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Abstract

The type VI secretion system (T6SS) is a spear-like nanomachine found in gram-negative
pathogens for delivery of toxic effectors to neighboring bacterial and host cells. Its assembly
requires a tip spike complex consisting of a VgrG-trimer, a PAAR protein, and the interacting
effectors. However, how the spike controls T6SS assembly remains elusive. Here we inves-
tigated the role of three VgrG-effector pairs in Aeromonas dhakensis strain SSU, a clinical
isolate with a constitutively active T6SS. By swapping VgrG tail sequences, we demonstrate
that the C-terminal ~30 amino-acid tail dictates effector specificity. Double deletion of
vgrG1&2 genes (VgrG3™) abolished T6SS secretion, which can be rescued by ectopically
expressing chimeric VgrG3 with a VgrG1/2-tail but not the wild type VgrG3. In addition, dele-
tion of effector-specific chaperones also severely impaired T6SS secretion, despite the
presence of intact VgrG and effector proteins, in both SSU and Vibrio cholerae V52. We fur-
ther show that SSU could deliver a V. cholerae effector VasX when expressing a plasmid-
borne chimeric VgrG with VasX-specific VgrG tail and chaperone sequences. Pull-down
analyses show that two SSU effectors, TseP and TseC, could interact with their cognate
VgrGs, the baseplate protein TssK, and the key assembly chaperone TssA. Effectors TseL
and VasX could interact with TssF, TssK and TssA in V. cholerae. Collectively, we demon-
strate that chimeric VgrG-effector pairs could bypass the requirement of heterologous VgrG
complex and propose that effector-stuffing inside the baseplate complex, facilitated by chap-
erones and the interaction with structural proteins, serves as a crucial structural determinant
for TBSS assembly.

Author summary

Effectors of bacterial secretion systems are generally considered as secreted proteins for
interspecies interactions rather than components of the secretion apparatus. Our results
reveal the complex interactions of effectors, chaperones, and structural proteins are
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crucial for T6SS assembly, suggesting an integral role of effectors as parts of the apparatus
and distinctive from other secretion systems.

Introduction

Host-pathogen interaction often involves the translocation of virulence factors by specific pro-
tein secretion systems, each considered as a delicate nanomachinery [1]. Their substrate selec-
tivity is a key question for understanding how each system works. Of the six major secretion
systems in gram-negative bacteria, the type VI secretion system (T6SS) is of particular interest
in host-pathogen interaction for its capability in translocating effectors into a broad range of
cell types including bacteria, fungi, and eukaryotic cells [2-5]. The T6SS is widely distributed
in gram-negative bacteria including many important human, animal and plant pathogens [6-
8]. However, its functions in those diverse species and environments remain largely
uncharacterized.

The T6SS comprises a transmembrane anchor, a baseplate and a double tubular sheath-nee-
dle structure [7,9-11]. The outer sheath and the inner needle are often made of hundreds of
layers of hexametric VipA/B and Hcp, respectively, and are topped by a tip complex consisting
of a VgrG trimer and a cone-shape PAAR [9,12,13]. Through sheath contraction, the inner
needle is ejected outward, carrying effectors and the tip complex, into the environment or
directly into a competing neighbor cell [12,14-16]. Effectors may bind to Hcp, VgrG, and
PAAR directly or via a chaperone/adaptor protein [15-21]. In addition, some Hcp, VgrG and
PAAR proteins with extended functional domains may directly act as effectors [12,13,22].
Known effectors have exhibited diverse antibacterial and anti-eukaryotic functions including
cell-wall hydrolysis, membrane-pore formation, lipases, nucleases, and actin crosslinking tox-
ins [13,14,23-26]. Each antibacterial effector is neutralized by a cognate immunity protein pro-
viding specific self-protection [4,14,23,27]. In addition, a number of immunity-independent
mechanisms have recently emerged, including formation of kin-only clusters, production of
extracellular polysaccharides, envelope stress responses, and general stress responses [28-32].
Although a large number of effectors have been identified, the molecular details of effector
selection and loading remain elusive.

VgrG, PAAR and effector proteins are secreted components and yet they also play a vital
role in T6SS assembly. For example, of the three VgrG proteins in V. cholerae, although single
deletion of vgrGI or vgrG3 has little effect on T6SS secretion, deletion of vgrG2 or double dele-
tion of vgrG1 and vgrG3 severely impairs secretion [33]. Deletion of all PAAR genes in Acineto-
bacter baylyi abolishes T6SS functions while deletion of PAAR genes in V. cholerae reduces but
not abolishes Hcp secretion and killing efficiency [12]. Combinatorial deletion of effector
genes in V. cholerae inhibits the assembly of contractile T6SS but not the non-contractile
mutant, suggesting effectors are important for stabilization but not initiation of T6SS sheath-
needle polymerization [14,34]. However, it remains unclear why some VgrG, PAAR and effec-
tors are more important than others in the assembly process.

Aeromonas dhakensis is an emerging human pathogen of gastroenteritis and sepsis and its
type strain SSU exhibits a constitutively active T6SS [19,35]. Unlike in V. cholerae and other
T6SS organisms that possess multiple extended VgrG and PAAR proteins [13,14,36,37], all
VgrG and PAAR proteins in A. dhakensis SSU contain the conserved structural domain only
[38]. The VgrG-specific effectors have been identified, comprising a colicin-like TseC, a nucle-
ase Tsel, and a lysozyme-like TseP [19,26,38]. Therefore, the T6SS of SSU provides an ideal
model to study the requirement of VgrG and effector proteins in T6SS assembly. In this study,
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by swapping the C-terminal tail of VgrG proteins, we show that specificity of effector delivery
is determined by the C-terminal tail of VgrG proteins. By constructing combinatorial vgrG
deletion mutants and ectopically expressing chimeric VgrG proteins with different tails to cre-
ate a one-VgrG/two-effector condition, we show that the previously-known requirement for a
heterologous VgrG complex is modulated by the associated effectors. We further show that
deletion of chaperone genes could also severely impair T6SS secretion despite the presence of
all VgrG and effector proteins. Effector proteins were found to interact with baseplate proteins
and TssA in both A. dhakensis and V. cholerae. Finally, we propose a VgrG-dependent effector
stuffing model illustrating the role of effectors as structural necessity in T6SS assembly.

Results
VgrG-mediated effector delivery is highly specific

Of the three known effectors in A. dhakensis SSU, each resides in an operon containing an
upstream vgrG (Fig 1A). All three VgrG proteins are highly conserved with an N-terminal hall-
mark VgrG signature but the C-terminal ends (~ 30 amino acids) of the VgrGs are divergent
(Fig 1B and A in S1 Text). Using bacterial competition assays of single vgrG deletion mutants
against effector-immunity mutants, we found that deleting any of the three vgrG genes
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Fig 1. Specificity of VgrG-effector pairs in A. dhakensis SSU. A, Operon structures of the three VgrG-encoding clusters. Gene numbers and
proteins are indicated. B, Alignment of VgrG sequences highlights the divergence at the C-terminal tail. Alignment was generated using
COBALT and visualized using the ESPript server. Full sequence alignment is shown in Figure A in S1 Text. C, Competition assay of wild type
(WT), the T6SS null AvasK mutant, and individual AvgrG mutants against effector-immunity deletion mutants. Survival of prey was
quantified after co-incubation with the killer strains. Error bars indicate the mean +/- standard deviation of at least three biological replicates
and statistical significance was calculated using one-way ANOVA analysis. “***P < 0.0001, ns: not significant.

https://doi.org/10.1371/journal.ppat.1010116.g001
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abolished the killing of its cognate downstream effector-immunity mutant but not the other
two immunity mutants (Fig 1C). These results confirm the known VgrG-dependence of each
effector and further show that such dependence is highly specific.

