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Streptomyces are a genus of ubiquitous soil bacteria from which the majority of
clinically utilized antibiotics derive’. The production of these antibacterial molecules

reflects the relentless competition Streptomyces engage in with other bacteria,
including other Streptomyces species"?. Here we show that in addition to small-
molecule antibiotics, Streptomyces produce and secrete antibacterial protein
complexes that feature alarge, degenerate repeat-containing polymorphic toxin
protein. A cryo-electron microscopy structure of these particles reveals an extended
stalk topped by aringed crown comprising the toxin repeats scaffolding five
lectin-tipped spokes, which led us to name them umbrella particles. Streptomyces
coelicolorencodes three umbrella particles with distinct toxin and lectin composition.
Notably, supernatant containing these toxins specifically and potently inhibits the
growth of select Streptomyces species from among a diverse collection of bacteria
screened. For one target, Streptomyces griseus, inhibition relies on a single toxin and
thatintoxication manifests as rapid cessation of vegetative hyphal growth. Our data
show that Streptomyces umbrella particles mediate competition among vegetative
mycelia of related species, a function distinct from small-molecule antibiotics, which
are produced at the onset of reproductive growth and act broadly**. Sequence
analyses suggest that this role of umbrella particles extends beyond Streptomyces,
asweidentified umbrellalociin nearly 1,000 species across Actinobacteria.

Soilistypically home to adense and diverse bacterial community, with
many soils containing >10° bacterial species per gram®. Under such
conditions, interference competition is intense, as evidenced by the
widerange of interbacterial antagonism and defence systems that these
bacteriaharbour®’. Streptomyces are a genus of ubiquitous soil bacteria
thatare notable for their production of antimicrobial secondary metab-
olites, many of which are used clinically as antibiotics"*%. Among other
targets, Streptomyces spp. seem to use these antimicrobials to inhibit
the growth of other Streptomyces spp., which suggests that interspe-
cies antagonism within the genus is ecologically important?. In many
bacteria, proteinaceous polymorphic toxins, in conjunction with their
associated delivery machinery, mediate interspecies competition® .
However, such systems have not yet been identified in Streptomyces.

Although polymorphic toxin delivery relies on distinct, sequence
divergent machineries specific to the producer and target species, the
small toxin domains they transport often share homology. A compre-
hensive bioinformatics study that exploited this feature to search for
new polymorphic toxins found that the uncharacterized alanine leucine
phenylalanine-rich (ALF) repeat proteins of Streptomyces and related
organisms bear carboxy-terminal polymorphic toxin domains™". The

model streptomycete S. coelicolor encodes three ALF proteins, which
we term umbrella toxin protein C1 (UmbC1), UmbC2 and UmbC3. Each
contains an amino-terminal twin arginine translocation (TAT) signal,
two sets of four ALF repeats (ALF1-ALF8), two extended coiled-coil
domains, and variable C-terminal and toxin domains (Fig.1aand Sup-
plementary Tables1and 2). The ALF repeatis adegenerate (28% average
identity across ALF1-ALF8 from UmbC1-UmbC3) 43-44 amino acid
motif of unknown function” (Extended Data Fig. 1a).

UmbC proteininteraction partners

To initiate our investigation of the UmbC proteins, we modelled their
conserved domains using AlphaFold®. The ALF repeat portion of
the proteins consistently adopted a ring structure, with interactions
between ALF1and ALF5 closing the ring and ALF4 and ALF8 located
opposite (Fig.1b). The coiled-coiled domains of the proteins converged
toformastalk.InUmbC3, this stalk was predicted to extend unidirec-
tionally the length of the domains, whereas the stalks of UmbC1 and
UmbC2adopted abent configurationininitial models. Templating the
models of UmbC1and UmbC2 on UmbC3 using AlphaFold produced
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Fig.1|S. coelicolorencodesthree degeneraterepeat-containing polymorphic
toxins thatinteract with paralogous proteins. a, Domainarchitecture of the
UmbC proteins of S. coelicolor. Protein accession numbers and definitions of
thevariable C-terminal domains are available in Supplementary Tables1and 2.
CH, connecting helix; Deam, deaminase; 4TM, 4TM tox; LII-phos, lipid Il
phosphatase, AA, amino acids. b, AlphaFold-predicted structural models of

S. coelicolorUmbC proteins. UmbCland UmbC2 models were generated using
template mode withUmbC3 as thereference. Colours correspond toa. ALF
repeat numbering and location of the CH shown for UmbC1. The variable
C-terminal domains, predicted to localize to the end of the stalk, could not be
confidently modelled and are therefore not shown. ¢, IP-MS identification of

straight stalks for these proteins, aresult consistent with the modelled
structures we obtained by AlphaFold of several other UmbC proteins
(Extended DataFig.1b). Overall, the proteins adopt alollipop-like struc-
ture approximately 300 Ain length.

The UmbC structure we predicted is dissimilar to characterized pro-
teins; therefore, it does notindicate how these proteins could function
as polymorphic toxins. However, we reasoned that the ring arrangement
of ALF repeats could serve as a platform for interaction with other pro-
teins. To identify potential UmbC interaction partners, we generated
S. coelicolor strains expressing C-terminally epitope-tagged UmbCl1-
UmbC3 fromtheir native loci. Immunoprecipitation followed by mass
spectrometry (IP-MS) analyses revealed candidate interaction partners
foreach UmbC protein (Fig.1c and Supplementary Table 3). Sequence
comparison of the proteins established two families, which we named
UmbA and UmbB. We noted that each UmbC is encoded proximaltoa
umbA gene and the gene encoding the UmbB proteins it precipitates
(UmbA1-UmbA3, UmbB1-UmbB3) (Fig. 1d). We also identified three
UmbA proteins encoded outside these regions (UmbA4-UmbA6); these
proteins co-precipitated with each UmbC protein. IP of UmbCl1 also
yielded an Imm1immunity protein family member, which we named
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proteins thatinteract withUmbC1, UmbC2 or UmbC3 from . coelicolor. Top,
average fold enrichment of proteins detected in both IP and control samples.
Bottom, abundance (average spectral counts (SC)) for proteins detected only
inIPsamples. Coloursindicate paralogous proteins; non-Umb proteins shown
ingrey. Note that additional background interacting proteins were identified
forUmbC2, which we attribute to the lower abundance of this protein (46.5SC)
relative to UmbC1(134.5SC) and UmbC3 (781 SC) n = 2 biological replicates.
V,VSV-Gepitope.d, Lociencoding Umb protein complex componentsin

S. coelicolor. Orphan umbAlociare those encoded distantly from other
complex constituents. Colours consistent with c.

UmbD1, as a candidate interaction partner. As observed for other poly-
morphictoxins, umbDIislocated immediately downstream of its cog-
nate toxingene umbCl. We did notidentify candidate immunity proteins
for UmbC2 or UmbC3inour data; however, agene encodingan Imm88
immunity family protein (UmbD3) is located downstream of umbC3.

Proteininteractions in the Umb complex

The UmbA proteins of S. coelicolor consisted of aconserved N-terminal
domain with high structural similarity to trypsin followed by a short
helical linker to one (UmbA1-UmbA3, UmbAS5 and UmbA®6) or more
(UmbA4) sequence divergent domains predicted to function aslectins
(Fig. 2a, Extended Data Fig. 2a,b and Supplementary Tables1and 4).
With the exception of an intervening additional lectin domain in
UmbA4, these domains belonged to various B-propeller-fold lectin
families”. Unlike the UmbA proteins, UmbB proteins did not share sig-
nificantsequence or predicted structural relatedness to characterized
proteins. The predicted structure of these small proteins consisted of
an extended N-terminal disordered region linked by a short helixto a
ten-stranded B-sandwich (Fig. 2b).
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Fig.2|PPIsinthe Umb complex.a,b Predicted structural models for UmbA1-
UmbA6 (a) and UmbB1-UmbB3 (b) of S. coelicolor. Dashed lines separate pairs of
proximally encoded proteins. c-f, Western blot (WB) analyses of IP experiments
betweentheindicated heterologously expressed, tagged (hexahistidine (H)

or VSV-Gepitope (V)) Umb proteins. Control lanes correspond to beads in the
absence of abait protein. UmbB(Ap) isaUmbB protein from the distantly
related species A. philippinensis. Bands corresponding to specific ALF repeats
(ALF1(A1),ALF2(A2)and ALF2-ALF4 (A2-4)) and abackground band (asterisk)
areindicatedinf. Additionalinputblots are provided in Extended DataFig. 2.
g,h, AlphaFold multimer-generated models for theinteraction between the
indicated UmbA and UmbB proteins of S. coelicolor, with surface representation
highlighting the consistent predictedinsertion of the N terminus of UmbB

Next we sought to interrogate protein—protein interactions (PPIs)
between predicted Umb complex components. Inthese experiments,
we focused on the trypsin domains of UmbA proteins (UmbA(T)) given
the probableinvolvement of their C-terminal lectin domainsin carbohy-
dratebinding and the challenges we encountered trying to express their
full-length form. Based on the assumption that PPIs involving UmbC
would localize to the ALF repeats, we generated a DNA construct that
fused the two sets of four repeats of UmbClinto aring, which removed
the coiled-coil and C-terminal domains (UmbCl1(ring)) (Extended
Data Fig. 2c). Heterologous expression and co-IP studies provided
evidence of direct interactions of UmbB1 with UmbA1(T), UmbAS(T)

proteinsinto the major cleft of UmbA trypsin domains. Additional predicted
N-terminal disordered residues of UmbB1-UmbB3 are removed for clarity. Inset
inhdepictsstrictly conserved residuesin UmbA and UmbB in proximity to the
modelledinteractioninterface. Side chains coloured asing, and numbering
corresponds to positionsin UmbAS5 and UmbB3.i, Ternary complex combining
AlphaFold multimer models of UmbB1-UmbAS5(T) and UmbB1-ALF2 of UmbC1.
Flanking ALF repeats in UmbC1 (grey) are shown for context.j,k, WB analyses

of competitive binding experiments between UmbBland its partners UmbAS5(T)
and UmbCl1(ring). Purified competitor (Comp) UmbC1(ring)-H (j) or
UmbAS(T)-H (k) were added in excess to IP experiments involving UmbBland
UmbAS5(T) or UmbCI(ring), respectively. Uncropped blots are provided in
Supplementary Fig.1.

and UmbCl1(ring) (Fig. 2c,d and Extended Data Fig. 2d-f). Consistent
withourS. coelicolorUmbCIPfindings, UmbA1(T) co-precipitated more
strongly with UmbBI1 than with UmbB2 or UmbB3, whereas UmbAS5(T)
co-precipitated to a similar degree with UmbB1-UmbB3 (Fig. 2d).
Neither UmbA1(T) nor UmbAS(T) co-precipitated with a UmbB from
the distantly related organism Actinoplanes philippinensis.

