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Type VI secretion systems (T6SSs) are macromolecular assemblies that deliver
toxic effector proteins between adjacent bacteria. These effectors span a wide
range of protein families that all lack canonical signal sequences that would
target them for export. Consequently, it remains incompletely understood how
conserved structural components of the T6SS apparatus recognize a diverse
repertoire of effectors. Here, we characterize a widespread family of adaptor
proteins, containing the domain of unknown function DUF4123, that enable the
recognition and export of evolutionarily unrelated effectors. By examining two
nearly identical paralogs of the conserved T6SS spike protein, VgrG, we
demonstrate that each spike protein exports a structurally unique effector. We
further show that the recruitment of each effector to its respective spike pro-
tein requires a cognate adaptor protein. Protein—protein interaction experi-
ments demonstrate that these adaptor proteins specifically tether an effector
to a structurally conserved but sequence divergent helix-turn-helix motif found
at the C-terminus of its cognate VgrG. Using structural predictions and muta-
genesis analyses, we elucidate the molecular contacts required for these
interactions and discover that these adaptor proteins contain a structurally
conserved N-terminal lobe that has evolved to bind VgrG helix-turn-helix motifs
and a structurally variable C-terminal lobe that recognizes diverse effector
families. Overall, our work provides molecular insight into a mechanism by
which conserved T6SS components recognize structurally diverse effectors.

Bacteria secrete toxic proteins to inhibit the growth of competitor
microorganisms and to perturb the physiology of host cells during
infection. In Gram-negative bacteria, the presence of an outer mem-
brane has driven the evolution of sophisticated protein secretion
apparatuses that span the cell envelope and export toxic effectors into
nearby cells. The type VI secretion system (T6SS) is one such apparatus
harbored by a wide range of Gram-negative species that deliver toxic

effectors to both bacterial and eukaryotic cells, thus contributing to
microbial competition and virulence®’.

The T6SS comprises two main molecular assemblies: a membrane
complex that spans both cell membranes and enables protein secre-
tion across the cell envelope and a secreted tail-tube complex that
binds to effector proteins and delivers them into target cells. The tail-
tube complex consists of stacked hemolysin co-regulated protein
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(Hcp) hexamers and a spike composed of a trimer of valine-glycine
repeat protein G (VgrG)*°. VgrG spikes are often capped by a single
copy of a proline-alanine-alanine-arginine (PAAR) protein, which is
proposed to sharpen the tail-tube complex and thus enable its pene-
tration of the competitor cell membrane®’. Upon secretion by a T6SS,
the tail-tube complex and its bound effectors are delivered into the
recipient cell where they target conserved physiological processes to
inhibit cell growth® ™,

Unlike proteins exported by other secretory pathways, T6SS
effectors do not contain a linear signal sequence or universal traf-
ficking domain that facilitates their recognition by conserved struc-
tural components of the T6SS apparatus®. Instead, T6SS effectors are
exported by physically associating with the tail-tube complex by one of
several different mechanisms. Some effectors exist as C-terminal
domains of VgrG, PAAR, or Hcp proteins and are therefore fused to
these exported tail-tube proteins'®s, However, most described T6SS
effectors are not C-terminal extensions of VgrG or PAAR proteins and
must, therefore, be associated with the tail-tube complex by other
mechanisms. Several accessory proteins have been reported to con-
tribute to the formation and stability of the tail-tube complex prior to
secretion'”?. However, in most cases, the molecular role of these
protein families remains poorly understood?.

The best-characterized accessory proteins involved in T6SS
effector secretion are chaperones belonging to the Eag family'>?°?*%,
These proteins are associated with a subset of T6SS effectors that
contain N-terminal transmembrane domains, which facilitate effector
translocation across the target cell cytoplasmic membrane following
delivery*. Prior to secretion, Eag chaperones bind to these trans-
membrane domains and shield them from the aqueous environment,
thus maintaining their cognate effectors in a soluble and secretion-
competent state’®. However, it is important to note that Eag chaper-
ones are not themselves directly involved in effector recruitment to
the tail-tube complex because Eag-associated effectors contain
N-terminal PAAR domains.

Several reports implicate domain of unknown function (DUF) 4123
proteins in the recruitment of diverse T6SS effectors for secretion?®°,
In contrast to Eag chaperones, these proteins bind to a soluble effector
and a VgrG or PAAR protein and thus serve as adaptors that tether the
effector to the tail-tube complex®. Although several DUF4123 homo-
logs have been found to mediate interactions between effector
C-terminal extensions of VgrG or PAAR proteins, the molecular con-
tacts that underly these interactions have not been elucidated, and
thus the mechanism of effector recognition by DUF4123 proteins
remains unknown®**, Interestingly, effectors from multiple evolutio-
narily unrelated protein families have been reported to require a
DUF4123 protein for interaction with VgrG or PAAR and subsequent
export through the T6SS*2%%, This observation suggests that
DUF4123 proteins may serve as a link between conserved T6SS tail-
tube complex proteins and structurally diverse effectors, thus broad-
ening the T6SS effector repertoire. However, to date, no comprehen-
sive analysis has defined the complete range of T6SS effectors that rely
on a DUF4123 protein for secretion. Furthermore, how a single adaptor
family can interact with effectors that share no conserved features
remains poorly understood.

In this work, we report the discovery that DUF4123 is not a single
protein family as previously defined, but rather, it contains multiple
sub-families that have divergently evolved to each recognize a unique
effector family. Using a combination of predictive structural analyses
and targeted mutagenesis, we demonstrate that DUF4123 proteins
contain a structurally conserved N-terminal lobe that binds to a short
helix-turn-helix motif at the C-terminus of their cognate VgrG spike
protein. We further show that each DUF4123 sub-family is defined by
the presence of a unique C-terminal lobe that each recognizes a cog-
nate co-evolving effector family. Collectively, our data elucidate the

molecular mechanisms by which the DUF4123 family of adaptor pro-
teins diversify the effector repertoire of the T6SS spike.

