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Type VI secretion system (T6SS) is a macromolecular machine used by
many Gram-negative bacteria to inject effectors/toxins into eukary-
otic hosts or prokaryotic competitors for survival and fitness. To date,
our knowledge of the molecular determinants and mechanisms
underlying the transport of these effectors remains limited. Here,
we report that two T6SS encoded valine-glycine repeat protein G
(VgrG) paralogs in Agrobacterium tumefaciens C58 specifically con-
trol the secretion and interbacterial competition activity of the type
VI DNase toxins Tde1 and Tde2. Deletion and domain-swapping
analysis identified that the C-terminal extension of VgrG1 specifi-
cally confers Tde1 secretion and Tde1-dependent interbacterial com-
petition activity in planta, and the C-terminal variable region of
VgrG2 governs this specificity for Tde2. Functional studies of VgrG1
and VgrG2 variants with stepwise deletion of the C terminus
revealed that the C-terminal 31 aa (C31) of VgrG1 and 8 aa (C8) of
VgrG2 are the molecular determinants specifically required for de-
livery of each cognate Tde toxin. Further in-depth studies on Tde
toxin delivery mechanisms revealed that VgrG1 interacts with the
adaptor/chaperone–effector complex (Tap-1–Tde1) in the absence
of proline-alanine-alanine-arginine (PAAR) and the VgrG1–PAAR
complex forms independent of Tap-1 and Tde1. Importantly, we iden-
tified the regions involved in these interactions. Although the entire
C31 segment is required for binding with the Tap-1–Tde1 complex,
only the first 15 aa of this region are necessary for PAAR binding.
These results suggest that the VgrG1 C terminus interacts sequentially
or simultaneously with the Tap-1–Tde1 complex and PAAR to govern
Tde1 translocation across bacterial membranes and delivery into tar-
get cells for antibacterial activity.
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The type VI secretion system (T6SS) is a molecular weapon
used by many Gram-negative bacteria to inject effectors into

eukaryotic host cells or competing prokaryotes for various func-
tions. A number of T6SS-secreted effectors were recently found to
have contact-dependent antibacterial activity in various bacteria
(1). The biochemical functions of characterized effectors include
the cell wall-degrading enzymes (2–5), nuclease (6–8), and mem-
brane lipid-degrading phospholipase (9–11). These diverse toxin
effectors are widespread superfamilies in the bacterial kingdom
and therefore likely have a general antibacterial strategy against
competitor bacterial cells. Moreover, some bacterial toxins, such
as cell wall-degrading lysozyme or amidase, may function beyond a
weapon used by eubacteria because some archaea and eukaryotes
have acquired these genes to defend against the bacterial attackers
(12, 13).
Functional and structural studies have shown that the T6SS

nanomachine shares striking similarities with the bacteriophage tail
structure (14–22). Accumulating evidence suggests that the base-
plate complex is recruited into the membrane-associated protein
complex and initiates the polymerization of a TssB-TssC (VipA-
VipB) contractile sheath. The TssB-TssC sheath wraps around the

Hcp (hemolycin-coregulated protein)-VgrG (valine-glycine repeat
protein G) tail tube/puncturing device and dynamically propels
Hcp-VgrG and type VI effectors across bacterial membranes. As a
result, Hcp and VgrG are released into the extracellular milieu. In
addition to its assembly into homohexameric hollow ring structures,
Hcp can function as a chaperone and receptor for certain effectors
bound to its inner cavity for transport across double membranes
(23). Some unusually large Hcp proteins harboring putative cata-
lytic domains, and therefore possibly having effector functions,
have yet to be characterized (24).
VgrG protein is involved in recognition and transport of a specific

set of effectors as well. It may feature the effector function at the
C-terminal domain. Such “evolved VgrGs” include Vibrio cholerae
VgrG-1, with an actin cross-linking domain; Aeromonas hydrophila
VgrG1, with an actin-ADP ribosylating VIP-2 domain; and
V. cholerae VgrG-3, with glycoside hydrolase activity to target pep-
tidoglycan (9, 25–27). Furthermore, VgrG may function as a carrier
for effector delivery by binding directly with specific effectors car-
rying the proline-alanine-alanine-arginine (PAAR) domain (28, 29).
Thus, Hcp and VgrG each seem to be a vehicle for specific

