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Bacteriophages use diverse mechanisms to evade antiphage defence systems.
®KZ-like jumbo phages assemble a proteinaceous, nucleus-like compartment that
excludes antagonistic host nucleases and also internalizes DNA replication and
transcription machinery' ™. The phage factors required for proteinimport and the

mechanisms of selectivity remain unknown, however. Here we uncover animport
system comprising proteins highly conserved across nucleus-forming phages,
together with additional cargo-specific contributors. Using a genetic selection that
forces the phage to decrease or abolish the import of specific proteins, we determine
that the importation of five different phage nuclear-localized proteins requires
distinct interfaces of the same factor, Imp1 (gp69). Impllocalizes early to the nascent
phage nucleus and forms discrete punctain the mature phage nuclear periphery,
probably in complex with direct interactor Imp6 (gp67), a conserved protein encoded
inthe same locus. The import of certain proteins, including a host topoisomerase,
additionally requires Imp3 (gp59), a conserved factor necessary for proper Impl
function. Three additional non-conserved phage proteins (Imp2 and Imp4/Imp5) are
required for theimport of two queried nuclear cargos (nuclear-localized protein 1and
host topoisomerase, respectively), perhaps acting as specific adaptors. We therefore
propose acoreimport system thatincludes Imp1, Imp3 and Impé6, with multiple
interfaces of Impl1licensing transport through a protein lattice.

Segregation of cytoplasmic and organelle activity, with regulated
movement of biomolecules between them, is afundamental aspect of
eukaryoticlife. DNA-containing organelles, long thought to be exclu-
sivetoeukaryotes, haverecentlybeendiscovered duringbacteriophage
infectionin multiple genera of Gram-negative bacteria, including Pseu-
domonas, Escherichia, Serratia, Erwinia, Vibrio and Salmonella***®,
A phage-produced, proteinaceous, nucleus-like structure compart-
mentalizes DNA replication and transcription, with translation occur-
ringinthe cytoplasm®. This compartment primarily comprises asingle
protein—chimallin (ChmA) or PhuN—and excludes host nucleases,
such as CRISPR-Cas and restriction enzymes? but imports various
phage proteins and at least one host protein'®. How this selectivity is
achieved, and the mechanism of movement through the protein-based
lattice that forms the phage nucleus®'®", remain unaddressed. Under-
standing how proteins move from the cytoplasm into the phage
nucleus, analogous to that achieved by secretion systems or eukary-
otic nuclear import, may demonstrate new fundamental biological
mechanisms.

Transport of cargo proteins through the eukaryotic lipid nuclear
membrane is mediated by binding between linear sequence motifs
and adaptor proteins, called importins, that shuttle them through a
massive nuclear pore of roughly 100 MDa (ref. 12). In ®KZ-like jumbo
phages, there are no known import adaptors/importins that bind to
cargo and no known nuclear shell constituents that function as speci-
ficity determinants for phage protein entry. Given the abundance of

uncharacterized genesin large ®KZ-like genomes (above 200 kb), and
thegeneralinsolubility of the protein-based nucleuslimiting basicinter-
action approaches'®, we use an unbiased genetic selection to identify
the requirements for protein import. The screen identified five pro-
teinswitharolein proteinimport: two proteins (now named Impland
Imp3) that are broadly conserved in nucleus-forming phages, and three
(Imp2, Imp4 and Imp5) that appear to be conserved only among related
Pseudomonas-infecting, nucleus-forming phages. Imp1-5 have no
obvious predicted molecular function. Imp6, an RNA-binding protein
also called ChmC", is additionally identified here as a direct physical
interactor of Impl. Taken together, we propose that these proteins con-
stitute a unique phage protein trafficking system that enables transit
into the phage nucleus.

Implisrequired for proteinimport

The ®KZ phage nucleus excludes the restriction enzyme EcoRI
(278 amino acids, 31.5 kDa), but fusion of EcoRI to nuclear-localized
protein (Nlp) gp152 (UvsX/RecA homologue, hereafter referred to as
NIp1) facilitates the entry of EcoRl into the nucleus and cleavage of
phage DNA3. This suggests thatimport is licensed by recognition of
nuclear cargo, rather thanactively excluding antagonistic host proteins.
To identify phage factors that are required for movement of proteins
into the nucleus following synthesisin the cytoplasm, we used a genetic
selection experiment. We individually fused nine nuclear proteins to
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Fig.1|Mutationsin previously uncharacterized phage genesimp1and
imp2reduce proteinimportinto the phage nucleus. a, Live-cell fluorescence
microscopy of Pseudomonas aeruginosa strain PAOl expressing the indicated
sfCherry2 fusion proteinsinfected with WT ®KZ or the indicated phage mutant
(EcoRI+WT ®KZ, n=118 cells; ECORI-NIp2 + WT ®KZ, n =102 cells; EcoRI-
NIp2 +impl E310G ®KZ, n =230 cells; EcCoRI-NIpl + WT ®KZ, n = 69 cells;
EcoRI-NIpl+imp2 K45N, n =58 cells). DAPIstaining indicates phage DNA
within the phage nucleus (white arrow). b,d,f, Plaque assays with the indicated
WT or mutant phage spotted in tenfold serial dilutions on alawn of strain PAO1
expressingindicated NIp2/3/4 (b), NIp1 (d) or Imp2 (f) fusions to sfCherry2.

c,e, Live-cell fluorescence microscopy of Impl fused to mNeonGreen (mNG)
infected with WT ®KZ (n=154),imaged at 50-60 min post infection (c), and of

the C terminus of EcoRI-sfCherry2 constructs (hereafter referred to
as EcoRI-NIpX fusions) to import the EcoRl enzyme (Extended Data
Fig.1a), which has 92 recognition sites in the phage genome. Import
of this enzyme is expected to impart selective pressure on the phage
to reduce or abolish import of these cargo, by mutations in putative
import factors. EcoRI fusion to NIp1 (gp152, RecA-like), NIp2 (gp155,
RNase H-like), NIp3 (gp104) and Nlp4 (gp171) reduced phage titre by
10°-10"-fold, whereas dead EcoRI (E111G) fused to NIp1localized within
the phage nucleus but provided no reductionin titre® (Extended Data
Fig.1a,b). EcoRl fusion to other phage nuclear proteins (gp50, gp70,
gpll8, gpl123 orgpl79)"’ restricted EcoRI-sensitive control phages but
showed noreduction in ®KZ phage titre, perhaps because this fusion
affects folding or nuclear localization (Extended Data Fig. 1b). As a
result, these EcoRlI fusions were not further explored.

