at200 V for another 8 min before final imaging using the Amersham
ImageQuant 800 set to UV fluorescence.

Brigl multiple sequence alignment and phylogenetic tree
construction

Brigl homologues were obtained using the NCBI PSI-BLAST protein
homology search. Homologues were then subjected to a multiple
sequence alignment using MUSCLE v5 with 16 maximum iterations
via the Geneious Prime software. A tree was built with the alignment
output file vialQ-TREE 1.6.12% using the LG4M model with 1,000 boot-
strap alignments. The online tool ITOL*® was used for visualization of
theresulting tree.

Brigl gene neighbourhood analysis

Gene neighbourhoods of the brigl homologues from above (10 genes
upstream and 10 genes downstream of each homologue) were con-
structed using a custom Python script. Inbrief, the script parses ablastp
result XML file for accession numbers of each of the hits. For each hit

accession, the script obtains the corresponding nucleotide accession
fromwhichthe proteinaccessionis derived. Finally, all annotated fea-
tures within the nucleotide accession that are labelled as ‘CDS’ or ‘tRNA’
arebuiltintoalist, including their position within the nucleotide entry
and their feature name. From thislist, neighbours of the initial protein
hit (10 genes upstream and 10 genes downstream) are extracted and
builtintoa TSV file for subsequent analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version
10.1.0. Error bars and number of replicates for each phage experi-
ment are defined in the figure legends. Statistical significance in
Extended DataFig.2i was determined using atwo-tailed Student’s t-test
(anunpaired parametric test assuming Gaussian distribution and that
both populations have the same standard deviation).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Lists of strains, plasmids, bacteriophages, oligonucleotides and CRISPR
spacers used in this study are available in Supplementary Data File 2.
The raw FASTQ files for the next-generation sequencing experiments
can be found at the NCBISequence Read Archive (SRA) under BioPro-
ject PRINA1045662. The DNA sequence of the approximately 34.5 kb
metagenomic DNA fragment harbouring the brigl gene is deposited
in NCBI GenBank under accession code OR880862. The NCBI protein
accession codes of the brigl homologues from N. zhouii and N. anom-
alus reported in this study are WP_129427366.1 and WP_165228961.1,
respectively. Source data are provided with this paper.

Code availability

Custom Python scripts used for data analysis are deposited at https://
github.com/Marraffini-Lab/Hossain_etal_2024 and also available at
Zenodo (https://doi.org/10.5281/zenodo.10815574 (ref. 60)).
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Extended DataFig.1|Selection of soil metagenomic DNA fragments that
provideimmunity against phage T4 in E. coli. a, Schematic showing the
experimental setup for the screening of soil DNA (environmental DNA, eDNA)
libraries for the presence of clones resistant to T4 infection. eDNAis extracted
fromsoil samples and cleaved into large fragments of -40 kb that are cloned
into E. coliEC100. Thelibraryisinfected with phage T4 in top agar plates to
isolate surviving colonies. The cosmid from the T4-resistant coloniesis
extracted and further analyzed to identify and confirm immunity genes.

b, Tenfold serial dilutions of Avir or T4 phage on lawns of £. coli EC100 cells
generated fromone of 16 colonies sampled randomly from theeDNA library
population thatsurvived T4 infection. Top rowis arepresentative resultfora
surviving colony that did not contain abona fideimmunity genein the eDNA
(4/16 false positives). Bottom row is arepresentative result for asurviving
colony thatharboureda cosmid carrying immunity genes (12/16 true positives).
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c,Genes present within the 34.5 kb soil metagenomic DNA fragment that
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Transposases and defence genes are shownin yellow and grey, respectively.

d, Tenfold serial dilutions of phage T4 on lawns of £. coli EC100 carrying
PWEB-TNC or cosmids containing Fragments C or D. Data are representative of
twoindependent experiments. e, Genes present within Fragment D, showing
the subclones generated for further analysis, Fragments D1-3; hyp, hypothetical
protein. f, Tenfold serial dilutions of phage T4 on lawns of E. coli EC100 carrying
PWEB-TNC or cosmids containing Fragments D1-3. Data are representative of
twoindependent experiments. g, Tenfold serial dilutions of phage T4 on lawns
ofbacteria expressing Brigl using an arabinose-inducible promoter, inthe
presence (+Arabinose) or absence (-Arabinose) of the inducer. Dataare
representative of three independent experiments.