effector secretion across bacterial membranes. Importantly, genes
encoding known or putative effectors are often found adjacent to or
near vgrG (1, 6, 7, 10) and the requirement of the cognate vgrG for
specific type VI toxin-mediated interbacterial competition was
demonstrated in Pseudomonas aeruginosa and Enterobacter cloacae
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(30, 31). Recent studies further identified a DUF4123–domain-
containing protein, Tap-1/Tec, that is required for loading a specific
effector onto cognate VgrG for delivery in V. cholerae (32, 33). In-
terestingly, the C terminus of VgrG in Escherichia coli Sci-1 T6SS
interacts directly with the Tle1 phospholipase effector for delivery
without bridging by an adaptor protein (11). However, the detailed
molecular determinants and underlying mechanisms of VgrG-con-
ferred effector transport specificity have not been elucidated.
Agrobacterium tumefaceins C58 harbors one T6SS that is acti-

vated transcriptionally by an ExoR-ChvG/ChvI signaling cascade
and posttranslationally via threonine phosphorylation when sensing
acidity (34–36). Three type VI effectors, namely type VI amidase
effector (Tae) and type VI DNase effectors (Tde1 and Tde2),
confer antibacterial activity of this bacterium. Autointoxication is
prevented through the production of cognate immunity proteins
(namely Tai, Tdi1, and Tdi2) (6). Both Tde DNase toxins harbor a
C-terminal toxin_43 domain and confer interbacterial competition
activity during plant colonization (6). In silico analysis further
revealed a well-conserved genetic linkage of the tde-tdi gene pair
with vgrG in many T6SS-encoding Proteobacteria (6).
Here, we investigated whether Tde secretion and Tde-dependent

antibacterial activity depend on genetically linked genes encoding
cognate VgrG and known or putative adaptor/chaperones. We
established that the C-terminal variable/extension region of VgrG is
the specific molecular determinant conferring Tde toxin delivery
and is required for binding to a PAAR protein and a cognate
adaptor/chaperone that interacts directly with a specific effector.
Furthermore, protein–protein interactions in various mutants led to
a proposed model in which the Tde effector is stabilized and carried
by its cognate adaptor/chaperone, which loads the effector onto the
C terminus of VgrG for secretion across bacterial membranes.

Results
In Silico Analysis of A. tumefaciens VgrG Proteins. A. tumefaciens
strain C58 encodes two VgrG proteins, VgrG1 and VgrG2, which
are functionally redundant in mediating secretion of the hallmark
T6SS protein Hcp (37). However, the exact role of each VgrG
protein in the function of A. tumefaciens T6SS remains elusive.
VgrG1 and VgrG2 contain 816- and 754-aa residues, respectively,
and share ∼92% amino acid identity, with high sequence variations
at the C-terminal end (Fig. S1). Domain prediction with the
Phyre2 protein fold-recognition server (38) revealed the presence
of the domains gp27 (18–370 aa in both VgrG1 and VgrG2) and
gp5 (380–757 aa in VgrG1 and 380–754 aa in VgrG2) (Figs. S1 and
S2A). No recognizable effector domain was identified in the
C-terminal region of VgrG1 or VgrG2 by sequence similarity based
on a National Center for Biotechnology Information (NCBI) CD-
search (39) or structure similarity based on Phyre2 analysis, which
suggests that A. tumefaciens VgrG proteins belong to the group of
“canonical VgrG” proteins. Furthermore, the 3D structure pre-
dicted by homology modeling showed that A. tumefaciens VgrG1
resembles the monomeric gp27–gp5 protein complex structure,
except for the lysozyme domain (Fig. S2B). Thus, we considered
A. tumefaciens VgrG1 and VgrG2 as structural homologs of the
gp27–gp5 protein complex that constitutes the cell-puncturing ap-
paratus of T4 bacteriophage.

VgrG1 Is Specifically Required for Tde1 Secretion and Tde1-Dependent
Interbacterial Competition Activity in Planta. In view of the genetic
linkage of vgrG1 to the tde1-tdi1 pair residing in the major T6SS
gene cluster and vgrG2 to tde2-tdi2 encoded in a divergent vgrG2
operon (Fig. 1A), we hypothesized that VgrG1 and VgrG2 are
specific carriers for secretion and delivery of Tde1 and Tde2, re-
spectively, into target cells. To test this theory, we first performed
secretion assays of each vgrG single- and double-deletion mutant
strain. The ΔvgrG1 or ΔvgrG2 strain remained fully functional in
secretion of Hcp and Tae toxin; however, the secretion of Tde1 toxin
was no longer detectable in ΔvgrG1 but remained normal in ΔvgrG2