When an unmutagenized phage population with an approximate
titre of 10" plaque-forming units (pfu) per millilitre was subjected to

Imp2 fused to mNeonGreen and infected with WT ®KZ (n=129) (e). g, Plaque
assays withtheindicated WT or mutant phage spotted in tenfold serial
dilutions onalawn of PAOl expressing the indicated sfCherry2 fusion, with (+)
or without (-) expression of Imp2intrans. h, Schematicrepresenting the
factorsrequired for nuclearimport of proteins queried in EcoRlI selections,
asdetermined by escape mutationsisolated inimpIandimp2fromeach
selection (NIp2 > Implindicates that NIp2 requires WT Impl for its nuclear
import). All plaque assays were repeated independently three timesin
biological replicates, with similar results. For plate source images, see
Supplementary Fig. 2. All microscopy experiments are representative of either
two (a,e) or three (a,c) biologically independent experiments, with similar
results.Scalebars, 1 um. dEcoRlI, catalytically inactivated EcoRI.

targeting by EcoRlI fusions to Nlp1, NIp2, Nip3 or NIp4, spontaneous
mutant escape phages emerged at a frequency of roughly 107°-1077
(Extended Data Fig. 1a). ECORI-NIp2, EcoRI-NIp3 and EcoRI-NIp4
fusions all selected for distinct mutations in a single uncharacterized
phage gene, orf69—hereafter referred to as impi-forimport gene 1
(Fig. 1b, Table 1and Supplementary Table 1). A total of eight distinct
missense mutant alleles in imp1 were identified in this way, with no
overlap between the different Nlp proteins (Table 1and Supplemen-
tary Table 1). Complementation with wild-type (WT) impI expressed
in trans again allowed EcoRI-NIp2/3/4 fusions to restrict impI mutant
escape phages (Extended Data Fig. 1c), demonstrating that mutations
inimpl are causal for escape from each EcoRI-NIp fusion. To confirm
that mutations in imp1 had decreased protein import, we imaged
EcoRI-NIp2 duringinfection with WT phage or animp1 E310G mutant.
Indeed, EcoRI-NIp2import was decreased by this mutation (Fig. 1aand
Extended Data Fig. 2a-c).
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Table 1| Summary of mutant alleles selected for by EcoRI
fusions

Selection Mutated gene Accession no. No. of unique
alleles

EcoRI-Nlp1 imp2 (orf47) NP_803613.1 8
Tn7::lmp2 (EcoRI-NLp1) imp1 (orf69) NP_803635.1 1
EcoRI-Nlp2 imp1 3
EcoRI-Nlp3 imp1 2
EcoRI-Nlp4 imp1 3
EcoRI-Imp2 imp1 14

imp3 (orf59)  NP_803625.1 1
EcoRI-Nlp2 + EcoRI-Imp2® imp1 10
Tn7:imp1 (EcoRI-Imp2) imp1 2

imp3 9
EcoRI-ImpTgpas imp1 2

imp3 4
EcoRI-TopA imp1 2

imp3 2

imp4 (orf48)  NP_803614.1 4

imp5 (orf287)  NP_803853.1 1

?Indicates that selections were performed sequentially.

Summary of ®KZ genes mutated under selection by the indicated EcoRl fusion, including
gene accession numbers and how many unique alleles were isolated. Tn7::ImpX (EcoRI-Y)
indicates that the indicated EcoRl fusion was used for selection, in the presence of ImpX
expressed from the bacterial chromosomal attTn7 site.

We next determined the subcellular localization of Impl with an
mNeonGreen (mNG) fusion expressed from the host chromosome dur-
inginfection with WT ®KZ. Following infection, Impltransited from
being diffusein the cell to forming one or two puncta at the periphery
ofthe phage nucleus (Fig.1cand Extended Data Fig. 3a) in100% of cells
examined (n =154). Time-lapse microscopy showed that Imp1-mNG
localizes earlyininfection to the pole, where the phage assembles the
nascent proteinaceous nucleus and probably first initiates protein
import (Extended Data Fig. 3b and Supplementary Video 1). Imp1-
mNG then moves with the growing phage nucleus, ultimately stabiliz-
ing as distinct puncta. The Imp1-mNG fusion protein, however, did not
complement impl mutant phages (Extended Data Fig. 3c), perhaps
because the fluorescent protein fusion blocks interactions with cargo
or otherbinding partners. Interestingly, the phage ®PA3 homologue
of Imp1 (®PA3 gp63) was recently identified as an interactor with
ChmaA (the major nuclear shell protein) through proximity labelling,
and by immunoprecipitation and mass spectrometry in ®PA3-infected
cells®. Microscopy experiments with the ®PA3 Impl homologue, and
with the phage 20102-1Implhomologue (201-®2-1gp125), similarly
showed puncta in the nuclear periphery'®. Taken together, these
data suggest a protein import role for Implin association with the
nuclear lattice.

Despite Impl being required for the import of NIp2-NIp4, phages
that escaped EcoRI-NlIplrestriction had eight distinct missense or
nonsense mutations in a second uncharacterized gene, orf47 (imp2)
(Fig.1d, Table 1and Supplementary Table 1). Phages with imp2 non-
sense mutations produced very low titre from picked plaques, and
following attempted amplification (roughly 10°-10°-fold lower than
imp2 missense mutants), suggesting that this gene is required for
optimal fitness. ECORI-NIplimport into the phage nucleus, as deter-
mined by fluorescence microscopy, was indeed disrupted during
infection with an imp2 K45N mutant phage (Fig.1a and Extended Data
Fig.2d,e). imp2 expression in trans restored EcoRI-NIpl targeting of
the phage, confirming the causality of this mutation (Extended Data
Fig.1d). imp2 mutations were uniquely selected for by EcoRI-NIp1
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(but not by EcoRI-NIp2/3/4), and imp2 mutant phages stillimported
and succumbed to EcoRIfusionsto NIp2, NIp3 or NIp4, demonstrating
that these mutations specifically perturb NIplimport (Extended Data
Fig. le). Based on sequence searches, Imp2 appears to be conserved
only amongrelated Pseudomonas-infecting, nucleus-forming phages,
and none of its homologues has any known function (Extended Data
Fig. 1f). The importance of Imp2 in NIplimport for this phage family
was confirmed by targeting the related phage ®PA3 with EcoRI-NIpl,
whichsimilarly showed phage escape mutationsin orf44 encoding an
Imp2 homologue (Extended Data Fig. 1g).

To determine the role of Imp2 during phage infection, we next
assessed its localization (MNG-Imp2) and observed that it does not
form Impl-like puncta but appears fully imported into the phage
nucleus (Fig. 1e). To determine whether Imp2 import is dependent on
Imploranew factor, phages were targeted with EcoRI-Imp2, which
decreased phage titre by about 10°, whereas dead EcoRI-Imp2 had
no effect (Extended Data Fig. 1a,c). Phages that escaped EcoRI-Imp2
targeting contained missense mutationsinimpi (Fig.1f, Table1and Sup-
plementary Table 1), none of which overlapped with those previously
isolated. To understand why mutations inimpl were not initially seen
under EcoRI-Nlplselection, we repeated this selection but with Imp2
expressedintrans, preventing successful phage escape by mutationsin
thisgene.Indeed, this approach selected directly for amutationinimpl
(A270D) (Fig.1g). This new class of NIplimport-deficient mutant phage
emerged at a lower frequency of under 108 (compared with around
107 previously; Extended Data Fig. 1a), explaining why it was not seen
initially. Together, these datademonstrate that NIplrequires Imp2 for
itsimport, whereasimport of NIp1-4 and Imp2 all require Imp1 (Fig. 1h).

