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Bacteria conjugate ubiquitin-like proteins to
interfere with phage assembly
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Severalimmune pathways in humans conjugate ubiquitin-like proteins to virus and
host molecules as a means of antiviral defence'™. Here we studied an antiphage
defence systemin bacteria, comprising a ubiquitin-like protein, ubiquitin-conjugating
enzymes Eland E2, and a deubiquitinase. We show that during phage infection, this
system specifically conjugates the ubiquitin-like protein to the phage central tail fibre,
aproteinatthe tip of the tail that is essential for tail assembly as well as for recognition

ofthe target host receptor. Following infection, cells encoding this defence system
release amixture of partially assembled, tailless phage particles and fully assembled
phages in which the central tail fibre is obstructed by the covalently attached ubiquitin-
like protein. These phages show severely impaired infectivity, explaining how the
defence system protects the bacterial population fromthe spread of phage infection.
Our findings demonstrate that conjugation of ubiquitin-like proteinsis an antiviral
strategy conserved across the tree of life.

Ubiquitin is a conserved eukaryotic protein that can be covalently
attached to target proteins as part of the protein degradation pathway®.
Covalent attachment of ubiquitin necessitates a cascade of enzymatic
reactions carried out by three classes of proteins called E1, E2 and E3
(ref. 6). The E1 enzyme first adenylates a conserved C-terminal gly-
cineresidue in the ubiquitin protein and then covalently attaches the
adenylated ubiquitin to a conserved cysteine in the Elactive site®. The
ubiquitinis then transferred to a cysteine residue in the E2 enzyme,
which further transfers it to the target protein, usually by means of
amediator E3 protein®. Ubiquitination can be reversed by deubiqui-
tinases (DUBs), which are peptidases capable of removing ubiquitin
from target molecules’.

Although ubiquitination of proteinsis central to the protein degrada-
tion pathway in humans®, conjugation of ubiquitin and ubiquitin-like
proteins (Ubls) was also shown to be important in pathways of innate
immunity"2. For example, interferon-stimulated gene 15 (ISG15) is a
Ubl composed of two fused ubiquitin-like domains, which is involved
inprotecting human cells against a variety of viruses such asinfluenza
A and HIV-1(ref. 5). ISG15 is one of the most highly upregulated genes
following virus-induced typelinterferon stimulation®, and its specific
F1,E2and E3 enzymes are also interferoninduced™. It was shown that
during virus infection, ISG15 is intracellularly conjugated to several
cellular andviral protein targets, impairing viral propagation through
amechanism that is still unclear®>,

Like eukaryotes, bacteria can also be infected by viruses (phages),
against which bacteria have evolved a plethora of immune defence
strategies™. A recentscreen for antiphage defence systems in bacteria
revealed a four-gene operon encoding a Ubl protein, a protein with a
predicted E1domain, a protein with a predicted E2domain and a pro-
teinwith a predicted DUB domain® (Fig.1a). Similar to ISG15, the Ublin
this bacterial systemis composed of two fused ubiquitin domains, and
the operon was accordingly denoted BilABCD (standing for bacterial

ISG15-like system). The Bil defence system was previously shown to
protect bacteria against many phages, but the mechanism of defence
remained unknown®,

In this study, we show that the Bil system covalently conjugates its
Ubl protein to the phage central tail fibre (CTF), anessential structural
component of the phage tail tip that is crucial for both tail assembly™
and host recognition®. Conjugation of the Ubl to the CTF inhibits tail
assembly, leading to the production of non-infective, tailless phages.
In some cases, phages manage to assemble fully tailed particles, but
inthese particles the Ublis covalently attached to the CTF at the tip of
thetail, impairinginfectivity probably by inhibiting host recognition.
Thus, the Bil system prevents the spread of phages to neighbouring
cells after the initially infected bacterium is lysed, and protects the
bacterial population as a whole. Our study reveals a new mechanism
used by bacteria to defend against phage predation and sheds light on
the mechanism of Ubl-mediated immunity.

Ubl conjugation by the Bil system

We set out to study the BilABCD system from Collimonas sp. OK412,
afour-gene operon encoding the Ubl protein BilA, the E2 domain
protein BilB, the DUB BilC and the E1 domain protein BilD (Fig. 1a).
When heterologously expressed in Escherichia coli, this system was
previously shown to protect against propagation of many coliphages®.
Structural analysis using AlphaFold2 (ref. 16) revealed that the bacte-
rial Ubl protein contains two fused ubiquitin-like domains, both of
whichare structurally highly similar to human ubiquitin (Fig. 1b). The
last amino acid at the C terminus of the bacterial Ubl is glycine, which
is fully conserved among all homologues of the BilA Ubl (Fig. 1c and
Extended Data Fig. 1a). As the C-terminal residue of Ubls is an obliga-
tory glycine whose carboxyl group is the site of conjugation to targets®,
conservation of glycine at the C terminus of the bacterial Ubl suggests
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Fig.1|Features of ubiquitin-like conjugationin the Bilantiphage defence
system. a, Operonstructure of the Bil system from Collimonas sp. OK412.
aa,aminoacids. b, Structure of the BilA Ubl protein, predicted by AlphaFold2
(ref.16). The N-and C-terminal Ubl domains were each aligned separately to
human ubiquitin (Protein Data Bank 1UBQ, ref. 43) withr.m.s.d. values of 1.62
and1.77 A, respectively. ¢, C-terminal sequence conservationamong 77
homologues (Supplementary Table 6) of the Ubl protein of the Bil system.

d, Plaque assays showing the defence phenotype of the wild-type and mutant

that, similar to other known Ubl systems, conjugation to the target
occurs through this residue. Indeed, a single amino acid substitution
atthis position (G163L) was sufficient to abolish phage defence by the
Bil system (Fig. 1d and Extended Data Fig. 1b).

Thefirststepinany Ubl conjugation cascade involves adenylation of
the Ubl, followed by formation of a covalent thioester bond between
the Elenzymeand the Ubl (ref.17) (Extended Data Fig.1c). To examine
whether acovalent Ubl-E1 complexis formed by the bacterial system,
we tagged the E1 protein in the system and performed western blot
analysis ontotal protein extracted from cells expressing the Bil system
(Extended Data Fig. 1d). This analysis revealed two bands for the E1
protein, one of the expected size of free tagged E1 (roughly 53 kDa) and
onethatwasroughly 20 kDalarger than the free E1, suggesting linkage
to asingle Ubl (roughly 18 kDa). The addition of dithiothreitol (DTT),
whichreduces thioester bonds™, resulted in the disappearance of this
extraband, further supporting the hypothesis that this band represents
aUbl-El covalent complex (Extended Data Fig. 1d).

Immunoprecipitation of an N-terminally HA-tagged Ubl further
confirmed that a Ubl-E1 complex is formed in cells expressing the Bil
system, which was verified by mass spectrometry of the roughly 70 kDa
band (Fig.1e and Extended Data Fig. 1e). The covalent Ubl-E1 complex
waslost when the conserved cysteine at the active site of the E1 protein
(C385) was substituted to alanine (Fig. 1e). The C385A substitution
also abolished the ability of the Bil system to protect against phages®,
indicating that conjugation of the Ubl by the E1 enzyme is essential for
the defensive function (Fig. 1d and Extended Data Fig. 1b). Structural
analysis with AlphaFold-Multimer® predicted a high-confidence inter-
action between the two proteins that involves the penetration of the
Ubl C terminus into the E1 adenylation site (Extended Data Fig. 1f).
This places the C-terminal glycine of the Ubl at the nucleotide-binding
loop of the E1, thus providing a structural explanation for the mecha-
nism of the first step of the Ubl~E1 conjugation (Extended Data Fig. 1c).
The structure further predicts a substantial non-covalent interaction
interface between the E1 and the Ubl, explaining why the Ubl can pull
downthe C385AEl protein eveninthe absence of covalentinteractions
(Fig.1e and Extended Data Fig. 1f,g).