Inthe UmbCring, ALF1and ALF5were predicted to bind each other,
apparently providing interactions important for uniting the tworing
halves. Consequently, these repeats adopted an orientation and pre-
sented a solvent-accessible surface distinct from that of the other
repeats (Extended DataFig.3). We reasoned that if ALF repeats mediate
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UmbB binding to UmbC, this distinction would manifest as differential
UmbB binding. Analyses of UmbB-UmbC interactions showed that
UmbCl displayed specificity for UmbB1, and that ALF2, but not ALF1,
was sufficient to mediate this interaction (Fig. 2e,f). Furthermore,
aconstruct composed of ALF2-ALF4 co-precipitated more efficiently
withUmbBI1 than the single ALF2 repeat, which indicated that multiple
ALF repeats engage UmbB (Fig. 2f and Extended Data Fig. 2).

With experimentally determined PPIs between Umb proteins, we
turned to AlphaFold to model their complexes. Notably, despite the
sequence divergence among UmbB1-UmbB3 (39% average identity) and
the trypsin domains of UmbAland UmbAS (43% identity), the models
consistently placed the extended N-terminal strands of UmbB1-UmbB3
into the prominent cleft of interacting UmbA proteins (Fig. 2g). In this
configuration, a consensus tetrapeptide motif within the UmbB pro-
teins (Ala-Val-Glu-Asp) contacts conserved UmbA residues lining their
prominent groove, which corresponded to the substrate-binding cleft
of trypsin proteins (Fig. 2h). One particularly strong predicted contact
was asalt bridge between the Glu residue within this motifand Arg156
or Argl66 of UmbA1 or UmbAS, respectively. Non-conservative sub-
stitutions at these positions in UmbB1 and UmbAS abrogated their
interaction (Extended Data Fig. 4a). Despite the small size of UmbB,
modelling suggested that the surfaces of UmbBI1 that mediate UmbA
and UmbC1 (ALF2) binding are non-overlapping (Fig. 2i). Thisideawas
supported by our finding that excess UmbA5 or UmbC1 did notinter-
fere with UmbCl1or UmbAS binding to UmbBI, respectively (Fig. 2j,k).

Trypsin proteases utilize a Ser-His-Asp catalytic triad®. Alignment
of UmbA1-UmbA6 with representative trypsin proteins showed
that although the proteins share considerable sequence homology,
no UmbA from S. coelicolor possessed the complete catalytic triad
(Extended DataFig.4b). Moreover, we failed to detect catalytic activity
fromthe purified trypsin domains of UmbAl or UmbAS using a universal
trypsin substrate (Extended Data Fig. 4c,d). These data suggest that
UmbA proteins utilize the trypsin fold in a non-canonical fashion to
bind, but not cleave, the extended N terminus of their partner UmbB.
This mode of binding seems to permit promiscuity in UmbA-UmbB
interactions and leave asignificant surface area of UmbB available for
interactions with its other binding partner UmbC.

Structure of the Umbl1 particle

The network of PPIs we uncovered between Umb proteins, combined
with the multiplicity of ALF repeats in UmbC, suggested that the
proteins could assemble into a large, multimeric particle. Relative to
UmbC2 and UmbC3, UmbCl-based affinity purifications were more
homogenous and highyielding; however, instability near the C-terminal
tagging site motivated us to use the C terminus of UmbAlasanalterna-
tive site forisolating the complex by affinity chromatography (Fig. 3a,
Extended Data Fig. 5a and Supplementary Table 3). We first isolated
UmbAL1 from the supernatant of a S. coelicolor strain expressing a
C-terminally octahistidine-tagged allele of the protein fromits native
chromosomallocus. Subsequent separation by size chromatography
produced a complex composed predominantly of UmbA1, UmbA4-
UmbA6, UmbB1 and UmbCI1 (Extended Data Fig. 5b). Transmission
electron microscopy (EM) of this negative-stained sample revealed
that Umbl particles adopt an umbrella-like morphology, which led
us to name these as umbrella (Umb) toxin particles (Fig. 3b and Sup-
plementary Fig.2). The long, slender stalk of these particles extended
about 300 A, whereas their crown had a width of around 250 A.

Using single-particle cryo-EM, we obtained a structure of the Umb1
complexatanoverallresolution of 4.3 A (Extended DataFig. 6, Extended
Data Table 1 and Supplementary Figs. 3 and 4). We subsequently
improved theresolvability of the regions constituting each spoke using
local refinement, which produced reconstructions reachingup to 4.0 A
resolution. This process supported model building and provided a
blueprint of the interactions underlying particle assembly. Our maps
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enabled unambiguous placement of UmbClinto the Umbl particle.
Although the entirety of the UmbC1 ring was clearly resolved at the
centre of the umbrellacrown, the density gradually decreased in quality
towards the distal portion of its stalk. The C-terminal toxin and HINT
domains of UmbC1, which, based on our model, would localize to the
tip of the stalk, were therefore also not resolved in our map (Fig. 3¢c,d
and Extended Data Fig. 6¢,d). We postulate that flexibility within these
regions relative to the rest of the Umbl particle contributed to our
inability to resolve this portion of the particle in our maps.

In line with our finding that UmbB1 interacts with individual ALF
repeats, we were able to confidently model UmbB1 protomersin com-
plexwith ALF repeats at the base of each spoke. To model the UmbA por-
tionof the spokes, we considered several factors. Our biochemical data
showed that Umbl particles possess four distinct UmbA proteins and
that UmbBl interacts with these in a promiscuous manner. Therefore,
Umbl particles cantheoretically assume 1,024 possible configurations,
ranging in subunit diversity from five copies of a single UmbA protein
to all four UmbA proteins present, with one of them contributing two
copies. Owingto the conserved UmbA trypsin-like domain engagement
by the N terminus of UmbB], these configurations are anticipated to
share similar overall structures. Given that our map is derived from
>350,000 individual Umb1 particles, we assumed that the UmbA portion
of each spoke s effectively an ensemble of the four UmbA proteinsina
stoichiometry consistent with their representationin our sample. This
assumption posed a specific challenge for generating a discrete Umbl
particle model. We therefore elected to model UmbAL1 at each spoke
positionbecause of the following reasons: UmbALl is the cognate UmbA
forthe Umbl particle; our purification of Umbl particles on the basis of
epitope-tagged UmbAl ensured that UmbA1lpopulates atleast one spoke
in each particle imaged; UmbA1 is typical of Umbl-associated UmbA
proteinsinthat it contains asingle lectin domain (unlike UmbA4); and
UmbAlisaccommodated well within our maps at each spoke position.

Our structure provided insights into many facets of Umb toxin biol-
ogy. The interaction of the UmbA trypsin-like domain with UmbB1
placed the lectin domains of UmbA proteins at the distal ends of the
Umbl1 spokes. At this location, the domains are readily accessible to
ligands, anarrangement compatible with arolein target cell receptor
engagement. The structure confirmed that UmbC ALF1 and ALF5 do
not bind UmbBI1. Notably, it also revealed that ALF6 is not bound by
UmbBI, producing a particle with five spokes rather than six (Fig. 3¢c,d).
Subsequent IP experiments could not detect UmbB1-ALF6 binding, a
result consistent with our structure (Fig. 3e). We therefore inspected
the UmbB1-ALF interface to identify the molecular basis of this selec-
tivity. In spite of substantial variability in their sequences, ALF repeats
bound UmbBI1 at a stereotyped location, with residues in two of its
short helical segments providing many key contacts (Fig. 3f). At sev-
eral positions within thisregion that are highly conserved across each
UmbBI1-binding ALF repeat, ALF6 harboured dissimilar amino acids
(Fig.3fand Extended Data Fig. 7a). To test the hypothesis that the amino
acidsin ALF6 at these positions prevent UmbB1binding, we generated
an ALF2 variant bearing the ALF6 residue at position four of its ALF
repeat (ALF2(I4Q)). IP experiments demonstrated that this substitution
abolished ALF2 binding to UmbBI (Fig. 3e). Together, these findings
provide an explanation for the lack of a sixth spoke in the Umb1 particle.

Our ability to link UmbB binding by ALF repeats to a major ultras-
tructural feature of Umb particles prompted usto explore whether the
five-spoke arrangement of Umbl s likely to be representative of other
Umb particles. Notably, RoseTTAFold generated confident models for
UmbBI1-ALF complexes that closely matched those in our structure
for each of the UmbBI1-binding ALFs, but not for ALF6 or the other
non-UmbBI-binding repeats (Extended Data Fig. 7b). Given this con-
gruence with our experimental data, we used RoseTTAFold to model
analogous complexes between UmbB2, UmbB3 and the ALF repeats
of their corresponding UmbC proteins. As found for the UmbC1 ALF
repeats, only ALF2-ALF4, ALF7 and ALF8 of UmbC2 and UmbC3 were
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Fig.3|Structure of the Umbl particle. a, Silver-stained SDS-PAGE analysis of
the Umbl protein complex precipitated from cultures of S. coelicolor with
chromosomally encoded UmbA1-V. Control represents the equivalent
precipitation fromwild-type S. coelicolor. Experiment shown s representative
ofthreeindependentreplicates. b, Transmission EM analyses of negative-
stained, purified Umbl particles. Outlines indicating particle orientation (Orient)
areshownontheright. Complete micrographsare providedin Supplementary
Fig.2a.c, Cryo-EM maps of the Umbl particle at 4.3 Aunsharpened (transparent,
0.43 binarization threshold) and sharpened (opaque, 1.16). Maps are coloured
based on model subunit proximity. Regions encompassing UmbBland UmbC1
arecoloured asinFig.2,and regions encompassing UmbA1lare coloured
differently in each spoke to highlight the complement of UmbA proteins that
associate with the Umbl particle.d, Depiction of the Umbl1 particle. The depiction

confidently predicted to associate with their respective UmbB proteins.
This result indicated that the five-spoke configuration of the Umb1
particle may be a general feature of Umb toxins.