Impl possesses cargo-specificinterfaces

The selective pressure to reduceimport of Nlpland Imp2 selected for
15 unique mutantallelesinimpl, none overlapping with the eight imp1
mutantalleles previously isolated by EcoRlIfusions to NIp2, NIp3 or NIp4
(Table 1and Supplementary Table 1). This mutational spectrum, with
no nonsense mutations or frameshifts identified, suggests that imp1
is essential. Given the convergence onImpl, we next queried whether
the unique mutations decreased import of all cargo or only some. Cells
expressing each of the ECORI-NIp fusions were infected with WT ®KZ
or various impl mutant phages. Interestingly, individual impl muta-
tions only decreased the phage-targeting activity of the EcoRI fusion
construct they were initially selected under, demonstrating specific
perturbations toimport (Fig. 2a). This suggests that the impI mutation
acquired by each escape phage maintains sufficient expression, locali-
zation and import function for other cargo but specifically perturbs
the import of only one queried protein. To visualize the location of
functional residues, an AlphaFold2 (ref.15)-predicted structural model
of Implwas generated and each set of cargo-specific mutationslabelled
(Fig.2b). The fourimported cargo selected for mutations that generally
clustered into five regions on the Impl model. Consistent with discrete
functional interfaces on Impl, double mutants could be isolated by
iterative exposure to different ECORI-NIp fusions. For example, an
Imp2import-deficient mutant phage (imp1 G88D/R90H) acquired anew
mutation in impI (R306L) when selected on EcoRI-NIp2 (Fig. 2c). The
inverse was also true—a phage that resisted import of ECORI-NIp2 (imp1
H300Y) acquired asecond mutation inimpl (/1226T) when selected on
EcoRI-Imp2. We therefore propose that Implis equipped with distinct
interfaces to achieve import specificity and licensing.

Sequence- and structure-based searches using an AlphaFold2-
generated predicted structural model of Imp1 did not show homo-
logues with any known molecular function. Imp1is widely conserved
in nucleus-forming phages infecting diverse genera, including Pseu-
domonas, Serratia, Xanthomonas, Aeromonas, Vibrio and Erwinia,
and members of the Enterobacteriaceae family (Fig. 2d). Nearly every
phage genome encoding an Imp1 protein also encodes a homologue
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Fig.2|Implpossessesdistinct functional interfaces to enable protein
importspecificity. a,c, Plaque assays withindicated WT or impl mutant
phages, isolated after asingle selection (a) or after two selections, with the
secondary mutationinbold (c), spotted in tenfold serial dilutions onalawn of
PAOl expressing the indicated sfCherry2 fusion. Plaque assays were conducted
asinFig.1b.b, AlphaFold2-predicted structural model of Imp1, with mutated
residues fromisolated impl mutant phages colour coded by the EcoRlI selection
fromwhich they were isolated. The top output modelis shown.d, Phylogenetic
tree ofImplhomologues. Cultured phages are coloured by host species, and
several model phages are also labelled by name. Uncoloured phages are from

of ®KZ gp54/ChmA/PhuN, the major phage nucleus protein. Only a
few exceptions are noted and are probably due to incomplete genomic
records. Together with genetic datademonstrating theimportance of
multiple Implinterfacesintheimport of distinct cargo, its localization
during infection and proximity to ChmA?’, and its broad conservationin
nucleus-forming phages, we propose that Implis akey determinant of
protein transport into the phage nucleus for this phage family.

Imp3isrequired for Implfunction

To identify factors required for Imp1 function or localization, we
fused EcoRI to Imp1 to assess its proximity to phage DNA and select
for mutants that disruptitslocalization. EcoRI-Implabolished phage
replication such that no escape mutants could be isolated (limit of
detection, 8.3 x 107°; Extended Data Fig. 1a), whereas dead EcoRI-Imp1
had noimpact (Extended Data Fig. 4a). This demonstrates that the Impl
N terminus is localized within the phage nucleus and suggests that
mutations that alter this localization may be lethal. Fusion of EcoRI to

B Xanthomonas

Tree scale: 1 —————

metagenomic sequencing. Filled black circleindicates that no phage nuclear
shellhomologue was detected in the corresponding phage genome, by either
threeiterations of PSI-BLAST or local blastp. Openblackcirclesindicate that
theassociated genomerecordisincomplete, and no phage nuclear shell
homologue was detected by the same methods. Filled blue circle indicates that
no nuclear shellhomologue was detected by the same methods, but the tubulin
homologue responsible for centring the phage nucleusin the cell, PhuZ, was
detected by blastp. All plaque assays were repeated three times independently
inbiological replicates, with similar results.

11 different Imp1 mutant proteins, with representatives chosen from
selection experiments with the various EcoRI-NIp fusions, also main-
tained full phage targeting, with no escape mutantsisolated (Extended
Data Fig. 4a). This suggests that mutated Imp1 proteins express and
localize correctly, as proposed above.

Toidentify additional imp1 geneticinteractions notseenin previous
selections, we used two alternative selection approaches, both of which
led to the same new, uncharacterized gene, orf59 (imp3) (Fig. 3a-c).
Using the EcoRI-Imp2 fusion that previously yielded impI mutant
phages, we repeated the selection but expressed WT Impl in trans
to enable isolation of phages with mutations in other import factors
(frequency approximately 10-10~°; Extended DataFig. 1a). One class
of mutant phages emerged that acquired spontaneous missense
mutationsinimpl (Extended Data Fig. 4b, Table1and Supplementary
Table 1), which are genetically dominant. However, 9 out of 11 phage
mutants that escaped this targeting construct acquired mutations in
imp3 (Fig.3a). Mutations were either coding changes or ten base pairs
upstream of the ATG start in the probable Shine-Dalgarno sequence
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Fig.3|Imp3isrequired for proper Implfunction. a,b, Plaque assays with the
indicated WT or mutant phage spotted on PAOl expressing theindicated
sfCherry2 fusion, with (+) or without (-) Implexpressed in trans (a); Implgpas
indicates the phage ®PA3 Impl homologue (b); plaque assays were performed
asinFig.1b.c, AlphaFold2-predicted structural model of Imp3, with mutated
DNAbases or residues fromisolated imp3 mutant phages colour coded by the
EcoRlselection fromwhich they wereisolated. The top output modelis shown.

(Fig. 3¢, Table 1 and Supplementary Table 1). Coding changes are
mapped onapredicted Imp3 AlphaFold2 model, where the C-terminal
domainis predicted with high confidence and the N-terminal domain
with lower confidence (Extended Data Fig. 5a). In acomplementary
approach, we fused EcoRI to gp63 from phage ®PA3, an Imp1 homo-
logue with 52% amino acid identity (Implgp,s). ECORI-Implgp.; provided
weaker selection pressure against ®KZ than EcoRI-Impl,y;, and ena-
bled the emergence of mutant ®KZ phages (frequency around 10°5;
Fig.3band Extended DataFig.1a). Thisapproach also selected for two
dominantimpl mutations and four mutations inimp3, which possibly
perturb Impl,;,; localization or assembly (Fig. 3b,c, Table 1 and Sup-
plementary Table 1). These data suggest that Imp3 is required for the
Imp1-dependentimport of Imp2 and potentially for proper localization/
assembly of Implitself.