Thesecondstepinthe Ubl conjugation cascade s the transfer of the
Ubl from the cysteine of the E1 to a cysteine of the E2 (ref.17) (Extended
Data Fig. 1c). We were unable to detect a thioester-linked UbI~E2
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e, Immunoprecipitation of HA-tagged Ubl protein from wild-type and mutant
Bil system-expressing bacteria, analysed using SDS-PAGE followed by Coomassie
staining. Verification of the HA-Ubl-E1and E1 bands through mass spectrometry
ispresentedin Extended DataFig.1e,g. Arepresentative image of three biological
replicatesisshown.

complex, suggesting that this complex might be transient (Extended
DataFig.1h). However, amino acid substitutionin the predicted active
site of the E2 (C113A) abolished defence against phages, as previously
shown®, further supporting the hypothesis that Ubl conjugation is
central for the defensive function of the Bil system (Fig. 1d and Extended
DataFig.1b). Inthe final step, the Ubl is conjugated to a lysine residue
ofthetarget protein by the E2, as was recently suggested by a structural
study of a Bil system homologue? (Extended Data Fig. 1c). Disruption
of the predicted active site of the DUB (D115A) also abolished phage
defence of the Bil system, suggesting that its deubiquitination enzy-
matic activity is essential for the function of the system (Fig. 1d and
Extended Data Fig. 1b).

To assess the influence of the Bil system expression levels on
antiphage defence, we expressed the system under the control of a
tetracycline-inducible promoter, which allows for tight transcriptional
control®. We found that defence could be observed atinducer concen-
trations as low as 25 ng ml™ (roughly 54 nM) (Extended Data Fig. 2a).
Whole-transcriptome RNA sequencing (RNA-seq) analysis revealed
thatat this concentration ofinducer, Bil system genes show expression
levels similar to chromosomally encoded defence systems that are
naturally present in our model E. coli host, including type I and type
IV RM systems, TA systems and abortive infection genes (Extended
Data Fig. 2b). Furthermore, RNA-seq of Caulobacter sp. Root343, a
plant root-associated bacterium that naturally encodes a functional
Bil system™, revealed that the Bil system is constitutively expressedin
amounts comparableto other defence systems encoded in the Caulo-
bactergenome (Extended DataFig.2c). Theseresultsindicate that the
Bil system defends against phages when expressed at levels mimicking
physiological expression levels.

TheBil system disrupts phage assembly

We next conducted liquid culture infection assays with SECphi27, a
phage from the Drexlerviridae family against which the Bil system pro-
vides substantial protection in plaque assay experiments (Fig.1d and
Extended DataFig.1b). Cells expressing the Bil system survived phage
infection in liquid culture when phages were supplied at low multi-
plicity of infection (MOI), but when infected at high MOI the culture
completely collapsed (Fig. 2a). These culture dynamics are similar to
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Fig.2|TheBil system causes the production of non-infective phage particles.
a, Growth curves of E. coliexpressing a control plasmid or the Bil system, either
uninfected orinfected with SECphi27 ataMOIl of 0.03 or 3. The average withs.d.
ofthreebiological replicatesis shown. b, Overview of the phage purification
process. Bacteriaexpressing the Bil system were infected with SECphi27 atan
MOl of 0.1for 3 htoallow at least two full rounds of phage replication. To purify
theresulting phages, they were isolated from CsCl gradients. ¢, Photographs

of CsClgradientsloaded with phages obtained from bacteria expressing the
indicated systems. Only the wild-type Bil systemleads to the appearance of a
second, higher-density band of phages. Detocsis an unrelated defence system
that protects against SECphi27 and is presented as control?®. d, Particle
concentrationand number of PFUs of phages obtained as shownin ¢, measured

those observed for abortive infection (Abi) defence systems, which
functionby inducing death ofinfected cells at atime point earlier than
that necessary for completion of the phage replication cycle?>. However,
cells expressing the Bil system that were infected at high MOl lysed at
the same time as control cellsrather thanlysing at an earlier time point
as expected for Abi systems?* (Fig. 2a). This observation pointed to
the possibility that the Bil system allows the phages to complete their
temporally controlled replication cycle, but still somehow prevents
the production of infective phage progeny.

To examine whether phage progeny emerge from infected
Bil-expressing cultures, we collected filtered supernatants from
Bil-expressing cells that were lysed following infection with SECphi27.
We then usedisopycnic CsClgradient centrifugationto achieve a con-
centrated phage preparation (Fig. 2b). Mature phages concentrated in
aCsClgradient typically localize to a single band where the density of
phage particles matches the local density of the gradient?. However,
supernatant derived from infected Bil-expressing cells formed two
distinct bands on the CsCl gradient (Fig. 2c). One of these bands was
at the same density in the gradient as the band derived from phages
propagated on control cells, suggesting that this band represents
mature phages. The second band was closer to the bottom of the gra-
dient and hence represented particles of higher density. This second
band was not observed for phages propagated on amutant Bil system,
suggesting that generation of higher-density particlesisa property of
afunctional Bil system (Fig. 2c).

We next quantified the phages isolated from each band in the CsCl
gradient using nanoparticle tracking analysis (NTA), a biophysical
technique that can count particles with diameters 0of10-1,000 nm by
tracking their Brownian motion?. Using the same phage samples, we
quantified the number of infective particles (plaque-forming units,
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by NTA and plaque assays, respectively. Bars represent the average of three
biological replicates with individual data points overlaid. Fold difference
between number of particles and number of infective particles is presented for
each condition. e-g, Representative negative staining transmission electron
microscopy images of phages obtained from the low-density (e) or high-
density (f) bands of bacteria expressing the wild-type Bil system or the band
from bacteria expressing the mutant Bil system (g). Scale bars, 100 nm.

h, Quantification of full and tailless phage particles with DNA-filled capsids
observedin electron microscopy experiments shownin e-g. Total number of
phages quantified are: Bil system, low-density band, n=2,566; Bil system, high-
density band, n=496; Bil system Ubl G163L, n =1,670.Bars represent the average
of five separately quantified grid regions with individual data points overlaid.

PFUs) using standard plaque assays on anindicator strain. For phages
propagated on control cells or on cells expressing the mutant Bil system,
the number of particles measured by the biophysical NTA technique was
largely in agreement with the measured PFUs, confirming that the NTA
method is suitable for accurately counting virions® (Fig. 2d). By con-
trast, the number of particles measured in the unique high-density band
derived from cells expressing the Bil system was roughly 4,000-fold
greater than the PFUs measured for the same sample, indicating that
more than 99.9% of particles in this band were non-infective (Fig. 2d).
Similar measurements for the low-density band derived frominfected
Bil-expressing cells, which presumably includes mature phages, showed
that this band contained 24 times more particles measured by NTA than
PFUs, suggesting that evenin the low-density band, most particles are
non-infective (Fig. 2d).

To further characterize the phages emerging from bacteria express-
ing the Bil system, we performed negative staining transmission elec-
tron microscopy on particles derived fromeach of the two bands of the
CsClgradient. Phages from the low-density band were morphologically
indistinct from normal phages, possessing tails and DNA-filled capsids
typical for the SECphi27 siphovirus (Fig. 2e,h). By contrast, particles
fromthe high-density band mostly consisted of head-only, DNA-filled
capsids without a tail (Fig. 2f,h), explaining why these particles were
notinfective (Fig. 2d). Consistent with this observation, our NTA meas-
urements showed that particles from the high-density band were of
substantially smaller size (Extended Data Fig. 3a-e). This observa-
tion explains why these tailless phages form adenser band in the CsCl
gradient: the removal of the tail increases the ratio of DNA to protein
within the particle, which in turn increases its buoyant density?*?. As
expected, phages propagated on the mutated version of the Bil system
showed normal morphology (Fig. 2g,h). These results show that the Bil
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Fig.3|The phage CTFisthe target of the Bil system. a,Immunoprecipitation
of HA-tagged Ubl protein from SECphi27 phages collected following infection
of bacteria expressing wild-type or mutant Bil systems, analysed by western
blotting. Only one phage protein, the CTF of SECphi27, isrevealed to be
conjugated to HA-UbI. Arepresentative image of three biological replicates
isshown.b, Simplified representation of the siphophage virion assembly
pathway, based onstudies of phage A (refs.14,29,30). ¢, Co-expression of the
Bil system with either the CTF or the side tail fibre (STF) of SECphi27, analysed
by westernblotting. GroEL was used as loading control on the same blot.
Arepresentative image of three biological replicates is shown. Quantification
ofthe percentage of Ubl-conjugated CTF is detailed in Extended Data Fig. 4c.

system somehow interferes with phage assembly, causing the genera-
tion of tailless phages as well as tailed phages with reduced infectivity.

Torule out the possibility that the production of partially assembled
phagesisageneral property of antiphage defence systems that protect
against SECphi27, we propagated SECphi27 on E. coli cells expressing
Detocs, a defence system that depletes cellular ATP in response to
infection, thus aborting the phage replication cycle?. Propagation of
SECphi27 on Detocs-expressing cells yielded fewer phage progeny,
consistent with previous observations that Detocs protects against
this phage?®® (Fig. 2c). However, SECphi27 progeny obtained from
Detocs-expressing bacteria ran as a single band on the CsCl gradient,
and the denser band observed for phages derived from the Bil system
was not visible for Detocs-derived phages (Fig. 2¢c). These results further
indicate that the production of tailless phages is a unique property of
the Bil defence system.