Article

a
106 —e— mediaonly 108 — 108 —
105 PWEB-TNC 105 105
—@— pBrig1
3 10%+ e 3 10%4 3 1044
£ 10° T 100 2 1034
a [on a )
102 1025 1024
1 1
10 T T 1 1 10° T T T 1 10 T
0 10 20 30 40 50 0 10 20 30 40 50 0 10
minutes post infection minutes post infection
b c d
gPCR gp34 _ gPCR gp43 _ gPCR gp34
pWEB-TNC pBrig1 < g
< 10°- & 20- pBrig1 & 15- pBrig1
e ) )
S 107+ s S 144
© o Q.
-g_ w— 19 Y
e 10" S 2 13-
] c c
£ 0 3 3
3 100 E g £ 127
€ © 1 ©
S 101 2 2 11
2 K kS
5 1024 £ 17 £ 10-
= 2 4 8 2 4 8 = 2 4 8 g 2 4 8
minutes post infection minutes post infection minutes post infection
e qPCR gp43 f gPCR gp34
< pWEB-TNC pBrig1 < pWEB-TNC pBrig1
Z 102+ zZ -
=) [a)
(0] O
> 10"+ 2 10"
< <
-E' 1004 e- 1004
] o]
€ 1014 € 4014
3 10 é 10
§ 1021 & 102
g 3 g -3
= 1077 - B 10~ -
° 8 20 8 & 8 20 8 20
minutes post infection minutes post infection
i
Gp56
dCcTP L’ dCMP+PPi host oA transcription mRNA =) 107+
TTTTTTTTTTTTTTT Lanscription, £ =
Gp42 = p=0.012
dCMP—>d(hn1)CMP LLLLLLL L T 1 —
Alc =
bacteriophage T4 DNA DenB | 5 1044 ot
7 >
CEETTEETTTTTTTT / e |
HEERNANERNNNEE g
a-GTl b-GT © 10 5 4
CETTTTTTEETTTTT T4T+4bGT
LU (+>-GT)
rig1y

Extended DataFig.2|See next page for caption.
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Extended DataFig.2|Briglinhibits phage T4 DNA replication.

a, Enumeration of T4 plaque-forming units (PFU) in supernatants of infected
cultures at different times after phage addition. Cultures of £. coli EC100
carryingpWEB-TNC or pBrigl were infected at MO1 0.01. Addition of T4 phage
tomedialacking bacteriawas used asacontrol. b, Quantitative PCR analysis of
T4 DNA through amplification of the gp34 gene. Viral DNA was extracted from
infected E. coli EC100 cells carrying pWEB-TNC or pBriglat 2,4 and 8 min after
the addition of phage at an MOl of 1. Fold-change values were calculated
relative to the pWEB-TNC 2-minute time point. Mean values are reported for
threeindependent experiments. Error barsreport the standard error of the
mean (s.e.m.). ¢, Quantitative PCRresults from Fig. 1b for DNA extracted from
infected E. coli EC100 cells carrying pBrigl; plotted using alog, scale. Mean
values arereported for threeindependent experiments. Error barsreport the
standard error of the mean (s.e.m.).d, Same as c but for results showninb.
e,Sameasbbutusing DNA extracted at 8-and 20-minutes postinfection,
amplifying the gp43 gene. Fold-change values were calculated relative to the