Finally, the Umblstructure highlighted UmbB as aremarkable adap-
tor proteinand keystone component of Umb toxin particles. Thatis, it
interacts with five sequence divergent ALF repeats on one face and four
different UmbA proteins onanother. We are unaware of any other char-
acterized protein that displays this degree of binding partner plasticity.

AUmb toxinselectively targets streptomycetes

Functional predictions for the toxin domains associated with UmbC
led us to speculate that Umb particlesact onbacterial targets. Indeed,
heterologous expression of the C-terminal domains of the UmbC pro-
teins of S. coelicolorled to asignificant reductionin bacterial viability
(Fig. 4a). The toxin domain of UmbC1was particularly potentin these

UmbB1-H
IP: anti-H

Lectin

represents the model derived from our cryo-EM data, with the exception that
thelectin domains presentinspokes2,4and7 are shown but were notincluded
inthe deposited model owing to their weak density. The C-terminal domains of
UmbClwerenotresolvedinourstructureand are notincluded in the depiction.
Spoke numbers correspond to theinteracting ALF repeat of UmbC1.ALF1,
ALF5and ALFé6 (indicated) do notinteract with UmbB1. e, WB analysis of IP
experiments between UmbB1and theindicated native and variant ALF repeats.
Proteintags areindicated. f, Superimposition of UmbB1-binding ALF repeats
(white) incomplex with their corresponding UmbB1 protomer (brown shades)
extracted from the Umbl particle model. Conserved residues at the ALF-
UmbBlinterface are shown, with several side chains truncated at CB asinthe
model. Those not conservedin ALF6 are coloured blue.

assays, and we confirmed the capacity of this predicted cytosine
deaminase to introduce widespread C+G-to-T-Amutationsinthe DNA
of intoxicated cells (Extended Data Fig. 8a—-d). However, preliminary
experiments measuring the impact of our purified Umbl1 particle on
the growth of a limited number of candidate bacteria did not iden-
tify clear targets of the toxin. To screen for Umb-targeted species in
amore broad manner, we generated large quantities of concentrated
Umb-particle-enriched supernatant (Umb supernatant) from cul-
tures of wild-type S. coelicolor and a control strain bearing deletions
in each umblocus (Aumb supernatant) (Extended Data Fig. 9a). Next,
we used this material to screen for toxin targets among a collection of
140 diverse bacteria. Given the propensity of polymorphic toxins to
actonclosely related organisms, we included an abundance of Strepto-
myces spp.and other actinobacterial species in our screen. This screen
identified two candidate target species of the Umb toxin particles of
S. coelicolor (Z score >2.0), both of which are other Streptomyces spp.:
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Fig.4|Umb particlesselectively inhibit vegetative hyphal growth of
Streptomycesspp. a, Staphylococcus aureus transformation efficiency of
plasmids expressing UmbC toxin domains (1-3) relative to a vector control.
Datarepresentthe mean +s.d. (n= 6 (experimental) or12 (control)). b, Subset
of Umb toxin susceptibility screening results. Zscores calculated fromrelative
growthinthe presence or absence of Umb toxins from two biological replicates
ofthescreen; scores >2 indicate significant Umb-dependent inhibition.
Additional strains screened shown in Extended Data Fig. 9b, and raw data
providedin Supplementary Table 5. ¢, Growth of the indicated target and
non-target strains treated with Umb or Aumb supernatant (10% (v/v), measured
asrelative luminescence units (r.l.u.)). Colony-forming units quantified at 16 h
availablein Extended DataFig.9c.d, Growthyields of S. griseus after 16 h of
treatment with S. coelicolor Umb supernatant from the indicated strains.

e, Outcome of growth competition assays between the indicated strains of

S. ambofaciens (three strains) and S. griseus (Fig. 4b, Extended Data
Fig. 9b and Supplementary Table 5). Subsequent time-course experi-
ments with these species and a control strain that was not a hit in our
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S.coelicolor (Sc) and S. griseus (Sg). Dataind and erepresent the mean + s.d.
(n=3).f,Single-cell-based microscopy analysis of S. griseus growth as
determined by cell areaduring exposure to theindicated treatmentsina
microfluidic flow cell. Phase [lUmb supernatant-treated (sup) cells fellinto two
classes: those that resumed growthin toxin-free medium (growers) and those
that did not (non-growers). Data for individual cells provided in Extended Data
Fig.9d and Supplementary Video 1. Shading indicates interquartile ranges.
Red,n=101;blue, n=77; purple,n=68; green, n=78.g, Micrographs of
representative cells fromtheindicated treatment groups infoutlined with
Omnipose-generated segmentation masks. At13 h, cell masks for two
treatment groups are presented. Datashownin fand g are from one biological
replicaterepresentative of three.Scale bar, 2 uM. Asterisks indicate treatments
significantly different from controls.P<0.0001(a,d) or P=0.0003 (e), analysis
ofvariance with Dunnett’s multiple comparisons test, two-sided.

screen demonstrated the capacity of S. coelicolor Umb supernatant to
fully and specifically inhibit target cell growth inamanner dependent
on Umb toxins. (Fig. 4c and Extended Data Fig. 9c).



TheS. griseusstrain hitinour screenis a type strain thatisamenable
togenetic manipulation and straightforward to cultivate?. We therefore
selected thistarget organismto further characterize Umb-dependent
toxicity. To identify the Umb particle (or particles) responsible for
inhibitingS. griseus growth, we tested the toxicity of Umb supernatant
derived fromS. coelicolor strains unable to synthesize individual Umb
particles. Inactivation of umbC2, but not umbCI or umb(C3, abrogated
the Umb supernatant growth inhibitory activity towards the organism
(Fig.4d). Genetic complementation of AumbC2further established the
crucialrole of UmbC2in . griseus growth inhibition by Umb superna-
tant. We next performed growth competition experimentsto determine
whether the level of Umb2 producedby S. coelicolor during co-culture
is sufficient to intoxicate target cells. Notably, a S. coelicolor strain
lacking Umb2 function was >600-fold less fit than the wild-type in
co-culture with S. griseus (Fig. 4e). In summary, these data show that
the secreted Umb toxins of S. coelicolor potently inhibit the growth of
other Streptomyces spp.

The Umb2 particle inhibits hyphal growth

Streptomycetes undergo a complex developmental programme that
proceeds from spore germination to the formation of a hyphal network
comprising a vegetative mycelium, followed by production of an aerial
mycelium and sporulation. To gaininsightinto the possible ecological
role of Umb toxin particles during competition among Streptomyces,
we sought to determine the developmental stage at which target
Streptomyces spp. are susceptible to Umb-particle-mediated intoxica-
tion. Single-cell-level analysis of time-lapse microscopy datarevealed
that Umb supernatant from wild-type S. coelicolor does not affect
spore germination in the Umb2 target S. griseus (Fig. 4f,g, Extended
Data Fig. 9d and Supplementary Video 1). Instead, similar to spores
treated with culture medium or AumbC2 supernatant, those treated
with Umb supernatantincreased in size and elaborated nascent germ
tubes, phenomena not observed under conditions non-permissive
to germination. However, spores treated with medium or AumbC2
supernatant completed germination and formed hyphae, whereas
Umb-supernatant-treated cells arrested at the nascent germ tube
phase (Fig. 4f,g and Supplementary Video 1). Following replacement
ofthe Umb supernatant with medium, a proportion of the population
resumed vegetative growth after a variable lag period, whereas other
cells remained inhibited (Extended Data Fig. 9d). We speculate that
the vegetative bacterial surface area exposed to the Umb particle dur-
ing germination determines the dose of toxin received, and therefore
influences the subsequent fate of the cell.

Our data also revealed that the addition of Umb supernatant to
actively growing mycelia produces animmediate, complete and per-
sistent growth arrest (Fig. 4f,g and Supplementary Video 1). We did not
observelysis of intoxicated cells, aresult consistent with the predicted
pore-formingactivity of UmbC2. Together, these results demonstrate
that the Umb2 particle acts specifically to inhibit the formation of veg-
etative myceliain target organisms. Transcriptomics studies and our
proteomics datashowed that Umb toxins are also produced during this
phase of the Streptomyces life cycle, which suggests that these toxins
have a physiological function in mediating the outcome of competi-
tionamong populations of vegetatively growing Streptomyces™*. This
effect is distinct from that induced by small-molecule antimicrobials
produced by streptomycetes, which generally target amuch broader
group of organisms for the purpose of limiting access to nutrients
released by lysed kin cells during aerial hyphae formation®.