The CTFis the target of the Bil system

Although itis obvious why tailless phages would be non-infective, it
remained unclear why Bil-derived phages from the low-density CsCl
band, which seemed properly assembled and tailed according to
electron microscopy examination, still showed reduced infectivity
(Fig.2d,e). Onthebasis of the properties of the Bil system, we proposed
that these phages might have been conjugated to the Bil Ubl protein
in a way that interferes with their infectivity. To test this hypothesis,
we experimented with a Bil system variant in which the BilA Ubl pro-
tein was N-terminally fused to an HA tag. This tagged system showed
defence against phage SECphi27,indicating that N-terminal tagging of
the Ubl protein does not interfere with the function of the Bil system
(Extended DataFig.4a). We then propagated phages on cells expressing
the tagged Bil system, isolated these phages using CsCl gradients and
immunoprecipitated the phages using anti-HA antibodies. Westernblot
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d, Representativeimmunogold labelling transmission electron microscopy
image of SECphi27 phages propagated on bacteria expressing the HA-UbI Bil
system andisolated from the low-density band of the CsCl gradient. White
arrowheads represent gold labelling of HA-Ubl. Scale bar,100 nm. See
Extended DataFig.5for moreimages. e, Magnification of the dashed area
ind. White arrowhead represents gold labelling of HA-Ubl. Scale bar, 50 nm.

f, Quantification of gold-labelled tailed phage particles observedin electron
microscopy experimentsshownindandin Extended Data Fig. 6a. Total number
of phages quantified are: Bil system, low-density band, n =1,753; Bil system Ubl
G163L,n=1,239.Barsrepresent the average of five separately quantified grid
regionswithindividual data points overlaid.

analysis of proteins from pulled-down phages revealed amajor band at
roughly 150 kDa, indicating a single phage protein conjugated to the Ubl
(Fig.3a). Only one protein of SECphi27, the CTF, is large enoughto gen-
erate aprotein band of this size (CTF roughly 132 kDa; HA-Ubl roughly
19 kDa). Mass spectrometry analysis identified the SECphi27 CTF as well
as the Ubl proteinin this band (Supplementary Table 1), showing that
the 150 kDa band indeed represents a Ubl-CTF adduct. These results
indicate that the Bil system conjugates its Ubl to the phage CTF.

The CTF (also called the spike protein or tip attachment protein)
is an essential structural component of many siphophages, forming
the tip of the tail in the mature virion (Fig. 3b). The CTF contains the
receptor-binding domain of the phage, which is responsible for host
receptor recognition®. Furthermore, the CTF is essential for assembly
of the phage tail'*?**°, In phage A, for which the tail assembly cascade
was studied in detail, it was shown that tail assembly begins from tri-
merization of the CTF. The CTF trimer then recruits tail assembly fac-
tors, whichin turnrecruit the tail tape measure protein, initiating the
polymerization of the tail tube proteins. Once the tail is mature, it is
attached to the DNA-filled capsid, whichis assembled in the cell inde-
pendently of the tail, to ultimately produce the mature tailed virion***°
(Fig. 3b). Therefore, conjugation of a Ubl protein to the CTF might
interfere with assembly of the phage tail, explaining why many of the
virions emerging frominfected Bil-expressing cells are tailless. In sup-
port of this hypothesis, pull-down attempts of the fraction of tailless
phages (high-density CsClband) that were propagated on the HA-Ubl
Bil system did not retrieve any tagged proteins (Extended Data Fig. 4b),
because the CTF is missing from these tailless phages.

To confirmthat the Bil system specifically targets the phage CTF, we
co-expressed a 3XxFLAG-tagged version of the CTF together with the Bil
systemin the absence of other phage components, and then analysed
whole celllysates using western blotting. Thisrevealed two bands: one
corresponding to the unmodified CTF, and one to the Ubl-CTF adduct
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b, Immunoprecipitation of HA-tagged Ubl protein from SECphi4 phages
collected following infection of bacteria expressing wild-type or mutant Bil
systems, analysed by westernblotting. Only the CTF of SECphi4 isrevealed to
be conjugated to HA-Ubl. Arepresentative image of three biological replicates
isshown. ¢, Co-expression of the Bil system with either the CTF of SECphi27,
thebaseplate hub protein pb3 of T5, the L-shaped tail fibre protein pblof T5 or

(Fig. 3c and Extended Data Fig. 4c). By contrast, when we expressed
the CTF with the mutant Bil system, only the unmodified CTF could
be observed (Fig. 3c). To further examine whether the Bil system is
specific to the CTF, we performed the same experiment with the side
tail fibre of the phage, which is also localized at the distal part of the
tail (Fig. 3b), but could not observe conjugation of the Ubl to the side
tail fibre (Fig. 3c). These results further substantiate that the Bil system
specifically conjugates the Ubl to the phage CTF protein.

Tofurther test whether the fraction of fully assembled, tailed phages
that emerged from infected Bil-expressing cells are specifically mod-
ified by the Ubl on their CTF, we performed immunogold labelling
transmission electron microscopy experiments. In these experiments,
phages propagated on a Bil system with an HA-tagged Ubl and iso-
lated from the low-density band of the CsCl gradient were probed with
anti-HA antibodies and then with secondary antibodies attached to
6 nm colloidal gold particles. Inagreement with our biochemical data,
for most of the gold-labelled phage particles, labelling was observed
exclusively at the tip of the phage tails: the position of the CTF (Fig. 3d-f
and Extended Data Fig. 5). We occasionally noted two gold particles,
and sometimes more, at the same tail tip, possibly representing Ubl
conjugationontwo or three monomers of the CTF trimer or represent-
ing several secondary antibodies bound to the same anti-HA primary
antibody (Extended DataFig. 5). The same experiment with atagged but
mutated Ubl protein did not lead to labelling of the tail tip (Fig. 3f and
Extended Data Fig. 6a). These results demonstrate that the Bil system
attaches the Ubl protein to the CTF protein of the phage.

As the CTF contains the receptor-binding domain of the phage, we
proposed that conjugation of Ubl to the phage CTF might interfere with
the ability of the phage to adsorb andinjectits DNA to the bacterial host.
To test this hypothesis, we collected phages from infected bacterial
cultures either expressing the wild-type or the mutant Bil system. We

thereceptor-binding tail protein pb5 of T5, analysed by western blotting. GroEL
was used asloading control on the same blot. Higher exposure of the same blot
ispresentedin Extended Data Fig. 8b. Arepresentative image of two biological
replicatesisshown.d, Model for the mechanism of action of the Bil defence
system. After phage infection, the Bil system conjugatesits Ubl protein to the
CTF of the phage by means of the E1land E2 enzymes, leading either to the
inhibition of tail formation and generation of tailless phages or to the production
of modified phages with obstructed tail tips. After host lysis by the phage, these
two phage populations are released but are unable to adsorb and inject their
DNAintothehost, thereby preventing the next infection cycle. Beforeinfection,
the Ubl may get conjugated to cellular off-targets, which can be reversed by
the DUB.

thenused these phages to infect Bil-lacking bacteria, and measured the
amount ofintracellular phage DNA shortly after infection to estimate
successful DNA injection. In support of our hypothesis, substantially
less DNA accumulatedin cellsinfected by Bil-derived phages, indicat-
ing that Ubl conjugation to the CTF inhibits DNA injection (Fig. 4a).In
further support for this observation, efficiency of centre of infection
experiments showed substantially lower centres of infection for phages
from Bil-expressing bacteria as compared to control phages (Extended
DataFig. 6b). Theseresultsindicate that phages that are Ubl-tagged by
the Bil system are less infective due to impaired ability to adsorb and
inject their DNA into the bacterial host.

CTFsof distant phages are targeted

The Bil system defends against phages spanning many different taxo-
nomical families'®. To test whether the system protects against diverse
phages by the same mechanism, we selected SECphi4, a siphophage
from the Dhillonvirus genus whose genome (roughly 45 kb) has no
detectable sequence similarity to the genome of SECphi27 (roughly
52 kb) and against which the Bil system strongly defends (Extended Data
Fig.7a). We purified SECphi4 phages propagated on a strain expressing
the HA-Ubl-tagged Bil system and immunoprecipitated these phages
with anti-HA antibodies. Western blot analysis of proteins from immu-
noprecipitated phages revealed only one SECphi4 protein that was
conjugated to the Ubl (Fig. 4b). Mass spectrometry analysis identified
this proteinband as anadduct of the CTF of SECphi4 and the Ubl of the
Bil system (Supplementary Table 2). In support of this observation,
co-expression of a tagged version of the CTF of SECphi4 with the Bil
system in the absence of phage infection showed that the system can
conjugate the Ubl protein to the SECphi4 CTF (Extended DataFig. 7b).
These results demonstrate that the Bil system functions similarly when
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protecting against distantly related phages, and that the phage CTF is
the target of the Bil system for Ubl conjugation.