PWEB-TNC 8-minute time point. f, Same as bbut using DNA extracted at 8- and
20-minutes postinfection. Fold-change values were calculated relative to the
PWEB-TNC 8-minute post-infection time point. For all quantitative PCR graphs,
mean values arereported for threeindependent experiments, witherror bars
reporting the standard error of the mean (s.e.m.). g, Schematic of the cytosine
modification pathway in phage T4, including a model for Briglimmunity
through excision of a-glucosyl-hydroxymethylcytosine nucleobases from the
viral genome to generate abasic sites. Gp42, dCMP hydroxymethylase; Gp56,
dCTPase; a-GT, a-glucosyltransferase; B-GT, B-glucosyltransferase. h, Model
showing theactivity of T4-encoded enzymes that affect DNA containing
cytosinebases. Alc, dC-specific premature transcriptional terminator; DenB,
dC-specificssDNA endonuclease. i, Efficiency of plaquing of T4 and T4 phage
passaged through E. coli EC100/p(b-gt), [T4(+3-GT)], onlawns of E. coli EC100
carrying pBrigl. Mean are reported for three independent experiments. Error
barsreportthestandard error ofthe mean (s.e.m.; p-valueis reported foran
unpaired two-sided Student’s t-test.
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Extended DataFig.3|Oligonucleotides and nucleobases used in Brigl DNA
glycosylase assays. a, AlphaFold2 structure of Brigl, coloured by pLDDT
(aper-residue model confidence score). Red to blue spectrum represents high
tolow confidence of secondary structure prediction. b, Crystal structure ofa
family 4 uracil DNA glycosylase from Sulfolobus tokodaii (PDB 4ZBY, aclose
structuralhomologue of Brigl) showing the uracil substrate (pink-purple
sticks) inthe glycosylase pocket and the Fe-S cluster (yellow and orange
spheres). The structureis coloured by position (N-terminal, blue; to C-terminal,
red), with cavities shownin translucent grey. Inset,zoomedin view of the
glycosylase pocket, showing the uracil substrate and the amino acid residues
that participate inuracil binding. ¢, Sequence of the 60-nt single-stranded
oligonucleotide used for testing the DNA glycosylase activity of Brigl. The
nucleobaseinred was synthesized as 5-hydroxymethylcytosine (hmC) and
subsequently - or B-glucosylated. The Mfel restriction site is underlined. Mfel
digestion was used to confirm glucosylation after annealing acomplementary
bottomstrand oligonucleotide to create adsDNA substrate for the Mfel
enzyme.d, Chemical structures of a- and B-glucosyl-hydroxymethylcytosine
nucleobases. e, Mfel digestion of dsSDNA substrates generated by annealing
theoligonucleotide shown in panel ¢ containing a 5-hydroxymethylcytosine
nucleobase with acomplementary bottomstrand oligonucleotide.Ineach

case, prior to Mfel digestion of the dsDNA oligonucleotides, the ssDNA
(“ssDNA”) or dsDNA (“dsDNA”) was either untreated or treated with alow (+)

or high (++) concentration of T4 «- or T4 B-glucosyltransferase (a-GT or B-GT,
respectively). Dataare representative of one experiment. f, Sequence of the
60-ntoligonucleotide used for testing the DNA glycosylase activity of Brigl or
hSMUGILinFig.3band panelhbelow. Thered X was replaced by the nucleobases
showning.g, Chemicalstructures of different nucleobases used totest the
specificity of Brigl. h, Polyacrylamide gel electrophoresis of 60-nt single-
stranded oligonucleotides containing a single modified base, incubated with
either hSMUG1 or Briglat37 °Covernight, and then treated with NaOH and
heat for 30 min prior to gel electrophoresis. Gels were stained with ethidium
bromide todetect ssDNA. U, uracil; T, thymine, mC, 5-methylcytosine; hmC,
5-hydroxymethylcytosine; 2-aminoA, 2-aminoadenine. Data arerepresentative
oftwoindependent experiments. i, PAGE of thereaction products that
resulted from the sequential treatment of the oligonucleotide shown in panel
¢, containing an a-glucosyl-hydroxymethylcytosine nucleobase, with Brigl at
37 °Covernight followed by 50 units of NEB Endonuclease IV at37 °Cfor4 hor
NaOH for30 minat 90 °C. Gels were stained with ethidium bromide. L, ssDNA
sizeladder. Data arerepresentative of twoindependent experiments.
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Extended DataFig.4|Mass spectrometry ofa Brigl-generated abasic
site.a, Theoretical average masses, in daltons (Da), of the different
oligonucleotides used for mass spectrometry. “-” indicates an abasicsite;
"mC, 5-hydroxymethylcytosine; 8“"™C, a-glucosyl-hydroxymethylcytosine.

