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Abstract

Type VIIb Secretion System (T7SSb) has been recently identified in Firmicutes resembling
the mycobacterial T7SSa. Despite limited sequence homology, T7SSa and T7SSb have
substrates with striking structural similarities, the WXG100 proteins. Recent advances in
Staphylococcus spp. proposed that T7SSb is involved in intra-species competition. However,
the architecture and mechanism of action of this secretion complex remain largely obscure.
Here, we investigate the T7SSb of Bacillus subtilis as a model system. We report the first
evidence of B. subtilis ability to mediate intra- and inter-species antibacterial activity in a
T7SSb-dependent manner. Then, we present the first systematic investigation of the T7SSb
protein-protein network, revealing novel interactions and highlighting the central role of the
pseudokinase subunit YukC in the assembly of the system. Its direct interaction with a
T7SSb-secreted toxin supports its role in recruiting substrates to the secretion machinery.
Finally, we solved the crystal structure of full-length transmembrane YukC defining novel
structural motifs and suggesting that intrinsic flexibility modulates the orientation of the
pseudokinase domains and YukC function. Overall, our results provide a better understanding
on the role and molecular organisation of the T7SSb, opening new perspectives for the

comprehension of this poorly characterized molecular machine.
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Introduction

The Type VII Secretion System (T7SS) was discovered in Mycobacterium tuberculosis from
which it secretes key virulence factors required for tuberculosis infection [1]. Related genetic
clusters were later identified in other Actinobacteria, in Firmicutes, and more recently in
Gram-negative bacteria, opening an entire new field of investigation [2]. Based on the genetic
divergence between these secretion machines in Actinobacteria and Firmicutes, they were
classified in T7SSa and T7SSb, respectively. The most studied T7SSb in Firmicutes are the
ones from Staphylococcus aureus [3], Bacillus anthracis [4] and B. subtilis [5]. T7SSa share a
few homologous subunits with T7SSb, including the membrane ATPase (protein family
PF01580), and the substrates belonging to the WXG100 protein family (PF06013). These
substrates, about 100 residues-long, share a conserved WXG motif and form head-to-tail
dimers. The high structural similarity among the WXG100 substrates suggests a similar
secretion mechanism through T7SSa and T7SSb.

However, despite their relevance in human health and a large body of work, our
understanding of how transport occurs through the T7SSa or T7SSb is still very limited. Only
structural information on the mycobacterial T7SSa is available, including the substrate-
induced oligomerization of its membrane ATPase [6], and the structures of the ESX-3 and
ESX-5 T7SS membrane complexes [7-9]. Despite revealing the molecular architecture of this
secretion machinery (discussed in more details below), the recent high-resolution models did
not clarify the overall mechanism of secretion. Moreover, since the T7SSa and the T7SSb
machines contain mostly distinct components, these systems probably evolved towards
different architectures to fulfil different functions. The T7SSb system of S. aureus is so far the
best characterized among these systems. Despite presenting unique features probably linked
to its role in pathogenesis [10], the S. aureus T7SSb shows homologies with the B. subtilis
one, including the genetic organization and subunit sequence similarities. The structures of
soluble portions of two proteins of S. aureus system were obtained in the past years: the
coupling protein EssC and the pseudokinase EssB. Analyses on EssC suggest that the T7SSb
ATPase shares high functional and structural homology with its T7SSa counterpart. The
ATPase domains are located in the cytoplasmic region of the protein. Recently, a fourth
ATPase domain was found in the DUF region of the ESX-3 T7SSa EssC protein, which was
proposed to be present in S. aureus EssC as well [11]. The N-terminus of EssC presents two
forkhead-associated (FHA) domains which are unique features of the coupling proteins in

T7SSb and whose role is still unknown [12, 13]. Finally, the C-terminal region presents high
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sequence variation in S. aureus of EssC [10], which would be associated to the secretion of
small effectors: EsxB, EsxC and EsxD [11, 14]. However, the secretion pathway of the small
effector EsxA and of the large toxin-associated complex EsaE-D-G are still unknown.

Structural information was also obtained for the pseudokinase EssB, the homologue of
B. subtilis YukC, from both S. aureus and Geobacillus thermodenitrificans [15, 16]. Based on
this model, a possible role of the T7SSb pseudokinase in signal transduction and/or in
mediating the interaction with other proteins of the systems was suggested. Notwithstanding
the presence of FHA domains known to interact with kinases and pseudokinases [17], such
interaction was not yet demonstrated in T7SSb machineries. The S. aureus EssB pseudokinase
was also proposed to interact with the multispanning membrane subunit EsaA [18] as well as
with other T7SSb components [19]. Despite these results, the full-length structure of a T7SSb
pseudokinase is still missing and its role remains unknown.

From a functional point of view, a highly diversified range of functions was shown for
T7SSb in Gram-positive bacteria, such as DNA conjugation, maintenance of membrane
integrity, phage resistance, virulence or bacterial competition [20-24]. In particular, in the
Firmicutes pathogenic species S. aureus and B. anthracis, T7SSbs were known to play a role
in persistence [3, 4, 25]. However, it was only recently that the T7SSb function in intra-
species competition was revealed in S. aureus and S. intermedius [21, 26]. Nonetheless, major
differences in T7SSb-mediated bacterial competition were reported in these studies including
the nature of the secreted toxin (i.e., belonging or not to the 'LXG' family). In addition, the
mechanism of toxin translocation, which remains unknown, seems to have different molecular
determinants. While the S. aureus EsaD toxin contacts the ATPase through a specific 'adaptor
protein' EsaE [21], different WXG100 proteins were proposed to target cognate LXG toxins
to the T7SSb in S. intermedius [26]. Altogether, those differences in the toxins identified, in
their binding partners as well as in their mechanism of competition (contact-dependent or -
independent) raised the hypothesis that the T7SSb could secrete different toxins using
different mechanisms.

Despite these advances in understanding the potential roles of T7SSbs, the available
information on subunits interactions, structures and mechanism of substrate transport is still
very limited. Moreover, in non-pathogenic bacteria such as B. subtilis, the role of T7SSb was
still unknown. Interestingly, no EsaD homolog was identified in B. subtilis. Instead, six genes
encoding proteins of the LXG toxins family have been identified in B. subtilis [27], and five

of these proteins were toxic when overproduced in E. coli [28].
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Here we present an extensive structure-function analysis of T7SSb in B. subtilis to
understand its global organisation and mechanism of substrate secretion. We illustrate the
T7SSb-dependent role in intra- and inter- species bacterial competition in B. subtilis. The
protein-protein interaction network was investigated through bacterial double-hybrid and co-
purification assays revealing the central role of the YukC pseudokinase in the assembly of this
secretion system. Finally, we present the crystallographic structure of the full-length
transmembrane protein YukC, which highlights a novel structural arrangement corroborated
by in vivo analysis. Altogether, this work opens new perspectives on the understanding of the

role and the molecular organization of T7SSb.

Results

T78Sb-dependent bacterial competition in B. subtilis.

Recent evidence that the S. aureus and S. intermedius T7SSbs are involved in intra-species
bacterial competition [21, 26, 27] opened the possibility that they could mediate similar
functions in non-pathogenic Firmicutes. To investigate this possibility, we tested the ability of
the B. subtilis T7SSb to mediate intra-species killing in a contact-dependent manner. To this
purpose, we engineered a B. subtilis 168 'prey' strain lacking one of the LXG toxin-antitoxin
pairs, YxiD-YxxD [28, 29]. YxiD has cytotoxic activity when overproduced in E. coli and is
neutralized when bound to its cognate YxxD antitoxin [28]. We reckoned that the absence of
the antitoxin YxxD would leave the B. subtilis AyxiD-yxxD (BsAyxiD-yxxD) strain without
defense against the specific LXG toxin YxiD, causing growth inhibition or cell death in the
presence of wild-type B. subtilis 168 able to secrete YxiD. The yxiD-yxxD cassette was
replaced by the GFP-encoding gene, in order to monitor bacterial competition through
fluorescence. After overnight incubation in contact with wild-type B. subtilis, the BsAyxiD-
yxxD fluorescence was very low (Figure 1A upper panel, left spot), demonstrating that this
strain has been outcompeted by the wild-type strain. By contrast, deletion of T7SSb genes in
the attacker resulted in survival of the prey, as observed with the fluorescence of the spots
(Figure 1A, upper panel). The absence of outcompetition was not due to a growth defect of
the T7SSb mutants as these cells showed growth kinetics comparable to the parental wild-
type strain in nutrient-rich or nutrient-limiting media [30]. We concluded that the cytotoxic
effect of the attacker on the prey depends on a functional T7SSb. The competition was further
quantified by numbering the Colony Forming Units (CFUs). Indeed, the number of BsAyxiD-

yxxD prey cells surviving after an overnight contact with the wild-type B. subtilis was two
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orders of magnitude lower than when in contact with the strains carrying an impaired T7SSb
(Figure 1A, lower panel). Quantification of the GFP signal (normalized to the ODggp)
confirmed the visual result (Figure 1 - figure supplement 1A). To exclude possible polar
effect of the deletions, we checked the production of YueB, which is encoded by the fifth
gene of the yuk/yue operon, and serves as receptor for phage SPP1 [31]. We observed that the
B. subtilis 168 strains AyukE, AyukD, AyukC and AyukB were lysed by SPP1, demonstrating
that these deletions have no effect on YueB production and likely on the others T7SSb
subunits (Figure 1-figure supplement 1B).

Altogether, these data confirmed the T7SSb-dependent ability of B. subtilis to kill cells of the
same species in a contact-dependent manner.

To better document this mechanism of competition, we recorded the live interaction between
B. subtilis prey and attacker cells by fluorescence microscopy (Figure 1B, Video 1). Figure
1B shows that isolated fluorescently labeled prey cells surrounded by wild-type attackers
lysed. At the end of the Video 1, corresponding to the overnight incubation (about 14 hours),
the overall fluorescence is confined to small patches of prey bacteria. By contrast, the
fluorescent prey grew steadily without any noticeable killing event when incubated with
BsAyukC attacker cells (Figure 1B and Video 2).