VgrG C-terminal divergent tail dictates effector delivery specificity

It has been previously shown that the C-terminal tail of VgrG proteins determines the specific-
ity of VgrG-effector interaction in a number of species including Agrobacterium tumefaciens,
enteroaggregative Escherichia coli, V. parahaemolyticus, and Pseudomonas aeruginosa [20,39-
42]. To test how effectors are specifically recognized by cognate VgrGs in SSU, we swapped the
VgrG3 tail sequence (P650 to end) with the ones from VgrG1 (K650 to end) and VgrG2 (E650
to end) to test whether these chimeric VgrG3 variants can functionally complement the dele-
tions of the corresponding vgrGs (Fig 2A). Results show ectopic expression of VgrG3'™
(VgrG3 N-terminal with VgrGl tail) partially restored the killing activity of AvgrGI mutant
against its corresponding immunity defective mutant Atsel* (Fig 2B). Similarly, ectopic
expression of VgrG3*™ (VgrG3 N-terminus with VgrG2 tail) functionally complemented the
AvgrG2 mutant (Fig 2B) by restoring its killing activity against the corresponding immunity
defective mutant AtseP”.

Next, we tested whether VgrG-tail swapping could deliver an effector of another species.
This is different from our recent report that an effector from A. dhakensis was delivered by the
T6SS of V. cholerae as a hybrid fusion to the PAAR?2 protein [43]. We expressed VasX, a T6SS
effector in V. cholerae, and its associated chaperone VasW and immunity protein TsiV2 in
SSU (Fig 2C). Successtul delivery of VasX would allow SSU to kill its sister cells that do not
express the VasX-specific immunity protein TsiV2. Intraspecies competition analysis shows
that SSU expressing the VgrG3"?""-VasW-VasX-TsiV2 plasmid could outcompete the
AvgrG1¢+3 mutant carrying the pBAD empty vector but not the pPBAD-TsiV2 vector (Fig 2D).
By contrast, wild type SSU failed to outcompete the AvgrG1¢+3 mutant since it encodes a full
set of immunity proteins to native T6SS effectors. These results collectively indicate that swap-
ping the C-terminal tail sequence of VgrG proteins enables delivery of VgrG-dependent effec-
tors of the same or different species.

Double deletion of vgrG genes abolishes T6SS secretion

Previous findings indicate that a heterotrimeric VgrG complex is required for T6SS functions
in V. cholerae [33], in which two of the three VgrG proteins, VgrG1 and VgrG3, are “evolved”
VgrG effectors with C-terminal extended functional domains [13]. Importantly, VgrG2, the
one without an extended domain, seems to be more important than the other two VgrG pro-
teins since its deletion abolishes T6SS secretion [33]. By contrast, the three SSU VgrG proteins
do not possess any extended domains (Fig A in S1 Text). We then tested whether a heterotri-
meric VgrG complex is required in SSU. By constructing a series of combinatorial vgrG dele-
tion mutants, we found that none of the double or triple vgrG deletion mutants was able to kill
a competing E. coli prey or to secrete Hep (Fig 3A and 3B), suggesting that a VgrG homotrimer
comprising only one VgrG protein is insufficient for T6SS secretion.

The VgrG-heterotrimer requirement is dependent on effectors

Having built a set of chimeric VgrG and effector pairs and a set of vgrG deletion mutants, we
next used them to investigate why a single VgrG cannot support T6SS secretion. Using the
functional VgrG3'™ and VgrG3*™™ chimeric plasmid-borne constructs that can deliver Tsel
and TseP, respectively, we expressed them in the AvgrG1¢+2 (VgrG3" only) mutant so that it
would have VgrG3 carrying its native TseC with an additional effector Tsel or TseP. As
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Fig 2. VgrG C-terminal tails dictate effector specificity. A, Schematic of tail swapping of VgrG proteins. Structural model of the VgrG complex
was generated using the VgrGl1 structure of P. aeruginosa as template (PDB: 6H3L) in Chimera. Chimeric VgrG3 proteins with the tail sequence of
VgrG1(K650 to end) or VgrG2(E650 to end) were constructed and expressed on pBAD vectors. B, Competition assay of vgrG mutants expressing
chimeric VgrG proteins against the cognate immunity-defective mutants. WT and vgrG mutants were transformed with an empty pBAD plasmid
(p) or VgrG-encoded plasmids as indicated. Killer and prey strains were co-incubated on LB plates with 0.01% arabinose and survival of prey was
enumerated by serial dilutions and plating on selective media. C, Chimeric VgrG3 with the VasX effector module of V. cholerae. A pBAD plasmid
expressing chimeric VgrG3 with the C-terminal tail of V. cholerae VgrG2 and its downstream chaperone (VasW), effector (VasX) and immunity
(TsiV2) was constructed. D, Competition assay of WT expressing an empty plasmid (p) or the chimeric VgrG against an SSU mutant prey
expressing an empty vector or the immunity protein TsiV2. The AvasK mutant serves as a T6SS null control, and the prey strain is the AvgrGle»3
double mutant. For B&D, error bars indicate the mean +/- standard deviation of at least three biological replicates and statistical significance was
calculated using one-way ANOVA analysis. **P < 0.01, ****P < 0.0001, ns: not significant.

https://doi.org/10.1371/journal.ppat.1010116.9002

control, we also expressed plasmid-borne wild-type VgrG proteins in the T6SS-inactive
AvgrG1¢2 mutant. Using a competition assay of vgrG mutants against an E. coli prey, we
found that expression of VgrG1 and VgrG2 but not VgrG3 or vector only partially restored the
killing activities of the AvgrG1¢2 mutant, suggesting again a heterotrimeric VgrG complex is
required (Fig 3C). Importantly, one of the VgrG3 hybrids, VgrG3>™, complemented the
AvgrG1é2 mutant in the bacterial competition assay as efficiently as the pVgrG2 plasmid. A
moderate complementation effect was also observed for VgrG3'™.

Because bacterial competition could be affected by effector functions, we next tested Hcp
secretion in these strains to compare T6SS activities using Western blotting analysis (Fig 3D).
As expected, there was no secreted Hcp detected in the AvgrG1é+2 or the AvasK mutant.
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Fig 3. Chimeric VgrG proteins restore T6SS secretion in AvgrG mutants. A, Competition analysis of double and triple vgrG deletion mutants against E. coli.
Survival of E. coli was quantified by serial dilutions on selective medium. When no surviving E. coli was detected in the dilution series, one colony was artificially
counted at the lowest dilution factor for calculation and statistical analysis, representing the detection limit (DL, grey dashed line). DL may vary depending on the
plating volume of each assay. B, Western blot of Hcp secretion in the vgrG deletion mutants. Secreted proteins were resolved by SDS-PAGE and detected by
Western blot analysis with anti-Hcp and anti-RpoB antisera. Hep is a hallmark of T6SS secretion while RpoB, the RNA polymerase beta-subunit, serves as a
control for equal loading (Cell) and cell lysis in secretion samples (Sec). C, Functional complementation of chimeric VgrG proteins in competition analysis. Killer
strains are SSU WT and mutant strains transformed with the empty pBAD vector or vectors expressing different VgrG variants as indicated. Killer strains and the
E. coli prey were co-incubated on LB media with 0.01% arabinose and survival of E. coli was quantified by serial dilutions and plating on selective media. DL:
detection limit. D, Western blot of Hcp secretion. Strains were transformed with an empty pBAD vector (p) or vectors expressing VgrG proteins as indicated.
Expression of VgrG proteins was induced by the addition of arabinose to aerobically grown LB culture. E. Expression of plasmid-borne VgrG3 restores Hcp
secretion in the AvgrG1¢»3 mutant background. Strains expressing an empty pBAD vector (p) or VgrG proteins are indicated. Western blot of Hcp and RpoB in
the whole cell (Cell) and secreted (Sec) samples was performed similarly as in B and D. Hcp and RpoB were detected in whole cell (Cell) and secreted (Sec)
samples. For A&C, error bars indicate the mean +/- standard deviation of at least three biological replicates and statistical significance was calculated using one-

way ANOVA analysis. *P < 0.05, ****P < 0.0001, ns: not significant.
https://doi.org/10.1371/journal.ppat.1010116.9003

Ectopic expression of VgrG1, VgrG2, and VgrG3>™ in the AvgrG1¢-2 mutant substantially
increased Hcp secretion. By contrast, expression of VgrG3 resulted in a background level of
Hcp secretion, which was detectable only after much longer exposure. Expression of the
VgrG3''" resulted in an intermediate level of Hcp secretion. These results are in general agree-
ment with the competition analysis.