¢, Deconvoluted zero-charge mass spectra from high resolution mass
spectrometry of the oligonucleotides shownonthe top of each column
incubated without any enzyme, with hSMUGI1 or with Brigl at 37 °C overnight.
Major peaks areindicatedinred.
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Extended DataFig. 5|Briglactivity on dsDNA oligonucleotides. a, Sequence
ofthe dsDNA oligonucleotide used for testing the DNA glycosylase activity of
Brigl. Thebase marked as “X”inred was synthesized as 5-hydroxymethylcytosine
(hmC) and subsequently a-glucosylated (a-Glc-hmC); “Y” was synthesized as
cytosine (C) orashmC that was subsequently a-glucosylated (a-Glc-hmC).

The Mfelrestrictionsite isunderlined. Mfel digestion was used to confirm
glucosylation. b, Sequence of the dsDNA oligonucleotide used for testing the
uracil DNA glycosylase activity of hSMUG1 and Brigl. The base marked as “Z” in
red was synthesized as uracil (U) or thymine (T). ¢, PAGE of the reaction products
obtained after Mfel digestion (40 units) of dsDNA oligonucleotides (500 ng)
shownin panela (the nucleotide modificationsat Xand Y positions are indicated).
Dataarerepresentative for one experiment. d, PAGE of the reaction products
obtained after treatment of dsDNA oligonucleotides shownin panelsa (Xintop
strandis a-glucosyl-hmC; Y inbottomstrandis cytosine) and b (Zin bottom
strand is thymine), withhSMUG1 or Brigl at 37 °C overnight, with or without
additional heating with NaOH for 30 min. L, dsDNAssize ladder. Dataare
representative of twoindependent experiments. e, Urea-PAGE of the reaction

products obtained after treatment of adsDNA oligonucleotide shownin panel
b (Zinbottomstrand is thymine), with hSMUG1 or Brigl at 37 °C overnight, with
orwithoutadditional heating with NaOH for 30 min. L, ssDNA size ladder. Data
arerepresentative of twoindependent experiments. f, PAGE of the reaction
products obtained after treatment of adsDNA oligonucleotide shown in panel
a(Xintopstrandis hmC;Yinbottomstrandis cytosine), withhSMUGI1 or Brigl
at37°Covernight, with or withoutadditional heating with NaOH for 30 min.