Results

DUF4123 proteins co-occur with diverse T6SS toxin families
DUF4123 proteins are required for the export of T6SS effectors in
several different Gram-negative bacteria’*=°. However, the abundance
and diversity of DUF4123-dependent T6SS effectors have yet to be
explored in a systematic manner. All characterized DUF4123 proteins
are encoded in close genomic proximity to the effectors that they
export**?!, Therefore, we reasoned that gene co-occurrence analysis
of T6SS-containing bacteria would identify a diverse repertoire of T6SS
effectors and their corresponding DUF4123 proteins. We first searched
for all DUF4123-annotated genes present in Pseudomonas, Bur-
kholderia, Salmonella, Shigella, Escherichia, Enterobacter, Yersinia,
Serratia, and Vibrio because species belonging to these genera harbor
well-characterized T6SSs and therefore likely also encode T6SS-
associated DUF4123 proteins. This initial search identified 1869
DUF4123 encoding genes found in 713 unique genomes. We next
examined genes found 10kb upstream or downstream of each
DUF4123 gene to identify co-occurring genes that encode candidate
T6SS effectors. This approach identified five distinct DUF4123 gene
neighborhoods, with each neighborhood defined by the presence of a
conserved effector family (Fig. 1A). These effector families include
recombination hotspot (Rhs) proteins, Tle family phospholipases, o/
hydrolases, and marker for type six (MIX) domain-containing toxins, all
of which are established T6SS effectors with previously described
antibacterial and/or anti-host activities®'***3, Additionally, our analysis
identified DUF4123 proteins encoded adjacent to multi-antimicrobial
extrusion (MATE) proteins, which a recent study suggests may con-
stitute a previously overlooked family of T6SS effectors (Fig. 1A)*.
Interestingly, each of these neighborhoods contains a vgrG gene
upstream of the gene encoding DUF4123, which suggests that these
DUF4123 proteins may serve as a general mechanism of effector
recruitment to VgrG. In sum, our informatic analysis reveals that
DUF4123 genes co-occur with five distinct families of unrelated T6SS
effectors and that each of these effectors likely requires a cognate
DUF4123 protein for its T6SS-dependent export from the cell.

The co-occurrence of DUF4123 genes with unrelated effector
families suggests that DUF4123 is not a single homogenous protein
family but instead likely exists as multiple sub-families that have each
evolved to recognize a distinct group of effectors. Prior informatic
examination of DUF4123 proteins did not examine sequence diversity
within this family and thus may have overlooked the sequence features
that would differentiate such sub-families from one another”. We
reasoned that a more in-depth phylogenetic analysis of these proteins
may reveal molecular signatures within DUF4123 sub-families that
specifically recognize and export distinct families of effectors. To
explore this possibility, we first constructed a phylogenetic tree of the
DUF4123 sequences used for our gene co-occurrence analysis (Fig. 1B).
In line with our hypothesis, these sequences formed several evolutio-
narily divergent clades and within each clade are DUF4123 sequences
encoded by multiple bacterial genera, indicating that the diversity
within the DUF4123 family does not mirror the evolutionary related-
ness of the bacteria encoding them (Fig. S1A). Upon mapping the five
distinct DUF4123 gene neighborhoods onto our phylogenetic tree, it
instead became apparent that the relatedness of DUF4123 proteins
strongly correlates with the family of co-occurring effectors, bolster-
ing our hypothesis that sub-families of DUF4123 proteins likely harbor
distinct sequences that facilitate the specific recruitment of a given
effector family to its cognate VgrG protein (Fig. 1B). Based on these
findings, we conclude that divergent evolution within the DUF4123
protein family likely underlies the ability of these proteins to facilitate
the export of unrelated effector families.
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Fig. 1| Divergent sub-families of DUF4123 proteins have co-evolved with dis-
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are colored in blue, and VgrG proteins are colored in gray. B Phylogenetic dis-
tribution of 1869 DUF4123 proteins encoded by the genera Burkholderia, Enter-
obacter, Escherichia, Pseudomonas, Salmonella, Serratia, Shigella, Vibrio, and Yersinia.
Colors correspond to gene neighborhood clusters as indicated by the legend.

Pseudomonas aeruginosa encodes two nearly identical VgrG
paralogs that export distinct toxins
The co-evolution between DUF4123 sub-families and their adjacently
encoded toxins suggests that DUF4123 proteins exhibit a high degree
of specificity towards their cognate toxin. If this is the case, multiple
DUF4123 proteins belonging to different sub-families should be found
encoded alongside distinct effector types within the same bacterial
genome. Indeed, our informatic search identified three such DUF4123
proteins encoded by the model T6SS bacterium Pseudomonas aeru-
ginosa PA14 (Fig. 2A). These three DUF4123 proteins are each encoded
downstream of a VgrG protein, and these VgrGs are closely related at
the amino acid sequence level. VgrG4a and VgrGeé are 72% identical,
whereas VgrGé and VgrGl4 share 96% sequence identity. The striking
sequence similarity between VgrGé and VgrGl14 led us to focus on the
gene clusters encoding these proteins because they presumably
represent an instance in which two nearly identical T6SS apparatus
components export unrelated effectors. Despite co-occurring with
nearly identical VgrG paralogs, the DUF4123 proteins associated with
VgrGé and VgrGl4 are only 19% identical at the amino acid level. This
observation suggests that these DUF4123 proteins are involved in the
recruitment of distinct effectors and would, therefore, be an ideal
system to test our hypothesis that DUF4123 sub-families have evolved
to recruit unrelated effectors to conserved T6SS spike proteins. We
therefore focused our experimental efforts on characterizing the
adaptor-effector pairs associated with VgrGé6 and VgrGl4 to better
understand the molecular basis for effector recruitment to the T6SS
apparatus. To reflect the co-occurrence of these genes with vgrGeé, and
vgrGl4, respectively, and to maintain consistency with existing
DUF4123 gene nomenclature, we named these DUF4123 genes type VI
adaptor protein (tap) 6 and tapl4.

In order for P. aeruginosa PAl4 to serve as a suitable system to
investigate DUF4123 function, we first needed to identify the cognate
toxins exported by VgrGé and VgrGl4. P. aeruginosa harbors three

distinct T6SSs, referred to as the H1-, H2-, and H3-T6SS, and each of
these systems exports a unique repertoire of effectors®. Recently
published genetic data implicate VgrG14 as the spike protein required
for the export of the antibacterial toxin RhsP2 through the H2-T6SS™.
Given its sequence similarity to VgrGl4, we reasoned that VgrGé likely
also transits the H2-T6SS. However, a toxin that relies on VgrGé for its
delivery into target cells has not yet been identified. Our gene co-
occurrence analysis found that tap6 co-occurs with a MIX-domain-
containing protein encoded by the PA14_69520 locus (Fig. 2A). Given
that MIX-domain-containing proteins are known to function as anti-
bacterial T6SS effectors, we hypothesized that this gene encodes an
antibacterial toxin that relies on VgrGé for its H2-T6SS-dependent
export®. We also identified an additional open reading frame down-
stream of this putative effector, PA14_69510, that encodes a protein of
unknown function. Given that antibacterial T6SS toxins are invariably
encoded adjacent to cognate immunity proteins that protect toxin-
producing cells from the activities of their own toxins or those of kin
cells, we predict that this open reading frame encodes the immunity
factor that confers resistance to the putative effector (Fig. 2A).