To determine if this phenotype is specific to the AvgrGl¢+2 and to test if expression of
VgrG3 is functional, we also ectopically expressed VgrG2 and VgrG3 in the AvgrG1¢3 mutant.
Again, using Western blotting analysis, we found that induced expression of VgrG2 failed to
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restore Hep secretion in the AvgrG1¢+3 (VgrG2") mutant while that of VgrG3 did (Fig 3E).
Collectively, the results of expressing VgrG3-tail variants in combinatorial vgrG deletion
mutants suggest that T6SS assembly requires the presence of multiple effectors but not a het-
erotrimeric VgrG complex.

Effector-cognate chaperones are crucial to T6SS secretion

Because our previous results show that chaperones are required for secretion of effectors Tsel
and TseC [19,26], we next tested whether chaperone genes are required for T6SS secretion.
SSU genome encodes two TEC(DUF4123)-domain chaperones Tecl and TecC, respectively.
We constructed combinatorial deletions of tecI and tecC with the chaperone-independent
effector gene tseP and tested their effects on Hcp secretion and bacterial competition against
the E. coli prey. Western blotting analysis shows that, while single gene deletion had little effect
on Hcp secretion, double deletion of both chaperone genes substantially reduced Hcp secre-
tion (Fig 4A). Interestingly, when deletion of tseP was introduced to chaperone gene deletion
mutants, Hep secretion was severely impaired while cytosolic Hcp levels were not affected.
Competition assays against an E. coli prey show consistent results that combinatorial deletions
of chaperone genes with or without seP all resulted in significantly reduced killing ability
against E. coli (Fig 4B).

Next, we tested whether the chaperone gene requirement also occurs in V. cholerae by con-
structing deletion mutants of chaperone genes in V. cholerae strain V52 [2,14]. We have previ-
ously found that the triple deletion of tseL, vasX and vgrG3 genes abolished T6SS secretion
[34]. There are two TEC chaperones, TecL and VasW, that are required for the secretion of
effectors TseL and VasX, respectively [19,21]. Using bacterial competition and Hcp secretion
assays, we found that deletion of chaperones severely impaired T6SS functions (Fig 4C and
4D). When either chaperone deletion was introduced to the vgrG3* mutant, a vgrG3-null
background lacking both vgrG3 and its immunity gene tsiV3, T6SS secretion was also
impaired. Collectively, these results show that chaperones that facilitate VgrG-effector interac-
tion are also crucial for T6SS assembly.

Therefore, the observed VgrG-heterotrimer requirement for T6SS assembly is modulated by
efficient loading of heterogeneous effectors to different VgrG proteins, and the presence of effec-
tors and VgrG proteins without chaperones is severely inefficient to support T6SS assembly.

Effectors directly interact with structural proteins

To determine how effectors contribute to T6SS assembly, we used pull-down analysis to test
the interaction of effectors with the baseplate proteins TssE/F/G/K, as well as with the assembly
chaperone TssA that interacts with multiple structural proteins [44-48]. All proteins were
individually expressed in E. coli and cell lysates were mixed in pairs. A preliminary pull-down
analysis between different baseplate proteins and effectors (or their catalytically inactive
mutants where indicated) suggested that effectors may interact with TssK and TssA (Fig B in
S1 Text). Interaction with TssE, TssF, or TssG was inconclusive due to poor expression or
affinity enrichment. Therefore, we focused on TssK and TssA in the follow-up assays. Pull-
down analyses showed positive interaction between His-tagged TssK and TssA with the corre-
sponding FLAG-tagged effectors, TseP and TseC. His-tagged superfolder green fluorescent
protein (sfGFP) and FLAG-tagged maltose binding protein (MBP) serve as the negative con-
trol while the effector-specific VgrG proteins serve as the positive control, which collectively
show the observed effector interactions were specific (Fig 5A and 5B).

To test if the interaction between effectors and baseplate proteins also occurs in V. cholerae,
in which effectors are also critical to the T6SS assembly [34], we performed similar pull-down
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Fig 4. Effects of chaperone gene deletions on T6SS secretion. A, Western blot of Hep secretion in chaperone deletion mutants. Chaperone
genes tecl and tecC were deleted individually or in combination with the chaperone-independent effector gene tseP. Secreted samples were
collected from aerobically growing cultures. Whole cell (Cell) and secreted samples (Sec) were subject to SDS-PAGE and Western blotting
analyses. Signals were detected using anti-RpoB and anti-Hcp antibodies, respectively. The AvasK mutant serves as a T6SS null control. B,
Competition analysis of chaperone gene deletion mutants against the E. coli prey. Error bars indicate the mean +/- standard deviation of four
biological replicates. C, Western blot of Hcp secretion in chaperone deletion mutants of V. cholerae. Chaperone genes vasW and tecL were
deleted individually or in combination with the vgrG3 effector-immunity gene pair AvgrG3®. VgrG3 is a chaperone-independent effector in
V. cholerae. Signals were detected using anti-RpoB and anti-Hcp antibodies, respectively. D, Competition analysis of V. cholerae chaperone
gene deletion mutants against the E. coli prey. Error bars indicate the mean +/- standard deviation of three biological replicates. For B and D,
the killer-to-prey ratio is 10:1, and statistical significance was calculated using one-way ANOVA analysis. ****P < 0.0001, ns: not significant.

DL: detection limit.

https://doi.org/10.1371/journal.ppat.1010116.9004

analyses using V. cholerae T6SS proteins. A preliminary analysis testing TssE/F/G/K and TssA
with effectors suggested positive interactions between effectors with TssF/K and TssA (Fig C
in S1 Text). Results with TssE and TssG were again inconclusive due to reduced expression or
affinity enrichment. By focusing on TssA/F/K as bait proteins, we show that these His-tagged
baits could pull down FLAG-tagged V. cholerae effectors, TseL and VasX (Fig 5C and 5D).
Control samples using His-sfGFP, FLAG-MBP, and effector-specific His-VgrG proteins exhib-
ited negative and positive interactions as expected.
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Fig 5. Interaction of effectors with baseplate proteins. A, Pull-down analysis of structural proteins and TssA with the catalytically inactive effector TseP™****, B,
Pull-down analysis of structural proteins and TssA with TseC*'*. C, Pull-down analysis of V. cholerae structural proteins and TssA with the catalytically inactive
effector TseL"****, D, Pull-down analysis of V. cholerae structural proteins and TssA with the colicin-inactive effector VasX*'®. For all pull-down assays, effectors
carry a C-terminal or an N-terminal FLAG tag as indicated and bait proteins are fused with an N-terminal 6His tag. His-sfGFP and MBP-FLAG serve as a negative
control for nonspecific interaction. Expression of all proteins was induced in E. coli individually, and cell lysates were mixed in pairs. Samples were detected by
Western blotting analysis using the anti-FLAG and anti-His antibodies, respectively. All pull-down experiments were performed at least twice and a representative

result is shown.

https://doi.org/10.1371/journal.ppat.1010116.9005

Collectively, these results reveal that effectors likely participate in the assembly process by
interacting not only with VgrG for secretion but also with other non-secreted structural pro-
teins and the assembly chaperone TssA.