Importrequirements for a host protein

To determine whether host proteins require Imp1forimportor operate
throughadistinct pathway, EcoRl was fused to the host topoisomerase
(TopA), previously shown to be imported'. The EcoRI-TopA fusionalso
selected for escape phages (roughly 10~ frequency; Extended Data
Fig. 1a), with mutations in impI and imp3 emerging (Fig. 3c,d, Table 1
and Supplementary Table1). For astructural model with 33 unique Imp1
mutations shown, inaddition to the AlphaFold2 confidence scores and
anelectrostatic representation, please refer to Extended DataFig.4b-d.
Inaddition, EcoRI-TopA selected for mutations in two new uncharacter-
ized genes, orf48 (imp4) and orf287 (impS5) (Fig.3d). Like Imp2 (encoded
by orf47), identified above as a protein specifically required for NIp1
import, Imp4 and Imp5 are conserved only in ®KZ-like phages infect-
ing Pseudomonas (Extended Data Fig. 5b), and no other EcoRlI fusion
selected for mutations in these genes. We thus interpret this to mean
that Imp4 and Imp5 are required for TopA import, in addition to core
import proteins Impl and Imp3.
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expressing theindicated sfCherry2 fusion. e, Schematicrepresenting the
factorsrequired for nuclearimport ofall proteins queried in EcoRlIselections,
asdetermined by the escape mutationsisolated inimp1-5from each selection.
Allplaque assays were repeated three times independently in biological
replicates, with similar results.

Tounderstand the contribution of Imp3 to proteinimportand Impl
function, we assessed its phylogenetic distribution and localization.
Like Imp1, Imp3 is well conserved among nucleus-forming phages
beyond those that infect Pseudomonas® (Extended Data Fig. 5¢).
However, fluorescently tagged Imp3 did not express well and thus its
localization could not be assessed. In addition, EcoRI-Imp3 fusions did
notrestrict ®KZ but did restrict EcoRI-sensitive phage 14-1 (Extended
DataFig.5d), suggesting that either Imp3isnotlocalized inthe nucleus
or the fusion to EcoRI disrupts its localization. Coencoded genes in a
putative operon' with imp3are probably required for proper expres-
sionor function, because these genes (p18, imp3, orf60 and orf61) were
required to achieve partial complementation of ECORI-Imp1,,; €scape
mutants (Extended DataFig. 4e). Moreover, despite ECoRI-TopA selec-
tionleadingto different phages acquiring mutationsin any one of four
different genes (impl,imp3, imp4 and imp5), none of these individual
genes when provided in trans resensitized the mutants to ECoRI-TopA
(that is, no complementation). Notably, a large synthetic construct
expressing the imp3 operon, together withimp1, imp4 and impS5, pro-
vided full complementation of EcoRI-TopA import for every mutant
phage from this selection (Extended Data Fig. 5e). These data suggest
thatimpl, 3,4 and 5, potentially together with imp3 gene neighbours,
forma core import unit for TopA.

Implbinds toImp6 and NIp2

We next reasoned that the process of proteinimport may require addi-
tional proteins that associate with Impl1 that were not identified by
geneticselectionexperiments. To determine candidate interactors, we
examined the operonstructure and conservation of the locus around
impl (orf69), which encodes gp67-70 (Fig. 1b). Previous work has
established that gp68 (together with gp71-73 and gp74) is part of the
non-virion RNA polymerase (nvRNAP) complex"” and therefore we did
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Fig.4|ImplbindstoImpé and cargo proteinNIp2.a,b,Immunoblot
analysis (anti-Imp1) of His pulldown of His-tagged Imp1l with FLAG-tagged
Imp6 or gp70, and NIpl-His with Imp6-FLAG as negative control (a); FLAG
pulldown of Imp1-His with FLAG-Imp6 or FLAG-gp70 (b). ¢, Size-exclusion
chromatography (SEC) of Impl-His alone orin complex with Imp6-FLAG.
Peak Impl-His/Imp6-FLAG SEC fractions (indicated by volume (ml) collected
from the column) were run on an SDS-PAGE gel and stained with Coomassie.

notpursueit further. Homologues of gp67,gp69 and gp70 from phage
®PA3 were previously found to be associated with the nuclear lattice®,
with the gp67 homologue also displaying non-specific RNA-binding
activity and being named ChmC™. Therefore, we assessed whether
Implinteracts with gp67 or gp70. 6xHis-tagged Impl expressed in
Escherichia coliimmunoprecipitated with gp67-FLAG, but not with
gp70-FLAG (Fig. 4a), and a reciprocal FLAG immunoprecipitation
yielded the same result (Fig. 4b). To confirm that gp67-FLAG does not
adhereto Ni-NTA beads non-specifically, 6xHis-tagged NIpl was used,
whichdid not pulldowngp67-FLAG (Fig.4a). The Impl-gp67 interac-
tion was stable in size-exclusion chromatography (Fig. 4c); its elution
positionand mass photometry suggested acomplex of around 120 kDa,
consistent with a stoichiometry of gp67,:Impl, (Fig.4d). Because of the
association of gp67 withImp1, we now refertoit asImpé6, asaputative
member of a phage nuclearimport complex.

In addition to the interaction with Imp6 shown above, Impl may
bind directly to imported cargo to facilitate transport. We therefore
conducted immunoprecipitations of cargo proteins Imp2, NIp2, NIp3
and NIp4 expressed in E. coli to query direct binding to Imp1. Control
experiments showed that NIp3 did not express well, whereas Imp2 and
Nlp4 interacted non-specifically with negative control baits. Interest-
ingly, NIp2-FLAG immunoprecipitated 6xHis-tagged Implin a FLAG
pulldown, but not a 6xHis-tagged negative control bait (Fig. 4e), sug-
gesting adirectinteractionbetween Impland the NIp2 cargo protein.
An AlphaFold3 (ref. 18) structural model predicted a high-confidence
Imp1-NIp2 dimer, with abindinginterface containing the Implresidues
vital for NIp2importin vivo (H300 and E310) (Extended Data Fig. 6a).
Interestingly, the C-terminal domain of NIp2, which is of unknown
function, is theregion predicted tobind to Impl whereas the N-terminal
domain has recently validated RNase H activity, which is essential for
phagereplication'. These datasuggest that the NIp2 C-terminal domain
containsanimportsignal at theinterface between NIp2 and Imp1, which

d, Estimation of complex Imp1-His-Imp6-FLAG molecular weight by mass
photometry. e, Immunoblot analysis of FLAG-tag pulldown of NIp2-FLAG,
FLAG-Imp6 and sfCherry2-FLAG with Imp-His WT or indicated mutants.
RNAPserves asinputloading control. Pulldowns were performed either

two times (a,b) or three times (e) independently, with similar results. See
Supplementary Fig.1for uncropped and unprocessed gel source data. l,input;
E, elution.

mediates direct Impl binding. Using our EcoRI fusion import assay,
the NIp2 C-terminal domain (residues 201-482) was indeed necessary
and sufficient forimport when fused to EcoRI (Extended Data Fig. 6b).