L, dsDNAsize ladder. Data are representative of one experiment. g, PAGE of the
reaction products obtained after treatment of ssDNA oligonucleotides shown
inpanela(XandY are a-glucosyl-hmC), withhSMUG1 or Brigl at 37 °Covernight,
withor withoutadditional heating with NaOH for 30 min. L, ssDNA size ladder.
Dataarerepresentative of one experiment. h, PAGE of the reaction products
obtained after treatment of adsDNA oligonucleotide showninpanelb(Zin
bottomstrandis uracil), withhSMUG1 or Brigl at 37 °C overnight, with or
without additional heating with NaOH for 30 min. L, dsDNA size ladder. Data
arerepresentative of one experiment. i, sameas panelf,but Xand YarehmC.
Dataarerepresentative of one experiment.
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Extended DataFig. 6| Generation of abasicsitesin T4 genomic DNA by Brigl.
a,Agarose gel electrophoresis of 125 ng of phage T4 genomic DNA treated with
10 units of hASMUGL1 (“Sm”) or increasing concentrations of Brig1 (2,20, 200,
400 nM) for30 minat 37 °C. Electrophoresis was performed under40 Vfor3 h
at4°C.L,DNAsizeladder. Dataarerepresentative for one experiment. b, Same
gelshownin panelarununder higher voltage (85,150 and 200 V for additional
25,8and 8 min, respectively) at room temperature. Data arerepresentative for
one experiment.c, Agarose gel electrophoresis of T4, T4 escaperl or pWEB-TNC
DNA (500 ng) treated with increasing concentrations (2,20,200,400,800 nM)
of Brigl or with10 units of hSMUG1 (“Sm”) for 30 minat 37 °C and followed by
heattreatment (20 min at 65 °C) prior to electrophoresis. L, DNA size ladder.
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Dataarerepresentative of threeindependent experiments. d, Agarose gel
electrophoresis of T4 or pWEB-TNC DNA (500 ng) treated withincreasing
concentrations (20,200 nM) of Brigl with or without treatment with SDS prior
toelectrophoresis.L, DNAsize ladder. Dataare representative of one experiment.
e, Agarose gel electrophoresis of DNA from T4 or from T4 phage passaged
through £. coli EC100/p(b-gt), which overexpresses T4 3-glucosyltransferase to
increase the frequency of B-glucosyl-hydroxymethylcytosine modifications
withinthe T4 genome [T4(+ B-GT)], after treatment with increasing
concentrations (2,20,200,400 nM) of Brigl for 30 minat37 °C.L, DNAsize
ladder. Dataarerepresentative of one experiment.
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Extended DataFig.7|Briglamino acid residuesinvolved in base excision.
a, Tenfold serial dilutions of phage T4 on lawns of E. coli EC100 carrying pWEB-
TNC, pBriglor pBrigl harbouring substitutions in the amino acids thought to
participatein catalysis shown in Fig. 3a. Plaque images of one representative
experiment from threeindependent experiments are shown. b, PAGE of
thereaction products obtained after treatment of the ssDNA oligonucleotide
shownin Extended DataFig. 3c, harbouring a-glucosyl-hmC, withhSMUG1
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(“Sm”; S units), Brigl or the Brigl Y121A, E147A mutant (50,100, 200,400,800
and 1600 nM) at 37 °C for 30 min, followed by heating with NaOH for 30 min.
L,ssDNAsize ladder. Data are representative of one experiment. ¢, Agarose gel
electrophoresis of T4 or pWEB-TNC DNA (500 ng) treated with increasing
concentrations (50,500 nM) of Brigl, the Y121A, E147A mutant or with 10 units
of hNSMUG1 (“Sm”) for 30 minat37 °C.L, DNAsizeladder. Dataarerepresentative
of one experiment.
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Extended DataFig. 8|E. coli AP endonucleases and DNA repair proteins are PAM38(xthA) or pAM38(nfo), which express the E. coli AP endonucleases XthA

notspecifically required for Briglimmunity. a, Tenfold serial dilutions of and Nfo, respectively, using an arabinose-inducible promoter, in the presence
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Extended DataFig. 9 |Briglimmunity against different T-even coliphages.
a, Schematic of the cytosine modification pathway in phage T6, including a
model for Briglimmunity in which the DNA glycosylase recognizes and excises
a-glucosyl-hydroxymethylcytosine nucleobases fromthe viral genome,
before the addition of the second glucosyl group to generate gentiobiosyl-
hydroxymethylcytosine. T6é enzymes: Gp42, dCMP hydroxymethylase; Gp56,
dCTPase; a-GT, a-glucosyltransferase; Ba-GT, B-a glucosyltransferase.

b, Tenfold serial dilutions of T6, T6 escaperl and T6 escaper2 phages on lawns
of E. coli EC100, each lawn carrying cosmid pWEB-TNC or pBrigl, and plasmids
pEmpty or p(a-gt).c, Agarose gel electrophoresis of T2, T4, T6 or pWEB-TNC
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DNA (125 ng) treated with decreasing concentrations (200, 20 nM) of Brigl for
30 minat37°C.L,DNAsizeladder. Dataare representative of one experiment.
d, Efficiency of plaquing of T6 and T6 Aba-gt phages on lawns of E. coli EC100
carrying pBrigl. Mean values arereported for threeindependent experiments.
Errorbarsreportthe standard error of the mean (s.e.m.). N.D., no plaques
detected; dotted line, limit of detection. e, Tenfold serial dilutions of phages
from the BASEL collection Bas35-47 spotted onlawns of E. coli EC100 carrying
PWEB-TNC or pBrigl. Plaque images of one representative experiment from
threeindependent experiments are shown.
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Software and code

Policy information about availability of computer code

Data collection  Thermo Fisher Design and Analysis Software, version 2.7
MiSeq Software v4.0