If PA14_69520 encodes an H2-T6SS exported antibacterial toxin,
deletion of PA14.69520 and its putative immunity gene
PA14_69510 should render P. aeruginosa susceptible to toxin injected
by a strain with a constitutively active H2-T6SS. To test this assertion,
we conducted a series of bacterial competition experiments between a
parental donor strain and a recipient lacking both PA14_69520 and
PA14_69510. Because the molecular cues that trigger H2-T6SS
expression and activation remain incompletely understood, the par-
ent strain used in these experiments lacks both rsmA and amrZ, two
genes encoding negative regulators of the H2-T6SS*. Using this
genetic background, we found that the parental donor strain displayed
a nearly 1000-fold fitness advantage against the recipient lacking
PA14_69520 and PA14_69510 (Fig. 2B). Moreover, this fitness advantage
was abrogated in donor strains that lack either the putative toxin gene
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or tssM2, a gene encoding a critical H2-T6SS apparatus component
(Fig. 2B)". Since the genetic background we employed constitutively
expresses all three P. aeruginosa T6SSs, the finding that tssM2 is
required for the observed PAl4 69520-dependent co-culture fitness
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Fig. 2 | Two nearly identical VgrG spike proteins export two evolutionarily
unrelated H2-T6SS effectors. A Schematic representation of three DUF4123 gene
clusters in Pseudomonas aeruginosa strain PA14. B, C Outcome of intraspecific
growth competitions between the indicated P. aeruginosa PA14 donor and recipient
strains. The competitive index is calculated as a change (final/initial) in the donor-
to-recipient ratio. Error bars represent mean values +/- SEM, n =3 biological
replicates. Asterisks indicate statistically significant differences in the competitive
indices between indicated donor and recipient strain (p < 0.05). Differences
between groups were calculated using an ordinary one-way ANOVA with multiple
comparisons against the parent strain. p-value in panel B is 0.03. In panel C, the p-
value for the mean difference between the parent and AvgrGé6 competed against
the Aptx2Apti2 strain is 0.04. In panel C, the p-value for the mean difference
between the parent and the AugrGi4 strain competed against the ArhsP2ArhsI2
recipient is 0.0059. All other p-values are not significant.

advantage confirms our prediction that this toxin transits the H2-T6SS.
Additionally, we found that plasmid-borne expression of PA14_69510,
the gene downstream of PA14_69520, significantly recovered growth
of the PA14.69520 sensitive recipient strain, indicating that
PA14_69510 functions as an immunity gene that confers protection
against PA14_69520-mediated killing (Fig. S2A). From these data, we
conclude that PA14 69520 and PA14 69510 encode an H2-T6SS anti-
bacterial toxin-immunity pair and we henceforth refer to these pro-
teins as protein toxin exported by the H2-T6SS (Ptx2) and protein toxin
immunity of the H2-T6SS (Pti2), respectively.

The existence of vgrGé and ptx2 within the same gene cluster
suggests that the gene product of the former is likely responsible for
the export of the latter. However, because VgrGé and VgrGl4 are 96%
identical at the amino acid level, we considered the possibility that
VgrGl4 may also be capable of exporting Ptx2. To address this possi-
bility, we constructed donor strains lacking either vgrGeé or vgrGi4 and
tested their competitive fitness against our Ptx2-susceptible recipient
(Apt2Apti2). In these experiments, the donor strain lacking vgrGi4
displayed a competitive advantage that was comparable to the parent
strain, whereas the donor strain lacking vgrG6 was unable to out-
compete the Ptx2-susceptible recipient (Fig. 2C). This finding indicates
that Ptx2 is specifically exported by VgrGé. We next asked if the same
specificity exists between VgrG14 and its associated toxin, RhsP2, using
the same donor strains as above co-cultured with a recipient lacking
rhsP2 and its cognate immunity gene, rhs/2". As reported previously,
deletion of vgrGi4 abrogates the rhisP2-dependent fitness advantage
and we found that deletion of vgrGé has no effect on this phenotype,
indicating that VgrGi4 is specifically required for RhsP2 delivery into
target cells (Fig. 2C). Taken together, these data demonstrate that
although they are nearly identical proteins, VgrGé and
VgrGl4 specifically export the unrelated toxins Ptx2 and RhsP2,
respectively. Thus, PA14 represents an ideal model system to study
how two nearly identical VgrG paralogs specifically export cognate
toxins that bear no evolutionary relatedness to one another.

Tap proteins simultaneously interact with toxins and VgrG
proteins

Having established that VgrGé and VgrGl14 specifically export Ptx2 and
RhsP2, respectively, we next set out to determine the role of tapé6 and
tapl4 in the delivery of these effectors. Our bioinformatic data sug-
gests that divergent evolution within the DUF4123 family has led to the
emergence of multiple sub-families that each facilitate the export of a
distinct family of effectors (Fig. 1). Given that Tap6 and Tapl4 belong
to different clades of our phylogenetic tree, we hypothesized that
these proteins are specifically required for the delivery of their cognate
effectors Ptx2 and RhsP2, respectively. To test this hypothesis, we
constructed strains lacking either tapé or tapl4 and tested their fitness
against our Ptx2-susceptible (Aptx2 Apti2) and RhsP2-susceptible
(ArhsP2 Arhsl2) recipients (Fig. 3A). In line with our prediction, dele-
tion of tapé6 in donor cells abrogates their fitness advantage against
Ptx2-susceptible recipients whereas deletion of tapi4 has no effect
(Fig. 3A). Likewise, deletion of tapl4 abrogates the competitive
advantage of donor cells against RhsP2-susceptible recipients but
deletion of tap6 does not (Fig. 3A). When taken together with our prior
findings, these data demonstrate that tap6 and tapi4 are specifically
required for the export of their cognate effectors by closely related
VgrG spike proteins.