Focusingonthe NIp2-Implinteraction, we next reasoned that muta-
tions in Imp1 that specifically decrease import of NIp2 might weaken
direct binding between them whereas other Impl mutations would
not. We queried binding of NIp2 to Impl mutants H300Y and E310G,
which decreased Nlp2 import in vivo. These NIp2-specific mutations
inImpl abolished the binding between NIp2 and Imp1, whereas con-
trolmutants TI10N (decreased import of NIp4) and R230S (decreased
import of Imp2) maintained interaction with NIp2 (Fig. 4e). Notably,
as a positive control, we presumed that Imp6 would retain binding
to Impl mutants that abolish a specific NIp2 cargo interaction. Impl
H300Y and E310G mutants indeed still coimmunoprecipitated with
Imp6, demonstrating that lost NIp2 binding is due to perturbation of
the binding site rather than a result of misfolding or poor expression
(Fig. 4e). We therefore conclude that the genetic selection approach
has shown directinteractions between akey proteinimport specificity
determinant (Impl) and imported cargo proteins (for example, NIp2)
and/or their adaptors. Moreover, we propose that aroadmap for future
biochemical and structural work, to understand this import pathway
at the atomic level, has now been established.

Discussion

The ®KZ-like family of jumbo phages assembles anotable protein-based
nucleus during infections, which selectively internalizes or excludes
proteins, demonstrating a eukaryotic nucleus-like segregation abil-
ity. These phages often have very large genomes (above 200 kb),
with many genes of unknown function that probably contribute to
this and other processes executed by this phage family, necessitating
unbiased approachestoidentification of gene functions. Through the
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deployment of a genetic selection approach, we have identified five
factors (Impl-5) required, in different combinations, for the import
of six proteins (NIp1-4, Imp2 and TopA; Table 1).

A key finding from this work is the functional identification of a
broadly conserved import and specificity factor, Impl, a protein
that has distinct interfaces for multiple imported cargo and directly
interacts with at least one cargo protein (see model in Extended
DataFig. 6¢).Inaddition, microscopy experiments and previous prox-
imity labelling with mass spectrometry’ are consistent with an inter-
action between Impl and the nuclear lattice. While this study was in
revision, anindependent paper also demonstrated that Impl (referred
to as PicA) is required for import of a phage cargo (gp104/NIp3) by a
proposed importsignal®. Together with the many Implinterfaces iden-
tified here, these data suggest thatimportis licensed by distinctimport
signals possessed by different cargo (sequences for NIp2 residues at the
predicted Imp1-NIp2 interface and the proposed NIp3 import signal
are presented in Extended Data Fig. 6d).

Inadditiontoidentification of multiple Implinterfaces thatlicense
import, we reportafunctional role for the broadly conserved protein
of unknown function, Imp3, and adirect physicalinteraction between
Impland Imp6. An Imp6 homologue in phage ®PA3 was recently
described as an essential non-specific RNA-binding protein localized
tothe periphery of the phage nucleus™. impI and impé6 have anvRNAP
subunitembedded between them in the genome, with the remaining
subunits encoded close by. Future work is needed to determine the
potential connections between transcription within the phage nucleus
(whichisexecuted by the same nvRNAP), Imp6 non-specific RNA bind-
ing, RNA export/localization and proteinimport. Likewise, it currently
remains unclear how proteins physically transit into the phage nucleus,
which will be the subject of future work. Possible optionsinclude abona
fide pore, aflippase-like mechanism or an unfoldase that participates
inthreading the cargo through the protein lattice.

The fundamental biological challenge of protein localization in segre-
gated organellar compartments haslargely been studied in eukaryotic
systems. This phage family and its protein-based nucleus provide anew
challenge and opportunity for understanding the basic mechanisms
of protein movement. The identification of phage genes required for
import, along withamethod for their discovery in other phage systems,
are key first steps to unravelling this fascinating mystery.
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Methods

Bacterial growth and genetic manipulation

Escherichia coli strains XL1-Blue and BL21 (DE3) and Pseudomonas
aeruginosa strain PAO1 were grown in lysogeny broth medium at
37°C, withshaking at175 rpm. Bacteria were plated on lysogeny broth
solid agar, and any necessary antibiotics to maintain plasmids, with
10 mM MgSO, when plating for phage infection. When growing for
phage infection, PAO1 overnight cultures were inoculated from a sin-
gle colony from a struck out glycerol stock or fresh transformation,
and the culture was grown for approximately 15-16 hours. Expres-
sion of genes inserted in the chromosomal attTn7 site was induced
with1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) in lysogeny
broth solid agar. Basal expression of EcoRI-sfCherry2-NIpX or -
ImpX fusions cloned into the pHERD30T? plasmid under the leaky
arabinose-inducible promoter was sufficient to induce phage restric-
tion and enable visualization by microscopy, and thus no L-arabinose
was added to plates or liquid cultures.

Phage growth

Phages were grown at 30 °C on lysogeny broth solid agar with 10 mM
MgSO,, plus any necessary antibiotics and inducer. Bacteria (150 pl)
and phage (10 pl) were mixed in 3.5 ml of 0.35% top agar with 10 mM
MgSO0, and plated onlysogeny broth solid agar. Plates were incubated
at30 °Covernight. The following day, individual plaques were picked
and stored in 200 pl of SM phage buffer. Escaper phages were plaque
purified three times by repeating this method. High-titre lysates were
generated by infection of PAO1 expressing the fusion construct that
was used in selection overnight in liquid lysogeny broth plus 10 mM
MgSO,, with appropriate antibiotics and inducers, at 37 °C. The super-
natant was collected and treated with 5% vol. chloroform, shaken gently
for 2 min and spun down for 5 min at maximum speed to remove cell
debris. This was repeated, and the final phage lysate was stored with
1-5% vol. chloroform.

Phage spot titration plaque assay
P. aeruginosa strain PAO1 overnight culture (150 pl) was mixed with
3.5mlof 0.35% top agar and poured on solid lysogeny broth agar plates.
Once solidified, tenfold dilutions of phage in SM phage buffer were
spotted on the surface in 3-pl spots.

Efficiency of plating assay

P. aeruginosa strain PAO1 overnight culture (150 pl) was mixed with
10 pl of phage, with the subsequent addition of 3.5 ml of 0.35% top
agar, and the mixture was poured on solid lysogeny broth agar plates.
Plates were incubated at 30 °C overnight and plaques were counted
the following day. Efficiency of plating was calculated as PFUml” on
EcoRl targeting fusion relative to PFU ml™ on a non-targeting strain.
The efficiency of plating graph was generated in Prism (v.10.3.1).