(Fig. 1B). The abolished Tde1 secretion was restored at levels similar
to the WT C58 level on trans-complementation of vgrG1 but not
vgrG2 in the ΔvgrG1ΔvgrG2 strain. Therefore, VgrG1 but not
VgrG2 is specifically required for the secretion of Tde1 toxin, but
VgrG1 or VgrG2 alone is sufficient for Hcp and Tae secretion.
Next, we used an in planta interbacterial competition assay to

investigate whether the specificity observed for Tde1 toxin secretion
reflects its previously observed antibacterial activity (6). Thus, to
determine Tde1-dependent antibacterial activity, we mixed the
A. tumefaciens Δatu4349-tde1-tdi1 strain, which is susceptible to
killing on injection of Tde1 toxin because of lack of the cognate
immunity protein Tdi1 (6), with each of A. tumefaciens WT C58,
various vgrG mutants, and complemented strains. The mixtures
were infiltrated into Nicotiana benthamiana leaves, and the initial
inoculum (t = 0 h) and survival (24-h postinfiltration, t = 24 h)
of Δatu4349-tde1-tdi1 harboring the pTrc200 plasmid conferring
resistance to spectinomycin was determined by counting cfu on
selective media. Survival of Δatu4349-tde1-tdi1 was reduced on
coinfection with WT C58 or ΔvgrG2 compared with ΔvgrG1ΔvgrG2
(Fig. 1C), which is defective in Hcp and effector secretion (Fig. 1B).
In contrast, survival of Δatu4349-tde1-tdi1 on coinfection with
ΔvgrG1 was similar to that with ΔvgrG1ΔvgrG2 (Fig. 1C). Impor-
tantly, complementation of vgrG1 in ΔvgrG1ΔvgrG2 was sufficient
for survival of Δatu4349-tde1-tdi1 to be reduced similar to WT C58
and ΔvgrG2 levels (Fig. 1C). The combined data indicated that
VgrG1 but not VgrG2 is specifically required for Tde1 toxin secre-
tion and Tde1-dependent interbacterial competition activity in planta.

VgrG2 Is Specifically Required for Tde2-Dependent Interbacterial
Competition Activity in Planta. We next tested the role of VgrG2 in
Tde2 toxin delivery. Unlike the endogenous expression and secretion
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Fig. 1. Genetic organization of vgrG1 and vgrG2 and their requirement in
specific Tde toxin delivery. (A) Genetic organization of vgrG2 and hcp op-
erons of A. tumefaciens strain C58. The genes are indicated by the annotated
locus tag or designated name adapted from the literature (6, 37). The vgrG
genes are in blue and the genes encoding the three toxins and their cognate
immunity proteins are in red and green, respectively. (B) VgrG1 is required for
secretion of Tde1 but not Tae. Western blot analysis of the total (T) and se-
creted (S) proteins from various A. tumefaciens strains expressing the plasmid
control (p) or indicated plasmid. Protein names andmolecular weight markers
are indicated at the left and right, respectively. The soluble ActC protein was
used as an internal nonsecreted protein control. (C and D) VgrG1 and VgrG2
are required for Tde1- and Tde2-dependent interbacterial competition ac-
tivity, respectively. Various A. tumefaciens strains shown on the x axis were
each mixed with Δatu4349-tde1-tdi1 (C) or Δtde2-tdi2 (D) at a 10:1 ratio and
infiltrated into N. benthamiana leaves. The survival of Δatu4349-tde1-tdi1
and Δtde2-tdi2 collected at 0 and 24-h postinoculation (h) was quantified as
cfu. Data are mean ± SEM (C, n = 4 biological repeats from two independent
experiments; D, n = 5 biological repeats from three independent experi-
ments). Significant difference compared with WT C58 at 24-h postinfiltration
(*P ≤ 0.01). vgrG1 and vgrG2 are abbreviated as G1 and G2, respectively.
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of Tde1 toxin, that of Tde2 toxin was not detectable by Western
blot analysis in A. tumefaciens (6). Therefore, we used an in planta
competition assay to test the requirement for VgrG2 in Tde2 toxin
delivery. Similar to the design used for Tde1, we coinfected the
Δtde2-tdi2 deletion strain with each of the A. tumefaciens WT C58,
various vgrG mutants, and complemented strains to determine
Tde2-dependent antibacterial activity. The survival of Δtde2-tdi2
was markedly reduced on coinfection with WT C58 or ΔvgrG1
compared with ΔvgrG1ΔvgrG2 or ΔvgrG2, and the specific re-
quirement of VgrG2 for Tde2-dependent interbacterial competition
activity was further confirmed by trans-complementation (Fig. 1D).
In conclusion, VgrG1 or VgrG2 alone is sufficient for Hcp and Tae
secretion, but each VgrG is specifically required for delivery of its
cognate Tde toxin for interbacterial competition activity.