Whereas SECphi27 and SECphi4 have no sequence similarity on
the nucleotide level, 16 of the 85 (roughly 19%) predicted proteins in
the SECphi27 proteome show homology to proteins of SECphi4 (Sup-
plementary Table 3). Notably, 11 of these 16 proteins are predicted
tail structure proteins or tail assembly proteins, including the CTF,
suggesting that these two phages possess similar tail structures (Sup-
plementary Table 3). The CTF proteins of SECphi4 and SECphi27 show
roughly 34% sequence identity on the amino acid level, and prediction
of their protein structures using AlphaFold2 revealed substantial struc-
tural similarities between the two proteins (Extended Data Fig. 7c),
which could explain how the Bil system may recognize both proteins
and defend against phages from different families. The fact that two
distantly related phages that sharelittle but their tail structures are both
targeted by the Bil system further supports that the primary mecha-
nism of the Bil systeminvolves interfering with phage tail assembly by
conjugating a Ubl protein on the phage CTF.

The Bil system also defends against T5 (ref. 13), a siphophage with
a tail structure different from that of SECphi27 and SECphi4 (ref. 31).
Despite the differences in tail structure, the N-terminal half of the
SECphi27 CTF shows structural similarity to the T5 baseplate hub
protein pb3, a central structural protein of the T5 tail tip (Extended
DataFig. 8a). Totest whether pb3 canbe targeted by the Bil system, we
co-expressed the Bil system with 3xFLAG-tagged pb3 (roughly 110 kDa)
and analysed whole cell lysates using western blotting. This analysis
showed that pb3 became conjugated to the Ubl protein, asindicated by
the second roughly 130 kDaband that was absentin samples obtained
from the mutant Bil system (Fig. 4c and Extended Data Fig. 8b). By
contrast, we did not observe conjugation to pbl (L-shaped tail fibre) or
pb5 (receptor-binding tail protein), two structural proteins of T5 that
arelocated at the tail tip as well*’, demonstrating the specificity of the
Bil system to the T5-encoded homologue of SECphi27 CTF.

Discussion

In this study, we investigated the mechanism of immunity provided
by abacterial defence system capable of conjugating an ISG15-like Ubl
protein. Our data support a model in which this system specifically
conjugates the ubiquitin-like protein to the CTF of the phage (Fig. 4d).
This conjugation can prevent tail assembly and lead to the generation
of non-infective tailless phages or produce infection-impaired tailed
phages whose tail tip is obstructed by a covalently attached Ubl. This
mode of action does not save the infected cell from eventually being
lysed by the phage, but as the particles that emerge from the lysed
cell are mostly non-infective, the Bil system ends up protecting the
surrounding bacteriafrom the spread of phage epidemic (Fig. 4d). The
mechanism of the Bil system is different from that of abortive infection
(Abi) systems, which actively kill the infected cells once phage infection
is detected®>**. However, asimilar outcome of culture-level protection
isachieved by both Bil and Abi systems.

Whereas our results show the tail tip structure as the target of the Bil
system, the mechanism of target recognition remains to be studied.
Our observations using taxonomically distant phages suggest that a
structural motifin the tail tip structure may be the determining factor
of recognition (Fig. 4b,c and Extended Data Figs. 7b,c and 8a). This
foldisalso presentinthebaseplate hub proteingp27 of T-even phages
(Extended Data Fig. 8c). However, we did not observe conjugation of the
Ubl proteinto gp27 of phage T6 following co-expression of this protein
with the Bil system (Extended Data Fig. 8d). Because gp27 is located
inthe core of the complex baseplate structure of T-even phages®, itis
possible that other structural proteins are needed either for proper
folding of gp27 or for its recognition by the Bil system. Alternatively,
the Bil system might target more phage or host proteins to exert its
defensive activity. Such redundant targeting could also explain why
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we were not able to isolate phage mutants that escape defence by the
Bil system.

An aspect of the Bil system that was not studied here in detail is the
role of the DUB protein. This protein is essential for the proper activ-
ity of the system, as disruption of its active site renders the system
inactive (Fig.1d and Extended Data Fig. 1b). It is possible that the DUB
removes the Ubl from proteins when non-specific conjugations occur
to keep a pool of free Ubl until phage infection. Indeed, a Bil system
mutated inthe DUB was able to defend against SECphi27 when the Ubl
was overexpressed from a second plasmid (Extended Data Fig. 9a).
Moreover, overexpression of the Ubl together with the wild-type Bil
system increased defence against SECphi27 and SECphil8, whereas
overexpression of the mutated Ubl reduced defence. This suggests that
the pool of free Ubl may be a limiting factor for defence in these cases
(Extended DataFig. 9a). We did not observe this behaviour for SECphi4
or SECphié6, indicating that the DUB might have extra functions during
infection by these phages (Extended Data Fig. 9a).

Our datashow that the DUB of the CollimonasBil system studied here
can cleave the Ubl when it is fused to green fluorescent protein (GFP)
(Extended Data Fig. 9b), which may suggest that activity of the DUB
could prevent potential toxic effects of non-specific Ubl conjugation
to bacterial proteins. However, we did not observe toxicity in strains
expressing the Bil system with a mutated or deleted DUB (Extended
DataFig.9¢). Arecent study showed thatinatypell Bil system, the DUB
processes the C terminus of the Ubl protein to expose the essential
C-terminal glycine?. The DUB might also be necessary to release the
Ublfromastorage position withinthe cell, as was recently shown for the
cyclase protein of atype Il CBASS defence system, whichis conjugated
toamembrane-associated protein and is released from that proteindur-
ing infection by a CBASS-associated DUB*. Some siphophages encode
tail assembly proteins containing DUB domains whose functions in
phage tail assembly are not understood at present>®. Because the Bil
systeminterferes with phage tail assembly, itis tempting to speculate
that the inclusion of DUB domains in phage tail assembly proteins is
anantidefence measure to protect the phage fromthe action of the Bil
system by cleaving the Ubl off the CTF.

Proteins with E1, E2 and DUB domains are also present as accessory
proteinsin the antiphage defence systems CBASS and Pycsar® >, These
systems depend on second messenger signalling molecules that are
produced inresponse to phage detection, and it was shown that the pro-
teins that generate the second messenger molecules can be conjugated
by the E1and E2 enzymes to unknown targets through a ubiquitin-like
mechanism, thereby priming their enzymatic activity*®*.. In contrast to
the Bil system, E1/E2-dependent conjugationin CBASS is only essential
for defence against some phages, and dispensable for others™#%#, As
the Ubl of the Bil system has no predicted enzymatic activity®, it is
likely that the primary function of the Bil system is to interfere with
phage assembly and cause the generation of non-infective particles.
It is possible that conjugation of CBASS proteins to phage structural
components may be another aspect of CBASS defence.

The Bil system we studied is a representative of a large family of
defence systems encoding E1, E2 and Ubl proteins®. In some of these
systems, the Ubl contains a single ubiquitin-like domain (instead of
the two fused domains in the Bil system), and in some cases, the gene
with the DUB domain is missing®. It remains to be determined whether
all these systems target the phage CTF, or whether some of them may
target other components of the phage.

The Bil system can be viewed as analogous to the human ISG15 sys-
tem, inthe sense that both systems encode adouble ubiquitin Ubl and
dedicated Ubl conjugation machinery, and that both systems protect
against viruses®?. Despite extensive studies over the course of sev-
eral decades, the mechanism of ISG15 antiviral defence is not entirely
understood*~. Avariety of cellular and viral targets were suggested for
ISG15 (ref. 5), and it was also suggested that the dedicated E1, E2and E3
enzymes of ISG15 non-specifically conjugate it to newly synthesized



proteins in infected cells to interfere with viral reproduction*. Our
discovery that the bacterial analogue of the human ISG15 interferes
with phage assembly by targeting viral structural proteins may guide
future studies on the human counterpart.
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Methods

Bacterial strains and phages

The Bil system (IMG** gene IDs: BilA, 2609810443; BilB, 2609810442;
BilC, 2609810441; BilD, 2609810440) and its mutant variants were
expressed in £. coliMG1655. A plasmid containing gfp instead of the Bil
system was used as negative control throughout this study (denoted
‘nosystem’). Bacteriawere grownin MMB (Luria-Bertani medium sup-
plemented with 0.1 mM MnCl,and 5 mM MgCl,) at 25 °C with shaking at
200 rpm, and the appropriate antibiotics (100 pg ml™ampicillinand/or
30 pg ml™ chloramphenicol) were added. Caulobacter sp. Root343 was
grownintrypticsoy broth at 28 °C with shaking at200 rpm. The bacte-
rial strains and phages used in this study are listed in Supplementary
Table 4. Infection was performed in MMB with or without 0.5% agar.