Construction of fusion proteins

The shuttle vector pHERD30T? was used for cloning and expression of
EcoRI-sfCherry2-NIp/Imp and mNeonGreen fusions in P. aeruginosa
strain PAOL. This vector has a gentamicin-selectable marker and an
arabinose-inducible promoter. For mNeonGreen fusions, the vector
was digested with Ncol and Hindlll restriction enzymes. For EcoRI-
sfCherry2 fusions, the vector backbone® was either amplified by PCR
ordigested with Sacland Spelrestriction enzymes and purified. Inserts
were amplified by PCR from diluted ®KZ lysates as the DNA template,
and joined into the linearized vector by Hi-Fi Gibson DNA Assembly
(NEB) according to the manufacturer’s protocol. The resulting reac-
tions were used to transform E. coli XL1-Blue competent cells. EcoRI-
sfCherry2 fusions to gp59, 70,104, 171,179, and TopA were generated
by Genscript’s custom cloning service. All plasmid constructs were
sequenced using primers that either annealed to the vector outside of

the multiple cloning site (Quintara) or were whole-plasmid sequenced
(Plasmidsaurus). Plasmids were then electroporated into competent
PAOI cells and selected on gentamicin.

Construction of chromosomal insertion strains

For chromosomal insertion of phage import factor genes into PAOL,
genes of interest were cloned into pUC18-miniTn7T-LAC?, linearized
once with Spel and Sacl and purified. Inserts were amplified by
PCR from diluted ®KZ lysates and joined into the linearized vector
by Hi-Fi DNA Assembly (NEB). The resulting vectors were used to
transform E. coli XL1-Blue competent cells and verified by sequenc-
ing using primers that anneal to the vector outside of the multiple
cloning site. The transposase helper vector pTNS3 (ref. 23) was used,
with miniTn7 constructs, to transform PAO1 and insert genes of inter-
estinto the PAO1 chromosome at the Tn7 locus, with a -pTNS3 con-
trolin parallel, and the transformation was selected on gentamicin.
Candidate integrants were screened by either whole-genome sequenc-
ing (described below) or colony PCR using PTn7R and PglmS-down,
as well as an internal gene-specific primer paired with PglmS-up®.
Colony PCR-screened integrants were then amplified and sequenced
with primers that annealed outside the attTn7 site, to verify integra-
tion. Electrocompetent cell preparation, electroporation, integra-
tion, Flp recombinase-mediated gentamicin marker excision using the
pFLP2 plasmid, and plasmid curing by sucrose counterselection were
performed as described previously*.

Whole-genome sequencing

Genomic DNA extraction from phage lysates was performed by the
addition of 200 pl of lysis buffer (final concentration10 mM Tris pH 7.5,
1mMEDTA, 100 pg mI™ Proteinase K, 100 pg ml™ RNaseA and 0.5% SDS)
t0200 plof high-titre phage lysate (over 10° PFU ml™), with incubation
at 37 °C for 30 min and then 55 °C for 30 min. Preparations were then
purified by phenol chloroform extraction followed by chloroform
extraction and ethanol precipitation, or using the DNA Clean & Con-
centrator Kit (Zymo Research). Genomic DNA extraction from bacteria
was performed by lysis of 200 pl of an overnight culture, with the lysis
buffer conditions as above, and DNA was purified with the Genomic
DNA Clean & Concentrator Kit (Zymo Research). DNA was then quan-
tified using the Qubit 4.0 Fluorometer (Life Technologies). Genomic
DNA (50-100 ng) was used to prepare whole-genome-sequencing
libraries using the Illumina DNA Prep Kit (previously, Nextera Flex
Library Prep Kit). Amodified protocol was used, with fivefold reduced
quantities of tagmentation reagents per preparation, except for the
bead-washing step, in which the recommended 100 pl of tagment wash
buffer was used. On-bead PCRindexing amplification was performed
using custom-ordered indexing primers (IDT) matching the lllumina
Nextera Index Kit sequences and 2x Phusion Master Mix (NEB). PCR
reactions were amplified for 9-11 cycles, and subsequently resolved
by agarose gel electrophoresis. DNA products were excised around
the 400-base pair size range and purified using the Zymo Gel DNA
Recovery kit (Zymo Research). Libraries were quantified by Qubit.
Libraries were pooled in equimolar ratios and sequenced on Illumina
MiSequsing 150 cyclev.3 reagents (single end:read 1,150 cycles; index1,
eight cycles; index 2, eight cycles. Paired end:read 1, 75 cycles; index]1,
eightcycles;index 2, eight cycles; read 2, 75 cycles). Datawere demul-
tiplexed oninstrument and trimmed using cutadapt (v.1.15) toremove
Nextera adaptors. Trimmed reads were mapped using Bowtie 2.0
(ref.24) (-very-sensitive-local alignments) and alignments visualized
using IGV (v.2.11.0). Mutations were called if present in over 90% of
sequencing reads at loci with at least 20x coverage.

Live-cell fluorescence microscopy

Lysogeny broth 0.8% agar pads (25% lysogeny broth, 2.5 mM MgSO,)
were supplemented with 0.5 pg ml™ DAPI for phage DNA staining. PAO1
strains expressing each of the fluorescent protein constructs were
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grown in liquid culture to an approximate optical density at 600 nm
(0ODgqp) 0of 0.5, supplemented with inducer if necessary (0.05% arabinose
for pHERD30T-mNG-Imp2, 0.1 mMIPTG for Tn7::Imp1-mNG) toinduce
construct expression, and were subsequently infected with ®KZ lysate
for 50 min at 30 °C before imaging. Microscopy was performed onan
inverted epifluorescence device (Ti2-E, Nikon) with the Perfect Focus
System and a Photometrics Prime 95B 25-mm camera. Images were
acquired using Nikon Elements AR software (v.5.02.00). Cells were
imaged through channels of blue (DAPI, 50-ms exposure, for phage
DNA), green (FITC, 200-ms exposure, for mNeonGreen constructs),
red (Cherry, 200-ms exposure, for sfCherry2 constructs) and phase
contrast (200-ms exposure, for cell recognition) at x100 objective
magpnification (numerical aperture 1.45). For time-lapse imaging, cells
wereinfected with ®KZ lysate for 20 minat 30 °C before imaging. Dur-
ing time-lapse imaging, the specimen wasimaged atintervals of 3 min
for 2.0-2.5 h, with channels and exposure times as described above.
Final figure images were prepared in Fiji (v.2.1.0/1.53¢).

Structure prediction and structure-based homology search

The predicted structures of Impland Imp3 were generated with Alpha-
Fold2 using the ColabFold Google colab notebook with default set-
tings (Imp1using ColabFold v.1.2, subsequently Imp3 using ColabFold
v.1.5.2), withMMseqs2 and HHsearch to generate sequence alignments
and templates”. The highest-ranked confidence model (based on aver-
age predicted local distance difference test) was used for structure
modelling and structure homology searches using DALI*® with the
heuristic PDB search option. The predicted structure of the Imp1-NIp2
complex was generated with AlphaFold3 using the AlphaFold Google
web server (https://golgi.sandbox.google.com/).