Discussion

As a widespread molecular weapon among gram-negative pathogens, the T6SS is analogous to
a speargun with its spear loaded onto the trans-membrane-baseplate complex as the main
frame and ejected by a contractile sheath as the spring cord. In the middle of the baseplate and
on top of the sheath-tube structure sits the VgrG spike complex as the spearhead. This central
position highlights its involvement in formation of the pre-firing complex and initiation of
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Trans-envelope

sheath-tube polymerization. However, the molecular details that govern T6SS assembly still
remain elusive. Specifically, why certain VgrG proteins are more critical than others despite of
near identical conserved sequences [13,33,49] and why VgrG-dependent effectors are required
for T6SS assembly [34,50]?

Here we use a simple VgrG model in A. dhakensis SSU in which all three VgrG proteins
contain canonical VgrG-domains only and are near identical except for the C-terminal tail
sequences [38]. This is advantageous in comparison with previous research in V. cholerae and
other species, which may be complicated by the presence of multiple evolved VgrG proteins
that function not only as a structural component but also as effectors through their C-terminal
extended domains [13,51]. We show that swapping the C-terminal tail could alter VgrG-effec-
tor specificity not only among SSU effectors but also could enable SSU to deliver a V. cholerae
effector VasX. Furthermore, combinatorial deletion of vgrG genes abolished T6SS function,
which allows us to use chimeric VgrG proteins to construct a one-VgrG only condition but
delivering two different effectors. Results show that the VgrG3-only mutant ectopically
expressing a VgrG3-tail chimera but not the wild type VgrG3 is T6SS-active. In addition, dele-
tion mutants lacking chaperones that facilitate effector-VgrG binding also are impaired in
T6SS secretion. This observation is consistent with a previous report that double deletion of
chaperone genes abolished the T6SS secretion in A. tumefaciens [50]. These results collectively
indicate that effectors, but not the VgrG proteins per se, are the key factors dictating the
requirement for heterologous VgrG-spike complex previously observed in V. cholerae [13,33]
and here in SSU (Fig 6).

While double vgrG deletion mutants abolished T6SS secretion in SSU (Fig 3A and 3B), sin-
gle deletion of vgrG did not, indicating none of the VgrG proteins is required for T6SS

basplate compleé
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Fig 6. Effectors serve as structural components for T6SS assembly. Effector vacancy, chaperone deletion, or VgrG homotrimer cannot support T6SS
assembly. The assembly of T6SS in A. dhakensis requires multiple effectors bound to a heterotrimeric VgrG spike or a homotrimer of VgrG hybrids with
varied C-terminal tails, as well as sufficient effector-baseplate interaction. The process involves effector-chaperone interaction for stabilizing and
delivering effectors to the VgrG spike, as well as direct interaction between effector and structural proteins. Therefore, the VgrG-dependent effectors
might be considered integral parts of the assembly.

https://doi.org/10.1371/journal.ppat.1010116.9006
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assembly. Similarly, our previous results find none of the effectors is required for T6SS
[19,26,38]. In addition, expression of vgrG3 in the VgrG3™-only mutant cannot restore T6SS
activities (Fig 3C and 3D), and the VgrG2™-only mutant cannot be complemented by induced
expression of VgrG2 (Fig 3E). These results indicate that the loss of T6SS activities in the single
VgrG™-only mutant is not due to an insufficient expression level of VgrG proteins.

Here we propose a model depicting that the effector-stuffing effect inside the baseplate cav-
ity is required for T6SS assembly (Fig 6). This is also built on the previous observations that
effectors are involved in T6SS assembly since combinatorial deletion of all effector genes in V.
cholerae and A. dhakensis SSU abolishes T6SS secretion [34,38]. In addition, a recent report
has also shown that the T6SS secretion in Enterobacter cloacae requires the presence of two
VgrG-dependent Rhs-family effectors RhsA and RhsB, and the N-terminal PAAR domain of
RhsA was sufficient for stabilizing its interacting VgrG trimer but not for restoring T6SS secre-
tion in the ArhsA ArhsB mutant, highlighting the required physical presence of the full length
RhsA [52]. In the absence of effectors, only non-contractile T6SS sheath-tube can be formed in
V. cholerae [34], suggesting that effectors are not required for initiating sheath-tube assembly
but critical for stabilizing polymerization and preventing from premature contraction. Likely
due to VgrG-effector specific interaction, lacking effectors, chaperones, and specific VgrG pro-
teins all lead to similar effects to effector-deletions (Fig 6). In addition, the pull-down analysis
suggests that effectors can also interact with T6SS baseplate and the TssA chaperone, suggest-
ing such interactions may be important for recruiting the effectors to the baseplate and for sta-
bilizing the structures. We propose that the spike-associating VgrG-dependent effectors might
be considered as integral structural components of T6SS beyond their known functions in
interspecies interactions. Identification of the effector-baseplate interaction will lead to future
work involving high-resolution analyses, including Cryo-electron microscopy and tomogra-
phy analyses, to elucidate the molecular details of these interactions both in vitro and in cells
and the resulting effects on the T6SS assembly and effector secretion.

Lastly, delivery of heterologous cargo proteins will greatly expand the application of T6SS
in a number of biotechnological and therapeutic areas. However, it is hindered by our limited
understanding of effector delivery, and one main challenge is due to the complex and specific
binding of effectors to their cognate T6SS carrier proteins. VgrG-mediated heterologous effec-
tor delivery has only been demonstrated in the form of fusion proteins [34,53-55]. Here we
were able to use a chimeric VgrG-tail construct to deliver a heterologous effector of V. cholerae
by the SSU T6SS, demonstrating as proof-of-concept for the delivery of a heterologous and
standalone cargo protein that can be further explored for biotechnological applications in
future studies.

Methods
Bacterial strains and growth conditions

Strains, plasmids, and primers used in this study are listed in Table A in S1 Text and available
upon request. Cultures were routinely grown in Lysogeny Broth ([w/v] 1% tryptone, 0.5%
yeast extract, 0.5% NaCl) aerobically at 37°C or 30°C as indicated. The following antibiotics
were used: streptomycin (100 pg/ml), ampicillin (100 pg/ml), kanamycin (50 pg/ml), chloram-
phenicol (25 pg/ml for E. coli, 2.5 pg/ml for A. dhakensis SSU and V. cholerae V52).

Competition assay

Cultures of killer and prey strains were grown in liquid LB to exponential phase (ODgp = 1)
and stationary phase (ODgpg = 2), respectively. Cells were collected by centrifugation and
resuspended in LB. Killer and prey cells were mixed at a ratio of 5: 1, spotted on LB-agar plates,
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and incubated for 3 h at 37°C. The mixture was retrieved in 500 pL LB in 2 ml tubes. After vig-
orous shaking, a series of 10-fold dilutions was plated on selective plates with antibiotics. The
mean Log c.f.u of recovered cells was plotted and error bars show mean +/- standard devia-
tion of at least three biological replicates. One-way ANOVA analysis was performed using the
Prism software with default settings.

Protein secretion assay

Aerobically grown cultures were grown in LB at 30°C to ODgg = 1. Cells were centrifuged at
2,500 x g for 8 min and then resuspended in fresh LB. Gene expression on pBAD vectors was
induced with 0.01% [w/v] L-arabinose at 30°C for 1 h. Cultures were centrifuged at 10,000 x g
at room temperature, and the resulting supernatant samples were centrifuged again at

10,000 x g to remove any residue cells. TCA (trichloroacetic acid) was added to the superna-
tants at a final concentration of 20% [v/v] for protein precipitation. Proteins were collected at
15,000 x g for 30 min at 4°C and pellets were washed with acetone at room temperature and
air-dried. Both whole cell and proteins samples were resuspended in SDS-loading dye and
boiled for 10 min before SDS-PAGE analysis.