Several reports implicate other DUF4123 proteins as molecular
tethers that interact with both VgrG and effector proteins, thus linking
them together’***?°, However, the molecular determinants underlying
the specificity of these interactions are unknown. We therefore sought
to characterize the protein-protein interactions that are likely
responsible for the Tap6- and Tap14-mediated effector export that we
observe in our bacterial competition experiments. Closer inspection of
the amino acid sequences of VgrGé and VgrGl4 reveals that these
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Fig. 3 | DUF4123 proteins physically link cognate effectors to variable
C-terminal extensions of VgrG proteins. A Outcome of intraspecific growth
competitions between the indicated P. aeruginosa PA14 donor and recipient strains.
The competitive index is calculated as a change (final/initial) in the donor-to-
recipient ratio. Error bars represent mean values +/- SEM, n =3 biological repli-
cates. Asterisks indicate statistically significant differences in the competitive
indices between indicated donor and recipient strain (p < 0.05). Differences
between groups were calculated using an ordinary one-way ANOVA with multiple
comparisons against the parent strain. Against the Aptx2Apti2 recipient, the p-value
for the mean difference between parent and Atapé6 is <0.0001. Against the
ArhsP2ArhsI2 recipient, the p-value for the mean difference between parent and
Atapi4 is 0.0004. All other p-values are not significant. B Schematic representation
of VgrGé and VgrGl4. The inset represents pairwise alignment from residues 644-

Pulldown: His

680. C AlphaFold3 models of VgrGé and VgrGl4 trimers. Colored regions represent
residues 653-680. D Western blot analysis of co-purification experiments between
the indicated heterologously expressed tagged (hexahistidine (H) or FLAG (F))
proteins. E Size exclusion chromatograms of indicated combinations of recombi-
nant proteins. F Western blot analysis of immunoprecipitation experiments
between the indicated heterologously expressed tagged (VSV-G or V5) proteins.
G Western blot analysis of co-purification experiments between the indicated
heterologously expressed tagged (hexahistidine (H) or FLAG (F)) proteins. RhsP2
was detected using a polyclonal antibody raised against a truncation of this protein
lacking its C-terminal toxin domain. Control lanes represent co-expression of
VgrG14“"-His and RhsP2 without Tap14-FLAG. The asterisk represents a non-specific
band detected by the RhsP2 polyclonal antibody. Western blots are representative
of three independent experiments.

proteins are in fact 100% identical across 652 of their 680 residues and
differ by only 28 residues at their C-terminus (Fig. 3B). These
C-terminal regions are predicted by AlphaFold3 to form short helix-
turn-helix (HTH) motifs that protrude outwards from the trimeric VgrG

spike via an unstructured linker (Fig. 3C)*. Given that these HTH motifs
are the only regions of sequence divergence between VgrGé6 and
VgrGl4, we reasoned that they must be responsible for the specificity
of these VgrG proteins towards their cognate effectors. We therefore
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hypothesized that each VgrG C-terminal HTH motif specifically inter-
acts with its cognate DUF4123 protein, as has been shown for other
DUF4123 homologs®™. We further hypothesized that Tapé and
Tapl4 additionally interact with their cognate effectors via a
second protein-protein interaction site. To test this idea, we first
performed co-purification experiments in which we co-expressed in
Escherichia coli Hisg-tagged versions of the isolated HTH motifs,
hereafter referred to as VgrG6“" or VgrG14<", with FLAG-tagged Tap6
or Tapl4. Nickel affinity purification of these overexpressed VgrG HTH
motifs revealed that VgrGé" co-purifies with Tap6 but not Tapl4,
whereas VgrGl4“" co-purifies with Tapl4 but not Tapé
(Figs. 3D and S3B). This finding indicates that the divergent HTH motifs
of VgrGé and VgrGl4 specifically interact with Tap6 and Tapl4,
respectively. Additionally, our finding that the HTH motifs of these
VgrG proteins in isolation are sufficient for interaction with their
cognate DUF4123 proteins suggests that these motifs are directly
responsible for the specificity observed in our bacterial competition
experiments.

If Tap6 and Tapl4 do indeed tether Ptx2 and RhsP2 to VgrGé and
VgrGl4, respectively, then we would expect Tap6 and Tapl4 to also
specifically interact with their cognate effectors. To test this hypoth-
esis, we expressed and purified both effectors and DUF4123 proteins to
homogeneity and subjected pairwise mixtures of these proteins to size
exclusion chromatography (SEC) (Figs. 3E and S3C, D). In doing so, we
found that purified Ptx2 co-elutes as a high molecular weight complex
with purified Tapé, indicating that these proteins form a stable com-
plex in vitro. Tap14, however, does not form such a complex with Ptx2
because these proteins elute from the column at distinct volumes that
are consistent with their monomeric molecular weights (Fig. S3C). By
contrast, purified Tapl4 elutes as a complex with RhsP2, whereas Tap6
does not (Fig. 3E). Taken together, these results indicate that Tap6 and
Tapl4 specifically interact with their cognate effectors Ptx2 and RhsP2
in vitro.

We next constructed a P. aeruginosa PAl4 strain bearing epitope-
tagged alleles of vgrGé and ptx2 at their native chromosomal loci and
confirmed that these epitope tags do not disrupt Ptx2 function
(Fig. S3E). This strain enabled us to perform co-immunoprecipitation
experiments to investigate interactions between VgrGé6 and Ptx2
in vivo. In line with our genetic and biochemical data, we found that
Ptx2 co-precipitates with VgrGé and thus forms a complex with this
spike protein in vivo (Fig. 3F). Moreover, deletion of tapé in this
epitope-tagged background abrogates Ptx2 co-precipitation with
VgrGé6, demonstrating that Tap6 mediates the interaction between this
effector and its cognate VgrG. In a parallel line of investigation, we
were unable to detect RhsP2 using either a custom polyclonal antibody
raised against purified protein or an epitope-tagged version of the
toxin when expressed from its native chromosomal locus. Therefore,
we instead relied on our heterologous co-expression system in E. coli
to investigate complex formation between RhsP2 and VgrGl4. In co-
expressing RhsP2 with Hise-tagged VgrGl4" in the presence or
absence of Tapl4, we found that RhsP2 only co-purifies with VgrG14<"
when Tapl4 is present, confirming that Tapl4 tethers RhsP2 to VgrGl14
(Fig. 3G). Together, these biochemical analyses demonstrate that
DUF4123 proteins form ternary complexes with their cognate VgrG
and effector proteins, thus physically connecting them.