Diversity and distribution of Umb toxins

The Umb particles of S. coelicolor confer asignificant advantage in com-
petition withatleast two species. Given the prevalence of antagonistic
interactions among bacterial species, we reasoned that others might

harbour and utilize Umb toxins in an analogous fashion. Leveraging
our S. coelicolor findings pertaining to the particle constituents and
genetic organization of Umb1-Umb3, we searched publicly available
bacterial genomes to broadly define the distribution of Umb toxins. In
total, we identified 1,117 genomes, deriving from 875 species, that we
predicted to possess the capacity to synthesize one or more Umb parti-
cles (UmbBand UmbC withinten genes of each other) (Supplementary
Table 1). More than half of these corresponded to species within the
order Streptomycetaceae; the remaining umb loci-containing species
were distributed among six other orders of Actinobacteria (Fig. 5a).
Inmultiple bacteria capable of synthesizing distinct Umb particles, we
identified UmbA proteins encoded at loci unlinked to those encoding
UmbB and UmbC (Supplementary Table 1and Supplementary Fig. 5).
This result suggests that the association of ‘orphan’ UmbA proteins
with multiple particles, as observed in S. coelicolor, may be common.
It is notable that we did not find support for Umb particle produc-
tion by bacteria outside Actinobacteria. If the action of Umb toxins is
restricted to related species or to bacteria that exhibit mycelial growth,
this finding could reflect the phylogenetic limits of targeting through
this mechanism.

We found 77 divergent toxin families associated with the UmbC pro-
teins identified in our analyses (Supplementary Table 2). Although
many of these had sequence similarity to toxin domains associated
with other polymorphic toxin systems, many, including the two most
frequently observed in UmbC proteins, represented previously unrec-
ognized families (4TM tox, Ntox71). Functional predictions suggested
thatasagroup, Umb toxins act uponamarked range of essential cellular
processes (Fig. 5b and Supplementary Table 2).

A distinct feature of Umb particles uncovered by our work in
S.coelicoloris their incorporation of variable lectin domains through
promiscuous UmbA binding. Taken together with their accessibility
at the ends of Umb particle spokes, we propose that these domains
mediate target cell binding and, at least in part, underpin the species
selectivity of intoxication that we observed. Examination of the 882
UmbA proteins identified by our search highlighted extraordinary
family-level and within family-level diversity in the lectin domains asso-
ciated with these proteins (Supplementary Table 4). Moreover, we
identified marked structural diversity among UmbA proteins, including
those that, like S. coelicolor UmbA4, encode multiple distinct lectin
domains, and others that are fused to UmbB-like domains (Fig. 5¢).
AlphaFold models of the latter predicted that despite their fusion,
the predominant engagement mode of the two domains mirrors that
which we identified for the individually encoded proteins. That is, an
extended N-terminal structure of the UmbB domaininserts within the
major cleft of the trypsin-like domain. Taken together, the diversifica-
tion of toxin and lectin domains associated with Umb toxin particles
providesevidence foramoleculararmsraceamong producer and target
cells, wherein target cells can escape intoxication either by receptor
modification or by acquiring a downstream, direct toxin resistance
mechanism.

Discussion

Umb toxin particles represent a previously unrecognized component
of the antibacterial arsenal of Streptomyces. We postulate that Umb
particles mediate dynamic short-range antagonism among the veg-
etative mycelia of competing species vying for the same niche. This
would provide the evolutionary pressure driving Umb particle selec-
tivity and diversification, as the overlap in niches of highly related
bacteriaincreases their probability of repeated encounters>®?*. The
chemical and biophysical properties of Umb particles are also con-
sistent with this role. Umb toxin particle complexity and apparent
vulnerability to proteases or other insults suggests that they are
short-lived and therefore unable to act at longer length scales. Indeed,
these properties of the Umb particles may underlie why such potent
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Fig.5|Phylogeneticdistribution and functional diversity of Umb proteins.
a, Phylogenetic tree of orders and families within Actinomycetia, coloured to
indicate the number of genomes positive for Umb toxin particle loci. Within
Actinomycetales, only those families containingumblociarelisted, with the
number of umb-containing genomesin parentheses. Asterisksindicate families
forwhichrepresentative umb lociare showninSupplementary Fig.5. The width
of boxes for each family is proportional to the number of species it contains.

b, Schematicindicating the predicted molecular targets of select toxin domains
commonly foundin UmbC proteins and representative models for the domains
generated using AlphaFold. Models coloured by secondary structure (blue,
o-helices; grey, loops and B-strands). Numbers in parentheses indicate the
number of UmbC proteins we detected carrying the indicated toxin domain.

toxins escaped detection for the more than 100 years that scientists
have been studying antagonistic interactions among Streptomyces®.

Polymorphic toxins are found in a wide range of organisms, func-
tion in many contexts and access their targets through a diverse set
of delivery systems™ ", Yet, it is difficult to identify a characterized
polymorphic toxin system that represents a close analogue of the Umb
particle.In certain respects, colicins—antibacterial proteins produced
by Escherichia coli—might be considered most comparable. Like Umb
particles, these are secreted proteins that mediate interactionsamong
closely related strains®. However, there are a multitude of features
that distinguish colicins and Umb toxin particles, and even their few
similarities are superficial. For example, colicins typically target strains
that belong to the species of the producer cell, and the diversity of
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¢, Predicted structural models of example UmbA proteins selected by virtue of
containing multiple distinct or repeated lectin domains (top) or fusions between
UmbA and UmbB proteins (bottom). The UmbB domains of bifunctional
UmbAB proteins areshownintransparent surface representationandinthe
same orientation to highlight their conservedinteraction with the major cleft
ofthe trypsin-like domain. Concanavalin, UAL-Con-1; Ricin B, Ricin_B_Lectin
(Supplementary Table 4). d, Model for the intoxication of target cells by Umb
toxins, with outstanding questions highlighted. Theseinclude the identity

of receptor (orreceptors) ontarget cells and the involvement of the lectin
domainsin mediating binding (1), the role of the stalk in toxin delivery (2) and
themechanism of toxin translocationinto target cells (3).

receptor protein binding domains in colicins (<10) is eclipsed by the
diversity of carbohydrate-binding lectin domains associated with
Umb particles?. Perhaps the starkest of differences between the two
polymorphic toxins is their mechanism of secretion, which further
highlights their apparently disparate physiological functions. Colicins
accessthe extracellular milieu through anon-canonical mechanism that
requires the action of bacteriocin release proteins, referred to as lysis
orkilling proteins for the death they inflict on producer cells®. Colicin
expression is thereby under the control of a repressor responsive to
cellular damage, and the utilization of these toxins can be categorized
as an altruistic behaviour®. By contrast, UmbA-UmbC each possess
N-terminal Sec (UmbA and UmbB) or TAT (UmbC) secretion signals,
and we did not find data to suggest that the release of Umb particles



is detrimental to producer cells. Our work indicates that continued
exploration of proteins containing polymorphic toxin domains in
diverse bacteria may reveal additional structurally and mechanisti-
cally unprecedented toxins.

This work identified the Umb toxin components of S. coelicolor,
defined their pairwise interactions, revealed the ultrastructure of the
particle they formandestablished the role of these particles ininterbac-
terial antagonism among Streptomyces spp. Nevertheless, important
open questions for future studies remain. With regard to target cells,
itis unclear what roles the UmbA lectin domains have in recognition,
the identity of the receptor (or receptors), what role the stalk has and
how toxins with cytoplasmic targets cross the membrane (Fig. 5d).
In the producer cell, key open questions include how the umb genes
areregulated, whatroleimmunity proteins have in protection against
cisand transintoxication, how and where Umb particles assemble, and
whether Umb particles fromacross Actinobacteriaare universally used
to mediate interbacterial antagonism. Itis also of interest to consider
the potential biotechnological and therapeutic applications of Umb
particles. Mycobacterium tuberculosis and Corynebacteriumdiphtheriae
aretwoimportanthuman pathogens that, as Actinobacteria, are poten-
tial Umb targets and for which resistance to traditional antibiotics is of
growing concern®*, Insummary, our work identified an antibacterial
toxin particle with promise to expand our knowledge of the mecha-
nisms, ecological implications and biotechnological applications of
interbacterial antagonism.
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Methods

Bacterial strains and culture conditions

A completelist of strains used in this study can be found in Supplemen-
tary Table 6, and all strains generated in this study are available upon
request from the corresponding author. Escherichia coli strain DH5a
was used for plasmid maintenance, strain ET12567 (pUZ8002) for inter-
species conjugation and strain Rosetta(DE3) for protein expression.
E. colistrains were grown in Lysogeny broth (LB) at 37 °C with shaking
oronLBmediumsolidified with 1.5% w/v agar. S. aureus strain RN4220
was used for plasmid maintenance and protein expression. S. aureus
was grownin B2 broth, LB supplemented with 0.2% (w/v) glucose (LBG)
oron LBG solidified with 1.5% (w/v) agar. Strain S. coelicolor A3(2) was
used in Umb characterization studies. Unless otherwise noted, this
and other Streptomyces spp. used were cultivated in R5 or TSBY liquid
medium at 28 °C in baffled flasks with glass beads (3 mm diameter) shak-
ing at 220 r.p.m. or on TSB, ISP2, ISP4 or SFM solidified with 1.5% w/v
agar. Growth conditions of diverse bacterial species used in the broad
Umb sensitivity screen can be found in Supplementary Table 5. Media
were supplemented as needed with antibiotics at the following con-
centrations: carbenicillin (150 pg ml™, E. coli), apramycin (50 pg ml™,
E. coli and Streptomyces), kanamycin (50 pg ml™, E. coli), gentamicin
(15 pg mI™, E. coli), trimethoprim (50 pg ml™, E. coli and Streptomyces),
chloramphenicol (25 pg ml™, E. coli; 10 pg ml™, S. aureus) and hygro-
mycin (25 pg ml™, E. coli).

Plasmid construction

Plasmids used inthis study, details of plasmid construction and primers
usedinthiswork are provided in Supplementary Table 6. Plasmids gen-
eratedin this study are available upon request from the corresponding
author. Primers and synthetic DNA fragments were obtained from Inte-
grated DNA Technologies. All plasmid constructs were designed using
Geneious Prime and generated using Gibson assembly, and all con-
structs were confirmed by sequencing. For heterologous expression of
Umb complex proteinsin £. coli, the genes were amplified and inserted
into Ncol-digested and Xhol-digested pET-22b(+) or Ndel-digested
and Xhol-digested pET-28b(+) to generate C-terminal or N-terminal
hexahistidine fusions, respectively. VSV-G fusions, point mutations
and linkers were introduced to genes amplified from the S. coelicolor
genome through the cloning primers. umbCl(ring) expression plasmids
were constructed by amplifying ALF1-ALF4 (residues A46-A241) and
ALF5-ALF8 (residues A532-H798) as two DNA fragments withalinker
of two GGGGS repeats introduced in the cloning primers.