To determine whether the B. subtilis T7SSb also mediates inter-species competition, we
tested the ability of B. subtilis 168 to compete against Gram-positive bacteria (Lactococcus
lactis  subsp. cremoris NZ9000), actinobacteria (Corynebacterium glutamicum) and
proteobacteria (Escherichia coli K12 [32]). While we did not observe antibacterial activity
against fluorescently labeled C. glutamicum and E. coli (Figure 1C), the survival of L. lactis
cells was significantly affected by B. subtilis in a T7SSb-dependent manner (Figures 1D, 1E
and Video 3). As shown in Fig. 1D, round-shaped L. /actis cells stopped growing after 4 hours
of incubation with wild-type B. subtilis cells (Video 3), but continued to grow up to 9 hours
when in contact with BsAyukC attackers (Figure 1D and Video 4). Interestingly, we observed
that BsAyukC cell growth is inhibited by L. lactis. This inhibition may be due to the
production of bacteriocins by L. lactis [33, 34]. Therefore, a functional T7SSb is not only
required to attack other bacteria, but also serves as a counterattack mechanism against armed

competitors.

Interaction network suggests a central role for YukC in B. subtilis T7SSbh.
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Even though limited data on subunit interactions are available on the S. aureus T7SSb [18, 35,
36], a full picture on the organization of this secretion machine in Firmicutes is still missing.
In order to shed light onto T7SSb organization, we tested binary interactions between all its
subunits.

First, we screened T7SSb subunits interactions by bacterial two-hybrid (BACTH)
assay [37]. Target proteins were fused to both the adenylate cyclase T18 or T25 fragments
either at their N- or C-terminus to circumvent possible steric hindrance on a specific side of
the proteins (Table S2). The results of the BACTH assays are reported in Figure 2A and
summarized in Figure 2B. All B. subtilis T7SSb proteins interacted with at least another
subunits and/or with themselves, indicating that all of them were produced and properly
folded in the E. coli strain used for the BACTH assay. We detected self-interactions for the
YukC, YukB and YueB subunits, as well as for the YukE WXG100 substrate, in agreement
with published data on homologous proteins [12, 15, 35, 36, 38]. As expected from the
predicted topology of YukC, only the constructs having the BACTH tags (T18 and T25) at the
N-terminus interacted (Figure 2 - figure supplement 1B). By contrast, no oligomerization was
observed for YueC and YukD (Figure 2A). Pair-wise tests detected several interactions,
including YukD-YueC and YukB-YueB. Noticeably, YukC appears to interact with all the
other proteins encoded on the yuk operon, with the YukC-YukD interaction giving a weak but
reproducible positive result (Figure 2-figure supplement 1C). This suggests a central role for
the subunit YukC in the assembly of the T7SSb complex. The fact that YukE, YueB and
YukB interact with YukC independently of the position of their T18 or T25 domains suggests
that these proteins do not need free N- or C-terminus to contact YukC (Figure 2-figure
supplement 1D).

Deepening the analysis of YukC-YukB assembly, we showed that YukC interacts with the
N-terminal region (residues 1-256) of the YukB ATPase (Figure 2-figure supplement 1E).
This region, as well as the homologous coupling protein of others T7SSb includes two FHA
domains, which are not found in T7SSa coupling proteins (Figure 2-figure supplement 2).

We then used the BACTH assay to investigate interactions between T7SSb subunits
and one of the LXG toxins. As a model, we picked the previously characterized YxiD toxin,
which ribonuclease activity appears localized in the YxiD C-terminal domain [28]. Therefore
we used the construct YxiDy corresponding to the first 97 amino acids, to avoid toxicity. This
region is proposed to adopt a coiled coil fold similar to the one observed in WXG proteins.
YxiDy interacted with itself, as well as with the YukC T7SSb subunit and the YukE WXG100
protein (Figure 2C and 2D). This result represents the first evidence of where LXG toxin
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would contact the T7SSb complex (YukC) and is in agreement with previous data supporting
the existence of LXG-WXG100 complexes [26].

Pair-wise interactions between YukC and the T7SSb subunits YueB, YukE and the
YukB ATPase (via its FHA domains), were then assayed by co-purification using affinity
chromatography (Figure 3). We confirmed interactions between YukC and YueB (Figure 3A),
and YukC and the YukB N-terminal domain (YukBAjss; Figure 3C). In these cases we
detected these subunits using immunoblotting against affinity tags. Since the Hise tag got cut
out from YukE during its co-purification with YukC, we identified their bands by SDS-PAGE
(Figure 3B) coupled with mass spectrometry (MS) analysis. In addition, tackling the details of
YukC-YukB interaction, we obtained a stable complex between the YukB FHA domain
(YukBA;js6) and the isolated YukC pseudokinase domain (YukCAz;7 including residues 1-
217), supporting the conclusion that the YukC-YukB interaction occurs through these regions

(Figure 3D).

The YukC structure

The presence of multiple interactions with the others T7SSb components highlighted the
central role of YukC. Previous studies yielded models of the soluble domains of YukC
homologs in G. thermodenitrificans and S. aureus [15, 16]. However, the lack of the central
transmembrane region in these constructs left uncertainties on the structural and oligomeric
organization of the T7SSb pseudokinases, limiting structure/function interpretation.

To investigate its structure, the full-length YukC from B. subtilis was purified from E.
coli generating slow-growing crystals showing poor diffraction (20 A). This was significantly
improved using the YukCy;3 construct lacking the last 38 amino acids of YukC, which are
highly positively charged. The SDS-PAGE migration of purified YukCs,; differed from the
full-length YukC probably due to the stretch of positive residues lacking at its C-terminus
(Figure 4-figure supplement 1A).

We solved the structure of YukCy;; by molecular replacement on a 2.6 A resolution
dataset (PDB ID 6Z0F, Figure 4, Table 1), using the coordinates of the soluble domains from
G. thermodenitrificans EssB as the search models (PDBs 2YNQ and 4ANO). In the crystal,
YukCy 3 organizes as a pseudo-symmetrical dimer with chains A and B revolving around a
virtual central axis. The last 27 residues of the YukC*" construct could not be traced neither
in chain A (384 residues) nor in chain B (377 residues), due to the lack of supporting electron

density. In the crystal packing, two YukCj;3 dimers associate in an antiparallel arrangement,
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with the N-terminal region of one dimer contacting the C-terminus of the other (Figure 4-
figure supplement 1B) in a non-physiological organization.

The YukCy; structure can be divided in four main regions, going from the N- to the C-
terminus: the pseudokinase domain (residues 3-206), the 'B-swap' domain (residues 207-211),
the transmembrane (TM) domain (residues 220-243), and the extracellular domain (residues
244-384) (Figure 4). The TM region was defined based on the hydrophobicity profile (Figure
4-figure supplement 1C), in accordance with the TMHMM prediction algorithm. A central
'stalk' crosses the different domains, starting at the -swap and ending on the extracellular

portion of YukC (residues 207-259).

The extracellular domain

The extracellular domains (residues 244-384) present an all-a-helical organization, the
structure of which is not reminiscent of other proteins or domains of known function (DALI
analysis at http://ekhidna2.biocenter.helsinki.fi/dali/). Overall, the extracellular domain of
YukC appears highly similar to that of G. thermodenitrificans EssB (GtEssB, rmsd = 1.5) [15]
(Figure 4-figure supplement 2A). It is composed mainly by 8 a-helices interacting in coiled-
coil motifs and extending approximately 40 A from the membrane plane. In the extracellular
region, the YukCs 3 monomers interact at the level of the a-helix 1 and the loop between the
a-helices 4 and 5 (Figure 4-figure supplement 2B) contributing to YukC dimer stabilization.
We tested if this region might be involved in the interaction with YueB, which is the only
T7SSb subunit having a large extracellular domain. Our bacterial two-hybrid results showed
that YukC still interact with a variant of YueB missing the 90% of its extracellular domain
(YueBA31-817, Figure 4-figure supplement 2C). Since the other loops of YueB are quite short,
this result is in agreement with the proposal that YukC-YueB homologs interact through their

TM regions in S. aureus [18].

The pseudokinase domain

Structural comparison between the pseudokinase domains of YukC and the homologous EssB
from S. aureus (PDB: 4ANN) and G. thermodenitrificans (PDB: 4ANO) indicate a closer
similarity with the last one (Figure 4 - figure supplement 3A). This reflects the sequence
identity percentage with YukC (15 % for S. aureus and 43 % for G. thermodenitrificans).
Nevertheless, the pseudokinase domain (described in detail in [15]) exhibit an overall high

similarity in the three models.
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Additionally, the YukCjs structure allowed identifying the interface between the
pseudokinase domains in the dimer, while in previous structures they were crystallized as
monomers. Their interactions are mainly mediated by the a-helices 04 and a8 (K¥-Q” and
Y'%.T% respectively), the region including B strands B5 and p6 (I''*-F'**) and the
'connecting loop' (CL) going from P®® to A™* (Figure 4 - figure supplement 3B). Despite a
number of intermolecular salt bridges and hydrogen bonds formed between the two
pseudokinase domains, they do not appear contributing to the stability of the dimer (see
below).

In order to better characterize the pseudokinase region of YukC, we performed a sequence
alignment comparing B. subtilis YukC and its S. aureus and G. thermodenitrificans EssB
homologues, with known kinases or pseudokinases identified as best matches on a DALI
search [39]. These include the eukaryotic kinases Sirkl, TNNI3K, Piml and Bsk8, the
bacterial Ser/Thr kinase PknB [40], and the MviN pseudokinase [41] (Figure 4-figure
supplement 4A). The most important motifs characterizing Hanks-type kinases, such as the
glycine-rich P-loop coordinating the ATP B- and y-phosphate, the “VAIK” motif (which
conserved lysine moves toward the glutamate during the hydrolysis), the catalytic loop, the
Mg-binding loop and the activation loop [40], are partially missing in the pseudokinases. The
structural comparison of YukCy;; with PknB in complex with ATP (PDB 106Y) (rmsd 4.2 A
for their pseudokinase domains) shows that YukC has an additional a-helix in the ATP-
binding pocket, with a large side-chain (F*°) partially occluding the ATP binding site (Figure
4-figure supplement 4B). In agreement with this observation, microscale thermophoresis
assays showed that YukC is unable to bind ATP in vitro, in contrast to PknB (Figure 4-figure
supplement 4C). Taken together, the sequence and structural analysis as well as the in vitro
ATP-binding assays suggest that YukC, and likely the other T7SSb-associated pseudokinases,
are unable to bind (and a fortiori to hydrolyze) ATP.