C-Terminal Variable/Extension Region of VgrG Is Responsible for Tde
Toxin Delivery. Because VgrG1 and VgrG2 are highly conserved
at the N-terminal region (1–668 aa) but more divergent at the
C-terminal end (669–816 aa in VgrG1 and 669–754 aa in VgrG2)
(Fig. S1), we hypothesized that the molecular determinants con-
ferring Tde toxin secretion or delivery specificity are located at the
C-terminal variable region of VgrG proteins. To test this hy-
pothesis, we first generated a series of truncated VgrG proteins
with C-terminal deletion. We defined VgrG proteins into three
regions: highly conserved region A (1–668 aa with only 4-aa dif-
ferences), variable region B (669–754 aa), and region C repre-
senting a C-terminal extension unique to VgrG1 (755–816 aa)
(Fig. 2A). Thus, two VgrG1 variants, one with deletion of region C
(abbreviated as G1AB) and one with deletion of both regions B
and C (G1A), and a VgrG2 variant with deletion of region B (G2A),
were generated and expressed in the ΔvgrG1ΔvgrG2 strain for
type VI secretion and Tde-dependent interbacterial competition
assays. As a positive control, expression of full-length VgrG1 in
ΔvgrG1ΔvgrG2 enabled the secretion of Hcp, Tae, and Tde1; in
contrast, Hcp and effector secretion was not detectable in the
VgrG1 variants with deletion of VgrG1 regions B and C (G1A) or
C (G1AB). Similarly, deletion of VgrG2 region B (G2A) caused the
complete loss of Hcp and Tae secretion, which was detected when
full-length VgrG2 was expressed in ΔvgrG1ΔvgrG2 (Fig. 2B).
Taken together, these results suggested that the C-terminal exten-
sion (region C) of VgrG1 and C-terminal variable region (region B)
of VgrG2 are required for assembly of a secretion-competent T6SS.
The expression of these truncated VgrG variants in ΔvgrG1ΔvgrG2
also caused loss of Tde-dependent interbacterial competition ac-
tivity in planta (Fig. S3 A and B), which is consistent with their
deficiency in mediating type VI secretion activity (Fig. 2B).
The complete loss of Hcp secretion in all truncated VgrG vari-

ants impeded the identification of molecular determinants in each
cognate VgrG specific for Tde toxin delivery. Because protein
truncation may cause incorrect protein folding of existing domains
and thus lead to a dysfunctional protein, we next used a domain-
swapping approach to generate chimeric VgrG proteins and mini-
mize the global structural change of VgrG proteins. A secretion
assay revealed that the chimeras G2AG1BC, G2ABG1C, and G1AG2B

but not G2AG1B remained functional in mediating Hcp and Tae
secretion (Fig. 2C). Among the Hcp and Tae secretion-compe-
tent strains, only those expressing G2AG1BC and G2ABG1C but
not G1AG2B could mediate Tde1 secretion (Fig. 2C), which is
consistent with their requirement in mediating Tde1-dependent
interbacterial competition activity (Fig. S3C). Conversely, only
G1AG2B supported Tde2-dependent antibacterial activity at
levels similar to full-length VgrG2 (Fig. S3D). These results
confirmed that Tde1 secretion and delivery specificity require
the presence of a C-terminal extension (region C) unique to
VgrG1, and the specificity for Tde2 toxin delivery is conferred by
the VgrG2 variable region (region B).