Plasmid and strain construction

All plasmids with their respective inserts used in this study are listed
in Supplementary Table 5. Variants of the Bil system were generated
by amplification of the plasmid containing the wild-type Bil system"
using primers that contained the desired modification followed by
treatment with KLD enzyme mix (NEB) according to the manufacturer’s
instructions to obtain transformable plasmids. Plasmids encoding
phage proteins were constructed by amplification of the desired genes
from the phage genomes and assembly into the pBbA6c backbone
using NEBuilder HiFi DNA Assembly Master Mix (NEB) according to
the manufacturer’s instructions. Tetracycline-inducible variants of the
Bil system were constructed by amplification of the desired Bil system
fromthe arabinose-inducible plasmids and assembled into the pBbA2k
backbone as above. After sequence verification, plasmids were trans-
formed into E. coliMG1655 using transformation and storage solution®.

Plaque assays

To test the defensive properties of the Bil system and its mutant ver-
sions, the small drop plaque assay was used*®. Here, 300 pl of an over-
night culture of bacteria containing the respective version of the Bil
system or the negative control strain were mixed with 30 ml of melted
0.5% MMB agar containing 0.2% arabinose. The mixture was poured
intoal2 cmsquare plate and left to solidify for 1 hat room temperature.
Tenfold serial dilutions of phages in MMB were prepared and 10 pl
drops of each dilution were plated on the bacterial layer. The plates
were incubated overnight at 25 °C. PFUs were counted after overnight
incubation.

Liquid infection assays

Overnight cultures of bacteria were diluted 1:100 in MMB and incu-
bated until they reached an optical density at 600 nm (OD,,,) of 0.3,
after which 180 pl of the culture was transferred into a 96-well plate
containing 20 pl of either MMB (for the uninfected control) or phage
lysate for a final MOl of 3 or 0.03. Plates were incubated at 25 °C with
shaking in a Tecan Infinite 200 plate reader and the OD,,, was meas-
ured every 10 min. Infections were performed inbiological triplicates
inthree separate plates with technical triplicates in each plate. Three
wells were filled withmediumin each plate to serve as the blank, which
was subtracted from the OD,, values of the wells containing bacteria.

Growth curve assays

Growth curve experiments were performed like the liquid infection
assays described above, except that bacteriawere diluted 1:100 in the
96-well plate and their growth measured as described above.

Phage purification

To purify phages for electron microscopy and NTA, 25 ml cultures of
bacteria were grown with the appropriate antibiotics and 0.2% arab-
inose at 25 °C with shaking until they reached an OD,, 0of 0.55. Then,
the cultures were infected with phages at an MOl of 0.1, followed by

incubation at 25 °C for 3 h with shaking to allow for at least two full
rounds of phage replication. To clear the cultures of unlysed bacteria
and debris, they were centrifuged at 3,300g and 4 °C for 10 min and
filtered through a 0.2 pmfilter. Then 12.5 ml of 20 mM Tris-HCI, pH 7.5,
3 M NacCl, 30% PEG-8000 was added to the cleared phage lysates to
precipitate the phages overnight at 4 °C. The precipitated phages
were collected by centrifugation at 25,000g and 4 °C for 30 min, fol-
lowed by decanting of the supernatant and centrifugationat10,000g
and 4 °C for 2 min. The remaining supernatant was removed and the
phage pellets were soaked in 1 ml of 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl,10 mM MgSO, onice for 30 min to loosen them. The phage pel-
lets were finally dissolved in the added buffer by careful pipetting
and loaded on CsCl step gradients (Imlofp=1.3,4 mlof p=1.4,4 ml
of p=1.5,1ml of p=1.7; all in 50 mM Tris-HClI, pH 7.5,10 mM MgSO,)
formedinopen-top polyclear ultracentrifugation tubes (Seton Scien-
tific). The gradients were centrifuged in an SW41rotor (Beckman) at
25,000 rpm and 4 °C for 3 hand the phage bands collected by needle
side-puncture. The extracted phages were dialysed against 20 mM
Tris-HCI, pH 7.5,150 mM NaCl, 10 mM MgSO, overnight at 4 °C using
Pur-A-Lyzer Maxi 12000 dialysis tubes (Sigma Aldrich). The phages
were further concentrated by centrifugationina TLA-110 rotor (Beck-
man) at 45,000 rpmand 4 °Cfor1 h. After removal of the supernatant,
the phages were soaked in 50 pl of 20 mM Tris-HCI, pH 7.5,150 mM
NacCl, 10 mM MgSO, on ice for 30 min, followed by careful resuspen-
sion to obtain the final samples.

Immunoprecipitation

Forimmunoprecipitation of HA-tagged Ubl from whole cell lysates
(Fig.1e), 50 mlof each strainwas grownat 25 °C to an OD,, 0f 0.3 with
0.2% arabinose, followed by centrifugationat 3,300g and 4 °C for 10 min
to pellet the bacteria. The supernatant was discarded and the pellet
frozenat-80 °C.The pellet was thawed onice and dissolved in 750 pl of
tris-buffered saline with Tween (TBS-T) (20 mM Tris-HCI, pH 7.5,150 mM
NaCl, 0.05% Tween 20), followed by transfer to a2 ml tube with lysing
matrix E (MP Biomedicals) and mechanical lysis using a FastPrep-24
instrument (MP Biomedicals) at 6 m s and 4 °C for 40 s. The lysate was
cleared by centrifugationat13,000gand 4 °C for 10 min. Next, 25 pl of
anti-HA magnetic beads (Thermo Scientific) was washed with 1 ml of
ice-cold TBS-T and the cleared lysate was added to the washed beads,
followed by rotation at 4 °C for 1 h to allow binding of HA-Ubl to the
beads. The lysate wasremoved and the beads washed three times with
500 plice-cold TBS-T for 1 min. The beads were washed with 500 pl
of water and finally resuspended in 35 pl 1x Bolt LDS Sample Buffer
(Thermo Scientific), 20 pl of which was subjected to non-reducing
SDS-PAGE.

Forimmunoprecipitation of HA-tagged Ubl from isolated phages
(Figs.3a and 4b and Extended Data Fig. 4b), phages were purified as
described above, except that the final concentration step after dialysis
was skipped. Phages were added to 25 pl of washed beads and immu-
noprecipitation performed as described above. The beads were resus-
pended in 35 pl1x Bolt LDS Sample Buffer supplemented with 50 mM
DTT, of which 10 pl was used for western blotting and 20 pl was sub-
jected to SDS-PAGE and mass spectrometry.

Analysis of Ubl~E1/E2 complex formation

To analyse covalent thioester-based complexes between the Ubl and
E1/E2 proteins (Extended DataFig.1d,h), 10 ml of each strain was grown
toan ODg,,0f 0.50r 0.8 with 0.2% arabinose to express the Bil system.
An equivalent to 0.1 0D, of cells was collected and centrifuged at
13,000gand 4 °C for 2.5 minto pellet the bacteria. The pellet was resus-
pended in100 pl 1x Bolt LDS Sample Buffer, which was split into two
tubes. One of the tubes was supplemented with50 mM DTT to achieve
reducing conditions able to break potential thioester bonds™. Finally,
10 pleach of the reduced and the non-reduced samples were subjected
to western blotting.



Co-expression analysis

For co-expression analyses (Figs.3c and 4c and Extended Data Figs. 7b
and 8d), 10 ml of each strain was grown to an ODg, of 0.5 with 0.2%
arabinose to express the Bil system or the Ubl-GFP fusion protein.
Then, the phage proteins or the DUB were induced with 0.1 mM IPTG
or 50 ng ml™ aTc, respectively, for 30 min. An equivalent of 0.1 0D,
of cells was collected and centrifuged at 13,000g and 4 °C for 2.5 min
to pellet the bacteria. The pellet was resuspended in100 pl 1x Bolt LDS
Sample Buffer supplemented with 50 mM DTT, of which 10 pl were
subjected to western blotting.