The stalk and the 'B-swap' domain

The analysis of the YukC dimer interface wusing the PISA web tool
(http://www.ebi.ac.uk/pdbe/pisa/) [42] indicated that the major contribution to surface
dimerization comes from YukC middle region including the B-swap and the TM domain
(Figure 5A). While the values of interacting surfaces are similar for the extracellular and the

pseudokinase domains, their contribution to the dimer stability is significantly different, as
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indicated by their A'Gs values. Overall, these values show that YukC dimerization is
supported by the intermolecular interactions occurring along the stalk.

The YukC stalk spans from the 'B-swap' domain up to the beginning of the extracellular
domain. While the pseudokinase domain and the extracellular region are highly similar to the
structures presented previously [15], the overall YukC organization was completely
unpredicted around the transmembrane region presenting the novel f-swap domain and the
dimer twisting around the stalk.

In the transmembrane portion of the stalk, each a-helix is tilted at 70° with respect to the f-
swap domain forming two small cavities, one inside the membrane and one right below
(Figure 5-figure supplement 1A). The two helices change their orientation inside the
membrane at the level of 'kink 1' caused by Proline 231. A second change in helices
orientation at the 'kink 2' (residues 241-242) brings the two a-helices roughly parallel to each
other, forming the top of the stalk in the extracellular domain.

At the base of the stalk, the S-swap domain has, to the best of our knowledge, no structural
known homologs. Its structure is made of a two-stranded, antiparallel p-sheets running
roughly parallel to the membrane plane, where the two monomers cross before regaining a o.-
helical organization. Interestingly, a cluster of hydrophobic amino acids in the S-swap (I***,
' and P*'") forms a hydrophobic patch located below the transmembrane region and capped
by the W*'* residue coming from the stalk (Figure 5-figure supplement 1B). Right in the

middle of the S-swap, the two H**

point their lateral chains in opposite direction with respect
to the hydrophobic patch and towards the pseudokinase domain (Figure 5-figure supplement
1B, inset). Before and after the S-swap domain, three residues (K**°, R*'* and K*'°) define a
positively charged region that may interact with the negatively charged polar heads of the
lipids (Figure 5-figure supplement 1C).

Because the S-swap domain represents a novel structural feature, we sought to verify
this structure in vivo. To this purpose we performed a cysteine-scanning analysis of the twist
region. Residues 206-212 and 221-223 were individually substituted by cysteines, and the
formation of disulfide bonds between the two monomers was assessed by denaturing SDS-
PAGE in reducing or non-reducing conditions. Intermolecular disulfide bridges were detected
in mutants 1208C, H209C, 1210C and R212C (Figure 5B). The strongest effect was observed
for the H*"” residue substitution, facing each other in the S-swap (Co-Co distance in YukC413

model = 5 A), while I**® and I*'° presented a weaker effect (Ca-Co. distance = 8.1 and 8.4 A,

respectively). Surprisingly, mutants in R*'> were also able to form disulfide bonds despite
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their distance in the crystallographic model (15.6 A). The formation of a disulfide bond in this
case suggests that the dimer may undergo a significant structural change, such as a scissor
movement.

Taken individually, the structures of the two monomers in YukCy;3 are basically identical
except at the level of the region between the S-swap and the end of the pseudokinase domain
(Figure 5-figure supplement 2A, red asterisk). Here, the K**° residue of monomer A forms a
H-bond with the A* of B while, on the other side, the side chain of K*** from monomer B is
pointing out, making no interactions (Figure 5 -figure supplement 2B). A difference in the
orientation of the a-helices 8 between the two monomers produce a 4-A shift at their top and

breaks the symmetry of the YukC dimer (Figure 4 and Figure 5-figure supplement 2B).
Discussion

In this study, we provide evidence that the B. subtilis T7SSb is involved in inter- and intra-
species competition. We then delineate the interaction network between T7SSb subunits,
demonstrating a central role for the YukC pseudokinase. Finally, our structure of YukC
highlights new features suggesting a connection between YukC flexibility and its role in

T7SSb.

T78Sb dependent bacterial killing in B. subtilis

Bacteria use distinct mechanisms to compete with each other for conquering an ecological
niche. In B. subtilis, contact-independent competition can occur through production of
specialized metabolites such as Bacillaene [43], the lipopeptides plipastatin [44], and surfactin
[45]. Surfactin is required for biofilm formation and motility, but also inhibits other bacteria,
probably favoring B. subtilis fitness in some environments [46, 47]. In addition, B. subtilis
secretes toxins of the YD-repeat protein family, which inhibits the growth of other B. subtilis
cells in a contact-dependent manner [48]. Recently, a new class of toxins with a conserved N-
terminal (LF)XG motif and a predicted a-helical bundle fold similar to WXG proteins was
identified in Gram-positive bacteria [27]. The C-terminal domain of these proteins from B.
subtilis exhibited RNase activity and were shown to be toxic upon production in E. coli [28].
A bioinformatic analysis on several Firmicutes genomes suggested that LXG proteins are
secreted through the T7SSb [26]. In agreement with this prediction, the N-terminal domain of
the S. aureus T7SSb toxin EsaD belongs to the same superfamily than LXG toxins [49].

Recent results obtained in S. aureus and S. intermedius [26, 49] showed that LXG toxins
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directly mediate intra-species bacterial killing. However, no evidence was provided so far
demonstrating the antibacterial role of T7SSb in non-pathogenic bacteria, including in the
model system B. subtilis. Here we show that B. subtilis is able to cause both intra- and inter-
specific contact-dependent growth inhibition in a T7SSb-dependent manner. Since six LXG
toxins were identified in B. subtilis, we reckoned that elimination of one of the toxin-antitoxin
pairs would affect bacterial ability to survive in a competition context. Indeed, the BsAyxiD-
yxxD strain is efficiently killed by its B. subtilis 168 parental, wild-type, strain, and this
activity depends on the presence of the full set of genes encoding the T7SSb (Figure 1A and
Figure 1-figure supplement 1A). Therefore, B. subtilis 168 produces a functional T7SSb,
despite what has been previously proposed on the basis of the lack of detection of the WXG
substrate, YukE, in culture supernatants [50]. Discrepancy between these results is likely due
to the level of sensitivity of the two methods used to assess T7SSb functionality, a bacterial
competition assay being much more sensitive that YukE immuno-detection. Interestingly, the
presence of yukE is also required for efficient killing, suggesting that (i) YukE plays an active
role in the assembly or functioning of the T7SSb, and/or that (ii) YukE interacts with or
chaperons secreted toxin(s), or participates to the recruitment of the toxins to the secretion
apparatus.

Furthermore, we demonstrated that the B. subtilis T7SSb is able to mediate intra-
specie competition as well, and in particular against mono-dermal bacteria (Figure 1D and
1E). Interestingly in the time-lapse microscopy movies the disappearance of prey cells starts
several hours after the initial contact with attacker cells, both in the intra- and in the inter-
species competition (Video 1 and Video 3). This is in accordance with the RNase activity
suggested for the LXG toxins in B. subtilis [28] which effects may be slower than those of
toxins acting on the stability of the bacterial wall. Another possibility is that the T7SSb-
dependent killing would be activated by specific factors such as the cell cycle or the density
of prey cells. In the future, it will be interesting to further characterize this killing mechanism
to understand which factors and environmental cues control T7SSb expression and activation.
In the movie of B. subtilis AyukC interaction with L. lactis, the growth of the first one is
greatly inhibited, probably by acidification of the media or by the secretion of the bacteriocin
nisin by the second one [33]. The lack of inhibition in the presence of a full set of T7SSb
encoding genes therefore emphasizes the role of this system in bacterial competition in B.
subtilis and probably in Firmicutes overall. Di-dermal bacteria proved to be unaffected by
T7SSb-dependent competition, independently from their Gram-negative or Gram-positive

nature (E. coli and C. glutamicum respectively) (Figure 1C). Despite a broader investigation is
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needed to better understand the molecular details of T7SSb-mediated competition (such as the
mechanism of toxin transport into the target), our data already suggest that LXG toxins can be
transported via the T7SSb through the typical monoderm barrier found in Firmicutes, but they
seem unable to cross the double membrane of actinobacteria or typical Gram-negative
bacteria. In the future, structural information will help understanding how these toxins are

delivered into prey cells.

The T7SSb interaction network in B. subtilis

How the LXG toxins contact and are transported through the T7SSb is still not understood. In
S. intermedius they were proposed to interact with WXG-like proteins [26] while in S. aureus,
different effectors (EsaD-EsaE, EsxB, EsxC and EsxD) contact the C-terminus of the
coupling protein [14, 21], suggesting that different mechanisms would mediate substrates
recognition in the T7SSb. Our BACTH results place YukC as an ideal candidate for
interacting with LXG toxins mediating their contact with the rest of the T7SSb (Figure 2C).
Moreover, the interaction of YxiD N-terminus with YukE, and the requirement of the latter
for bacterial competition support the idea that WXG100 proteins may act as recruiting factors
or chaperons for LXG toxins.

The interaction network of T7SSb subunits yielded a complete picture of the molecular
interactions within this secretion complex, broadening the understanding of how T7SSbs are
organized, and confirming the sparse data available on the S. aureus T7SSb (Figure 2A and
Figure 2-figure supplement S3).