Data analysis DefenseFinder (version as of Nov 2023) (https://defensefinder.mdmlab.fr/)
Prokaryotic Antiviral Defence LOCator (PADLOC), v1.0 (https://padloc.otago.ac.nz/padloc/).
GraphPad Prism version 10.1.0
PyMol version 2.5.5
SnapGene version 7.0
Adobe Photoshop 2022
FIJI (Image)), version 2.14.0/1.54f
Microsoft Excel, version 16.82
Geneious Prime version 2023.1.2
PyCharm 2020.1 (Community Edition)
Sickle (https://github.com/najoshi/sickle)
ABySS (https://github.com/bcgsc/abyss)
Medusa (http://combo.dbe.unifi.it/medusa)
NCBI blastn, blastp and PSI-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi); versions as of Nov 2023
HHpred, version 57¢8707149031cc9f8edceba362c71a3762bdbf8 (https://toolkit.tuebingen.mpg.de/tools/hhpred)
AlphaFold2 (colabfold) (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb#scrollTo=kOblAo-xetgx)
Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/)
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Thermo Fisher Xcalibur Data Acquisition and Interpretation Software, version 4.3

UniDec version 6.0.4 (https://github.com/michaelmarty/UniDec/releases)

IQ-TREE 1.6.12 (http://www.igtree.org/release/v1.6.12)

iTOL: Interactive Tree Of Life (https://itol.embl.de/)

PerkinElmer ChemDraw Version 22.0.0.22

Custom Python scripts used for data analysis are deposited at github.com/Marraffini-Lab/Hossain_etal_2024.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw uncropped images of plaque assays and gels are provided in Supplementary Figure 1. Replicates of plaque assays are shown in Supplementary Figure 2. Where
relevant, source data are provided for figures with graphs. Lists of strains, plasmids, bacteriophages, oligonucleotides and CRISPR spacers used in this study are
available in Supplementary Data File 2. The raw FASTQ files for the next-generation sequencing experiments can be found at the NCBI Sequence Read Archive (SRA)
under BioProject PRINA1045662. Custom Python scripts used for data analysis are deposited at github.com/Marraffini-Lab/Hossain_etal_2024. The DNA sequence
of the approximately 34.5 kb metagenomic DNA fragment harboring the brigl gene is deposited in NCBI GenBank under accession code OR880862. The NCBI
protein accession codes of the brigl homologs from Nocardioides zhouii and Nocardioides anomalus reported in this study are WP_129427366.1 and
WP_165228961.1, respectively. The reference T4 phage genome used for assembly of wild-type and mutant T4 phage genome sequences in this study is from NCBI
(GenBank: AF158101.6). The crystal structure in Extended Data Fig. 3b is from Protein Data Bank (PDB) 4ZBY.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not statistically predetermined, and chosen based on the number needed to reliably determine differences between
groups. As is routine in microbiology, given large effect sizes such as the ones reported in this study, we chose to replicate most experiments
in triplicate (with exceptions noted and exact sample sizes stated in figure legends).

Data exclusions  No data was excluded from the analysis.
Replication All phage assays, excluding next-generation sequencing, were performed in 2-3 independent biological replicates, as indicated in the figure
legends. The replicates of phage plaque assays are shown in Supplementary Figure 2. The number of replicates for DNA gels are indicated in

the figure legends.

Randomization  Not relevant to this study as there are no animal nor human experiments, and the experimental outcome does not depend on the order in
which samples were analyzed in the experiments. Additionally, due to the large effect sizes observed and the manuscript relying largely on
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images of plaque assays with several log-fold effect sizes, randomization was not relevant due to the repeated large effect sizes, clear and
distinct phenotypes, and the direct reporting of images over data quantifications for the most part in this study.

Blinding Not relevant to this study as there are no animal nor human experiments, and the experimental outcome does not depend on the order in
which samples were analyzed in the experiments. Additionally, due to the large effect sizes observed and the manuscript relying largely on
images of plaque assays with several log-fold effect sizes, randomization was not relevant due to the repeated large effect sizes, clear and
distinct phenotypes, and the direct reporting of images over data quantifications for the most part in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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