Gel electrophoresis and western blotting

For protein analysis, the indicated amounts of protein sample were
boiled at 95 °C for 3 min and separated by 4-12% Bis-Tris SDS-PAGE
(Thermo Scientific) either in 1x MES buffer (Thermo Scientific) or
1x MOPS buffer (Thermo Scientific) to resolve smaller and larger
proteins, respectively, at 200 V. Coomassie staining was performed
by addition of InstantBlue Coomassie Protein Stain (Abcam) for 1h,
followed by destaining with water. For western blotting, the gel was
transferred to a polyvinyl difluoride membrane (Thermo Scientific)
for1hat20 Vinlxtransfer buffer (Thermo Scientific) and probed with
the appropriate primary antibody diluted in TBS-T with 3% BSA: rab-
bit anti-HA (Sigma Aldrich, catalogue no. H6908; 1:3,000 dilution),
mouse anti-FLAG (Sigma Aldrich, catalogue no. F1804;1:10,000 dilu-
tion), mouse anti-GFP (Sigma Aldrich, catalogue no. 11814460001;
1:5,000 dilution) or HRP-conjugated Strep-Tactin (IBA catalogue no.
2-1502-001;1:50,000 dilution). Visualization of the primary antibody
was performed using HRP-conjugated goat anti-rabbit secondary
antibody (Thermo Scientific, catalogue no. 31460; 1:10,000 dilution)
or HRP-conjugated goat antimouse secondary antibody (Thermo Sci-
entific, catalogue no. 31430; 1:10,000 dilution) and incubation with
ECL solution (Merck Millipore). No secondary antibody was used in
the case of the HRP-coupled Strep-Tactin. Where appropriate, the
membranes were stripped using Restore PLUS Western Blot Stripping
Buffer (Thermo Scientific) and probed with primary rabbit anti-GroEL
antibody (Sigma Aldrich, catalogue no. G6532) as loading control.
The percentage of Ubl-conjugated CTF was quantified using ImageJ*’
v.1.54d. The area under the curve of the conjugated band was divided
by the sum of the areas under the curve of the conjugated plus the
unconjugated band.

Mass spectrometry

To identify the phage proteins observed to be conjugated to HA-Ubl,
SDS-PAGE was run and stained with Coomassie as described above.
The band of interest was cut from the gel and the same area of the gel
was cut for the control as well. The gel bands were subjected to in-gel
tryptic digestion.

For identification of the Ubl-CTF adducts, the resulting peptides
were analysed using nanoflow liquid chromatography (nanoAcquity)
coupledto highresolution, high mass accuracy mass spectrometry (Q
Exactive HF). Each sample was analysed on the instrument separately
inarandomorderin discovery mode. The datawere searched against
the £. coli K-12 database appended with the SECphi27, SECphi4 and
Bil system proteomes as well as common laboratory contaminants.
Carbamidomethylation of C was set as a fixed modification, whereas
oxidation of M and deamidation of NQ were defined as variable ones.

Foridentification of the proteins pulled down by the Ubl, the result-
ing peptides were analysed using NanoLC-MS/MS on an Orbitrap
Fusion (Thermo Scientific) equipped withaPicoView lon Source (New
Objective) and coupled to an EASY-nLC1000 (Thermo Scientific). Pep-
tides were loaded on a trapping column (2 cm x 150 um ID, PepSep)
and separated on capillary columns (30 cm x 150 pm ID, PepSep) both
packed with 1.9 pmC18 ReproSil and separated with a 30 min linear
gradient from 3 to 30% acetonitrile and 0.1% formic acid and a flow

rate of 500 nl min™. Both mass spectrometry (MS) and tandem MS
(MS/MS) scans were acquired in the Orbitrap analyser with aresolution
of 60,000 for MS scans and 30,000 for MS/MS scans. Higher-energy
collisional dissociation fragmentation with 35% normalized collision
energy was applied. Atop-speed data-dependent MS/MS method with
afixed cycle time of 3 swas used. Dynamic exclusion was applied with
arepeat count of 1 and an exclusion duration of 30 s; singly charged
precursors were excluded from selection. Minimum signal threshold
for precursor selection was set to 50,000. Predictive automatic gain
control was used with a target value of 4 x 10° for MS scans and 5 x 10*
for MS/MS scans. EASY-IC was used for internal calibration. Raw MS
datafiles were analysed with MaxQuant v.1.6.2.2 (ref. 48). Database
search was performed with Andromedaintegrated in MaxQuant. The
searchwas performed against the E. coli K-12 database appended with
the Bil system proteome as well as common laboratory contaminants.
The search was performed with tryptic cleavage specificity with three
allowed miscleavages. Proteinidentification was under control of the
false-discovery rate (FDR less than1% FDR on protein and peptide spec-
trummatchlevel). Inaddition to MaxQuant default settings, the search
was performed against the following variable modifications: protein
N-terminal acetylation, GIn to pyro-Glu formation (N-term. GIn) and
oxidation (Met).

Negative staining electron microscopy

For negative staining, formvar and carbon-coated nickel grids (300
mesh, Electron Microscopy Sciences) were glow discharged inan Evac-
tron CombiClean Decontaminator (XEI Scientific) for1 minat 0.53 mbar
(air) and 18 W. Next, 3 pl of phage sample was directly applied to the
grid, incubated for1 min and thenblotted with filter paper (Whatman
Grade1). The grid was briefly washed ona drop of water and blotted with
filter paper. Staining was performed by touchinga15 pl drop of staining
solution (freshly made 2% ammonium molybdate, pH 6.5), followed by
blotting with filter paper. This step was repeated once and then the grid
was floated ontop of a15 pl drop of staining solution for 1 min. Finally,
the grid was blotted with filter paper and air dried. Imaging was per-
formed using a Tecnai T12 transmission electron microscope (Thermo
Fisher Scientific) at an accelerating voltage of 120 kV, with a TVIPS
TemCam-XF416 CMOS camera and SerialEM acquisition software®.

Immunogold labelling electron microscopy

Forimmunogold labelling, a previously published protocol was fol-
lowed with some changes®. Formvar and carbon-coated nickel grids
(300 mesh) were glow discharged as above. Next, 3 pl of phage sample
was directly applied to the grid, incubated for 1 min and then blotted
with filter paper. The grid was briefly washed on adrop of water, blotted
withfilter paper and floated ona 20 pl drop of blocking buffer (PBS with
0.1% Tween 20 and 0.3% IgG-free BSA) for 30 minina closed, humidified
chamber. The grid was blotted with filter paper and floated ona 20 pl
drop of primary anti-HA antibody (Sigma Aldrich, catalogue no. H6908)
diluted 1:500 in blocking buffer for1 hinaclosed, humidified chamber.
Followingblotting with filter paper, the grid was washed five times by
floating it on a 20 pl drop of wash buffer (PBS with 0.1% Tween 20 and
0.03% IgG-free BSA) for 3 min and blotted with filter paper after each
wash. Next, the grid was floated on a 20 pl drop of anti-rabbit secondary
antibody coupled to 6 nm colloidal gold particles (Electron Microscopy
Sciences, catalogue no.25104) diluted 1:50 in blocking buffer for 1 hin
aclosed, humidified chamber. The grid was washed as before, briefly
washed twice on drops of water, blotted with filter paper and stained
as described above. Imaging was performed as described above.

NTA

For NTA, phages were purified as described above, except that the
final concentration step after dialysis was skipped and the volumes
of the phage samples was increased to 1.25 ml by addition of buffer
(20 mM Tris-HCI, pH 7.5,150 mM NacCl, 10 mM MgSO0,). Next,1 ml of each
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phage sample (negative control, diluted 1:100; Bil system, low-density
band, diluted 1:10; Bil system, high-density band, undiluted; mutant
Bil system, diluted 1:100) was injected into the flow cell of a NanoSight
NS300 instrument (Malvern Panalytical) equipped with a405 nmlaser.
Measurements were performed using the NanoSight NTA v.3.4 software
with the following parameters: the camera level was set to 10 and for
each sample a standard measurement with three captures of 60 s per
sample wasrun. The captured datawere analysed and exported using
the default parameters of the standard measurement protocol with a
detection threshold of 2. To obtain the final numbers of phage particles
per ml, the reported values were multiplied with the respective dilution
factors of each sample. The same phage samples were used to measure
PFUs using plaque assays as described above, except that a wild-type
E. coli strain without plasmids was used as the indicator strain and no
arabinose was added to the medium.