In particular, the fact that all the T7SSb subunits directly interact with YukC highlights the
importance of this subunit in T7SSb (Figure 2A and 2B). Key YukC interactions with: 1) the
substrate YukE, ii) the multispanning membrane protein YueB and iii) the ATPase YukB
were also verified by co-purification and in vivo binding experiments (Figure 3).

Our results also show that the large multi-spanning protein of the BsT7SSb system, YueB,
interacts directly with the ubiquitin-like subunit YukD. Interestingly, in T7SSa, the multi-
spanning membrane protein EccD has an N-terminal ubiquitin-like domain. Despite the lack
of sequence conservation between the multispanning transmembrane proteins in T7SSa and
T7SSb, our result suggests a functional correlation between these subunits. However, the
ubiquitin-like domain of EccD3 contacts the cytoplasmic portion of the EccC3ATPase in the
ESX-3 T7SSa [7, 8], while the BsT7SSb ubiquitin-like subunit YukD does not contact
directly the coupling protein. YukC and/or YueB might mediate such interaction in the

BsT7SSb.
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The interaction of YukC pseudokinase regions with the FHA domains unveils the role of
these domains at the N-terminus of the coupling proteins in T7SSb (Figure 3C and 3D). FHA
domains usually recognize and bind phospho-threonine residues on different eukaryotic and
prokaryotic proteins [17, 51]. However the phosphorylation of the threonine residues on
YukC domain would require an eSTK (also known as Hanks-type) kinase, such as PrkC in B.
subtilis [52]. Since the YukC-YukB/FHA BACTH and co-purification assays were performed
in E. coli, where to our knowledge no 'typical' eSTK is present [53], this suggests that this
FHA-pseudokinase interaction is phospho-independent. Indeed, typical residues responsible
for the binding of phosphorylated targets are not present neither in the FHAs of YukB [17],
nor in those of EssC from S. aureus and G. thermodenitrificans (PDB 1WV3 and SFWH,
respectively) [12, 13], supporting the phospho-independent nature of the YukB-YukC

interaction.

The YukCy;; structure and its functional implications

The YukCy;3 crystal structure provides novel information to help understanding the possible
mechanism of this subunit in T7SSb complexes. The extracellular domain of YukC does not
appear to be directly involved in the multiple interactions observed with the other membrane
components of T7SSb. Indeed, our data suggest that YueB-YukC interaction is not mediated
by their extracellular regions (Figure 4-figure supplement 2C), while the others BsT7SSb
subunits do not have significant extracellular domains. We showed that the C-terminal region
of YukCj,3 extends about 40 A above the cellular membrane (Figure 3-figure supplement 1C)
being located inside the peptidoglycan. However the 73 C-terminal residues missing in our
construct are predicted to be highly disordered, maybe reaching the external portion of the
peptidoglycan. Given its location, this region might be involved in positioning the T7SSb
through YukC interaction with the peptidoglycan, as proposed for the S. aureus homolog
EssB [15].

Spanning from the extracellular domain to the intracellular region, the stalk constitutes an
unexpected structural feature producing the YukC monomers rotation around a central axis
and stabilizing their dimerization (Figure 5A). It is interesting to note that several proline
residues are present along the YukC stalk (Figure 5-figure supplement 2C). It is well known
that proline could introduce flexibility in a-helices, in some cases influencing the mechanisms
of signal transduction [54-57]. This has been recently proposed for the TM histidine kinase
DeskK, controlling membrane lipid homeostasis in B. subtilis [58]. Interestingly, the distance

between key prolines and the orientation of TM helices are striking similar when comparing
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the model of DesK TM region with the YukCy;3 structure. Given that these prolines were
shown to be crucial for DesK signal sensing and transduction [58], it will be interesting to
assess their role in the functionality of YukC and T7SSb.

In the crystal packing, two YukCy;3 dimers associate in a head-to-tail orientation, with the
pseudokinase domains of one dimer interacting with the extracellular region of the other
(Figure 4-figure supplement 1B). Despite these asymmetric contacts, the YukC monomers
show structures that mostly overlap (within experimental error) suggesting that the
conformation of YukC single domains might not be easily disrupted by contacts with other
proteins. However, the monomers differ in the orientation of the region between the last o-
helix of the pseudokinase and the [-swap (Figure 5-figure supplement 2A). Here, two
residues (K*”” from chain A and A* of chain B) interacting only on one side of the model,
participate in the rigid body movement of one pseudokinase domain, which is lifted towards
the membrane compared to the other (Figure 5-figure supplement 2B). As discussed above,
YukC pseudokinase domains interact directly with the coupling protein (Figure 2, Figure 2-
figure supplement 1E, and Figure 3) and maybe with other T7SSb subunits. It will be
interesting to analyze the effects of mutations in these two residues (K** and A™) on the
interaction of the pseudokinase and on T7SSb functionality.

In parallel, the A'G value of the pseudokinase domains interface suggests a non-stable
association of these domains (Figure 5A), which could possibly be modified by the binding of
other subunits or substrates in the T7SSb. Moreover, we obtained experimental evidences of
a possible lateral flexibility of the pB-swap using cysteine-scanning analysis. With this
experiment we also confirmed the nature of this peculiar structural arrangement by proving
that the three central residues of the strands are close enough to form disulfide bonds.
Interestingly, whereas in the YukCy3 model, R*'? residues are located quite far from each
other (15.6 A) their substitution induces disulfide bridges in YukC (Figure 5B). Therefore an
in vivo conformational change of this region should occur to allow the two side chains to be in
contact. A scissor-like movement of the B-strands at the level of the swap region could bring
these residues close to each other at a certain point of the YukC activity. Alternatively,
formation of the sulfur bridge might destroy the pB-swap. In both cases, our result shows that
the pseudokinase domains are flexible enough to form this sulfur bridge. The hydrophobic
patch located between the stalk and the TM region (residues 2% 1210 p? and W2 F igure 5-
figure supplement 1B) could play a role in this mechanism, especially in the case of T7SSb

assembly in lipid rafts proposed in [59].
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Altogether, our evidences support a model where YukC undergoes dynamic structural
changes in its intracellular region that could modulate its interactions with other T7SSb

subunits and substrates, including the LXG toxins involved in bacterial competition.

Conclusion

Taken together our results show that B. subtilis T7SSb is a bona-fide functional T7SS. The
many advantages of this bacterial model (non-pathogenic, highly amenable to genetic
manipulation and with a well characterized physiology) combined to the simple organization
of its T7SSb (compared to M. tuberculosis T7SS or S. aureus T7SSb), establish B. subtilis
T7SS as an important model system. Our study lays the foundations of further investigations
that will help understanding the complete assembly and secretion mechanism of these

important bacterial secretion systems.

Materials and methods

Cloning

Plasmids used in this work are listed in Table S2 (plasmids for BACTH assay), Table S3
(plasmids for protein expression) and Table S4 (plasmids for competition assays). Plasmid
propagation and construction were routinely performed with E. coli DH5a. Genes of interest
were amplified with the Phusion polymerase (Thermo Scientific) using purified B. subtilis
168 DNA as template and cloned with standard restriction enzymes-based procedures. In the
case of pRSFduet/yueB.strep four primers were used to generate annealing over-hangs.
pJM14 (amyE::Phyperspank-gfp, Spectinomycin) was built in a two-way ligation with a PCR
amplified fragment containing the gfp gene and an optimized ribosome-binding
site (oligonucleotide primers 0JM31 and 0JM32 and plasmid pKL147 [60] as template) and
pDR111 (kind gift from D.Z. Rudner) cut with Hindlll and Nhel. Inserts and vectors were
digested with restriction enzymes (New England Biolabs, NEB). Primers used and generated

plasmids are listed in Tables S1 to S4.

Bacterial strains

Strains used are listed in Table S5. To engineer the B. subtilis T7SSb mutant strains used in
this study (BsAyukE, BsAyukD, BsAyukC, BsAyukB, BsAyueB and BsAyueC), we initially
purchased deleted strains from the Bacillus Genetic Stock Center (BGSC) in the B. subtilis
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168 trpC genetic background carrying the erythromycin (erm) resistance cassette flanked by
Lox sites replacing the wild-type gene (BKE31910 to BKE31850). The respective markerless
deletions used for our experiments were obtained by eliminating the erythromycin resistance
cassette from the /ocus of the respective T7SSb gene from each B. subtilis mutant. To this
purpose, each strain was transformed with the thermosensitive vector pDR244 encoding for
the Cre recombinase [61]. The strains lacking erythromycin resistance were further tested by
PCR and pDR244 was eliminated by growing the cells at 42 °C on LB-agar plates.

As 'attacker' strains in the bacterial competition, the B. subtilis 168 CA wild type or the
markerless mutants described above were used. As a 'prey' strain for the intra-specie
competition we used B. subtilis 168 CA lacking the toxin-antitoxin pair YxiD-YxxD. The
BsAyxiD-yxxD strain was made by transforming B. subtilis 168 CA with the pJM14
integrative vector carrying the yxiD-yxxD flanking sites inserted using Gibson assembly kit
from NEB. For inter-species competition L. lactis subsp. cremoris (strain NZ9000) was used,
carrying the plasmid pGTP_FZ 301 conferring chloramphenicol resistance [62]. To test
competition against Gram-negative bacteria, the E. coli K-12 W3110 was used, carrying the
plasmid pUA66-rrnB for constitutive Green Fluorescent Protein (GFP) expression [63].
Competition against diderm Gram-positive bacteria was performed using a strain of C.
glutamicum carrying the plasmid pUMS-6 [64] with the 'mScarlet' fluorescent gene [65] and

conferring Kanamycin resistance.

B. subtilis genome extraction

A fresh single colony was inoculated in 2mL LB and grown until mid to late exponential
grown (A = 600 nm (4ep0) ~ 0.8) and the corresponded cells pellet was resuspended in 200 pL.
of lysis buffer (20mM Tris-HCI, pH 7.5, 2 mM EDTA, 20 mg/mL lysozyme, 1.2 % Triton
x100). The bacterial solution was incubated 30 minutes at 37 °C. Subsequent steps followed

the ‘DNeasy Blood & Tissue Kits’ protocol (Quiagen — Ref 69504).