Plasmids used for the heterologous expression of UmbCland UmbD1
in E. coli for mutational profiling were pSCrhaB2 and pPSV39-CV,
respectively. Togenerate these plasmids, the genes were amplified from
synthesized DNA fragments codon optimized for expressioninE. coli.
Plasmid pEPSAS was used for the heterologous expression of various
umbCtoxindomainsin . aureus. The toxindomain was either inserted
into digested plasmid alongside a N-terminal 3xFlag tag fragment or
alongside a signal-sequence-containing 3xFlag tag fragment, with a
N-terminal 3xFlag tag being introduced through the cloning prim-
ers. These Gibson reactions were transformed into S. aureus RN4220
through electroporation, and transformants were maintained in LB
supplemented with 0.2% w/v glucose (to repress toxin expression)
and chloramphenicol.

S. coelicolorgenetic manipulationwas conducted using aderivative of
thesuicide vector pKGLP2 (ref. 32), inwhich the hygromycin-resistance
cassette (hyg) was replaced with the apramycin resistance gene
(aac(3)1V) and the promoter from pSET152 (ref. 33). This plasmid,
pKGLP2a, was generated by amplifying the vector backbone of
pKGLP2 and the apramycin resistance cassette from pSET152 by PCR
and combining by Gibson assembly. Constructs for introducing dele-
tions, epitope tags and point mutations in the S. coelicolor genome
with pKGLP2awere generated using Gibson assembly of 1.5-2 kb arms

flanking the site of modification. Complementation of the umbC2 muta-
tionin S. coelicolor was performed using pSET152, into which umbC2
and its native promoter were cloned using Gibson assembly.

Structural modelling of Umb proteins and PPIs

Structural predictions for UmbC1-UmbC3, UmbA1-UmbAS5 and
UmbB1-UmbB3 were made using AlphaFold2 (ref. 18). MSAs were
generated by running hhblits** against UniRef30 (ref. 35) and BFD*®.
These multiple sequence alignments (MSAs) were uploaded to Colab-
Fold* and atotal of five AlphaFold predictions were generated for each
target. Only UmbC3 generated predictions that were consistent with
the cryo-EM density of the protein, whereas models for UmbC1 and
UmbC2 all resulted in the long coiled-coil folding back on itself. This
result prompted the decision to use the UmbC3 model as a template
structure for predicting UmbCland UmbC2, which enabled the genera-
tion of models with a straight coiled-coil consistent with the cryo-EM
density. The models with highest predicted local distance difference
test (IDDT) were selected for each.

RoseTTAFold2 (ref. 38) was used to predict UmbA-UmbB protein
complex structures. MSAs were generated as described above for
UmbC1-UmBC3. Paired MSAs for all UmbA-UmbB pairs were gen-
erated by matching taxonomy identifiers according to previously
published methods™®. These paired MSAs were provided as inputs to
RoseTTAFold2 and produced confident predictions in all cases (pre-
dicted IDDTs > 0.8). A similar method was used to compute predictions
forinteractions between UmbB and individual ALF repeats of UmbC1-
UmbC3. In brief, MSAs were generated for UmbB1, UmbB2, UmbB3,
UmbC1, UmbC2 and UmbC3 by running HHblits** against Uniref30
and BFD, and paired MSAs for all three pairs were generated by maxing
taxonomy identifiers. Then, predictions were made for each UmbB
model against each of the eight ALF repeats of the corresponding UmbC
model. Rather than regenerating the MSA for individual repeats, the
paired full-length MSA was trimmed over the region of each repeat.

Owing to the availability of cryo-EM data, models for UmbC1-UmbB1
were generated first. Three different variants of repeat modelling were
attempted: (1) trimming to exactly the two-helix repeat; (2) extending
by five residues on either side of the repeat; and (3) extending by ten
residues on either side of the repeat. To evaluate each modelling variant,
the predicted structure and predicted interface error of the UmbC-
UmbB interface’® were considered. All three trimming approaches
produced results consistent with the EM data, but the most distinct
signalinterms of interfacial predicted interface error was achieved by
addingintenresidues of padding. This strategy was applied to UmbC2-
UmbB2 and UmbC3-UmbB3.

Construction of genetically modified Streptomyces strains

The pKGLP2a suicide plasmid was used to generate genetically modi-
fied S. coelicolor strains, including gene deletion mutants and strains
expressing chromosomally encoded, epitope-tagged proteins as
previously described®, with modifications described below. Genetic
modification constructs were transferred to S. coelicolorby intergeneric
E. coli-Streptomyces conjugation using donor strain E. coli ET12567
(pUZ8002) as previously described*. In brief, overnight cultures of
E. coli ET12567 (pUZ8002) harbouring the plasmid to be transferred
were grown in LB supplemented with chloramphenicol, kanamycinand
apramycin. These cultures were washed, concentrated and combined
with Streptomyces spores following a 10-min 50 °C heat-shock treat-
ment. The mixture was plated on SFM medium supplemented with
10 mM MgCl, and incubated at 30 °C for 16-20 h. The plate was then
overlaid with 1 ml sterilized dH,0 supplemented with trimethoprim
and apramycin. Incubation was continued at 30 °C until transconju-
gants appeared and were restreaked onto medium supplemented
with trimethoprim and apramycin. Confirmed transconjugants were
grown in non-selective TSBY medium for about 36 h. These cultures
were then restreaked on non-selective SFM agar and incubated at



30 °C for 7 days to produce spores. Spores were then collected,
diluted and plated on SFM agar supplemented with 50 mg 1 5-bromo-
4-chloro-3-indolyl-b-D-glucuronide. After incubation for 36 h, white
colonies were screened for the presence of the desired allele by PCR.
Apramycin-resistant . griseus and complemented . coelicolor AumbC2
were generated through intergeneric transfer of theintegrative vector
pSET152 or pSET152::umb(C2, respectively, delivered through conjuga-
tionin a similar manner to pKGLP2a.

IP-MS analysis of UmbC-interacting proteins from . coelicolor
Spores of S. coelicolor strains containing umbCI-V, umbC3-V or
umbA1-V at the native loci were inoculated in RS medium and grown
for36 hthenback diluted1:200 in 50 mIR5 medium and further grown
for 24-30 h until the optical density at 600 nm (ODq,) reached 3-4.
Spores of S. coelicolor containing umbC2-V at the native locus were
inoculated in 50 ml TSBY medium and grown for approximately 36 h
until the OD,, reached 4-5. For each strain, 10 ml of the cell culture,
including both the cells and culture supernatant, was then mixed
with 2.5 ml 5% lysis buffer (750 mM NaCl, 100 mM Tris-HCI pH 7.5,10%
glycerol (v/v), 1mg ml* lysosome and 1 mU benzonase). Cells were
lysed by sonication and the cellular debris was removed by centrifuga-
tion at 35,000g for 30 min. VSV-G-tagged proteins were enriched by
incubation of cell lysates with 40 pl anti-VSV-G agarose beads at 4 °C
for4-5 hwith constant rotation. The agarose beads were then pelleted
by centrifugation at 300g for 2 min, washed 3 times with 10 ml wash
buffer (150 mM NacCl, 2% glycerol (v/v) and 20 mM Tris-HCI pH 7.5)
and then washed 3 times with 10 ml 20 mM ammonium bicarbonate.
Anti-VSV-G agarose beads and bound proteins were then treated with
10 pl of 10 pg pl ™ sequence-grade trypsin (Promega) for 16 h at 37 °C
with gentle shaking. After digestion, the agarose beads and peptides
were gently mixed and centrifuged at 300g for 2 min. After collection of
the supernatant, 90 plof20 mM ammoniumbicarbonate wasadded to
thebeads, gently mixed and centrifuged again. The supernatant was col-
lected and combined as the peptide fraction. The mixture was reduced
with5 mMtris(2-carboxyethyl) phosphine hydrochloride for1hat37°C,
followed by alkylation using 14 mM iodoacetamide for 30 minin the
dark at room temperature. The alkylation reaction was quenched by
adding 5 mM 1,4-dithiothreitol. Acetonitrile (ACN) and trifluoroacetic
acid (TFA) were added to the samples for a final concentration of 5%
(v/v) and 0.5% (w/v), respectively. Then, the samples were applied to
MacroSpin C18 columns (7-70 pg capacity) that had been charged
with100% ACN, LC-MS-grade water and 0.1% TFA. Bound peptides
were washed twice with 0.1% TFA and then eluted with 80% ACN with
25 mM formic acid. The dried peptides were dissolved in 5% ACN with
0.1% formicacid and analysed by LC-MS/MS as previously described*.
Data were analysed using MaxQuant*, and filtered to remove noise
from low abundance proteins with five or fewer spectral counts in IP
samples. Enrichment of proteinsin the IP samples was determined by
dividing the relative abundance of each protein passing the filtering
criteriain the IP samples by its relative abundance in the control.