Western blotting analysis

Whole cell and secreted proteins were subject to SDS-PAGE analysis, after which resolved pro-
teins were transferred by electrophoresis to a PVDF membrane (Bio-Rad). A solution with 5%
[w/v] non-fat milk in Tris-buffered saline with Tween-20 (TBST) buffer (50 mM Tris, 150 mM
NaCl, 0.1% [v/v] Tween-20, pH 7.6) was used to block the PVDF membrane for 1 h at room
temperature. Primary and secondary HRP-conjugated antibodies were sequentially used to
treat the PVDF membrane, after which the Clarity ECL solution (Bio-Rad) was used for signal
detection. Antibodies were purchased from Biolegend (RpoB, Product # 663905), Thermo Sci-
entific (V5, Product # 37-7500), ABclonal (FLAG, Product # AE005 and 6His, Product #
AE003), ZSGB-Bio (Product # ZB-2305 (mouse) and # ZB-2301 (rabbit)). The polyclonal cus-
tom antibody to Hcp was made by Shanghai Youlong Biotech.

Pull-down analysis

Genes of interest were cloned into pET and pBAD vectors with His, 3V5 or FLAG epitope tags
and expression was induced in E. coli individually. Cells were grown in LB with appropriate
antibiotics to ODggg of 0.6-0.8, and induced with 1 mM IPTG for 18 h at 20°C for pET vectors
and with 0.1% arabinose for 3 h at 30°C for pBAD vectors. Pellets were collected by centrifuga-
tion, resuspended in lysis buffer (20 mM Tris, 500 mM NaCl, 50 mM imidazole, pH 8.0 with
protease inhibitor (Thermo Scientific)), and lysed by sonication. After centrifugation to
remove cell debris, supernatants were mixed as input samples. Samples were loaded to Ni-
NTA resin (Smart-lifesciences), then washed 4-5 times with wash buffer (20 mM Tris pH 8.0,
500 mM NaCl, 50 mM imidazole), and eluted in elution buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 500 mM imidazole). Input and elution samples were analyzed by Western blot. Expres-
sion of V5-tagged TseP and FLAG-tagged Tsel was unstable and excluded in the pull-down
analysis.

Bioinformatics analysis

Gene sequences of SSU were retrieved from the draft genome assembly (GenBank
NZ_JH815591.1). VgrG protein sequences were aligned using COBALT [56] and Clustal
Omega [57] and visualized using ESPript with default settings (https://espript.ibcp.fr)[58].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 12/17


https://espript.ibcp.fr
https://doi.org/10.1371/journal.ppat.1010116

PLOS PATHOGENS

T6SS effectors as structural components

VgrG structural models were generated using the Phyre2 program [59]. Chimera [60] was
used to visualize and compare VgrG predicted models with the VgrG1 of Pseudomonas aerugi-
nosa structure model (PDB: 6H3L) [61].

Supporting information

S1 Text. Supplemental figures and table for additional data and strain information. Fig A.
Sequence alignment of VgrG proteins in A. dhakensis SSU. The three VgrG proteins were
aligned using the BLAST Multiple Alignment tool. Alignment was downloaded in Clustal for-
mat and visualized using ESPript with default settings (https://espript.ibcp.fr). The predicted
structure of VgrGl1, generated by Phyre2, was used as structural template in ESPript. Fig B.
Pull-down analyses of A. dhakensis effector-structural protein interactions. a, Pull-down
analysis of structural proteins with the catalytically inactive TseI™* 44, The full-length pro-
tein and the cleaved C-terminus of Tsel are indicated. b, Pull-down analysis of structural pro-
teins with the effector TseC. ¢, Pull-down analysis of TssA with TseI"'" 44, d, Pull-down
analysis of TssA with TseC. For all pull-down assays, effectors carry a C-terminal 3V5 tag and
bait proteins are fused with an N-terminal 6His tag. His-sfGFP serves as a negative control for
nonspecific interaction. All proteins were individually expressed in E. coli and cell lysates
mixed in pairs. Samples were detected by Western blotting analysis using the anti-V5 and anti-
His antibodies, respectively. All pull-down experiments were performed at least twice and a
representative result is shown. Fig C. Pull-down analyses of V. cholerae effector-structural
protein interactions. a, Pull-down analysis of V. cholerae structural proteins with the catalyti-
cally inactive TseL"****. b, Pull-down analysis of V. cholerae structural proteins with the effec-
tor VasX. ¢, Pull-down analysis of V. cholerae TssA with TseL"****. d, Pull-down analysis of V.
cholerae TssA with VasX. For all pull-down assays, effectors carry a C-terminal 3V5 tag and
bait proteins are fused with an N-terminal 6His tag. His-sfGFP serves as a negative control for
nonspecific interaction. All proteins were individually expressed in E. coli and cell lysates
mixed in pairs. Samples were detected by Western blotting analysis using the anti-V5 and anti-
His antibodies, respectively. All pull-down experiments were performed at least twice and a
representative result is shown. Table A. Plasmids, strains and primers.

(DOCX)

Acknowledgments
We thank Le Tang, Megan Wong and Steve Hersch for technical assistance.

Author Contributions
Conceptualization: Xiaoye Liang, Tao Dong.
Funding acquisition: Ping Xu, Tao Dong.

Investigation: Xiaoye Liang, Tong-Tong Pei, Hao Li, Hao-Yu Zheng, Han Luo, Yang Cui,
Ming-Xuan Tang, Ya-Jie Zhao, Tao Dong.

Methodology: Xiaoye Liang, Tong-Tong Pei.

Resources: Ping Xu, Tao Dong.

Supervision: Tao Dong.

Writing - original draft: Tao Dong.

Writing - review & editing: Xiaoye Liang, Tong-Tong Pei, Tao Dong.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 13/17


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010116.s001
https://espript.ibcp.fr
https://doi.org/10.1371/journal.ppat.1010116

PLOS PATHOGENS

T6SS effectors as structural components

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Galan JE, Waksman G. Protein-injection machines in bacteria. Cell. 2018; 172: 1306—1318. https://doi.
org/10.1016/j.cell.2018.01.034 PMID: 29522749

Pukatzki S, Ma AT, Sturtevant D, Krastins B, Sarracino D, Nelson WC, et al. Identification of a con-
served bacterial protein secretion system in Vibrio cholerae using the Dictyostelium host model system.
Proc Natl Acad Sci. 2006; 103: 1528—1533. https://doi.org/10.1073/pnas.0510322103 PMID: 16432199

Mougous JD, Cuff ME, Raunser S, Shen A, Zhou M, Gifford CA, et al. A virulence locus of Pseudomo-
nas aeruginosa encodes a protein secretion apparatus. Science. 2006; 312: 1526-30. https://doi.org/
10.1126/science.1128393 PMID: 16763151

Hood RD, Singh P, Hsu F, Guvener T, Carl MA, Trinidad RRS, et al. A type VI secretion system of Pseu-
domonas aeruginosa targets a toxin to bacteria. Cell Host Microbe. 2010; 7: 25—37. https://doi.org/10.
1016/j.chom.2009.12.007 PMID: 20114026

Trunk K, Peltier J, Liu Y-C, Dill BD, Walker L, Gow NARR, et al. The type VI secretion system deploys
antifungal effectors against microbial competitors. Nat Microbiol. 2018; 3: 920-931. https://doi.org/10.
1038/s41564-018-0191-x PMID: 30038307

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree |. Dissecting the bacterial type VI secretion sys-
tem by a genome wide in silico analysis: what can be learned from available microbial genomic
resources? BMC Genomics. 2009; 10: 104. hitps://doi.org/10.1186/1471-2164-10-104 PMID:
19284603

Ho BT, Dong TG, Mekalanos JJ. A view to a kill: the bacterial type VI secretion system. Cell Host
Microbe. 2014; 15: 9-21. https://doi.org/10.1016/j.chom.2013.11.008 PMID: 24332978

Russell AB, Peterson SB, Mougous JD. Type VI secretion system effectors: poisons with a purpose.
Nat Rev Microbiol. 2014; 12: 137—48. https://doi.org/10.1038/nrmicro3185 PMID: 24384601

Wang J, Brodmann M, Basler M. Assembly and subcellular localization of bacterial type VI secretion
systems. Annu Rev Microbiol. 2019; 73: 621-638. https://doi.org/10.1146/annurev-micro-020518-
115420 PMID: 31226022