Tap proteins possess a structurally conserved N-terminal VgrG-
binding lobe

Having experimentally determined the network of protein-protein
interactions formed by Tapé6 and Tapl4 and their cognate VgrG and
effector proteins, we next turned to AlphaFold3 to model each of the
individual proteins and the biochemically validated complexes
in which they participate. We started by modeling Tap6 and
Tapl4 because their predicted structures could provide insight into
how they connect VgrG proteins to diverse effector families.

AlphaFold3 generated high-confidence predictions for both proteins
and revealed that they both adopt a bilobed domain architecture. The
N-terminal lobe is comprised of a mixed o/f secondary structure,
whereas the C-terminal lobe consists of a-helices (Figs. 4A and S4A).
Interestingly, the structural overlay of these predictions shows that the
N-terminal lobes of Tap6 and Tapl4 are structurally quite similar (Cax
RMSD 2.1A over 177 aligned residues), whereas their C-terminal lobes
are not (Cot RMSD 5.2 A over 63 aligned residues) (Fig. 4A). To probe
the generality of this observation, we analyzed the predicted struc-
tures of additional DUF4123 homologs from each of the different sub-
families identified by our bioinformatics analyses and found that the
N-terminal lobe is a conserved structural feature of these proteins
despite the low level of sequence conservation across the DUF4123
protein family (Fig. S4B). Given our data showing that both Tapé and
Tapl4 interact with C-terminal HTH motifs of VgrG proteins, we
speculated that this structurally conserved lobe serves as a platform
for VgrG binding. Consistent with this idea, AlphaFold3 multimer
predicts that both Tap6 and Tapl4 interact with the C-terminal HTH
motifs of their cognate VgrG proteins through their N-terminal lobe
(Figs. 4B, C and S4A).

To experimentally validate the AlphaFold3 multimer models, we
introduced mutations into Tap6 and Tapl4 at sites of predicted
interaction and examined whether the mutated proteins co-purify with
their cognate VgrG HTH motifs when co-expressed in E. coli. In doing
so, we found that the substitution of hydrophobic residues in Tap6 at
the predicted Tap6/VgrGé binding interface with glutamine sub-
stantially reduced its ability to co-purify with VgrGé' (Fig. 4D). Simi-
larly, swapping the charge of both acidic and basic residues at this
interface also disrupted co-purification. For both types of mutations,
not all sites were equally disruptive, with the L188Q and R120E variants
still retaining the capacity to maintain an interaction, albeit more
weakly than wild-type Tapé6. In a similar line of experimentation, site-
specific mutagenesis of residues in the N-terminal lobe of Tapl4 at the
predicted Tapl4/VgrGl4 binding interface disrupted co-purification
with VgrG14" (Fig. 4E). Based on these findings, we conclude that
DUF4123 proteins specifically interact with an HTH motif found at the
C-terminus of their cognate VgrG via a structurally conserved
N-terminal lobe.

The C-terminal lobe of Tapl4 recognizes the cage domain

of RhsP2

Having identified the molecular contacts involved in DUF4123/VgrG
interactions, we next set out to characterize the interactions between
DUF4123 proteins and their cognate effectors. The diversity of pre-
dicted structures for the C-terminal lobe of DUF4123 proteins sug-
gests that effector recognition is mediated by this region of the
protein. Therefore, we next attempted to model these complexes
using AlphaFold3. However, because it has few close sequence or
structural homologs, AlphaFold3 was unable to confidently predict
the structure of Ptx2 and, therefore, could not confidently predict
the complex formed between Ptx2 and Tapé. Therefore, rather
than basing our functional studies on a potentially inaccurate
structural model, we instead focused our characterization of the
DUF4123 C-terminal lobe on the complex formed between Tapl4
and RhsP2.

As its name suggests, RhsP2 belongs to the well-characterized Rhs
protein family, which includes several antibacterial toxins associated
with the T6SS as well as host-targeting toxins that rely on other protein
delivery systems®*°, Characterized Rhs proteins contain three distinct
domains: an N-terminal domain involved in Rhs protein export and/or
delivery into target cells, a middle 3-cage domain that encapsulates the
Rhs toxin domain, and a C-terminal domain that harbors toxin
activity®®*°. These domains are autoproteolytically cleaved prior to
Rhs protein export, which is thought to allow the C-terminal
toxin domain to exit the Rhs cage upon toxin delivery, although the
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precise molecular events underlying this process remain incompletely
understood®. In line with this precedent, we find that purified RhsP2
exists as three distinct species when analyzed by SDS-PAGE and that
the molecular weights of these species correspond to the predicted
sizes of each of its three domains (Fig S3D).

To understand how RhsP2 is recruited to the H2-T6SS by Tapl4,
we first predicted the structure of the complex formed by these pro-
teins using AlphaFold3 (Figs. 5A and S5A, B). Consistent with our
hypothesis that the C-terminal lobe of DUF4123 proteins mediates the
physical interaction with cognate effectors, the C-terminal lobe of
Tapl4 was confidently predicted to interact with the 3-cage domain of
RhsP2 (RhsP2¢¢%), To experimentally validate this prediction, we next
co-expressed a Hisg-tagged version of the isolated f-cage domain of
RhsP2 and tested its ability to co-purify with Tapl4. In line with the
AlphaFold3 prediction, Tapl4 co-purified with RhsP2°¢¢ but did not co-
purify with RhsP2’s N-terminal domain (RhsP2"*™), which was inclu-
ded to assess the specificity of the interaction (Fig. 5B). This finding
demonstrates that Tapl4 recognizes RhsP2 through the 3-cage domain
of the effector.