Purification of heterologously expressed Umb proteins

Asubset of the PPIstudies and the protease activity assay used purified,
heterologously expressed Umb proteins. To purify these proteins, over-
night cultures of E. coliRosetta(DE3) carrying pET-22b(+) or pET-28b(+)
constructs expressing the protein of interest were back diluted 1:300
in 2xYT broth and grown at 37 °C with shaking at 220 r.p.m. until the
ODgy, reached 0.4. The incubation temperature was reduced to18 °C,
and after 30 min, IPTG was added to a final concentration of 0.3 mM
andthe cultures were incubated for a total of 18 h. Cells were then col-
lected by centrifugation and resuspended in lysis buffer containing
200 mM NaCl, 50 mM Tris-HCl pH 7.5,10% glycerol (v/v), 5 mM imida-
zole, 0.5 mg mllysosome and 1 mU benzonase. Cells were then lysed
by sonication and the cellular debris removed by centrifugation at
35,000g for 30 min at 4 °C. The 6xHis-tagged proteins were purified

from lysates using a1 ml HisTrap HP column on an AKTA fast protein
liquid chromatographer (FPLC). Column-bound protein was eluted
using alinear imidazole gradient from 5 to 500 mM. Protein purity
was assessed by SDS-PAGE and Coomassie staining. The fractions with
high purity were concentrated using 10 kDa cut-off Amicon filters and
then further purified by FPLC using aHiLoad 16/600 Superdex200 pg
column (GE Healthcare) equilibrated with sizing buffer (500 mM NaCl,
50 mM Tris-HCI pH 7.5and 10% glycerol (v/v)).

PPl assays

Interactions between Umb proteins were probed using proteins het-
erologously expressedinE. coli. For tests of the interactions between
UmbB1, UmbAS5(T) and UmbCI1(ring), 400 pl equilibration buffer
(200 mM NacCl, 50 mM Tris-HCI pH 7.5 and 10 mM imidazole) con-
taining 5 pg of purified UmbB1-H, UmbAS(T)-H or UmbCl1(ring)-H
was mixed with 400 pl E. coli cell lysate containing UmbAS5(T)-V,
UmbCI(ring)-V or UmbBI1-V, respectively. To assess input protein
levels, 40 plof these samples was mixed with 4x Laemmliloading buffer
(Bio-Rad) and boiled for 20 minat 95 °C for western blot analysis. The
remaining protein mixtures were incubated with 50 pl Ni-NTA aga-
rose beads (Qiagen) at 4 °C for 1.5 h with constant rotation. Agarose
beads were pelleted by centrifugation at 300g for 3 min and washed
5 times with 1.4 ml wash buffer (500 mM NaCl, 50 mM Tris-HCI pH 7.5
and 25 mMimidazole). Proteins bound to the Ni-NTA resin were then
eluted with 100 pl elution buffer (500 mM NaCl, 50 mM Tris-HCl and
300 mM imidazole). The eluate was mixed with 4x Laemmli loading
buffer, boiled and subjected to western blot analysis. For the competi-
tive binding experiments between UmbB1and its partners UmbAS5(T)
and UmbCl1(ring), 3 pg of purified UmbB1-H was incubated with 50 pl
Ni-NTA agarose beads at 4 °C for 1 h with constant rotation, followed
by 2 washes with equilibration buffer. Next, 400 pl equilibration buffer
with 2-fold molar excess of purified competitor UmbCI(ring)-H or
UmbAS(T)-H was mixed with 400 pl £. coli cell lysates containing
UmbAS5(T)-V or UmbCl(ring)-V, respectively. The protein mixture
was further incubated with UmbB1-H bound to Ni-NTA agarose beads
and thenwashed and processed as described above. For the other PPI
assays (Figs.2d-fand 3e and Extended DataFig. 5a), E. colicell lysates
containing 6xHis-tagged bait proteins were mixed directly with E. coli
cell lysates containing VSV-G-tagged target proteins then incubated
with Ni-NTA agarose beads, washed and processed as detailed above.

Western blot analysis

To analyse the PPl assays performed using heterologously expressed
Umb proteins, equal volumes of input samples or co-IP samples were
resolved using SDS-PAGE then transferred to nitrocellulose mem-
branes (Bio-Rad). Following transfer, membranes were blocked in TBST
(10 mM Tris-HCl pH 7.5,150 mM NaCl and 0.1% w/v Tween-20) with 5%
w/vBSA (RPI) atroom temperature for 1 h. Primary antibodies (anti-His
HRP-conjugated (Qiagen) or anti-VSV-G (Millipore Sigma)) were then
added atadilution of1:5,000 and incubated at room temperature for
1h.Blots were thenwashed four times with TBST, and anti-VSV-G blots
wereincubated with secondary antibody (anti-rabbit HRP-conjugated
(Millipore Sigma) diluted 1:5,000 in TBST) at room temperature for 1 h.
Finally, blots were washed four times with TBST and were developed
using Clarity Max Western ECL Substrate (Bio-Rad) and visualized using
an Invitrogen iBright 1500 imager.

Trypsinassays

The protease activity of purified UmbAland UmbAS trypsin domains
was assessed using universal protease substrate (Millipore Sigma) fol-
lowing the manufacturer’s protocol. In brief, 50 pl substrate solution
(0.4% casein (w/v)) and 50 plincubation buffer (0.2 M Tris-HCI pH 7.8
and 0.02 M CaCl,) were combined with100 pl sample buffer (300 mM
NaCl and 50 mM Tris-HCI pH 7.8) containing 500 ng purified protein
(UmbAI(T) or UmbA5(T)), 100 ng trypsin (Promega, positive control) or
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no protein (blank). The mixture wasincubated at 37 °C for 15 min before
adding 480 plstop reagent (5% trichloroacetic acid (w/v)). The samples
were furtherincubated 37 °C for 10 minand centrifuged at 13,000g for
5 min. Next, 400 pl of the reaction mixture was combined with 600 pl
assay buffer (0.5 M Tris-HCI, pH 8.8) in a cuvette and absorbance was
measured at 574 nm.

Purification of the Umbl particle for structural studies

S. coelicolor spores expressing UmbA1-8xHis from the native locus
were inoculated into 30 ml R5 medium and incubated at 30 °C with
shakingat220 r.p.m. for 36 h. Cultures were back diluted 1:200in 50 ml
R5 for a total combined culture volume of 700 ml and incubated for
24-30 h, until the OD,, reached 4. Cells were then pelleted by spin-
ning at 21,000g for 45 min and the resulting supernatant was filtered
(GenClone 25-229, Vacuum Filter Systems, 1,000 ml PES Membrane,
0.22 um). Next, 600 ml supernatant was combined with 150 ml 5x lysis
buffer (1 MNaCland 250 mM Tris-HCIpH 7.5) and run over al mlHisTrap
FF columnonan AKTAFPLC purification systemto purify the His-tagged
proteins. The bound proteins were eluted using a linear imidazole
gradientfrom 0to 300 mM. Collected fractions were pooled and con-
centrated using a100 kDa cut-off Amicon concentrator until reaching
afinal volume of 600 pl. The protein sample was further purified by
FPLC using a Superose 6 Increase 10/300 GL column (GE Healthcare)
equilibratedin sizing buffer (150 mM NacCl,20 mM Tris-HCIpH 7.5and
3% glycerol) (v/v)). Each fraction was assessed for purity by SDS-PAGE
andsilver staining. The fractions with the highest purity and concentra-
tion were used for negative-stain EM or cryo-EM.

Negative-stain EM

Purified Umbl particles were diluted to 0.01 mg ml*and immediately
subject to adsorption to glow-discharged carbon-coated copper grids
for 60 s followed by 2% uranyl formate (w/v) staining. Micrographs
were recorded using Leginon*® on a120 KV FEI Tecnai G2 Spirit witha
Gatan Ultrascan 4,000 4k x 4k CCD camera at x67,000 nominal mag-
nification. The defocus ranged from -1.0 to 2.0 pm and the pixel size
was 1.6 A. The parameters of the contrast transfer function (CTF) were
estimated using CTFFIND*, All particles were picked in areference-free
manner using DoG Picker®. The particle stack from the micrographs
was pre-processed in Relion*®. Particles were re-extracted with a bin-
ning factor of 4, resulting in a final box size of 80 pixels and a final pixel
size of 6.4 A. The reference-free 2D classification was performed using
CryoSPARCY.

Cryo-EM sample preparation, data collection and data
processing

Cryo-EMgrids of the Umb complex were prepared using two separate
methods and datawere combined during data processing. For the first
dataset 3 pl of 0.1 mg ml protein samples was loaded onto freshly
glow-discharged lacey grid with athin layer of evaporated continuous
carbonbefore plunge-freezing using a Vitrobot Mark IV (ThermoFisher
Scientific) with a blot force of -1and 2.5 s blot time at 100% humidity
and 22 °C. A total 0of 18,975 movies were collected at a defocus range
between —0.2 and -3 pum. For the second dataset, 3 pl of a3 mgml™
purified Umb1 particle sample was loaded onto freshly glow-discharged
R 2/2 UltrAuFoil grids before plunge-freezing using a Vitrobot Mark
IV (ThermoFisher Scientific) with a blot force of 0 and 6 s blot time at
100% humidity and 22 °C. A total of 3,942 movies were collected at a
defocus range between -0.5and 2.5 um.

Forbothdatasets, the datawere acquired using a FEI Titan Krios trans-
mission electron microscope operated at 300 kV and equipped witha
GatanK3 direct detector and Gatan Quantum GIF energy filter, operated
inzero-lossmode with aslit width of 20 eV. Automated data collection
was carried out using Leginon** at anominal magpnification of 105,000
witha pixel size of 0.843 A. The dose rate was adjusted to 15 counts per
pixel per s, and each movie was acquired in super-resolution mode

fractionated in 75 frames of 40 ms. Movie frame alignment, estimation
of the microscope CTF parameters, particle picking and extraction
were carried out using Warp*®. Particles were extracted with abox size
of 304 pixels with a pixel size 0f 1.686 A.