Transformation of B. subtilis

2 mL of LB were inoculated with a B. subtilis single fresh colony and grow overnight at 28°C
with 180 rpm shaking. Cells were diluted 1:100 in 5 mL of Spl media (2g/L (NH4),SO., 14
g/L KoHPO,, 6 g/L KH,POy4, 1 g/L Na-Citrate - 2H,0, 0.2 g/L MgSO4 7H,0, 0.5 % glucose,
0.1 % yeast extract, 0.02 % casaminoacids) and grown at 37 °C under agitation at 180 rpm.

0.5 mL of the late exponentially growing cells was added to 4.5 mL of SpIl medium (Spl
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supplemented with 0.5 mM CaCl,, 2.5 mM MgCl,) and grown 90 min at 37 °C with 100 rpm
shaking. The culture was supplemented with 1 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA) and incubated for additional 10 min. 1 to 10 pg of purified
DNA was added to 300 pL of B. subtilis competent cells and incubated at 30 °C for 90 min
with 100 rpm shaking. The culture was spread on LB solid media supplemented with 2
pL/mL Erythromycin.

Bacterial competition assay

Single fresh colonies from glycerol stocks (strains listed in Table S5) were grown on LB solid
media (agar 1.5 %) overnight at 30 °C before being inoculated in 3 mL of LB liquid media
supplemented with Spectinomycin (Spec) 100 pg/mL for B. subtilis prey cells. Cells were
diluted 1:100 in 4 mL of SIM media (Secretion Induced Media: M9 supplemented with 10 %
LB, 2.4 % glycerol, 0.4 % glucose, 10 pg/mL thiamine, 75 pg/mL casaminoacids, ]| mM
MgSOj4, 0.1 mM CaCl, 50 pM Fes;Cl and 100 pM citrate) without antibiotic. The B. subtilis
'prey’ strain lacking YxiD and YxxD were induced by the addition of 200 uM isopropyl B-D-
1-thiogalactopyranoside (IPTG) when cultures reached A=600 nm (4¢00) of 0.2. Two mL of
each bacterial culture were pelleted at 4¢00=0.8 by centrifugation at 8,000 x g for 5 min and
resuspended in SIM media to an 4eg of 10. Predator and prey cells were mixed in a 5:1 ratio,
and adjusted to 100 pL with SIM media. 12.5 pL of each bacterial mixture were spotted on
SIM solid media (1.5 % agar, supplemented with IPTG 200 pM) in duplicate and the plates
were incubated overnight at 30°C. The competition plates were imaged by visualizing GFP
fluorescence in a BioRad ChemiDoc system, using the program 'Alexa535'. Bacteria from
each spot were resuspended in 1 mL of LB liquid media and kept on ice. The Asoo was
adjusted to 0.5 and 200 pL of each bacterial solutions was placed in a black 96-wells plate, in
triplicates. Three wells were filled with sterile LB as negative control. The 96-plate was
analyzed using a TECAN microplate reader with excitation at A=485 nm and emission at
A=530 nm. 100 pL of 107 to 10° serial dilutions were plated on LB solid media
supplemented with Sp 100 pg/mL. The plates were incubated overnight at 37 °C and the
number of surviving B. subtilis prey cells were counted. Six spots were analyzed from 3
independent experiments for each prey-predator mix obtaining survival cell data with

calculated P values < 0.05.

Live microscopy
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B. subtilis and L. lactis cultures grown as previously described for competition tests, were
applied on SIM media-based 2% agarose pads. Live imaging was performed using a Zeiss
Axio Observer Z1 microscope fitted with an Orca Flash 4 V2 sCMOS camera (Hamamatsu)
and a Pln-Apo 63X/1.4 oil Ph3 objective (Zeiss) and analyzed using the software Fiji [66].
For B. subtilis 168 or BsAyukC vs BsAyxiD-yxxD, frames were collected every 20 min during
overnight growth at 30 °C, using phase-contrast and epifluorescence microscopy (585 nm, 40
ms exposure time). For B. subtilis 168 or BsAyukC vs L. lactis competition movies, frames

were collected only in phase-contrast every 15 min under the same experimental conditions.

SPP1 infection assay

A fresh B. subtilis colony was inoculated in 3 mL of LB liquid media and grew over night at
37 °C, 180 rpm. The culture was diluted 1:100 in 3 mL of LB and once it approached the
exponential phase (A = 600 nm (Asoo) 0.4 — 0.6) 250 uL were mixed with 5 mL of LB top-
agar (0.6 % agar) supplemented with 10 mM CaCl,. The mixture was quickly poured onto LB
solid media (1.5 % agar) and waited for its solidification. 10 pL of SPP1 serially diluted
solutions were spotted on the top-agar surface and the plate was incubated at 37 °C over night.

The SPP1 stock solution was kindly provided by Dr. Paulo Tavares.

Bacterial Two-Hybrid Assay

The Bacterial Two Hybrid (BACTH) assay was performed according to the manufacturer
instructions (Euromedex). Plasmids used for the BACTH assays are listed in Table S2.
Briefly, 50 uL of E. coli BTH101 cells [37] were co-transformed with 20 pg of pKT25/X or
pKNT25/X and 20 pg of pUT18/X or pUT18C/X where X indicates the gene of interest (see
Table S2). As a negative control, pKT25 and PUT18C were used, while the vectors carrying
the zip gene were used as a positive control. Freshly transformed colonies were picked,
growth in 5 mL of LB media supplemented with the selective antibiotic until A¢p = 0.4. 1uL
was then spotted on LB media supplemented with 40 pg/mL of 5-bromo-4-chloro-3-indolyl-
B-D-galactoside (X-gal) (Euromedex), ampicillin (Amp, 100 ug/mL), kanamycin (Kan, 50
ug/mL) and 0.5 mM IPTG. Alternatively, carbenicillin (Carb) at 50-100 ug/mL was used
instead of ampicillin because of its higher stability compared to ampicillin. To increase the
amount of colonies tested, a variation of this protocol was developed, which was optimized to
give the same results after 72 hours of incubation at 25 °C. Briefly, after double

transformation, BTH101 cells were picked and resuspended in 2 pLL of LB. Then 1 pL of this
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mixture was directly spotted on LB solid media supplemented with Carb 50 pg/mL, Kan 50
pg/mL, 5 mM IPTG and 40 pg/mL X-gal. Each transformation was performed at least twice,
and 3-6 colonies per transformation were tested for each interaction. Therefore each BACTH
assay reflects the results of minimum 6 different colonies. The plates were incubated at 25 °C
for 72 hours, followed by an additional incubation time at 30 °C for 24 hours when necessary
until saturation of the negative control. The X-gal (Euromedex) was freshly prepared before

each experiment, by resuspension in dimethylformamide to a stock solution of 40 mg/mL.

Co-purification of YukC and T7SSb components
YukC.his-YueB.strep co-purification

6 L of TB Terrific Broth (TB) supplemented with Carb 50 pg/mL, Kan 50 pg/mL and 0.8 %
glycerol were inoculated with E. coli C43(DE3) [67] co-transformed with pET15b/yukC.his
and pRSF/yueB.strep. YukC.his and YueB.strep were induced as described for YukC.strep
purification (see below). The E. coli cells were resuspended in 200 mL of cold Lysis buffer
(50 mM HEPES pH 8§, 300 mM NaCl, 1 mM EDTA, 5 % glycerol, 4 tablets of protease
inhibitors, Roche). The cells were lysed and the membrane fraction was collected as described
in the YukC purification protocol below. The membrane fraction was resuspended in 20 mL
of cold solubilization buffer (25 mM HEPES, pH 8, 300 mM NaCl, 2.5 % glycerol, 1 mM
TCEP, 1 tablet of protease inhibitors). The membrane proteins solubilization was achieved by
the addition of 0.5 % Lauryldimethylamine-N-Oxide (LDAO) followed by 40 min incubation
under moderate shaking at 4 °C. For the affinity chromatography step, the sample was first
loaded into the StrepTrap column (GE Healthcare) and washed with 50 mL of purification
buffer (25 mM HEPES, pH 8, 175 mM NaCl, 0.02 % LDAO). The StrepTrap was washed
with purification buffer containing 0.004 % Lauryl Maltose Neopentyl Glycol. 2,2-
didecylpropane-1,3-bis-B-D-maltopyranoside (LMNG) final instead of LDAO.

Proteins were eluted directly into a 1 mL HisTrap column (GE Healthcare) using purification
buffer supplemented with Desthiobiotin 2.5 mM (IBA Solutions For Life Science™). The
HisTrap column was then washed with 20 mL of purification buffer supplemented with 40
mM Imidazole and the proteins were eluted with the same buffer supplemented with 0.5 M

Imidazole. The eluted proteins were separated on SDS-PAGE and detected by immunoblot.

YukC.strep — YukE.his co-purification
2 L of LB supplemented with 50 pg/mL Carb and 50 pg/mL Kan was inoculated with E. coli
BL21(DE3) co-transformed with pRSF/AukC.strep and pETI15b/yukE.his. YukC,;;.strep and
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YukE.his were induced and cells grown as described below for YukC.strep purification. The
YukC.strep-YukE complex was isolated from the membrane fraction applying the protocol
used for the YukC.strep purification (see below), except for the presence of 1 % v/v Triton-X
100 instead of 1 % Cymal6. For the affinity chromatography step, the sample was first loaded
into the StrepTrap column (GE Healthcare), washed with 50 mL of purification buffer (25
mM HEPES, pH 8, 175 mM NacCl, 0.03 % Triton-X 100) and proteins were eluted directly
into a 1 mL HisTrap column (GE Healthcare) using purification buffer supplemented with
Desthiobiotin 2.5 mM (IBA Solutions For Life Science™). The HisTrap column was then
washed with 20 mL of purification buffer supplemented with 40 mM Imidazole and the
proteins were eluted with the same buffer supplemented with 0.5 M Imidazole. The eluted
fractions were analyzed on SDS-PAGE. The YukC and YukE identities were confirmed by
LC-MS/MS.