Phylogenetic analysis

Homologues of ®KZ import factors were identified by three iterations
of PSI-BLAST against the non-redundant protein database. Hits with
over 70% coverage and e-value below 0.005 were included to gener-
ate amultiple sequence alignment (MSA) using MAFFT (v.7.490, fast
strategy). Genomes not labelled as bacteriophages with homologues
were manually inspected for the presence of phage structural genes
(that is, to exclude bacterial contigs), and were excluded from MSA
inputifno phage genes were annotated. Following manualinspection
of MSA, results were input to FastTree (v.2.1.11 SSE3, default settings)
to generate a phylogenetic tree and were visualized in the Interactive
Tree of Life. To determine whether phage genomes containing Imp1
homologuesalsoencode ChmA/PhuN (gp54 in ®KZ), gp54 homologues
were acquired by three iterations of PSI-BLAST, as described above,
and genomes from Implhomologues were inspected for the presence
of gp54 homologues. Genomes lacking an apparent gp54 homologue
accordingto PSI-BLAST were inspected manually to identify a predicted
gp54locus (flanked by two well-conserved, phage-encoded genes: DNA
polymerase upstream and RNA polymerase -subunit downstream).
These candidates were confirmed as gp54 homologues by their similar-
ity (over 50%identity and over 70% coverage) toahomologue present
inagenome onthelmpltree.

Protein expression and purification

6xHis-tagged Impland NIplwere clonedinto pET29b, and FLAG-tagged
Impé6, gp70, NIp2 and sfCherry2 were cloned into pETduet-1. Binary
interactions between His-tagged Imp1/NIpl and FLAG-tagged Imp6/
gp70 were assessed by coexpression in BL21 (DE3) cells and purifica-
tion by affinity chromatography using Ni-NTA. For expression, 100-ml
cultures of cells were grown in lysogeny broth supplemented with
kanamycin (50 pg m1™) and carbenicillin (100 pg ml™) at 37 °C, with
shakingat175 rpm. When cultures reached OD,, of about 0.6, protein
expressionwasinduced with1 mMIPTG followed by incubationat 18 °C
for about 16 h. Cells were centrifuged at 5,000g and resuspended in
lysis buffer (25 mM Tris-HCI pH 8.0, 300 mM NacCl, 10 mM imidazole,

0.5 mM TCEP and protease inhibitor (Roche)). Lysis was performed
four times by sonication at 20% amplitude for 10 s. Insoluble material
was removed from the lysate by centrifugation at 21,000g for 30 min.
Next, 300 pl of Ni-NTA resin slurry (Qiagen) was washed with 10 ml of
wash buffer (25 mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM imidazole
and 0.5 mM TCEP) in a gravity column. Cleared lysate was then run
over Ni-NTA resinand non-specificinteractors were removed by 10-ml
washes using wash buffer (four washes in total). Protein was eluted
with 300 pl of elution buffer (25 mM Tris-HCI pH 8.0, 300 mM NacCl
and 400 mM imidazole). Size-exclusion chromatography was per-
formed with a Superdex 200 Increase 10/300 GL column (or HiLoad
16/600 Superdex 200-pg when expression volume was scaled up)
using an AKTA Pure Protein Purification System (Cytiva). SEC buffer
(25 mM Tris-HCI pH 8.0 and 300 mM NacCl) was used for purification,
and protein samples collected underwentimmunoblotting and mass
photometry.

The pulldown experiments on FLAG-tagged proteins shownin Fig. 4b
were performed similarly to those on His-tagged proteins, but with
several modifications. Cells were resuspended in lysis/wash buffer
(25 mM Tris-HCI pH 8.0,300 mM NaCl and protease inhibitor (Roche))
and sonicated as described above. Then, 25 pl of anti-FLAG magnetic
agarose resin (Pierce) was washed and incubated with cleared lysate
for1hat4 °C,with constant agitation. Protein-bound resin was washed
five times with 1 ml of wash buffer using a magnetic separation rack.
Bound protein was eluted with 100 pl of 1.5 mg mlI™ 1x FLAG peptide
(Millipore) resuspended in wash buffer. Protein interactions were
assessed by immunoblot (see below).

The FLAG pulldowns shown in Fig. 4e were performed as above, but
with the following modifications. Cells were centrifuged at 5,000g and
resuspended inlysis buffer (25 mM Tris-HCI pH 8.0-8.3,150 mM NacCl,
0.5%NP40, 25 units ml™ universal nuclease (Pierce) and protease inhibi-
tor (Roche)). Lysis was performed by sonication at 20% amplitude, 1s
on/1soffforatotal of 10 son, three times, and insoluble material was
pelleted from the lysate by centrifugationat21,000g for 30 min. Next,
25-30 plof anti-FLAG magnetic agarose resin (Pierce) was washed and
incubated with cleared lysate for1.5 hat 4 °C, with constant agitation.
Protein-bound resin was washed five times with 1 ml of wash buffer
(25 mM Tris-HCI pH 8.0-8.3 and 300 mM NaCl) using amagnetic separa-
tion rack. Bound protein was eluted with 100 pl of 150 pg ml™1x FLAG
peptide (Millipore) resuspended in wash buffer. Elution was repeated
for a total of two times.

Immunoblotting

Protein samples collected through pulldown and SEC analyses were
mixed3:1with4x Laemmlibuffer, supplemented with 3-mercaptoethanol
and boiled for 10 min. These samples were then run on precast SDS-
PAGE gels (Bio-Rad) and transferred to polyvinylidene difluoride mem-
branes. Membranes were blocked with TBS-T buffer (1x Tris buffered
saline and 0.1% Tween-20) supplemented with 5% skim milk. Acommer-
cial primary FLAG antibody (a-FLAG, Millipore, catalogue no.F1804), a
commercial primary His antibody (a-His, Cell Signaling, catalogue no.
2365S) or acommercial primary RNA polymerase 3-subunit antibody
(a-RNAPS, BioLegend, catalogue no. 663903) was then added to the
skim milk buffer at a titre 0of 1:5,000. A custom primary antibody for
Imp1(a-Impl, Genscript) was used at atitre of either 1:5,000 (Fig. 4a,b)
or 1:2,000 (Fig. 4e). Primary antibody was left to incubate at room
temperature for 1 h. Membranes were washed three times with 10 ml of
TBS-T, thenincubated with either commercial a-Rabbit (Cell Signaling,
catalogue no. 7074S) or commercial a-Mouse (Invitrogen, catalogue
no. 62-6520) secondary antibody at atitre of1:5,000 for 45 minatroom
temperature. Membranes were then washed three times with 10 ml
of TBS-T and developed with Clarity Max ECL substrate (Bio-Rad).
Immunoblot images were captured with an Azure Biosystems C400
imager. See Supplementary Fig. 1 for uncropped and unprocessed
gel source data.
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Mass photometry

Imp1-6 protein complexes purified by size-exclusion chromatogra-
phy were analysed using a OneMP mass photometer (Refeyn). Ade-
quate data collection was carried out by mixing 1 pl of 1 uM protein
with 15 pl of buffer (25 mM Tris-HCl and 300 mM NaCl). Data collec-
tion was performed with AcquireMP software (Refeyn 2024 R1.1).
Data were collected for 1 min and yielded 3,055 measurable events.
Data processing was done using DiscoverMP software (Refeyn Dis-
coverMP 2024 R1).