Durand E, Nguyen VS, Zoued A, Logger L, Péhau-Arnaudet G, Aschtgen M-S, et al. Biogenesis and
structure of a type VI secretion membrane core complex. Nature. 2015; 523: 555-560. https://doi.org/
10.1038/nature14667 PMID: 26200339

Basler M, Pilhofer M, Henderson GP, Jensen GJ, Mekalanos JJ. Type VI secretion requires a dynamic
contractile phage tail-like structure. Nature. 2012; 483: 182—-186. https://doi.org/10.1038/nature10846
PMID: 22367545

Shneider MM, Buth SA, Ho BT, Basler M, Mekalanos JJ, Leiman PG. PAAR-repeat proteins sharpen
and diversify the type VI secretion system spike. Nature. 2013; 500: 350-353. https://doi.org/10.1038/
nature12453 PMID: 23925114

Pukatzki S, Ma AT, Revel AT, Sturtevant D, Mekalanos JJ. Type VI secretion system translocates a
phage tail spike-like protein into target cells where it cross-links actin. Proc Natl Acad Sci. 2007; 104:
15508-15513. https://doi.org/10.1073/pnas.0706532104 PMID: 17873062

Dong TG, Ho BT, Yoder-Himes DR, Mekalanos JJ. Identification of T6SS-dependent effector and
immunity proteins by Tn-seq in Vibrio cholerae. Proc Natl Acad Sci. 2013; 110: 2623-2628. https://doi.
org/10.1073/pnas.1222783110 PMID: 23362380

Hachani A, Allsopp LP, Oduko Y, Filloux A. The VgrG proteins are “a la Carte” delivery systems for bac-
terial type VI effectors. J Biol Chem. 2014; 289: 17872—17884. https://doi.org/10.1074/jbc.M114.
563429 PMID: 24794869

Burkinshaw BJ, Liang X, Wong M, Le ANH, Lam L, Dong TG. A type VI secretion system effector deliv-
ery mechanism dependent on PAAR and a chaperone—co-chaperone complex. Nat Microbiol. 2018; 3:
632-640. https://doi.org/10.1038/s41564-018-0144-4 PMID: 29632369

Silverman JM, Agnello DM, Zheng H, Andrews BT, Li M, Catalano CE, et al. Haemolysin coregulated
protein is an exported receptor and chaperone of type VI secretion substrates. Mol Cell. 2013; 51: 584—
593. https://doi.org/10.1016/j.molcel.2013.07.025 PMID: 23954347

Whitney JC, Beck CM, Goo YA, Russell AB, Harding BN, De Leon JA, et al. Genetically distinct path-
ways guide effector export through the type VI secretion system. Mol Microbiol. 2014; 92: 529-542.
https://doi.org/10.1111/mmi.12571 PMID: 24589350

Liang X, Moore R, Wilton M, Wong MJQ, Lam L, Dong TG. Identification of divergent type VI secretion
effectors using a conserved chaperone domain. Proc Natl Acad Sci. 2015; 112: 9106—-9111. https://doi.
org/10.1073/pnas.1505317112 PMID: 26150500

Bondage DD, Lin J-S, Ma L-S, Kuo C-H, Lai E-M. VgrG C terminus confers the type VI effector transport
specificity and is required for binding with PAAR and adaptor—effector complex. Proc Natl Acad Sci.
2016; 113: E3931-E3940. https://doi.org/10.1073/pnas.1600428113 PMID: 27313214

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 14/17


https://doi.org/10.1016/j.cell.2018.01.034
https://doi.org/10.1016/j.cell.2018.01.034
http://www.ncbi.nlm.nih.gov/pubmed/29522749
https://doi.org/10.1073/pnas.0510322103
http://www.ncbi.nlm.nih.gov/pubmed/16432199
https://doi.org/10.1126/science.1128393
https://doi.org/10.1126/science.1128393
http://www.ncbi.nlm.nih.gov/pubmed/16763151
https://doi.org/10.1016/j.chom.2009.12.007
https://doi.org/10.1016/j.chom.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20114026
https://doi.org/10.1038/s41564-018-0191-x
https://doi.org/10.1038/s41564-018-0191-x
http://www.ncbi.nlm.nih.gov/pubmed/30038307
https://doi.org/10.1186/1471-2164-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19284603
https://doi.org/10.1016/j.chom.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24332978
https://doi.org/10.1038/nrmicro3185
http://www.ncbi.nlm.nih.gov/pubmed/24384601
https://doi.org/10.1146/annurev-micro-020518-115420
https://doi.org/10.1146/annurev-micro-020518-115420
http://www.ncbi.nlm.nih.gov/pubmed/31226022
https://doi.org/10.1038/nature14667
https://doi.org/10.1038/nature14667
http://www.ncbi.nlm.nih.gov/pubmed/26200339
https://doi.org/10.1038/nature10846
http://www.ncbi.nlm.nih.gov/pubmed/22367545
https://doi.org/10.1038/nature12453
https://doi.org/10.1038/nature12453
http://www.ncbi.nlm.nih.gov/pubmed/23925114
https://doi.org/10.1073/pnas.0706532104
http://www.ncbi.nlm.nih.gov/pubmed/17873062
https://doi.org/10.1073/pnas.1222783110
https://doi.org/10.1073/pnas.1222783110
http://www.ncbi.nlm.nih.gov/pubmed/23362380
https://doi.org/10.1074/jbc.M114.563429
https://doi.org/10.1074/jbc.M114.563429
http://www.ncbi.nlm.nih.gov/pubmed/24794869
https://doi.org/10.1038/s41564-018-0144-4
http://www.ncbi.nlm.nih.gov/pubmed/29632369
https://doi.org/10.1016/j.molcel.2013.07.025
http://www.ncbi.nlm.nih.gov/pubmed/23954347
https://doi.org/10.1111/mmi.12571
http://www.ncbi.nlm.nih.gov/pubmed/24589350
https://doi.org/10.1073/pnas.1505317112
https://doi.org/10.1073/pnas.1505317112
http://www.ncbi.nlm.nih.gov/pubmed/26150500
https://doi.org/10.1073/pnas.1600428113
http://www.ncbi.nlm.nih.gov/pubmed/27313214
https://doi.org/10.1371/journal.ppat.1010116

PLOS PATHOGENS

T6SS effectors as structural components

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Unterweger D, Kostiuk B, Otjengerdes R, Wilton A, Diaz-Satizabal L, Pukatzki S. Chimeric adaptor pro-
teins translocate diverse type VI secretion system effectors in Vibrio cholerae. EMBO J. 2015; 34:
2198-2210. https://doi.org/10.15252/embj.201591163 PMID: 26194724

Ma J, Pan Z, Huang J, Sun M, Lu C, Yao H. The Hcp proteins fused with diverse extended-toxin
domains represent a novel pattern of antibacterial effectors in type VI secretion systems. Virulence.
2017; 8: 1189-1202. https://doi.org/10.1080/21505594.2017.1279374 PMID: 28060574

Russell AB, Hood RD, Bui NK, LeRoux M, Vollmer W, Mougous JD. Type VI secretion delivers bacterio-
lytic effectors to target cells. Nature. 2011; 475: 343-347. https://doi.org/10.1038/nature 10244 PMID:
21776080

Russell AB, LeRoux M, Hathazi K, Agnello DM, Ishikawa T, Wiggins PA, et al. Diverse type VI secretion
phospholipases are functionally plastic antibacterial effectors. Nature. 2013; 496: 508-512. https://doi.
org/10.1038/nature 12074 PMID: 23552891

Koskiniemi S, Lamoureux JG, Nikolakakis KC, t'Kint de Roodenbeke C, Kaplan MD, Low DA, et al. Rhs
proteins from diverse bacteria mediate intercellular competition. Proc Natl Acad Sci. 2013; 110: 7032—
7037. https://doi.org/10.1073/pnas.1300627110 PMID: 23572593