Adsorption and DNA injection assays

Phage adsorption rates were measured as described before®, with
some changes. To measure the relative amount of adsorbed phages
propagated onwild-type and mutant Bil systems, 50 ml of wild-type E.
coliwas grownto an ODg,0f 0.3 and theninfected with purified phages
atan MOl of 1. To ensure addition of the same amount of phage parti-
cles between conditions, MOI calculations were based on NTA meas-
urements. Immediately after addition of the phages, 5 ml of culture
was sampled and washed three times with ice-cold TBS to remove free
phages from the bacteria. This corresponds to ¢t = 0 min. Another 5 ml
of culture was sampled each 5and 10 min afterinfection and washed as
before. After the three washes, DNA was extracted from the bacterial
pellets using the DNeasy Blood and Tissue kit (Qiagen) according to
the manufacturer’s instructions.

To quantify the relative intracellular phage DNA concentrations,
25 ng of isolated DNA per sample was subjected to quantitative PCR
(qPCR) using two primer pairs each (Supplementary Table 7) to meas-
ure amounts of phage (JHO-0283/0284 and JHO-0285/286) and bac-
terial (JHO-0289/0290 and JHO-0293/0294) DNA using Takyon No
ROXSYBR 2X MasterMix blue dTTP qPCR kit (Eurogentech). For each
sample, the average cycle threshold quantification (C,) value of the
two primer pairs for the phage and bacterial DNA was calculated and
linearized by calculating 2°°?. The linearized phage C, values were
then divided by the corresponding linearized bacterial C, values to
obtain therelative amount of phage DNA versus bacterial DNA. Finally,
the ratio of phage to bacterial DNA was normalized by dividing it by
theratioatt=0.

Efficiency of centre of infection assays

Tomeasure the efficiency of centre of infection for phages propagated
onwild-type and mutant Bil systems, 1 ml of wild-type E. coli was grown
to an ODg,, 0f 0.3 and then infected with purified phages at an MOI of
1. To ensure addition of the same amount of phage particles between
conditions, MOl calculations were based on NTA measurements. After
30 min of adsorption, the bacteria were washed three times with PBS
toremove free phages and finally resuspended in1 ml of PBS. The bac-
teria with pre-adsorbed phages were serially diluted and spotted on
lawns of wild-type E. coli as described above. The next day, centres of
infection were counted.

Structural predictions

Structural predictions of proteins and complexes was performed
using AlphaFold2 (ref. 16) and AlphaFold-Multimer', respectively. The
predictions were run through ColabFold v.1.5.2 (ref. 52) using default
parameters. To compare the structures of proteins and domains and
calculate the respective root mean square deviation (r.m.s.d.) values,
the best-ranking structure predictions were chosen and aligned using
the ‘super’ method in the alignment plugin of PyMOL v.2.5.5 (ref. 53).
Tovisualize these aligned structures, they were exported from PyMOL

in their aligned states and imported into UCSF ChimeraX v.1.6.1 (ref.
54), where the structure images were generated.

Sequence conservation analysis

To analyse conserved residues, 77 non-redundant BilA homologues
collected ina previous study®” were aligned using Clustal Omega® using
default parameters. Sequence logos were generated using WebLogo
(https://weblogo.berkeley.edu/logo.cgi). Of the aligned proteins®
(Supplementary Table 6), 12 contained short (2-9 amino acids) over-
hangs downstream of the conserved C-terminal glycine, which are not
shown in the sequence logo for clarity. A reduced multiple sequence
alignment was visualized using ESPript*°.

To compare the proteomes of SECphi27 (National Center for Bio-
technology Information (NCBI) taxonomy ID 2496550) and SECphi4
(NCBI taxonomy ID 2729542), an all-versus-all blast analysis was per-
formed using blastp>, Alignments with a threshold of 1 x 10° were
considered as hits.

RNA extraction and RNA-seq

For RNA extraction, £. coli expressing the Bil system under control
of a tetracycline-inducible promoter was grown to mid-log phase
with 25 ng ml™aTc as inducer. Caulobacter sp. Root343 was grown to
mid-log, late-log or early stationary phase. For each sample, a culture
volume corresponding to an OD,, of 2 was taken and immediately
mixed withaone-quarter volume of stop mix (95% ethanol, 5% saturated
phenol) and frozen in liquid nitrogen. The samples were then thawed
onice followed by centrifugation at 4,000g and 4 °C for 10 min. The
supernatant was discarded and the cell pellets resuspended in 1 ml of
TRIzol (Thermo Scientific) followed by RNA extraction according to
the manufacturer’s protocol. The resulting RNA pellet was dissolved
in40 pl of water. To get rid of contaminating DNA, 0.5 pl of water, 5 pl
DNase I buffer with MgCl, (Thermo Scientific), 0.5 il of RNase inhibitor
(Thermo Scientific) and 4 pl DNase I (Thermo Scientific) were added
and the mixture incubated at 37 °C for 30 min. The DNase-digested
RNAwas subjected to acidic phenol-chloroform extraction and finally
dissolved in 30 pl of water.

For library construction, the RNA was depleted of ribosomal RNA
using acommercial ribosomal RNA depletion kit for mixed bacterial
samples (Lexogen, RiboCop META, catalogue no.125) and fragmented
using ultrasound (two pulses of 30 sat 4 °C). Then, an oligonucleotide
adaptor was ligated to the 3’ end of the RNA molecules. First-strand
complementary DNA (cDNA) synthesis was performed using M-MLV
reverse transcriptase with the 3’ adaptor as primer. After purification,
the 5" lllumina TruSeq sequencing adaptor was ligated to the 3’ end of
the antisense cDNA. The resulting cDNA was PCR-amplified using a
high-fidelity DNA polymerase and the barcoded TruSeq-libraries were
pooledinroughly equimolaramounts. Sequencing of pooled libraries,
spiked with PhiX control library, was performed at roughly 10 million
reads per sampleinsingle-ended mode with 100 cycles on the NextSeq
2000 platform (Illumina). Demultiplexed FASTQ files were generated
with bcl-convert v.4.2.4 (Illumina).

RNA-seq data analysis

Raw reads were quality and adaptor trimmed using Trim Galore
v.0.6.7 (https://github.com/FelixKrueger/TrimGalore) with default
parameters. Trimmed reads were then mapped to the E. coli MG1655
(NC_000913.3) or Caulobacter sp.Root343 (GCF_001425745.1) genomes
using BBMap v.39.06 (https://sourceforge.net/projects/bbmap/)
with default parameters. Aligned reads were then assigned genes and
quantified using featureCounts v.2.0.3 (ref. 59) with -s 1. Defence sys-
tems were predicted using DefenseFinder®® and manually integrated
into the reference annotations. The resulting quantified reads were
normalized as transcripts per kilobase million and filtered by remov-
ing genes with fewer than ten average raw read counts over all three
replicates. Then, the transcripts per kilobase million values were log,
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transformed, sorted by these log, values and the average of each gene
plotted (Extended Data Fig. 2b,c).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium by means of the PRIDE partner reposi-
tory® with the dataset identifier PXD044622. The RNA-seq data have
been deposited in NCBI's Gene Expression Omnibus® and are acces-
sible through Gene Expression Omnibus series accession number
GSE262579. Plasmid inserts of the constructs used are available in
Supplementary Table 5. Uncropped images of gels and blots from all
figures are presentedin Supplementary Fig.1. Source dataare provided
with this paper.
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Extended DataFig.1|Interactions between the Bil Ubland the E1/E2
enzymes. a, Multiple sequence alignment of human Ubiquitin and five BilA
Ublhomologs. Residues highlighted in bold and yellow have a global similarity
score of > 0.7. Residues highlighted in bold and red are fully conserved.
Visualized using ESPript*®. Related to Fig.1c. b, PFU quantification of plaque
assaysshownin Fig.1d. Data, except for the Ubl G163L mutant, were taken
from®. Bars represent the average of three biological replicates with individual
data points overlaid. ¢, Enzymatic reactionin Ubl-conjugating pathways. The
active site cysteine of the E1 protein formsa thioester with the C-terminal
glycine of the Ubl, whichis then transferred to the active site cysteine of the E2
to formanother thioester. The E2 then transfers the Ubl to alysine residue of
the target protein. Deubiquitinases (DUBs) canreverse the conjugation by
cleaving the Ubl offthe target protein. d, Western blot of whole cell lysates of
bacteria expressing the Bil system with atagged E1. Two bands for the E1 are
revealed. The upperband of -70 kDabandisreduced by DTT, indicatinga
thioesterbond between the E1and the Ubl. GroEL was used as loading control
onthesameblot. Cells at 0Dy, 0f 0.8 are infected by phage SECphi27. A
representativeimage of two biological replicates is shown. e, Mass spectrometry
analysis of the -70 kDaband observed in Ublimmunoprecipitation experiments