Domain Dissection of VgrG in Type VI Secretion and Tde Toxin
Delivery. The data from the deletion and chimeras of VgrG vari-
ants suggested that the unique C-terminal extension of VgrG1 (re-
gion C) and variable region (region B) of VgrG2 are each required
for specific Tde toxin delivery. However, the defined regions remain
required for assembly of a secretion-competent T6SS because Hcp
and Tae secretion are abolished in all VgrG variants with loss of
Tde-dependent interbacterial competition activity. Thus, further
dissection of the region was needed to identify the molecular de-
terminants dispensable for type VI assembly but specifically re-
quired for Tde toxin delivery. Secondary structure prediction by
Phyre2 revealed the presence of β-strands connected by loops in
the regions; the C-terminal extension of VgrG1 contained seven
β-strands connected by seven loops (Fig. 3A), whereas the VgrG2
variable region contained eight β-strands connected by eight loops
(Fig. 4A). Thus, we generated both VgrG1 and VgrG2 C-terminal–
truncated variants by stepwise deletion of each putative β-strand and
loop from the C-terminal end and expressed these truncated VgrG
variants in ΔvgrG1ΔvgrG2. Deletion analysis was performed until
we identified a variant that retained the ability to secrete Hcp or Tae
but lost Tde toxin secretion or interbacterial competition activity.
Tde1 secretion was no longer detectable with expression of a
truncated VgrG1 variant and deletion of the last β-strand β7
(VgrG1812), which, however, remained functional to mediate Hcp
and Tae secretion (Fig. 3 A and B). Further analysis of six additional
VgrG1 deletion variants revealed that the C-terminal region up to
β4 domain is required for Hcp and Tae secretion (Fig. 3 A and B)
(see, for example, VgrG1781 and VgrG1785). The loss of Tde1 se-
cretion in these VgrG1 deletion variants was also associated with
loss of Tde1-dependent interbacterial competition activity as de-
termined by in planta competition assay with the three representa-
tive deletion variants (VgrG1781, VgrG1785, andVgrG1812) (Fig. 3C).
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Fig. 2. C-terminal variable/extension region of VgrG is responsible for Tde
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Tde1- and Tde2-dependent antibacterial activity is based on Fig. S3. (B) Effect
of VgrG variable and C-terminal extension deletion and (C) chimeric VgrG var-
iants on type VI secretion. Western blot analysis of total (T) and secreted (S)
protein from A. tumefaciens ΔvgrG1ΔvgrG2 expressing the plasmid control (p)
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an internal nonsecreted protein control. vgrG1 and vgrG2 are abbreviated as G1
and G2, respectively.
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Thus, we identified that the VgrG1 C-terminal 31-aa region (786–
816 aa; C31), the region downstream of β4, is required for Tde1
toxin secretion and delivery specificity but is not essential for as-
sembly of a secretion-competent T6SS.
For VgrG2, the expression of a VgrG2 variant with deletion of

the last β-strand β8 (VgrG2742) in ΔvgrG1ΔvgrG2 already caused
complete loss of Hcp and effector secretion (Fig. 4B). Thus, we
generated three additional VgrG2 variants with 1-aa, 5-aa, and
8-aa C-terminal truncation (VgrG2753, VgrG2749, VgrG2746).
Strikingly, Hcp secretion was largely reduced and Tae secretion
was barely detected with expression of each of the three VgrG2
variants compared with the WT VgrG2 (Fig. 4B). Not surprisingly,
Tde2-dependent interbacterial competition activity was not de-
tectable in all four strains expressing these VgrG2 variants (Fig.
4C). These data suggest that the last C-terminal 8 aa (747–754 aa;
C8) in VgrG2 is important but not essential for the assembly of a
secretion-competent T6SS and is required for Tde2 toxin delivery
to confer Tde2-dependent interbacterial competition activity.

Widespread Genetic Linkage of Cognate vgrG with Distinct Adaptor/
Chaperone and Effector Genes in Proteobacteria. Both Tde1 and
Tde2 belong to a toxin_43 superfamily defined by Pfam: Tde1
belongs to class 1, containing only an identifiable toxin_43 domain,
and Tde2 belongs to class 3, harboring the N-terminal DUF4150
followed by a toxin_43 domain located in the C terminus (6). Be-
cause the tde-tdi toxin-immunity gene pair is well conserved in
Proteobacteria and is often genetically linked with vgrG (6), we
wondered about a specific genetic linkage for vgrG1 with tde1-tdi1
and vgrG2 with tde2-tdi2 in Proteobacteria other than A. tumefaciens.
Through database searches, we identified 18 putative orthologs of
tde1 (defined as ≤300-aa long and containing solely a toxin_43 do-
main) and 5 putative tde2 orthologs (defined by their N-terminal