Pei T-T, Li H, Liang X, Wang Z-H, Liu G, Wu L-L, et al. Intramolecular chaperone-mediated secretion of
an Rhs effector toxin by a type VI secretion system. Nat Commun. 2020; 11: 1865. https://doi.org/10.
1038/s41467-020-15774-z PMID: 32313027

English G, Trunk K, Rao VA, Srikannathasan V, Hunter WN, Coulthurst SJ. New secreted toxins and
immunity proteins encoded within the type VI secretion system gene cluster of Serratia marcescens.
Mol Microbiol. 2012; 86: 921-936. https://doi.org/10.1111/mmi.12028 PMID: 22957938

Kamal F, Liang X, Manera K, Pei TT, Kim H, Lam LG, et al. Differential cellular response to translocated
toxic effectors and physical penetration by the type VI secretion system. Cell Rep. 2020; 31: 107766.
https://doi.org/10.1016/j.celrep.2020.107766 PMID: 32553162

Hersch SJ, Watanabe N, Stietz MS, Manera K, Kamal F, Burkinshaw B, et al. Envelope stress
responses defend against type six secretion system attacks independently of immunity proteins. Nat
Microbiol. 2020; 5: 706—714. https://doi.org/10.1038/s41564-020-0672-6 PMID: 32094588

Toska J, Ho BT, Mekalanos JJ. Exopolysaccharide protects Vibrio cholerae from exogenous attacks by
the type 6 secretion system. Proc Natl Acad Sci. 2018; 115: 7997-8002. https://doi.org/10.1073/pnas.
1808469115 PMID: 30021850

Borenstein DB, Ringel P, Basler M, Wingreen NS. Established microbial colonies can survive type VI
secretion assault. PLoS Comput Biol. 2015; 11: e1004520. https://doi.org/10.1371/journal.pcbi.
1004520 PMID: 26485125

Wong MJQQ, Liang X, Smart M, Tang L, Moore R, Ingalls B, et al. Microbial herd protection mediated
by antagonistic interaction in polymicrobial communities. Appl Environ Microbiol. 2016; 82: 6881-6888.
https://doi.org/10.1128/AEM.02210-16 PMID: 27637882

Zheng J, Ho B, Mekalanos JJ. Genetic analysis of anti-amoebae and anti-bacterial activities of the type
VI secretion system in Vibrio cholerae. PLoS One. 2011; 6: €23876. https://doi.org/10.1371/journal.
pone.0023876 PMID: 21909372

Liang X, Kamal F, Pei T-T, Xu P, Mekalanos JJ, Dong TG. An onboard checking mechanism ensures
effector delivery of the type VI secretion system in Vibrio cholerae. Proc Natl Acad Sci. 2019; 116:
23292-23298. https://doi.org/10.1073/pnas. 1914202116 PMID: 31659021

Suarez G, Sierra JC, Sha J, Wang S, Erova TE, Fadl AA, et al. Molecular characterization of a functional
type VI secretion system from a clinical isolate of Aeromonas hydrophila. Microb Pathog. 2008; 44:
344-361. https://doi.org/10.1016/j.micpath.2007.10.005 PMID: 18037263

Pukatzki S, McAuley SB, Miyata ST. The type VI secretion system: translocation of effectors and effec-
tor-domains. Curr Opin Microbiol. 2009; 12: 11-17. https://doi.org/10.1016/j.mib.2008.11.010 PMID:
19162533

Sana TG, Baumann C, Merdes A, Soscia C, Rattei T, Hachani A, et al. Internalization of Pseudomonas
aeruginosa strain PAO1 into epithelial cells is promoted by interaction of a T6SS effector with the micro-
tubule network. MBio. 2015; 6: €00712. https://doi.org/10.1128/mBio.00712-15 PMID: 26037124

Liang X, Pei T-T, Wang Z-H, Xiong W, Wu L-L, Xu P, et al. Characterization of lysozyme-like effector
TseP reveals the dependence of type VI secretion system (T6SS) secretion on effectors in Aeromonas
dhakensis strain SSU. Appl Environ Microbiol. 2021; 87: e0043521. https://doi.org/10.1128/AEM.
00435-21 PMID: 33837015

Wettstadt S, Wood TE, Fecht S, Filloux A. Delivery of the Pseudomonas aeruginosa phospholipase
effectors PIdA and PIdB in a VgrG- and H2-T6SS-dependent manner. Front Microbiol. 2019; 10: 1718.
https://doi.org/10.3389/fmicb.2019.01718 PMID: 31417515

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 15/17


https://doi.org/10.15252/embj.201591163
http://www.ncbi.nlm.nih.gov/pubmed/26194724
https://doi.org/10.1080/21505594.2017.1279374
http://www.ncbi.nlm.nih.gov/pubmed/28060574
https://doi.org/10.1038/nature10244
http://www.ncbi.nlm.nih.gov/pubmed/21776080
https://doi.org/10.1038/nature12074
https://doi.org/10.1038/nature12074
http://www.ncbi.nlm.nih.gov/pubmed/23552891
https://doi.org/10.1073/pnas.1300627110
http://www.ncbi.nlm.nih.gov/pubmed/23572593
https://doi.org/10.1038/s41467-020-15774-z
https://doi.org/10.1038/s41467-020-15774-z
http://www.ncbi.nlm.nih.gov/pubmed/32313027
https://doi.org/10.1111/mmi.12028
http://www.ncbi.nlm.nih.gov/pubmed/22957938
https://doi.org/10.1016/j.celrep.2020.107766
http://www.ncbi.nlm.nih.gov/pubmed/32553162
https://doi.org/10.1038/s41564-020-0672-6
http://www.ncbi.nlm.nih.gov/pubmed/32094588
https://doi.org/10.1073/pnas.1808469115
https://doi.org/10.1073/pnas.1808469115
http://www.ncbi.nlm.nih.gov/pubmed/30021850
https://doi.org/10.1371/journal.pcbi.1004520
https://doi.org/10.1371/journal.pcbi.1004520
http://www.ncbi.nlm.nih.gov/pubmed/26485125
https://doi.org/10.1128/AEM.02210-16
http://www.ncbi.nlm.nih.gov/pubmed/27637882
https://doi.org/10.1371/journal.pone.0023876
https://doi.org/10.1371/journal.pone.0023876
http://www.ncbi.nlm.nih.gov/pubmed/21909372
https://doi.org/10.1073/pnas.1914202116
http://www.ncbi.nlm.nih.gov/pubmed/31659021
https://doi.org/10.1016/j.micpath.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18037263
https://doi.org/10.1016/j.mib.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19162533
https://doi.org/10.1128/mBio.00712-15
http://www.ncbi.nlm.nih.gov/pubmed/26037124
https://doi.org/10.1128/AEM.00435-21
https://doi.org/10.1128/AEM.00435-21
http://www.ncbi.nlm.nih.gov/pubmed/33837015
https://doi.org/10.3389/fmicb.2019.01718
http://www.ncbi.nlm.nih.gov/pubmed/31417515
https://doi.org/10.1371/journal.ppat.1010116

PLOS PATHOGENS

T6SS effectors as structural components

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Flaugnatti N, Le TTH, Canaan S, Aschtgen M-S, Nguyen VS, Blangy S, et al. A phospholipase A1 anti-
bacterial Type VI secretion effector interacts directly with the C-terminal domain of the VgrG spike pro-
tein for delivery. Mol Microbiol. 2016; 99: 1099-1118. https://doi.org/10.1111/mmi.13292 PMID:
26714038

Flaugnatti N, Rapisarda C, Rey M, Beauvois SG, Nguyen VA, Canaan S, et al. Structural basis for load-
ing and inhibition of a bacterial T6SS phospholipase effector by the VgrG spike. EMBO J. 2020; 39: 1—
14. https://doi.org/10.15252/embj.2019104129 PMID: 32350888

Jana B, Fridman CM, Bosis E, Salomon D. A modular effector with a DNase domain and a marker for
T6SS substrates. Nat Commun. 2019;10. https://doi.org/10.1038/s41467-018-07709-6 PMID:
30602777