We next examined the predicted binding interface between Tapl4
and RhsP2 to gain insight into the molecular contacts that mediate
their interaction. Alphafold3 predicts that the interaction between
Tapl4 and RhsP2%#¢ involves numerous electrostatic contacts between
a positively charged surface on Tapl4 and a negatively charged surface
near the C-terminal end of RhsP2’s 3-cage domain (Fig. 5A, C). There-
fore, we introduced charge-reversing mutations into tap14 and rhsP2 at
residues that form the predicted binding interface between these
proteins and assessed co-purification of these variants when co-
expressed in E. coli (Figs. 5D and S5C). Reversing the charge of residues
in Tap14 or RhsP2°¢ at the predicted binding interface between these
proteins disrupts their co-purification and provides experimental
validation of our AlphaFold3 prediction. Interestingly, the positively
charged RhsP2-binding site found on the surface of Tapl4 is not pre-
sent in Tap6, suggesting that electrostatic interactions may be a fea-
ture of Rhs-associated DUF4123 proteins but not for DUF4123 proteins
associated with other effector families (Fig. S5E). Indeed, upon pre-
dicting the complexes formed between several Rhs-associated
DUF4123 proteins and the -cage domain of their cognate effectors,
we found that in every instance AlphaFold3 confidently predicts the
formation of a binding interface between a positively charged
DUF4123 C-terminal lobe and a negatively charged patch on the cage
domain of its associated Rhs effector (Fig. S5D). Importantly, this
electrostatic interface is consistently predicted across DUF4123-Rhs
pairs that share low sequence identity with each other (DUF4123 mean
sequence identity 37.2%, Rhs“®¢ mean sequence identity 51.5%), sug-
gesting that this binding mechanism is a conserved feature of
DUF4123-Rhs interactions.

Taken together with our prior analysis of the molecular contacts
involved in Tap14 binding to VgrG14*", these data indicate that Tap14
is a bilobed protein with an N-terminal lobe that mediates interaction
with the HTH motif of VgrGl4 and a C-terminal lobe that binds the
cage domain of RhsP2. Furthermore, we identified a positively
charged surface that is a unique feature of Rhs-associated DUF4123
proteins, indicating that an electrostatic mechanism of Rhs recog-
nition is likely widely conserved across this sub-family of DUF4123
proteins.

Discussion

Protein secretion systems endow bacteria with the ability to compete
with other organisms and perturb the physiology of host cells during
infection'. Although the Té6SS has previously been shown to
export a broad repertoire of effectors belonging to multiple protein
families, the molecular mechanisms by which these effectors are
specifically recognized among the diverse pool of proteins in the
bacterial cytoplasm have remained elusive?. In this work, we

discover previously overlooked heterogeneity within the DUF4123
protein family that facilitates the interaction of these proteins with
evolutionarily unrelated T6SS effectors, thus diversifying the effec-
tor repertoire of the T6SS tail-tube complex. Furthermore, we pro-
vide the first molecular characterization of the ternary complexes
formed between VgrG, DUF4123, and effector proteins, and we
identify structural features of DUF4123 proteins that enable specific
recognition of their cognate effectors. Given that DUF4123 proteins
are encoded by a wide range of bacteria and co-occur with several
distinct families of effectors, we expect that our findings in P. aeru-
ginosa represent a widely conserved mechanism of effector recruit-
ment to the T6SS.

Several families of accessory proteins have been reported to
participate in the recruitment of T6SS effectors to the tail-tube
complex***>*, Proteins belonging to the Eag (DUF1795) family interact
with transmembrane domains (TMDs) present in PAAR effectors, thus
serving as chaperones that stabilize these effectors prior to
secretion®?%, Proteins belonging to the DUF2169 family have also been
shown to co-occur with PAAR effectors, but their role in effector
recruitment and/or stability remains unknown’**, Unlike Eag chaper-
ones, DUF4123 proteins do not play a role in effector stability or
solubility because our work and that of others demonstrate that
DUF4123-associated effectors are stable in the absence of their cog-
nate adaptor®®. Therefore, Eag proteins and DUF4123 proteins play
distinct but complementary roles in effector recruitment: the former is
a molecular chaperone that stabilizes TMD-containing PAAR effectors
prior to their secretion, whereas the latter is a molecular tether that
links soluble effectors to VgrG spike proteins.

Although our work offers molecular insight into the
protein-protein interactions underlying DUF4123-mediated effector
recognition, several questions remain regarding the biological sig-
nificance of these proteins. It remains unclear why some T6SS effectors
exist as C-terminal domains of VgrG or PAAR proteins while others,
such as those recruited by DUF4123 proteins, are distinct polypeptides.
One possibility is that the formation of a VgrG-DUF4123-effector
complex enables the disassembly of effectors from the VgrG protein
following delivery to the recipient cell. This may allow a single T6SS
tail-tube complex to export effectors that act in different cellular
compartments since a subset of these effectors must dissociate from
the complex to reach their targets. However, whether DUF4123 pro-
teins enable effector dissociation and how these effectors would dis-
sociate only after delivery to the target cell remains unknown. One
possibility is that the VgrG-DUF4123-effector complex may be secreted
in a meta-stable state that is triggered to dissociate by the physical
conditions of the recipient cell periplasm. Interestingly, the VgrG HTH
motifs we examined in our bioinformatic analysis contain a conserved
pair of cysteine residues (data not shown). The oxidizing environment
of the recipient cell periplasm may trigger the formation of a disulfide
bond between these residues, which could subsequently cause dis-
sociation of the VgrG-DUF4123-effector complex. Alternatively, it is
possible that other physical differences between the producing cell
cytoplasm and the recipient cell periplasm, such as pH or the con-
centration of potassium or sodium ions, could serve as a signal that
stimulates complex dissociation.

Our bioinformatic analyses found that DUF4123 proteins contain
two discrete lobes: a structurally conserved N-terminal VgrG-binding
lobe and a structurally diverse C-terminal toxin-binding domain.
Interestingly, in some instances, these two domains appear to be
encoded by separate open reading frames, as is the case for the split
DUF4123 proteins TecT and co-TecT?. TecT tethers the DNAse effector
TseT to its cognate PAAR protein in a manner that requires the activity
of co-TecT. TecT, which only consists of the structurally conserved
region of DUF4123 proteins, interacts with a C-terminal extension in its
associated PAAR protein and is, therefore, functionally analogous to
the N-terminal lobe of the DUF4123 proteins described in this work.
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Likewise, co-TecT interacts with the TseT effector and thus performs
the same function as the C-terminal lobe of Tapl4. The observation
that the two lobes of DUF4123 adaptors are sometimes encoded by two
open reading frames further strengthens our conclusion that they
function independently.

In summary, our molecular characterization of DUF4123 proteins
reveals that this heterogenous family of adaptors diversifies the
effector repertoire of the T6SS spike by binding to evolutionarily dis-
tinct effectors and tethering them to closely related VgrG proteins.
Thus, DUF4123 proteins enable T6SSs to recognize and secrete a

diverse range of effectors, arming bacteria with a broad arsenal of
toxins with which to kill or perturb nearby cells.