Two rounds of reference-free 2D classification were performed
using CryoSPARCY to select well-defined particle images. After 2D
classification, initial models were generated with ab initio reconstruc-
tion in cryoSPARC. The initial models were used as references for 3D
heterogenousrefinement. Particles belonging to classes with the best
resolved umbrella-like morphology were selected. To furtherimprove
particle picking, we trained the Topaz picker on Warp-picked particle
sets belonging to the selected classes after heterogeneous 3D refine-
ment. The particles picked using Topaz were extracted, and particles
were subjected to two rounds of 2D classification and heterogenous
3D refinement in cryoSPARCY. Particle picking with Topaz improved
the number of unique 2D views. The two different particle sets picked
from Warp and Topaz were merged, and duplicate particle picks were
removed using aminimum distance cut-offof 60 A. The particles from
both the first and second datasets were subsequently combined. 3D
refinements were carried out using non-uniform refinement and the
particles were transferred from cryoSPARC to Relion using pyem
(https://github.com/asarnow/pyem) to be subjected to the Bayesian
polishing procedure implemented in Relion*. Subsequent 3D refine-
mentsincryoSPARC used heterogeneous refinements to remove junk
particles and non-uniform refinement® along with per-particle defocus
refinement to produce the final reconstruction at 4.3 A resolution
comprising 386,275 particles. The resulting map showed clear den-
sity for the overall quaternary architecture and secondary structure
of the Umbl particle. To further improve the density of each spoke,
local refinements were performed using soft masks comprising each
ternary complex (UmbC1, UmbB1 and UmbA1) using cryoSPARCY,
which produced final resolutions of 4.0-4.14 A. The best resolved map
that produced the 4.0 A map after local refinement unambiguously
showed that the ALF domain of UmbC, UmbB1 and UmbA1 can be fit-
tedinto the density of the local refinement map. Reported resolutions
are based on the 0.143 gold-standard Fourier shell correlation (FSC)
criterionand FSC curves were corrected for the effects of soft masking
by high-resolution noise substitution®*2 Local resolution estimation
was carried out using cryoSPARCY.

Umbl particle model building and refinement

Allmodels were built and refined by iterating between manual rebuild-
ing and refinement in Coot> and Rosetta®*. For the ALF domain of the
UmbC1 with UmbB1 and UmbALl structure, AlphaFold models were
used as a starting point. The relevant segments of the ALF domain
with UmbB1 and UmbAI1 were built into the locally refined map and
the atomic coordinates of the disordered regions were removed. The
final model of the ALF domain with the UmbB1 and UmbA1 structure
was refined and relaxed with Rosetta, using the 4.0 A locally refined
sharpened and unsharpened maps*. For the full Umbl structure, the
AlphaFold model of UmbC1 and locally refined ALF domain with the
UmbB1and UmbAlstructure were used as astarting point to manually
rebuild models. The ALF domain, UmbBland UmbAl model fromlocal
refinement were fitted into each of the five spoke densities. The final
Umb1 complex model including UmbA1 and UmbB1 from each spoke
and UmbC1 was subsequently refined and relaxed with Rosetta using
sharpened and unsharpened maps**. Map figures were generated with
dust hidden (size 5) and coloured using the ‘color near atom’ command
(range 10) in ChimeraX.

UmbC toxicity analysisin S. aureus

For analysis of the toxicity of UmbC toxin domains in a heterologous
host, toxin domains were cloned into the xylose-inducible plasmid
pEPSAS. The deaminase and lipid Il phosphatase domains were derived
from UmbC1 and UmbC3, respectively, of S. coelicolor. The 4TM tox
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domainwas derived from Streptomyces anulatus. Plasmids harbouring
the toxin of interest or empty vector were isolated from S. aureus and
transformed in triplicate into competent RN4220 by electroporation
followed by 1hofrecoveryin B2 mediumat37 °C220 r.p.m. Transfor-
mations were plated on LBG supplemented with chloramphenicol and
0.2% xylose (w/v) to induce toxin expression. Transformant colonies
were enumerated, and transformation efficiencies of empty plasmid
andtoxin-containing plasmid were computed and compared. The entire
experiment was repeated independently with a separate preparation
of RN4220 competent cells; data from both replicates are included
inFig. 2a.

Mutational profiling of E. coli expressing the toxin domain of
UmbC1

ThreeE. colistrains (MG1655 Aung pPSV39-CV-umbDI1 pSCrhaB2-umb(l,
MG1655 Aung pPSV39-CV-umbD1 pSCrhaB2 (no insert) and MG1655
AungpPSV39-CV-dddAl and pSCrhaB2-dddA (32641830)) were grown
overnight in LB supplemented with 15 ug ml™ gentamycin, 50 pg ml™*
trimethoprim and 160 puM IPTG. The cultures were diluted 1:100 into
fresh medium without IPTG, incubated until the OD,, reached 0.6,
then supplemented with 0.2% rhamnose (w/v) for toxin induction.
Genomic DNA wasisolated from the cultures after 60 min of induction,
and sequencinglibraries were prepared as previously described* and
sequenced onanllluminaiSeq. Single-nucleotide variant profiling was
performed using previously described analysis methods>>*.

Preparation of concentrated supernatant for use in Umb toxicity
assays

Spores of S. coelicolor wild-type and derivative strains were inoculated
inRSmediumand grown for 36 h. The cultures were then back diluted
1:200in 50 mIR5 medium for a total combined culture volume of 150 ml
and incubated for 24-30 h until the OD,,, reached 4. Cells were then
pelleted by centrifugation at 21,000g for 30 min. The resulting super-
natant was filtered with a 0.45 pm PES membrane vacuum filter and
then concentrated using 100 kDa cut-off Amicon concentrators until
reachingafinal volume of 3 ml. The concentrated supernatant was run
over an Econo-Pac 10DG desalting column (Bio-Rad), aliquoted and
stored at -80 °C until use.

Isolation of bacteria from soil used in Umb toxicity screening

Soil isolate strains used in the broad Umb sensitivity screen were col-
lected from sorghum plants grown at the University of California’s
Agriculture and Natural Resources Kearney Agriculture Research
and Extension Center in Parlier, CA, as previously described”%. Root
samples were obtained from mature sorghum plants that had been
subjected to a prolonged pre-flowering drought. Immediately after
extraction of plants from the soil, roots were removed and placed in
25% glycerol (v/v) for 30 min, then placed on dry ice until they were
transferred to-80 °C. To remove soil, roots were placed in phosphate
buffer and briefly sonicated. They were subsequently vortexed for
60 sin 99% ethanol, 6 minin3%NaOCI (w/v) and 30 sin 99% ethanol to
sterilize the root surface. Roots were washed twice in sterilized dH,0,
and 100 pl of rinse water was plated to check surface sterility. Roots
were then cutinto 1 cm pieces and placed into 2 ml tubes with 25%
glycerol (v/v) and incubated for 30 min at room temperature before
storingat-80 °C. One 2 mltube of roots (approximately 200 mg) was
thawed and placed in a sterile ceramic mortar with 1 mI PBS buffer.
Root tissue was gently ground torelease endophytic bacteriainto the
solution while minimizing lysis of bacterial cells. The solution was seri-
ally diluted, and 100 pl dilutions (107, 10"2and 107%) were plated onto
various media types: ISP2, M9 minimal medium, skim milk, tap water
yeast extract and humic acid. Plates were placed at 30 °C, and growth
was monitored daily. When colonies were visible, they were picked and
streaked onto a fresh plate of ISP2, followed by subsequent streaks if
necessary to eliminate contamination, until only asingle morphology

was observed. The 16S ribosomal V3-V4 RNA sequences of the isolates
were determined by Sanger sequencing.

Screening diverse organisms for sensitivity to S. coelicolorUmb
toxins

Strainsused in this assay included bothisolates obtained from culture
collectionsand asubsetisolatedin this study fromthe root endosphere
of field-grown sorghum plants (see above); all strains used in the assay,
their sources and their growth conditions are listed in Supplementary
Table 5. Strains were grown at 30 °C. Optical densities of initial cultures
were measured and used to prepare 1 mlsamplesatan ODy,,0f0.01in
the appropriate medium for each strain. Next, 90 pl of each sample was
transferred in duplicate to adjacent wells in a 96-well plate. To one of
these wells, 10 pl of Umb supernatant from wild-type S. coelicolor was
added. Tothe other well, 10 pl of Aumb supernatant from S. coelicolor
Aumbwasadded. The plates were thenincubated in aBioTek LogPhase
600 Microbiology Reader set toincubate the plates at 30 °C with shak-
ingat 800 r.p.m. taking OD,,, measurements every 20 minfor atotal of
48 h. Growth curves were monitored for the beginning of exponential
phase. When an organism reached the beginning of its exponential
growth phase, the corresponding duplicate cultures were removed
from the incubator, combined with 100 pl BacTiter-Glo reagent (Pro-
mega BacTiter-Glo Microbial Cell Viability Assay) and incubated at
room temperature for 7 min. The luminescent signal was measured in
aBioTek Cytation limaging reader. Growth inhibition was assessed by
calculating the ratio of signal obtained from cultures incubated with
Aumb supernatant by that obtained from Umb supernatant-treated
samples. Two biological replicates of the screen were formed, and
Zscoreswere calculated from the average of log,-transformed average
ratios from across all strains screened.

Validation of initial hits from the diverse organism Umb
sensitivity assay

Potential target strains S. griseus NRRL B-2682 and S. ambofaciens SAl
195 along with negative control strain Streptomyces mobaraensis NRRL
B-3729 were grown on SFM plates for 3 days. Colonies fromthese plates
were excised and used toinoculate 30 mI TSBY and incubated for 20 h
(S. ambofaciens and S. griseus) or 36 h (5. mobaraensis) before being
prepared for the Umb supernatant sensitivity assay as described above.
Assay plates were initially incubated inalog phase for 7 h. Samples were
then collected, combined with BacTiter-Glo reagent and luminescence
was measured every 2-3 huntil the plates reached 20 h of total growth.
At16 h,samples of each culture were serially diluted and plated on ISP2
agar to obtain anindependent measure of growth yield.