Co-purification of YukC.strep and YukB ;56 (FHA domains)
2 L of LB supplemented with Carb 50 pg/mL and Spec 50 pg/mL were inoculated with E.
coli BL21(DE3) [68] co-transformed with pRSF/yukC.strep and pCDF/yukB s56p.his. In this
case, the buffer solutions were supplemented with 0.5 mM TCEP. The YukCaz;7-YukBasse
complex was purified by double affinity chromatography as previously described for the
YukC.strep-YukE.his complex. The eluted protein were separated on SDS-PAGE and

detected by immunoblot.

Co-purification of YukCsz;7 (pseudokinase domain) and YukB 256 (FHA domains)
2 L of LB supplemented with Carb 50 pg/mL and Spec 50 pg/mL were inoculated with E.
coli BL21(DE3) co-transformed with pRSF/yukC,z;7.strep and pCDF/yukBs;s6p.his. In this
case, the buffer solutions were supplemented with 0.5 mM TCEP. The YukCaz;7-YukBasse
complex was purified from the soluble fraction of the lysate by double affinity
chromatography as previously described for the YukC.strep-YukE.his complex. The eluted
protein were separated on SDS-PAGE and detected by immunoblot.

Immunoblot

The proteins separated on SDS-PAGE were transferred on a PVDF membrane (0.45 pM,
Merk) previously activated by ethanol and pre-equilibrated with transfer buffer (25 mM Tris,
192 mM glycine, 0.1% SDS, 20% ethanol) with a Trans-Blot Turbo system (BioRad). The
PVDF membrane was blocked for 1 h in PBS supplemented with 0.1 % Tween-80 from
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Sigma Aldrich ('PBS-Tween') and 4 % of milk powder. The primary antibodies (diluted
1:1000 for the anti-Strep, and 1:2000 for the anti-His6) were incubated in the same buffer
overnight at 4 °C under gentle shaking. Anti-Strep antibodies were purchased from IBA
Solutions For Life Science™, while the anti-His6 was from Sigma Aldrich. The PVDF
membrane was washed three times for 10 min in PBS-Tween. The secondary antibody anti-
mouse HRP-conjugated (Sigma Aldrich) was diluted 1:5000 in PBS-Tween. After 1 h
incubation, the PDVF membrane was washed 3 times for 10 min in PBS-Tween. The blots
were developed with ECL (Amersham Biosystem) and revealed in a ChemiDoc system

(BioRad).

YukC.strep and YukCays purification

A single fresh colony of E. coli BL21(DE3) transformed with pRSF/yukC.strep or
pRSF/yukCy,3.strep was inoculated in 100 mL of LB liquid media supplemented with Kan 50
pL/mL. After overnight growth at 37 °C overnight shaking at 180 rpm, the bacterial pre-
culture was diluted 1:50 in 4 L of LB media supplemented with Kanamycin (50 pL/mL) and
this large-scale culture was incubated at 37 °C, 180 rpm until A = 600 nm (Asoo) 0.8, when
YukC.strep production was induced by the addition of 0.5 mM IPTG while the incubation
temperature was moved to 16 °C. The culture was incubated overnight shaking at 180 rpm.
Cells were then collected by centrifugation at 6000 x g for 20 min at 4°C. During the
following purifications steps the samples was kept on ice unless otherwise specified. The E.
coli cells were resuspended in 100 mL of cold lysis buffer (50 mM HEPES pH 8, 175 mM
NacCl, 5 % glycerol, | mM EDTA and 2 tablets of protease inhibitors by Roche). The bacterial
solution was then incubated at room temperature (RT) for 20 min under moderate shaking in
the presence of 0.5 mg/mL lysozyme (Sigma-Aldrich) at and additional 10 min after addition
of 0.1 mg/mL DNase, 5 mM MgCl, and 1 mM TCEP. The bacterial cells were lysed through
3 cycles into an Emulsiflex (Avestin, US) keeping the pressure between 15 000 and 20 000
psi. In order to remove the unbroken cells, the lysate was centrifuged for 15 min at 12000 x g.
The membrane fraction was collected by ultracentrifugation in a Ti45 rotor (Beckmann)
running at 80000 x g for 1 h. The soluble fraction was discarded and the membrane fraction
resuspended in 20 mL of cold solubilization buffer (25 mM HEPES, pH 8, 175 mM NacCl, 2.5
% glycerol, 1 tablet of protease inhibitors). 20 mL of solubilization solution supplemented
with the 2 % 6-Cyclohexyl-1-Hexyl-B-D-Maltoside (Cymal6, Anatrace) was added gently to
the membrane solution and the sample incubated at RT for 30 min under moderate shaking.

Unsolubilized material was removed by ultracentrifugation using the rotor SW32 (Beckmann)
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at 50000 x g for 45 min. The cleared membrane fraction was loaded with a flow of 0.8
mL/min on a pre-equilibrated 5 mL StrepTrap column (GE healthcare) mounted on as
AktaPurifier system (GE healthcare) in the presence of purification buffer (25 mM HEPES,
pH 8, 175 mM NaCl, 0.04 % Cymal6). The affinity column was washed using 50 mL of
purification buffer. YukC was eluted using the purification buffer supplement with 2.5 mM
Desthiobiotin (Sigma). The protein composition of the eluted fractions and the intermediated
purification steps were evaluated by SDS-PAGE. 5 mL of YukC solution was injected on a
Superdex 200 PG 16/600 column to further eliminate contaminant proteins. The yield of

protein was approximately 5 mg per L bacterial culture.

YukC crystallization and structure determination

Crystals of YukCiy;3.strep were obtained by hanging-drop vapor diffusion in 0.4 pL with a 1:1
ratio between the protein solution (20 mg/mL YukCa;3, 25 mM HEPES, pH 8, 175 mM NacCl,
0.04 % Cymal6xs and the crystallization solution (0.1 M MgCl,, HEPES 50 mM, pH 7.5, 15
%w/v PEG 2K). 200 nl drops were dispensed by a Mosquito Crystal robot (ttp labtech) at 4°C
and crystals appeared within three days. The crystals were frozen in liquid nitrogen with a
50% paratone N (Hampton Research), 50% paraftin oil solution as the cryo-protectant. A 2.6-
A resolution dataset was collected on beamline ID30A-3 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. Data were processed with autoPROC [69] and
the structure (PDB ID: 6Z0F) was solved by a two-step molecular replacement approach with
PHASER [70]. Rms deviations were calculated with Molprobity [71] within the phenix
crystallographic software suite.

A first molecular replacement search was performed using the coordinates of the dimeric
extracellular portion of G. thermodenitrificans EssB (PDB 2YNQ) as the probe, followed by a
new search using the coordinates of the pseudokinase domain from the same protein (PDB
4ANO). Once a solution including both the intracellular and extracellular domains was
identified, the missing part of the molecule, including the transmembrane domain, was
modeled combining automated tracing with PHENIX AutoBuild [72] and manual rebuilding
with Coot [73]. The overall model was then subject to alternating cycles of inspection with

coot and refinement with BUSTER [74].

Analysis of the YukCy;; dimer interface
Coordinates of YukCs;; were analyzed with the PISA server (http://www.ebi.ac.uk/msd-

srv/prot_int/cgi-bin/piserver [42]) to evaluate dimerization surfaces (A%) for different regions
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of YukCy 3 as well as their corresponding AG's, and to identify residues involved in H-bonds

or salt bridges.

Analysis of the B-swap domain

Cysteine substitution construction. Codon substitutions were introduced into the vector
pBE-S/yukChis by site-directed mutagenesis using complementary pairs of oligonucleotides
bearing the desired substitution (listed among others in Table S1, synthesized by Sigma-
Aldrich) and the Pfu Turbo DNA polymerase (Agilent technologies). All constructs have been
verified by DNA sequencing (Eurofins genomics).

Cysteine cross-linking assay. Overnight cultures of B. subtilis cells producing the wild-
type 6xHis-tagged YukC or its cysteine derivatives were diluted to a Ao of 0.1 in LB. Once
the cultures reached A4¢p0 = 0.8, N-ethyl maleimide (Sigma-Aldrich) was added at the final
concentration of 5 mM to block all free thiol groups. After 20 min of incubation at 37 °C,
cells were harvested, resuspended in lysis buffer (20 mM Tris-HCI pH7.5, 10 mM EDTA, 10
mM MgCl,, 1 mg/mL lysozyme, 100 pg/mL DNase) supplemented with protease inhibitors
(Complete, Roche), frozen for 15 min at -80°C, and thaw at 37°C before addition of Laemmli
loading buffer supplemented or not with B-mercaptoethanol 8 % and boiled for 5 min. Total
extracts were run on 10%-acrylamide SDS-PAGE, and transferred onto nitrocellulose. YukC
and YukC multimers were detected with anti-histidine-specific antibody (clone ADI1.1.10,
Biorad).

Comparison of YukCy;; structure

We searched for structures similar to YukCy;3 using the web tool DALI [39] obtaining the
rmsd, the values for sequence identity and Z-score. The selected protein sequences were
aligned with the web tool T-COFFEE [75] and the structures were super-imposed with the
software UCSF Chimera [76].