Methods

Bacterial strains and growth conditions

Pseudomonas aeruginosa strains were derived from the sequenced
strain PA14*. Cultures were grown in lysogeny broth (LB) medium
(10 g/L tryptone, 10 g/L NaCl, 5g/L yeast extract) at 37 °C shaking at
220 revolutions per minute (RPM). Solid media contained either 1.5%
or 3% agar (w/v), as indicated.

Nature Communications | (2024)15:10108


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54509-2

E. coli strain XL1 blue (Novagen) was used for plasmid main-
tenance. Strain SM10 was used for conjugative transfer, and strain BL21
(DE3) pLysS (Novagen) was used for protein expression. E. coli strains
were grown in LB at 37 °C in shaking at 220 RPM. Cultures were sup-
plemented with 50 ug/mL kanamycin, 100 pg/mL ampicillin, 15 ug/mL
gentamicin (E. coli), 30 pg/mL gentamicin (P. aeruginosa), 25 pg/mL
irgasan (P. aeruginosa), 1mM b-D-1-thigalatopyranoside (IPTG), or
40 pg/mL 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal),
as indicated. A detailed list of strains and plasmids used in this study
can be found in Tables S1 and S2.

Bioinformatic analyses

AnnoTree (v1.2)** and AnnoView (v2.0)* and their associated data-
bases were used to explore the phylogenomic distribution and gene
neighborhoods surrounding genes encoding DUF4123 domains. All
protein-coding sequences from GTDB version r214 were downloaded
and then annotated by mapping sequences to the Unirefl00 data-
base using DIAMOND*¢, with an E-value threshold of le-5, and with
both query and subject alignment coverage thresholds of 70%. This
was followed by extracting the protein domain functional annotation
from the Unirefl00 database. All sequences annotated as DUF4123
were collected and filtered by length——only sequences with lengths
greater than 220 and less than 350 were selected to reduce spurious
matches. The sequences were then further filtered to those within
the genera Pseudomonas, Burkholderia, Salmonella, Shigella, Escher-
ichia, Enterobacter, Yersinia, Serratia, and Vibrio. The sequences were
aligned using MUSCLE v5, and a phylogenetic tree was built using
FastTree, using default parameters. iTOL was used for tree
visualization*’. Each sequence has a unique gene ID, and the gene IDs
were used as center genes in gene neighborhood analysis®. Other
annotations around the center gene within +/- 10 kb ranges were
collected for co-occurrence analysis. FP-Growth, a data mining
algorithm used for finding frequent item sets, was applied to find the
most frequent combinations of functional annotations associated
with the chosen center gene.

DNA manipulation, plasmid construction, and mutant strain
generation

All expression and allelic exchange plasmids were constructed using
standard restriction enzyme-based cloning procedures*®, Primers were
synthesized by Integrated DNA Technologies. Oligonucleotide
sequences are provided in supplementary dataset S3. Phusion poly-
merase, restriction enzymes, and T4 ligase were obtained from New
England Biolabs. Sanger sequencing was performed by The Center
for Applied Genomics at the Hospital for Sick Children in Toronto,
Ontario. Plasmids used for heterologous expression include
pETDuet-1, pET29b, and pET28b (Novagen).

Chromosomal mutants were introduced to P. aeruginosa by
double allelic exchange as previously described*’. Approximately
500 bp flanks upstream and downstream of the region to be deleted
were amplified by PCR and spliced together by overlap-extension
PCR. The resulting amplicon was ligated into the allelic exchange
vector pEXG2, which was subsequently transformed into SM10 and
introduced into P. aeruginosa by conjugation. Merodiploids
were selected on media containing 30 ug/mL gentamicin and 25 pg/
mL irgasan. Counterselection using the sacB marker was
performed by streaking merodiploids onto LB agar lacking NaCl that
contained 5% (w/v) sucrose. Strains that grow on sucrose and are
gentamicin sensitive were screened by colony PCR for the deleted
gene. Chromosomal mutants were validated by PCR amplification of
the appropriate region and Sanger sequencing of the resulting
amplicon.

Chromosomal fusion mutants (V5, VSV-G) were generated by
the same method as deletion mutants, with the appropriate tag

sequence spliced between the 500 bp flanking regions by overlap-
extension PCR.

Bacterial competition assays

Competition assays were performed in co-culture as previously
described®. Cultures of the indicated donor and recipient strains were
grown overnight in LB at 37 °C and were diluted to an ODggg of 1.0.
Donor and recipient strains were combined to a ratio of 5:1 (donor:-
recipient) and 10 uL of the resulting mixture was spotted onto nitro-
cellulose membranes overlaid on 3% LB agar. To enumerate the initial
donor:recipient ratio, 10-fold serial dilutions of the initial mixture were
plated on 1.5% agar LB containing 40 pg/mL X-gal. Recipient strains,
which harbor a constitutively expressed lacZ allele at a neutral chro-
mosomal site, were differentiated from donor strains by their blue
phenotype on media containing X-gal. Co-culture competitions were
incubated at 25 °C for 20 h before being resuspended in 1 mL LB and
serially diluted to enumerate the final donor:recipient ratio. Compe-
titive index was calculated as (final donor:recipient ratio)/(initial
donor:recipient ratio).

Protein expression and purification
E. coli BL21 (DE3) pLysS (Novagen) harboring expression vectors
were grown shaking at 220 RPM at 37°C in LB containing the
appropriate antibiotics. Upon reaching an ODgoo of 0.6, protein
expression was induced by the addition of IPTG to a final con-
centration of 1 mM. Protein were expressed at 18 °C for 18-24 h. Cells
were pelleted by centrifugation at 9000 x g for 20 min and resus-
pended in buffer containing 50 mM HEPES NaOH pH 7.5, 300 mM
NaCl before lysis by sonication. Lysates were clarified by cen-
trifugation at 36,000 x g for 45 min. Lysates were loaded onto a2 mL
gravity flow Ni-NTA column pre-equilibrated with buffer containing
50 mM HEPES NaOH pH 7.5, 300 mM NaCl, and 10 mM imidazole pH
7.5 (wash buffer). Columns were washed three times with 20 mL of
wash buffer before Hisq-tagged proteins were eluted by the addition
of 4 mL of buffer containing 50 mM HEPES NaOH pH 7.5, 300 mM
NaCl, 400 mM imidazole pH 7.5. Eluted proteins were further pur-
ified by gel filtration on a HiLoad 16/600 superdex 200 size exclusion
chromatography column (GE Healthcare) equilibrated with buffer
containing 20 mM HEPES NaOH pH 7.5, 150 mM NaCl. The purifica-
tion of each protein was determined by SDS-PAGE, followed by
staining with Coomassie Brilliant Blue R250. Proteins were con-
centrated to 5 mg/mL using a 10 kDa molecular weight cutoff (Tapé,
Tapl4) or a 100kDa molecular weight cutoff (Ptx2, RhsP2) cen-
trifugal filter device (MilliporeSigma). Protein concentration was
measured using a NanoDrop instrument (ThermoFisher). Proteins
were used immediately or snap-frozen in liquid nitrogen before
being stored at -80 C.