Hersch SJ, Lam L, Dong TG. Engineered type six secretion systems deliver active exogenous effectors
and Cre recombinase. MBio. 2021;12. https://doi.org/10.1128/mBio.01115-21 PMID: 34281388

Zoued A, Durand E, Brunet YR, Spinelli S, Douzi B, Guzzo M, et al. Priming and polymerization of a
bacterial contractile tail structure. Nature. 2016; 531: 59-63. https://doi.org/10.1038/nature17182
PMID: 26909579

Schneider JP, Nazarov S, Adaixo R, Liuzzo M, Ringel PD, Stahlberg H, et al. Diverse roles of TssA-like
proteins in the assembly of bacterial type VI secretion systems. EMBO J. 2019; 38: 1-17. hitps://doi.
org/10.15252/embj.2018100825 PMID: 31403721

Stietz MS, Liang X, Li H, Zhang X, Dong TG. TssA-TssM-TagA interaction modulates type VI secretion
system sheath-tube assembly in Vibrio cholerae. Nat Commun. 2020; 11: 5065. https://doi.org/10.
1038/s41467-020-18807-9 PMID: 33033237

Bernal P, Furniss RCD, Fecht S, Leung RCY, Spiga L, Mavridou DAI, et al. A novel stabilization mecha-
nism for the type VI secretion system sheath. Proc Natl Acad Sci. 2021; 118: 1-9. https://doi.org/10.
1073/pnas.2008500118 PMID: 33558227

Santin YG, Doan T, Lebrun R, Espinosa L, Journet L, Cascales E. In vivo TssA proximity labelling dur-
ing type VI secretion biogenesis reveals TagA as a protein that stops and holds the sheath. Nat Micro-
biol. 2018; 3: 1304—1313. https://doi.org/10.1038/s41564-018-0234-3 PMID: 30275513

Hachani A, Lossi NS, Hamilton A, Jones C, Bleves S, Albesa-Jové D, et al. Type VI secretion system in
Pseudomonas aeruginosa: Secretion and multimerization of VgrG proteins. J Biol Chem. 2011; 286:
12317-12327. https://doi.org/10.1074/jbc.M110.193045 PMID: 21325275

Wu C, Lien Y, Bondage D, Lin J, Pilhofer M, Shih Y, et al. Effector loading onto the VgrG carrier acti-
vates type VI secretion system assembly. EMBO Rep. 2020; 21: e47961. https://doi.org/10.15252/
embr.201947961 PMID: 31808291

Sana TG, Berni B, Bleves S. The T6SSs of Pseudomonas aeruginosa strain PAO1 and their effectors:
beyond bacterial-cell targeting. Front Cell Infect Microbiol. 2016; 6: 61. https://doi.org/10.3389/fcimb.
2016.00061 PMID: 27376031

Donato SL, Beck CM, Garza-Sanchez F, Jensen SJ, Ruhe ZC, Cunningham DA, et al. The B-encapsu-
lation cage of rearrangement hotspot (Rhs) effectors is required for type VI secretion. Proc Natl Acad
Sci. 2020; 117: 33540-33548. https://doi.org/10.1073/pnas.1919350117 PMID: 33323487

Ma AT, McAuley S, Pukatzki S, Mekalanos JJ. Translocation of a Vibrio cholerae type VI secretion
effector requires bacterial endocytosis by host Cells. Cell Host Microbe. 2009; 5: 234—243. https://doi.
org/10.1016/j.chom.2009.02.005 PMID: 19286133

Ho BT, Fu Y, Dong TG, Mekalanos JJ. Vibrio cholerae type 6 secretion system effector trafficking in tar-
get bacterial cells. Proc Natl Acad Sci. 2017; 114: 9427-9432. https://doi.org/10.1073/pnas.
1711219114 PMID: 28808000

Wettstadt S, Filloux A. Manipulating the type VI secretion system spike to shuttle passenger proteins.
PLoS One. 2020; 15: e0228941. https://doi.org/10.1371/journal.pone.0228941 PMID: 32101557

Papadopoulos JS, Agarwala R. COBALT: constraint-based alignment tool for multiple protein
sequences. Bioinformatics. 2007; 23: 1073—-1079. https://doi.org/10.1093/bioinformatics/btm076 PMID:
17332019

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7: 1-6. https://doi.org/
10.1038/msb.2011.75 PMID: 21988835

Robert X, Gouet P. Deciphering key features in protein structures with the new ENDscript server.
Nucleic Acids Res. 2014; 42: W320-W324. https://doi.org/10.1093/nar/gku316 PMID: 24753421

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web portal for protein model-
ing, prediction and analysis. Nat Protoc. 2015; 10: 845-858. https://doi.org/10.1038/nprot.2015.053
PMID: 25950237

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 16/17


https://doi.org/10.1111/mmi.13292
http://www.ncbi.nlm.nih.gov/pubmed/26714038
https://doi.org/10.15252/embj.2019104129
http://www.ncbi.nlm.nih.gov/pubmed/32350888
https://doi.org/10.1038/s41467-018-07709-6
http://www.ncbi.nlm.nih.gov/pubmed/30602777
https://doi.org/10.1128/mBio.01115-21
http://www.ncbi.nlm.nih.gov/pubmed/34281388
https://doi.org/10.1038/nature17182
http://www.ncbi.nlm.nih.gov/pubmed/26909579
https://doi.org/10.15252/embj.2018100825
https://doi.org/10.15252/embj.2018100825
http://www.ncbi.nlm.nih.gov/pubmed/31403721
https://doi.org/10.1038/s41467-020-18807-9
https://doi.org/10.1038/s41467-020-18807-9
http://www.ncbi.nlm.nih.gov/pubmed/33033237
https://doi.org/10.1073/pnas.2008500118
https://doi.org/10.1073/pnas.2008500118
http://www.ncbi.nlm.nih.gov/pubmed/33558227
https://doi.org/10.1038/s41564-018-0234-3
http://www.ncbi.nlm.nih.gov/pubmed/30275513
https://doi.org/10.1074/jbc.M110.193045
http://www.ncbi.nlm.nih.gov/pubmed/21325275
https://doi.org/10.15252/embr.201947961
https://doi.org/10.15252/embr.201947961
http://www.ncbi.nlm.nih.gov/pubmed/31808291
https://doi.org/10.3389/fcimb.2016.00061
https://doi.org/10.3389/fcimb.2016.00061
http://www.ncbi.nlm.nih.gov/pubmed/27376031
https://doi.org/10.1073/pnas.1919350117
http://www.ncbi.nlm.nih.gov/pubmed/33323487
https://doi.org/10.1016/j.chom.2009.02.005
https://doi.org/10.1016/j.chom.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19286133
https://doi.org/10.1073/pnas.1711219114
https://doi.org/10.1073/pnas.1711219114
http://www.ncbi.nlm.nih.gov/pubmed/28808000
https://doi.org/10.1371/journal.pone.0228941
http://www.ncbi.nlm.nih.gov/pubmed/32101557
https://doi.org/10.1093/bioinformatics/btm076
http://www.ncbi.nlm.nih.gov/pubmed/17332019
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
https://doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1371/journal.ppat.1010116

PLOS PATHOGENS T6SS effectors as structural components

60. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera-A
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25: 1605—-1612.
https://doi.org/10.1002/jcc.20084 PMID: 15264254

61. Quentin D, Ahmad S, Shanthamoorthy P, Mougous JD, Whitney JC, Raunser S. Mechanism of loading
and translocation of type VI secretion system effector Tse6. Nat Microbiol. 2018; 3: 1142-1152. https://
doi.org/10.1038/s41564-018-0238-z PMID: 30177742

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010116  December 1, 2021 17/17


https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1038/s41564-018-0238-z
https://doi.org/10.1038/s41564-018-0238-z
http://www.ncbi.nlm.nih.gov/pubmed/30177742
https://doi.org/10.1371/journal.ppat.1010116