Nano differential scanning fluorimetry (nanoDSF)

Thermal denaturation was performed on the Prometheus NT.48 (Nanotemper) from 20 to
95°C with 80 % excitation laser power and 2 °C/min of heating rate. The tryptophan
fluorescence emission was monitored at 330 nm and 350 nm as a function of increasing
temperature. YukC and PknB were diluted to a concentration of 1 mg/mL in presence or in
the absence of 1 mM ATP in 25 mM HEPES, pH 8, 175 mM NaCl, 2 mM MgCl,, 0.04 %

Cymal6. The sample was filled into the capillaries and the emission at 350 nm and 330 nm
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was measured. The intrinsic fluorescence signal expressed by the 350nm/330nm emission
ratio was plotted as a function of temperature. Three replicates were performed for each
protein. The average of the replicates was calculated and plotted in Figure 4-figure

supplement 4.
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Figure Legends

Figure 1. B. subtilis T7SSb-dependent competition assay. A) Competition assays using the
fluorescent strain B. subtilis AyxiD-yxxi::gfp as a prey. As attackers we used the B. subtilis
168 CA ‘wild type’ (WT) strain and its derivative six strains deleted in a T7SSb gene each.
Upward: fluorescence of bacterial spots on LB agar plate after overnight competition. In the
presence of the attacker strain carrying a wild-type T7SSb operon the GFP fluorescence of the
'prey' disappeared (left). Instead, when strains carrying single-gene deletions in the yuk
operon were employed, GFP fluorescence was still observed in the prey after overnight
incubation. Bottom: Survival of prey cells was evaluated by the ability to form colonies on a
selective media containing Spectinomycin. The CFU values are reported for each assay using
a different 'attacker' strain as for the correspondent experiments shown above. B) Frames
from Video 1 showing disappearance of prey cells from the bright field, and of their
fluorescence from GFP and from the composite images. Samples of disappearing cells are
highlighted with yellow arrows. C) Fluorescent spots showing the results of the competition
assay against didermal bacteria E. coli and C. glutamicum. Similar fluorescence intensity is
observed after overnight competition using B. subtilis WT and its mutant AyukC, suggesting
no T7SSb-dependent killing of B. subtilis on these bacteria. D and E) Bacterial inter-species
competition assay using L. lactis as ‘prey’. D) Frames from the live-imaging of the contact-
dependent competition assay showing the T7SSb-dependent killing of the monoderm Gram
positive bacteria L. lactis by B. subtilis (Videos 3 and 4). E) Surviving L. lactis cells were
selected on a solid media supplemented with chloramphenicol. The different survival rate in
the presence of the WT and the AyukC B. subtilis strains suggest a T7SSb dependent-

competition.

Figure 1-figure supplement 1. Competition assays controls. A) GFP emission
quantification of the correspondent experiments reported in Figure 1A. The bacterial spots
after overnight competition were resuspended in minimal media, normalized to the bacterial

ODgo, and their fluorescence measured at 530 nm (excitation 485 nm). The pictures of spots
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fluorescence for the corresponding samples are reported below. B) Effect of T7SSb gene
deletions on the ability of SPP1 phage to lysate B. subtilis. Phage-induced bacterial lysis,
mediated by the protein YueB, is observed in each deletion of the first four genes of the
operons (namely BsAyukE, BsAyukD, BsAyukC and BsAyukB), while deletions in the yueB

gene causes resistance of B. subtilis to SPP1 lysis.

Figure 2. Binary protein interactions within B. subtilis T7SSb. A) Blue spots of E. coli
cells shows interaction between the BACTH-tagged BsT7SSs subunits as indicated in the
scheme. Representative positive and negative controls are shown labeled respectively as (+)
and (-). B) Top: B. subtilis T7SSb operon gene organization. Bottom: schematic of the binary
interactions in T7SSb. The arrows are color-coded as follows: in cyan YukC interactions, in
black interactions between others T77Sb subunits. Self-interactions are colored as each
specific subunit. C) BACTH assay showing direct interaction of YxiD N-terminal region
(YxiDn) exclusively with YukE and YukC among all the T7SSb subunits. YxiDy also
exhibited self-interaction. The relative controls are reported below. D) Schematic of YxiDy

interactions.

Figure 2-figure supplement 1. BsT7SSb BACTH assay. A) Series of BACTH controls for
each sets of experiments shown in Figure 2A. The list of the correspondent experiments is
reported on the right side of the control image. B) BACTH results on YukC oligomerization
confirming its predicted topology with the N-terminus inside the cell and the C-terminus
outside. C) Three different YukC-YukD interaction spots are reported showing the consistent
positive interaction compared to the controls. D) The interaction of YukC with YueB, YukE
and YukB is independent from the side of the T25- or the T18- tags. E) BACTH assay
between YukC and the N-terminal domain of YukBA256 including the two FHA regions
('FHA").

Figure 2-figure supplement 2. Sequence alignment between YukB and selected homologs
from T7SS and T7SSb. Sequences of six coupling proteins were aligned from the beginning
to the ATPase region of the DUF domain using the Clustal Omega (1.2.4) program. The
following protein were analysed: EssC from S. aureus USA300 (SaEssC), YukB from B.
subtilis 168 (BsYukB), EssC from G. thermodenitrificans (GtEssC), all from T7SSb, and the
following coupling proteins from T7SSa: EccC from M. smegmatis ESX-3 (MsEccC3), the T.
curvata (TcEccC), and EccCa from M. tuberculosis ESX-1 (MtEccCal). The FHA domains
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are depicted in bold characters, the TM regions in red and the Walker A and B regions of the
DUF ATPase are highlighted in cyan and yellow, respectively. Fully conserved residues are
indicated by asterisks (*), colons (:) indicate conservation between groups of strongly similar

properties and semicolon (;) conservation between groups of weakly similar properties.

Figure 2-figure supplement 3. Schematic of YukC interactions with the T7SSb
components and with YxiDn. The T7SSb components are represented accordingly to their
predicted topology. YukC and its self-interactions are represented in cyan. Black arrows
represent interactions between YukC and T7SSb subunits. Interactions of the N-terminal

domain of YxiD toxin (YxiDy, in orange) are indicated in grey.

Figure 3. Co-purification of YukC with its interactions partners. A) Immunodetection of
the co-purified YueB.strep (a-Strepll, left) and YukC.his (a-Strepll, right). B) SDS-PAGE
migration of the eluted sample from the co-purified protein complex composed by YukC strep
and YukE.his. C) Immunoblot of the eluted proteins from YukB,»ss.his (FHA domains) —
YukC.strep co-purification. The proteins have been detected using primary antibodies a-His6
(left) or a-Strepll. D) Immunodetection of the co-purified YukC,y;7.5trep (pseudokinase
domain) (a-Strepll, right) and YukB;s56.his (a-His6, left).

Figure 4. Structure of YukCy;3. Atomic model of YukCy;3 crystallographic structure (PDB
ID 6Z0F). Left: front view. Right: side view. YukCjy,3 dimer is rendered in cyan (chain A: 384
residues) and green (chain B: 377 residues). Four major domains of the proteins are indicated
on the right: the pseudokinase domain (residues 3-206), the S-swap domain (residues 207-
211) the transmembrane (TM) region (residues 220-243) and the extracellular domain
(residues 244-384). The central stalk is indicated in blue, going from the intracellular to the
extracellular region of YukC (residues 206-259).

Figure 4-figure supplement 1. Crystallization of YukCy3. A) SDS-PAGE migration of
purified YukC (left) and YukCas (right). B). Head-to-tail arrangement of YukCy;3 dimers in
the crystal packing. C) Atomic model of YukCy;3 superimposed with the hydrophobicity
surface as calculated by the Chimera software (red: hydrophobic, blue: hydrophilic).

Figure 4-figure supplement 2. Analysis of the YukCy; extracellular region. A) Top:

structural alignment of the extracellular domain of YukCs; (cyan) and EssB from G.
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thermodenitrificans (PDB 2YNQ, pink). Below: Table illustrating their structure similarities.
B) Side and top views of the inter-molecular interactions between YukCs;3 monomers on the
extracellular region. Numbering of the o-helices is indicated in the side view (top). C)
Analysis of YukC-YueB interaction. Left: scheme of YueBA31-817 representing the large
extracellular loop (dotted lines) mutated into a short loop (solid line). Right: BACTH assay on
the interaction between YukC and YueBA31-817. The blue spots show interaction between
YueBA31-817 and YukC Also, YueBA31-817 interaction with full-length YueB is shown. The

positive and negative controls are displayed on the right.

Figure 4-figure supplement 3. Comparison of the pseudokinase domains of YukCj;3 and
Sa- and Gt- EssB. . A) Structural comparison between the pseudokinase domains of YukCa;3
(chains A, cyan) and the structures of the same region from S. aureus EssB (PDB 4ANN,
orange and from G. thermodenitrificans (PDB 4ANO, pink). Below: Table illustrating their
structure similarities. B) Interactions between the pseudokinase dimer. Only the regions
involved in the intermolecular interactions are colored. Cyan: chain A. Green: chain B. Left
panel: numbering of the a-helices in the pseudokinase domain seen (side view). The p-strands
(B5 and B6) and the connection loop (CL) involved in the interaction are also indicated. Right

panel: side and top views of the pseudokinase domains highlighting the interacting regions.

Figure 4-figure supplement 4. ATP is unable to bind to the YukC pseudokinase domain.
A) Sequence alignment of B. subtilis YukC, its S. aureus and G. thermodenitrificans EssB
homologs and known kinases and pseudokinases identified based on best matches using a
DALI search. These include Sirkl, TNNI3K, Piml, Bsk8 and MrPknB (kinases) and the
MtMviN pseudokinase. The motifs characterizing the Hanks-type kinases are highlighted
(such as the glycine-rich P-loop, the VAIK motif, the catalytic loop, the Mg**-binding loop
and the activation loop). B) Structural comparison between YukCs;3 and M¢PknB in complex
with ATP (PDB: 106Y). The degenerated N-lobe YukC presents an additional a-helix in the
ATP-binding pocket, with the large side-chain of F** occluding the ATP binding pocket. C)
Differential scanning fluorimetry (NanoDSF) measurement on YukC (left panel) and the
kinase PknB from M. tuberculosis (right panel), in the presence and absence of ATP/Mg”".
The fluorescence signal, expressed as the 350 nm/330 nm emission ratio, is plotted as a
function of the temperature. The average signal from three replicates is reported (two

replicates were used in the case of PknB + ATP). The difference in the melting temperature
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(Tm) of each protein in the presence and in the absence of ATP, is indicated at the bottom of

the respective plots.