To protect against its toxic effect, a catalytically inactive mutant of
RhsP2 (E1576Q) was purified instead of wild-type.

Co-purification and co-immunoprecipitation experiments

For co-purification experiments, E. coli BL21 (DE3) pLysS strains har-
boring the indicated vectors were grown in 100 mL LB containing
appropriate antibiotics shaking (220 RPM) at 37 °C. Cells were har-
vested by centrifugation at 9000 x g, resuspended in buffer containing
50 mM HEPES NaOH pH 7.5, 500 mM NaCl, and lysed by sonication.
Lysates were clarified as above. Lysates were loaded onto a 500 pL
gravity flow Ni-NTA column pre-equilibrated with 10 mL buffer con-
taining 50 mM HEPES NaOH pH 7.5, 500 mM NaCl, and 10 mM imida-
zole pH 7.5 (wash buffer). Columns were washed four times with 10 mL
wash buffer. Hisqs-tagged proteins/protein complexes were eluted in
500 pL buffer containing 50 mM HEPES NaOH pH 7.5, 300 mM Nacl,
and 400 mM imidazole. Proteins present in the input and eluted
fractions were analyzed by Western blotting.
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For co-immunoprecipitation experiments, P. aeruginosa strains
encoding the indicated epitope-tagged proteins at their native
chromosomal loci were diluted to an ODggo of 0.1 and grown in
100 mL LB at 25°C shaking (220 RPM). When an ODg¢go of 0.8 was
reached (7-8 h of growth), cultures were harvested by centrifugation
at 9000 x g for 20 min. Cells were resuspended in 4 mL buffer con-
taining 50 mM HEPES NaOH pH 7.5, 300 mM NacCl, 2% (w/v) glycerol,
and lysed by sonication (IP buffer). Lysates were clarified by cen-
trifugation at 36,000 x g for 20 min, and input protein fractions were
collected. Lysates were combined with 20 uL anti-VSV-G resin (Sigma)
pre-equilibrated with 3 mL of IP buffer and incubated for 1 h, rotating
at 4°C. VSV-G-beads were pelleted by centrifugation at 40 x g for
5min and washed three times with 15 mL IP buffer. Bound proteins
were eluted by the addition of 100 uL 2x Laemelli sample buffer.
Input and immunoprecipitated proteins were analyzed by western
blotting.

Size exclusion chromatography

Analytical size exclusion chromatography was performed using a 10/
300 GL Superdex 200 size exclusion column (GE Healthcare) on an
AKTA system (GE Healthcare). 1 mg of each of the indicated purified
proteins was combined, incubated for 10 min at room temperature,
and loaded onto the size exclusion column pre-equilibrated with buf-
fer containing 20 mM HEPES NaOH pH 7.5, 150 mM NaCl. To confirm
complex stability, proteins that co-eluted as a peak were pooled,
concentrated, and loaded onto the size exclusion column a second
time. Eluted proteins were analyzed by SDS-PAGE, followed by staining
with Coomassie Brilliant Blue R250.

Antibody generation

A custom polyclonal antibody for RhsP2 was generated for this study.
Because full-length RhsP2 is toxic to E. coli, overexpression of a RhsP2
variant lacking the C-terminal toxin domain was performed for anti-
body production. This protein was purified as described above, except
that PBS buffer was used for all stages instead of HEPES NaOH pH 7.5
NaCl. 5mg of purified protein was sent to GenScript for polyclonal
antisera production. The specificity of our custom RhsP2 antibody was
determined by Western blotting of purified RhsP2 and comparison to
blotting of a different protein purified from the same E. coli protein
expression cell line.

Western blotting

Western blotting was performed as previously described for rabbit
anti-VSV-G (MilliporeSigma V4888, 1:5000), rabbit anti-FLAG (Milli-
poreSigma F7425, 1:5000), mouse anti-His (GenScript A00186-100,
1:5000) and detected using anti-rabbit (New England Biolabs 7074 V)
or anti-mouse New England Biolabs 7076S) horseradish peroxidase-
conjugated secondary antibodies (1:5000) as appropriate®. Custom
polyclonal rabbit anti-RhsP2 (this study) was used as a titer of 1:5000.
Briefly, proteins were separated using 12% acrylamide SDS-PAGE run at
95V for 15min, followed by 195V for 40 min. Proteins were subse-
quently wet transferred to a nitrocellulose membrane using the Mini
Trans-Blot electrophoretic transfer system (Bio-Rad). The transfer was
run at 103V for 33 min, after which the blot was blocked in Tris-
buffered saline containing 0.05% (v/v) Tween-20 (TBS-T) and 5% (w/v)
non-fat milk (Bio-Rad) for 30 min with gentle agitation at room tem-
perature. Primary antibody was added at the titer indicated above and
incubated for 1 h at room temperature with gentle agitation. The blot
was subsequently washed 3 times for 5 min each with 10 mL TBS-T. The
secondary antibody was added at 1:5000 titer and incubated at room
temperature for 45min with gentle agitation. Blots were washed 3
times with 10 mL TBS-T before developing Clarity Max ECL substrate
(Bio-Rad).

Statistics and reproducibility

No statistical method was used to predetermine sample size, and no
data were excluded from the analyses. The experiments were not
randomized, and the investigators were not blinded to allocation
during experiments and outcome assessment.

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

Data availability

The bioinformatic data generated in this study are available in sup-
plemental dataset S1. Raw data for plotted figures are available in the
source data file. Raw data for blots and gels are provided in Supple-
mental Fig. S6. AlphaFold3 models and confidence metrics are pro-
vided in Supplemental Dataset S2. Source data are provided in
this paper.
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