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

Data availability

All genotypes from sequenced ®KZ phages are included in Supple-
mentary Table 1. Source data are available for Figs. 1-4 and Extended
Data Figs.1and 3-6 in Supplementary Figs. 1and 2. The Protein Data
Bank was queried when running DALI from the DALIweb server (http://
ekhidna2.biocenter.helsinki.fi/dali/), and can can be accessed here:
https://www.rcsb.org/.
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a, Efficiency of plating (EOP) of WT ®KZ on EcoRlI fusions, quantified as the
number of plaque forming units (PFU)/mL on PAOl expressing the indicated
EcoRlIfusionrelative to PFU/mL onanontargeting EcoRlIstrain. Closed circles
indicate plaques that could be counted. Open circles indicate that no plaques
were observed, and an arbitrary value of 1 plaque was recorded to calculate a
non-zero limit of detection. Variationin plaquing efficiencies and limits of
detectiononagivenstrainresult from different titers of the phage stock when
the test was done. Bar heights represent the mean EOP between replicates
where plaques could be counted. EcoRI-NIpln =5independentbiological
replicates, Imp2[EcoRI-NIplln =4, EcoRI-NIp2n =5, EcoRI-NIp3n=3,EcoRI-
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EcoRI-NIpl-4. EOP was calculated as the number of PFU/mL on the EcoRI-NIp
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performed threeindependent timesin biological replicates with similar
results. ¢, Plaque assays with theindicated WT or mutant phage spottedin
10-fold serial dilutions on alawn of PAO1 expressing the indicated sfCherry2
fusions, with or without expression of the appropriate phage gene in trans
from the bacterial attTn7 site (Tn7::ImpX). Plaque assays were performed as
inFig.1bandreplicated twoindependent timesin biological replicates with
similar results.
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Sample size No sample size calculation was performed—for microscopy experiments, assessing n=50-200 cells is standard in the field, and phenotypes
were reproducible within this n of cells and within the number of replicates performed. Live-cell fluorescent microscopy imaging sample sizes
were determined by microscope availability as well as observing reproducible phenotypes in n = 50-200 cells per construct imaged.
Representative images are presented in Extended Data Figures 2 and 3. For efficiency of plating experiments, results were consistent between
n=2 biologically independent experiments, but often more (up to 5, see legend for exact numbers) were performed over the course of the
work, where n=2-5 would be standard practice in the field. For pull downs/western blotting, an n=2-3 was performed in accordance with
typical standards.

Data exclusions | Data for efficiency of plating (EOP) calculations were excluded when the EOP could not be calculated accurately; for example, when there
were too many plaques on a plate to count accurately, if the bacterial lawn grew too poorly for plaques to be distinguished, or if the non-
targeting control plate yielded too few (<5) plaques to accurately determine phage titer. During microscopy, cells that were out of focus were
not included in the total n= of cells or assessed for relevant phenotypes.

Replication Live-cell fluorescence microscopy was performed at least two independent times for each construct, with similar results. Imaging was
performed over the span of up to two years depending on the fluorescent construct, in each case on separate occasions for each replicate.
Western blotting was performed between two to three independent times (detailed in figure legends), with similar results. Plague assays
were performed at least two independent times, but more frequently three or more independent times (detailed in figure legends), with
similar results.

Randomization  Experimental groups were not allocated and therefore no randomization was performed.

Blinding Investigators were not blinded for any parts of the experiments, as this is not a common practice for the experiments performed in this study.
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Antibodies

Antibodies used custom Imp1 primary polyclonal antibody (a-Imp1, Genscript), primary FLAG antibody (a-FLAG, Millipore cat# F1804), primary His
antibody (a-His, Cell Signaling cat# 2365S), primary RNA polymerase B subunit (RNAP antibody (a-RNAPB, BioLegend cat# 663903)
secondary Rabbit 1gG HRP-linked antibody (a-Rabbit, Cell Signaling, cat# 7074S), secondary Mouse 1gG HRP-linked antibody (a-
Mouse, Invitrogen, cat# 62-6520).

Validation The custom Imp1 primary antibody was validated by the manufacturer (Genscript) for purity >90% by SDS-PAGE, and for specificity
for the Imp1 peptide synthesized by Genscript (used to produce the antibody) by ELISA, compared to a negative control IgG. The
Imp1 antibody was further validated to confirm specificity to full length Imp1 protein by the authors by western blot of PAO1 cell
lysate expressing Imp1 from a plasmid, compared to a lysate expressing the empty vector negative control.

Primary FLAG antibody was validated according to the manufacturer's specifications: Purity: Two major bands with purity >90% when
analyzed by microfluidic gel capillary electrophoresis. Specificity: Detects a single band of protein on a Western Blot from mammalian
crude cell lysates. Sensitivity: Detects 2 ng of FLAG-BAP fusion protein by Dot Blot using Chemiluminescent Detection.

Primary His antibody was validated according to the manufacturer's specifications: Purification: Polyclonal antibodies are produced
by immunizing animals with a 6xHis synthetic peptide. Antibodies are purified by protein A and peptide affinity chromatography.
Specificity/Sensitivity: His-Tag Antibody detects recombinant proteins containing the 6xHis epitope tag, compared to a negative
control sample.

Primary RNAPR antibody (clone 8RB13) was validated according to the manufacturer's specifications: Purified antibodies are tested
for purity by SDS-PAGE gel electrophoresis. 1gG antibodies are required to have purity >95%. Each lot of this antibody is quality
control tested by Western blotting.

Secondary Rabbit IgG antibody was validated according to the manufacturer's specifications, which can be found here: https://
www.cellsignal.com/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074?utm_term&utm_campaign=SO-
Products-
SecondaryAntibodies&utm_source=adwords&utm_medium=ppc&hsa_acc=8625036580&hsa_cam=21865491305&hsa_grp=170749
758698&hsa_ad=719519792785&hsa_src=s&hsa_tgt=dsa-2370996940456&hsa_kw&hsa_mt&hsa_net=adwords&hsa_ver=3&gclid=
EAlalQobChMI9eSOnPTziQMVXiitBhOISgSJEAAYASAAEg) LPD_BwWE

Secondary Mouse IgG antibody was validated according to the manufacturer's specifications, which can be found here: https://
www.thermofisher.com/antibody/product/Goat-anti-Mouse-1gG-H-L-Secondary-Antibody-Polyclonal/62-6520

Plants

Seed stocks not applicable

Novel plant genotypes  not applicable

Authentication not applicable
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