Figure 5. Structural bases of YukC dimer interaction. A) Energetics of YukCy;
monomers interaction. Chain A is rendered in cyan and chain B in green. A'G indicates the
solvation free energy gain upon formation of the interface. Top: schematic of the different
contributions to YukCy;3 dimer stabilization. Each YukC domain is shown separately (left and
center) and their interactions compared to the stalk including the 3-swap, the TM region and a
portion of the extracellular domain (right). Bottom: results from dimer interface analysis by
PISA. B) In vivo validation of the YukCys structure by disulphide cross-linking. Left: total
extracts of B. subtilis cells producing the ‘wild-type’ His6-YukCy;3 protein or the indicated
cysteine variants were subjected to SDS-PAGE and immunodetection using the anti-His
antibody. Samples were treated (lower panel, -B-me) or not (upper panel, +B-me) with -
mercaptoethanol as reducing agent. The asterisk on right indicates bands corresponding to a
disulphide-bond YukC oligomer. The dimerizing residues are indicated with the same color-

code used in the scheme highlighting them on the YukCay,3 structure (left panel).

Figure 5-figure supplement 1. Analysis of the stalk and B-swap in the YukCy;3 dimer. A)
YukCy13 model representation showing kinks 1 and 2. Also the cavities inside the TM region
and below are visible on the side view. The membrane region is always rendered in grey. B)
Hydrophobicity residues in the YukCy;; structure calculated by the PyMol software are
colored in red. In the inset the hydrophobic patch over the B-swap is highlighted. The H*" is
colored in blue. C) Electrostatic potential surface (violet: -10 kcal/(mole), cyan: 0
kcal/(mole), yellow: +10 kcal/(mole)) of the atomic model of YukCy;3, according to the

coulombic law. In the inset the positive charges localized in proximity of the B-swap are

highlighted and the residues I’”*, H**’, I*' are colored in orange.

Figure 5-figure supplement 2. Structural basis of YukC asymmetry and prolines
distribution. A) Alignment of chains A (cyan) and B (green). The orientation difference
between the monomers is indicated by a red asterisk. B) Link between the pseudokinase
domains different orientation and the asymmetrical interaction of K** with A*. The K**
205 _ 580

residues are depicted in magenta. In the inset: K

compared to the other. C) Proline residues P211, P231, P245 and P278 are depicted as blue

interact in the monomer that is 'lifted'
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spheres to highlight their localization along the YukC stalk.
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Table 1

YukC413
Space group C2
Unit-cell parameters
a, b, c(A) 149.02, 83.41, 106.45
a, f,y(°) 90, 108.16, 90
Resolution range (A) 29.42 -2.55

(2.86 —2.55)
Wavelength (A) 0.9677
No. measured reflections 161374 (9835)
No. unique reflections 26268 (1314)
Multiplicity 6.1(7.5)
Completeness (%) 92.3 (62.1)
Average 1/o(]) 4.7(1.2)
Runerge 0.227 (1.482)
CC(1/2) 0.979 (0.588)
Refinement statistics
PDB 6Z0F
Ruyor” 0.235
Riree 0.269
No. of non-H atoms
Macromolecule 5827
Water molecules 8
Average B-factors 88.5
Rms deviations®
Bonds (A) 0.010
Angles (°) 1.27
Molprobity statistics
Clashscore 3.65
Ramachandran outliers (%) 0.00
Ramachandran favoured (%) 95.45
Rotamer outliers (%) 3.30
C-beta deviations (%) 0.00

Resolution limits were determined by applying an anisotropic cut-off via STARANISO, part of
the autoPROC data processing software (69); data in parenthesis refer to the highest
resolution shell.

*Rinerge = Znl1h = <D |/Z,],, where |, is the intensity of reflection h and (I) is the mean intensity
of all symmetry-related reflections. ®R,,.,, = Z||F,| - |F.||/Z|F,|, where F_ and F_ are the
observed and calculated structure factor amplitudes. Five percent of the reflections were
reserved for the calculation of R,.. “Calculated with MolProbity (71) within the Phenix
crystallographic software suite.



Table S1: Primers used in this study

Primer Amplified DNA Sequence
mt007 Mlul _yukChis ttaacgcgtatgtcaggtgaacaaaaatcatatttag
mt008 yukChis_Xbal aatctagatttgtcatcttttttctcatctttc
mt038 Ndel yukChis gggcatatgtcaggtgaacaaaaatcatatttagaaaacc
mt039 yukChis_Notl gatggcggcecgctttgtcatettttttctcatctttcttttctg
mt040 Ndel yukCstrep - gggcatatgtcaggtgaacaaaaatcatatttagaaaacc
mt041 yukCstrep Kpnl cceggtacctttgtcatcttttttctcatctttettttetg
mt064 pRSFduet yukCA413strep | ttctgcttgtttttcttcgtetgtttgtgtetg
mt065 pRSFduet yukCA413strep | gagtggagccacccgeagtte
mt81 Ndel _yukE.his ggcatatggcaggattaattcgtgtcacacccgaag
mt82 yukE.his_ BamHI ggggatccttatccgeggatttgatttgegatgtettggte
mt99 pCDFduet yukBA256.his | gtgatgatgccctctgttggtttgatcgete
mt100 pCDFduet yukBA256.his | catcaccactaatcgagtctggtaaatacccatacgatgttce
mt060 Nde yukB.HA gggcatatgetgecattcggecgtaagg
mt061 yukB.HA Xhol gggctcgagaatctageacteteectttcagcagaac
mt052 Ndel yueB.strep tatgatgacagaacaacgaaaaagcttgatcaag
mt053 yueB.strep Kpnl gtacccgcttcatacgtttcatcgetttc
mt054 Ndel yue.strep tgatgacagaacaacgaaaaagc
mt055 YueB.strep Kpnl ccgcttcatacgtttcatcgcttte
GAAGCCAAAGCAAAAACATGCATACATATCCCGAGAAAG
YukC-Y207C
CTTTCTCGGGATATGTATGCATGTTTTTGCTTTGGCTTC
CCAAAGCAAAAACATACTIGCCATATCCCGAGAAAGAAG
YukC-1208C CTTCTTTCTCGGGATATGGCAGTATGTTTTTGCTTTGG
CAAAGCAAAAACATACATATGTATCCCGAGAAAGAAGTG
YukC-H209C
CACTTCTTTCTCGGGATACATATGTATGTTTTTGCTTTG
YukC-1210C | GCAAAAACATACATACATTGCCCGAGAAAGAAGTGGAAC
GTTCCACTTCTTTCTCGGGCAATGTATGTATGTTTTTGC
CATACATACATATCCCGTGTAAGAAGTGGAACATCC
YukC-R212C
GGATGTTCCACTTCTTACACGGGATATGTATGTATG
GGAACATCCAGCGATATIGCGGCCTGGGGCTCATTG
YukC-1221C
CAATGAGCCCCAGGCCGCAATATCGCTGGATGTTCC
CATCCAGCGATATATCTGCCTGGGGCTCATTGTTTTG
YukC-G222C
CAAAACAATGAGCCCCAGGCAGATATATCGCTGGATG
CCAGCGATATATCGGCTGCGGGCTCATTGTTTTGCTTG
YukC-L223C
CAAGCAAAACAATGAGCCCGCAGCCGATATATCGCTGG




Table S2: Plasmids used for BACTH assays

Plasmids for BACTH assay

pKT25/yukE pUT18/yukE
pKNT25/yukE pUTI18C/yukE
pKT25/yukD pUT18/yukD
pKNT25/yukD pUT18ClyukD
pKT25/yukC pUT18/yukC
pKNT25/yukC pUT18ClHukC
pKNT25/yukB pUT18C/yukB
pUT18/yukB
pKT25/yukBA256 pUT18/yukBA256
pKT25/yueB pUT18/yueB
pKNT25/yueB
pKT25/yueBA31-817
pKNT25/yueBA31-817
pKT25/yueC pUT18/yueC
pKNT25/yueC pUTI18C/yueC
pKNT25/yxiDy pUTI18/yxiDy

pUT18C/yxiDy




Table S3: Plasmids used for protein expression

Plasmid Host - Resistance Reference
pBES_yukC.his E. coli -Amp 100 pg/mL This study

B. subtilis- Kan 30 pg/mL
pET15b_yukC.his E. coli -Amp 100 pg/mL This study
pRSFduet_yukC.strep E. coli- Kan - 50 pg/mL This study
pRSFduet_yukCA413strep E. coli- Kan - 50 pg/mL This study
pET15b_yukE.his E. coli -Amp 100 pg/mL This study
pCDF_yukBA256.his E. coli- Spec - 50 ng/mL This study
pCDFduet yukB.HA E. coli- Spec - 50 ng/mL This study
pRSFduet yueB.strp E. coli- Kan - 50 pg/mL This study

Table S4: Plasmids used for competition assays

Plasmid Host - Resistance Reference
pDR244 E. coli — Amp 100 pg/mL (61)

B. Subtilis — Spec 100 pg/mL
pIM14_AyxiD-yxxD E. coli — Amp 100 pg/mL This study

B. Subtilis — Spec 100 pg/mL
pGTP_FZ 301 E. coli — Amp 100 pg/mL (62)

L. lactis— Cat 5 pg/mL
pUA66-rrnB E. coli —Kan 10 pg/mL (64)
pUMS-6 E. coli— Amp 100 pg/mL (64)

C. glutamicum — Kan 5 pg/mL




Table S5: Strains used in this study

Strain Resistance Reference
B. subtilis 168 none (68)

B. subtilis 168 AyukE Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyukD Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyukC Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyukB Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyueB Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyueC Erytromicin 2 pg/mL BGSC

B. subtilis 168 AyxiD-yxxD Spectinomycin 100 pg/mL | this study
B. subtilis 168 AyukE none this study
B. subtilis 168 AyukD none this study
B. subtilis 168 AyukC none this study
B. subtilis 168 AyukB none this study
B. subtilis 168 AyueB none this study
B. subtilis 168 AyueC none this study
L. lactis subsp. cremoris (strain none (62)
NZ9000)

C. glutamicum none (59)

E. coli K12 W3110 Kanamycin 10 pg/mL (63)

E. coli BL21 (DE3) none (68)

E. Coli C43 (DE3) none (67)

E. coli BTH101 none 37

E. coli DH5a none (Invitrogen™)
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