Assessing the toxicity of Umb supernatant deriving from

S. coelicolor mutants

The toxicity of supernatant deriving from individual Umb particle
mutants was assessed towards the sensitive species S. griseus. For these
experiments, the concentrated supernatants from wild-type S. coeli-
color, mutants unable to synthesize individual Umb particles, S. coeli-
color AumbC2 (pSET152::umbC2) and S. coelicolor AumbC2 (pSET152)
were prepared as described above. Pre-cultured S. griseus (grown for
20 h,as described above) was diluted to OD,,, 0f 0.01in TSBY medium,
and 90 pl of this was mixed with 10 pl concentrated supernatant in a
96-well plate. Assay plates were incubated in alog phase for 16 h. The
samples were then collected, mixed with BacTiter-Glo reagent (Pro-
mega) and luminescence measured. Data represent the r.l.u. normal-
ized by the maximum and minimum levels detected across treatments
inan assay.

Streptomyces co-culture competition assays

For growth competition experiments between Streptomyces species,
S. coelicolorspores were firstinoculated into two 50 ml TSBY cultures
and grown for about 36 h. Apramycin-resistant S. griseus was similarly
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inoculated in TSBY and grown for 20 h. When S. coelicolor cultures
reached an OD, of 3,10 ml was aliquoted into four replicate baffled
flasks. S. griseus cells were washed twice with TSBY and then added to
the culture flasks at 0D, of 0.03, establishing an initial S. coelicolor
ands$. griseusratio of 100:1. Cultures were serially diluted and plated on
selective (for S. griseus) and non-selective medium (total population)
for quantification of colony-forming units at an initial time point and
afterincubationat 28 °Cfor12 h.

Microscopy

Imaging was performed on a Nikon Eclipse Ti-E wide-field micro-
scope equipped with asCMOS camera (Hamamatsu). A x60, 1.4 NA
oil-immersion PH3 objective was used forimaging. The microscope was
controlled using NIS-Elements (v.3.30.02). The microscope chamber
was heated to 28 °C, and S. griseus spores were loaded into all four
chambers of a bacterial microfluidic plate (BO4 from EMD Millipore).
Using a CellASIC ONIX (Model EV262) microfluidic perfusion system,
a pressure of 2 psi was applied to two columns over two roughly 6-h
intervals. One chamber was treated with medium and Umb supernatant
for interval one (0-370 min) followed by medium alone for interval
two (370-660 min). A second chamber was treated with medium and
AumbC2 supernatant followed by medium and Umb supernatant.
Athird chamber was treated with medium alone followed by medium
and Umb supernatant. Finally, afourth chamber was treated with PBS
followed by medium alone.

Zstacks were acquired at each of the three positions in each imag-
ing chamber every 10 min. Z stacks were merged using Gaussian focus
stacking followed by automatic frame alignment in Fiji*. Cells that were
imaged without occlusion or growth outside the field of view for the
duration of 11 hwere manually selected and exported in napari®® using
the napari-crop and napari-nd-cropper plugins. Cells were automati-
cally segmented frame-by-frame using Omnipose (bact_phase_omni
model)®. Spurious labels arising from plate defects, debris or pillars
were manually removed in naparifollowing automatic edge-based fil-
teringin Python. Finally, cells were tracked (and any oversegmentation
resolved) by manually recolouring Z stack labels in napari using the fill
toolin3D mode. All processed space-time labels were thenloaded into
Python for extracting area over time per cell.

Bioinformatics analysis

To comprehensively retrieve UmbC protein homologues, the
PSI-BLAST program® was used for iterative searches against the NCBI
non-redundant (nr) protein database until convergence, with a cut-off
e-value of 0.005. The five upstream and five downstream gene neigh-
bours of UmbC were extracted from the NCBI GenBank files for use in
the gene neighbourhood analysis®®. All protein neighbours were clus-
tered based ontheir sequence similarities using the BLASTCLUST pro-
gram, aBLAST score-based single-linkage clustering method (https://
ftp.ncbi.nih.gov/blast/documents/blastclust.html). Protein clusters
were then annotated based on their domain architectures using the
HMMSCAN program®, searching against the Pfam database®* and our
in-house custom HMM profile database. Signal peptide and transmem-
braneregion prediction was determined using the Phobius program®®.
For systematic identification and classification of C-terminal toxin
domains in UmbC proteins and the immunity families represented
by UmbD proteins, we utilized the CLANS program®. This program
uses a network analysis to organize sequences through the application
of the Fruchterman and Reingold force-directed layout algorithm®®
based ontheir sequence similarities derived fromall-against-all BLASTP
comparisons. A representative sequence of the novel domain family
served as a seed in PSIBLAST searches to retrieve homologues. Fol-
lowing removal of highly similar sequences by BLASTCLUST, MSAs
were built using KALIGN®’, MUSCLE” or PROMALS3D”. To identify the
conserved residues for each domain family, the Chroma program’was
usedto calculatethe conservation pattern of the MSA based on different

categories of amino acid physiochemical properties as previously
reported”. Structural models for representative sequences of each
domain family were predicted using AlphaFold2 (ref. 18) and models
with the highest predicted IDDT scores were selected. Determination
of domainboundaries for each family was guided by both the structure
models and the PAE matrix provided by AlphaFold2. Functional predic-
tions for toxin domains belonging to uncharacterized families were
generated using DALI™ and Foldseek” searches with representative
structural models from each family to identify structurally related pro-
teins with characterized functions. Function predictions were assigned
when structurally similar proteins or protein domains (DALl Z score > 3,
or Foldseek £ value < 0.01) with known toxin activities were identified.

Statistics and reproducibility

Significance of differences in transformation efficiency under heter-
ologous toxin expression, growth yields of S. griseus in supernatant
toxicity experiments (with supernatant from S. coelicolor individual
umb particle mutants) and competitive indices in competitive growth
assays were assessed using analysis of variance and two-sided Dunnett’s
multiple comparison tests. Significance of differences in protease
activity between trypsin and UmbAT proteins and in growth yields
from 8. coelicolor Umb and Aumb supernatant toxicity assays were
determined using two-tailed t-tests. Tests were performed using Graph-
Pad Prism. All western blot assays and were replicated independently
aminimum of two times. For bacterial growth assays, the number of
replicates collected from independent cultures grown in parallel on
asingle day are indicated in the figure legends. Each experiment was
also replicated at least once on separate days with three additional
independent cultures. Statistical methods were not used to predeter-
mine samplesize, and blinding and randomization were not employed.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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minimum ALF repeat unit was selected based on the structural model.
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b, Predicted structural models of assorted UmbC proteins, obtained using

default AlphaFold parameters and without templating.
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Extended DataFig.1|Degenerate nature of ALF repeatsequences and

example UmbC structural models with straight coiled-coil domains.

Amycolatopsis
a, Alignment of ALF repeats 1-8 from each UmbC protein of S. coelicolor. The
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Repeats 1,5: 3-26
in association

[ ALF positions 3-26 (highlighted in repeats 1-8)

e.g. Repeat 4: 3-26
solvent accessible

Extended DataFig.3|ALFrepeats1and 5 exhibitadistinct orientation. structural models (ALF 2,3, 4-8). Inrepeats1and 5, many of the equivalent
Orange colouringindicates the residues of the ALF repeats of UmbC1 that residues areburied intheinterface betweenthe ALF repeats.
areexposed to the surfaceinrepeats predicted tointeract with UmbBlin
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logo generated fromanalignment of positions 1-8 of the UmbB1-interacting repeats of each S. coelicolorUmbC proteininteracting withits cognate UmbB.
ALF repeats of UmbC1, compared to the analogous positionsin AFL6. Positions ~ PAE values: <10, high confidence; <20, moderate confidence; >20, low
located at theinteractioninterface and which have non-conservative confidence®.N/A, nointeractionpredicted.

substitutions in ALF6 are highlighted in blue.b, Predicted structural models for
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Extended DataFig. 8| The toxin domain of UmbC1 exhibits mutagenic
cytosine deaminase activity. a,b, Representation of single-nucleotide
variants (SNVs) by chromosomal position, frequency, and density in E. coli
Aungfollowing 60 mininduction of expression of the deaminase toxin domain
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indicated treatments (p < 0.0001 for S. griseus, p = 0.0003 for S. ambofaciens,
two-tailed t-test of log transformed data). d, Growth trajectories of individual
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Extended DataFig.9|Screen of diverse soil bacteria toidentify targets of
the Umb toxins of S. coelicolor. a, Genetic locischematic indicating deletions
presentinS. coelicolor Aumb.b,Umb toxin target screening results for strains
notdepictedinFig.4b, grouped by target strain phylum. Z-scores were
calculated asin Fig. 4b; scores >2 indicate significant Umb-dependent
inhibition. ¢, Growthyields (c.f.u, colony forming units) determined of the
indicated strains grownin Umb or Aumb supernatant for 16 hr. Datarepresent
means + SD (n = 3). Asterisks indicate significant differences between the



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Full refinement
(EMDB-43736)

Local refinement
(EMDB-43737)

(PDB 8W20) (PDB 8W22)
Data collection and processing
Magnification
Voltage (kV) 300
Electron exposure (e—/A2) 60
Defocus range (um) -0.2--3.0
Pixel size (A) 0.843
Symmetry imposed C1
Initial particle images (no.) 2,716,888
Final particle images (no.) 386,275 386,275
Map resolution (A) 4.3 4.0
FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) Alphafold-generated = Alphafold-generated
Model resolution (A) 4.5 4.2
FSC threshold 0.5 0.5
Map sharpening B factor (A2) -245 -152
Model composition
Non-hydrogen atoms 15,412 3,750
Protein residues 2,814 629
Ligands 0 0
B factors (A2)
Protein 117 79
Ligand N/A N/A
R.m.s. deviations
Bond lengths (A) 0.007 0.007
Bond angles (°) 1.069 0.990
Validation
MolProbity score 1.05 0.94
Clashscore 1.56 0.76
Poor rotamers (%) 0.45 0
Ramachandran plot
Favored (%) 97.16 96.83
Allowed (%) 2.59 2.84
Disallowed (%) 0.26 0.33
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Antibodies used anti-VSV-G Sigma, V4888; anti-His HRP conjugated, Qiagen 34460; anti-rabbit HRP conjugated, Sigma A6154
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