verifies thatitincluded the Ubl-E1complex (related to Fig.le). The log,, of the
sum of the label-free quantification (LFQ) intensity values obtained from
wild-type and mutant Bil system for each detected protein was plotted against
thelog,ratio of the LFQintensities of the Bil system vs. the mutant Bil system.
f, AlphaFold-Multimer” prediction of the interaction between the Ubl and the
E1l.Ahigh confidence structure (model confidence of 0.94 and overall low
predicted alignmenterror, right side of the panel) shows G163 (indicated as
spheres) of the Ubl to be positioned at the nucleotide-binding loop of the E1
(G217,G219 and G222; indicated as spheres). g, Mass spectrometry analysis of
the-50 kDaband observed in Ublimmunoprecipitation experiments verifies
theElprotein (related to Fig. 1e). Dataanalyzed and plotted asin e. h, Western
blotof whole celllysates of bacteria expressing the Bil system with atagged E2.
No covalent complex of the E2 could be observed. GroEL was used as loading
control on the same blot. Cells at OD¢,, 0f 0.8 areinfected by phage SECphi27.
Arepresentativeimage of three biological replicatesis shown. i, Mass
spectrometry analysis of the ~-80 kDaband observed in Ublimmunoprecipitation
experiments (related to Fig. le). Dataanalyzed and plotted asin e. MaeB is
identified inthisband, butasthe molecular weight of MaeBis 82 kDa, it is likely
pulled down unspecifically and not conjugated to the Ubl.
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Extended DataFig.2| The Bil system provides defense at expressionlevels
relevant to physiological conditions. a, PFU quantification of different
phagesinfectingE. coli expressing the Bil system from a plasmid with a p15A
origin (estimated ~10 copies per cell) under the control of atetracycline-inducible
promoter. Four different concentrations of inducer (anhydrotetracycline, aTc)
were used. Barsrepresent the average of three biological replicates with
individual data points overlaid. b, RNA-sequencing data of Bil-expressing E. coli
withexpressioninduced using 25 ng/ml of aTc (see a). Data show average log,
transcripts per kilobase million (TPM) of each gene with >10 average raw reads
inthree biological replicates, sorted by their log, TPM values. Blue, plasmid-
encoded Bil system transcripts (bilA, bilB, bilC, bilD), tetracycline repressor

Genes sorted by mean log, TPM

Genes sorted by mean log, TPM

(tetR) and aminoglycoside phosphotransferase (kanR). Green, chromosomally
encoded defense systems of E. coli MG1655, predicted using DefenseFinder®®:
RMtypel (hsdM, hsdR, hsdS), RM type IV (mcrA, mcrB, mcrC, mrr), Lit (lit), RnlAB
(rnlA, rnlB), Hachiman (abpA, abpB) and Druantia type 11 (3jiT). CRISPR genes
arenotshown for clarity. ¢, RNA-sequencing data of Caulobacter sp. Root343 at
theindicated growth phases. Datashow average log, transcripts per kilobase
million (TPM) of each gene with >10 average raw reads in three biological
replicates, sorted by their log, TPM values. Light blue, chromosomally encoded
defense systems of Caulobacter sp.Root343, predicted using DefenseFinder®:
Bil system (bilA, bilB, bilC, bilD), RM type Il (MTase, REase), SanaTA (sanaA,
sanaT),RosmerTA (rmrA, rmrT) and AbiZ (abiZ).
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Extended DataFig. 3 | Phage particle size measurements. a-d, Particle size theright ofeachgraph. High and low density indicate phagesisolated from
distributions of phagesisolated from bacteriaexpressing theindicated systems,  high-andlow-density bandsinthe CsClgradient.e, Overlay of the particle size
measured by nanoparticle tracking analysis. Bars represent the average of distributions shownina-d.

threebiological replicates. The dashed areas of each graph are magnified on
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Extended DataFig. 4| The phage central tail fibre is the target of the Bil
system. a, Plaque assays showing that addition of an HA-tag to the Ubl of the
Bil system does not interfere with phage defense. b, Immunoprecipitation of
HA-tagged Ubl protein from SECphi27isolated frombacteria expressing the
Bil system, analyzed by western blotting. Phages from the low- and high-

density bands of the CsCl gradient wereimmunoprecipitated separately.
Arepresentative image of two biological replicates is shown. ¢, Quantification
ofthe percentage of Ubl-conjugated CTF from the totalamount of CTF detected
by westernblotting (related to Fig.3c). n.d., not detected. Bars represent the
average of three biological replicates with individual data points overlaid.



Extended DataFig. 5| The Bil system modifies the tip of the phage tail. Immunogold labeling transmission electron microscopy images of SECphi27 phages
isolated from bacteria expressing the HA-Ubl Bil system (related to Fig. 3d). White arrowheads represent gold labeling of HA-Ubl. Scale bars represent 50 nm.
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Extended DataFig. 6| The central tail fiberis aconserved structuretargeted
by the Bil system. a, Representative immunogold labeling transmission electron
microscopy image of SECphi27 phagesisolated from bacteria expressing mutant
HA-UbI Bil system. No gold labeling could be observed on the phages. Scale bar
represents 100 nm. b, Efficiency of center of infection assays with phages
propagated oneither the wild-type or the mutant Bil systems. Wild-type E. coli
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cellswereinfected at MOl =1 (numbers of phage particles were determined
by NTA) and allowed to adsorb for 30 min. After washing, the bacteria with
adsorbed phages were serially diluted and dropped on alawn of wild-type
E.coli.Centers of infection were counted the next day. Barsrepresent the
average of four biological replicates with individual data points overlaid.
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Extended DataFig.7|The centraltail fiberisaconservedstructure targeted
by the Bil system. a, Plaque assays showing the defense phenotype of the Bil
systems against SECphi4. Data are representative of three biological replicates
with quantification of the threereplicates shown on the right (quantification
datawere taken from®). b, Co-expression of the Bil system with the central tail
fiber of SECphi4, analyzed by westernblotting. GroEL was used as loading
controlonthesameblot. Arepresentative image of two biological replicatesis
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shown. ¢, AlphaFold2' predictions of the structures of the central tail fibers
of SECphi27 (NCBIID: YP_009965952.1) and SECphi4 (NCBI ID: QJ152569.1).
The predicted structure of the SECphi4 central tail fiber was superimposed
onthe SECphi27 central tail fiber using the following domains: Residues 1-251
(RMSD =0.91A), residues 252-628 (RMSD =1.30 A), residues 629-736
(RMSD =1.11A), residues 737-829 (RMSD =1.10 A), residues 830-1139
(RMSD=2.69 A).
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Extended DataFig. 8| Tail structure proteins of different phages contain
structurally similar domains. a, AlphaFold2' prediction of residues 250-614
ofthe SECphi27 central tail fiber (related to Extended Data Fig. 7c) superimposed
onthe cryo-EMstructure of T5 pb3 (PDB: 7ZQB*; RMSD =2.01 A).b, High
exposure version of the western blot showninFig. 4c. ¢, AlphaFold2" prediction
of residues 250-614 of the SECphi27 central tail fiber (related to Extended Data

Fig.7c) superimposed on the crystal structure of T4 gp27 (PDB: 1K28°3;
RMSD =3.64A).d, Co-expression of the Bil system with either the central tail
fiber (CTF) of SECphi27, the baseplate hub protein gp27 of T6, the large distal
tail fiber subunit protein gp37 of T6 or the baseplate wedge subunit gp7 of T6,
analyzed by western blotting. GroEL was used as loading control on the same
blot. Arepresentative image of two biological replicatesis shown.
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Extended DataFig.9|The DUB s essential for the function of the Bil system
andisable to cleave a Ubl fusion protein. a, PFU quantification of different
phagesinfectingE. coli cells that co-express Bil system variants and Ubl,
mutated Ubl or RFP control. Bars represent the average of three biological
replicates withindividual data points overlaid. b, Western blot of whole cell
lysates of bacteria co-expressing a Ubl-GFP fusion protein and the DUB of the
Bil system. GFP can be cleaved offthe Ubl-GFP fusion protein by the DUB. GroEL

was used asloading control on the same blot. A representativeimage of three
biological replicatesis shown. ¢, Growth curves of £. coli expressing Bil system
variants either without (left) or with (right) the addition of expressioninducer.
The DUBE32* mutantis asingle-nucleotide mutant replacing the amino acid at
position 32 of the DUB protein with astop codon. Datashownis the average of
three biological replicates. Error bars show average withs.d.
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