DUF4150 and C-terminal toxin_43 domains) (Fig. S4). Because
DUF4150 exhibits similarity to the PAAR domain, which caps the
end of the β-helix of a VgrG spike and may function as a piercing tip
to facilitate secretion of a broad range of toxins (28), we extended
our search and identified seven Tde2-like (Tde2L) proteins defined
by their N-terminal PAAR and C-terminal toxin_43 domains. Fur-
thermore, a genetic context survey revealed that all identified tde
homologs were genetically linked to immunity genes (i.e., tdi).
Among the 18 tde1-tdi1 gene pairs, 5 were genetically associated with
vgrG and confined to bacteria belonging to α-Proteobacteria, in
which these VgrG proteins all contain a C-terminal sequence
highly conserved with the C31 region (786–816 aa) ofA. tumefaciens
C58 VgrG1 (Fig. 5 and Fig. S5). Strikingly, all five tde2-tdi2 and
seven tde2l-tdi2l gene pairs were genetically linked to vgrG and
present in bacteria across α-, β-, and γ-Proteobacteria, in which
these VgrG proteins are shorter and possess the conserved C8 se-
quence (747–754 aa) of A. tumefaciens C58 VgrG2 (Fig. 5 and Fig.
S5). Based on the domain organization and similarity, the tde1-
linked vgrG genes are defined as vgrG1 orthologs and tde2/tde2l-
linked vgrG genes are vgrG2 orthologs.
Intriguingly, in addition to the tight genetic linkage among vgrG-

tde-tdi homologs, our gene context analysis also identified addi-
tional genes conserved in these gene clusters. For vgrG1-type gene
clusters, a gene encoding for a protein with the DUF4123 domain
known as an adaptor/chaperone (6, 32, 33) is always found between
vgrG1 and tde1 (Fig. 5A). Furthermore, except for the gene cluster
found in Inquilinus limosus, all vgrG1-type gene clusters have a
PAAR-domain–containing gene downstream of tdi1. For vgrG2-
type gene clusters, a gene encoding for a DUF2169-domain–con-
taining protein is always found between vgrG2 and tde2 (Fig. 5A).
The conservation in gene cluster organization across diverse Pro-
teobacterial lineages suggests that individual genes within the same
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cluster may be functionally linked, which prompted our further
investigation on the roles of these adapter/chaperone-like proteins
in determining VgrG-Tde specificity.

Tap-1 (Atu4349) and PAAR Protein Atu4352 Are Required for Tde1-
Dependent Antibacterial Activity and Tde1 Secretion. Because of the
conservation of vgrG1-atu4349-tde1-tdi1-atu4352 genetic linkage in
α-Proteobacteria (Fig. 5A), we hypothesized that in addition to
VgrG1, Atu4349 and Atu4352 may play roles in Tde1 translocation.
This hypothesis was indeed supported by our previous observation
that the DUF4123-domain–containing protein Atu4349 interacts
directly with Tde1 to form a complex in E. coli and stabilizes Tde1
in A. tumefaciens C58 (6), and two recent studies identifying a
V. cholerae DUF4123-domain–containing protein, Tap-1/Tec, re-
quired for loading a specific effector onto cognate VgrG for se-
cretion (32, 33). Thus, we first determined the role of atu4349
(named tap-1) and atu4352 (named paar) in Tde1 secretion and
Tde1-dependent antibacterial activity. Because Tde1 and Tde2 but
not Tae toxins are responsible for detectable antibacterial activity
(6), we used E. coli DH10B-expressing tdi2 as a target strain to
determine Tde1-dependent antibacterial activity. As controls, WT
C58 and Δtde2-tdi2 but not Δtap-1-tde1-tdi1 killed the Tde1 toxin-
sensitive E. coli target cell efficiently, so the observed E. coli killing
activity was contributed by Tde1 toxin (Fig. 6A). Deletion of tap-1
abolished the antibacterial activity, and the trans expression of tap-1
on pTrc200 partially restored the Tde1-dependent antibacterial
activity; this partially restored phenotype may be a result of the
lower protein levels of Tap-1 synthesized by trans expression or the cis
expression of tap-1 with tde1 being critical for efficient Tde1 toxin
delivery. Indeed, the expression of tap-1-tde1-tdi1 on pTrc200 inΔtap-1
was able to fully restore Tde1-dependent antibacterial activity similar
to WT C58 and Δtde2-tdi2. Consistent with the role of Tap-1 in sta-
bilizing Tde1 and Tde1-dependent antibacterial activity, the intracel-
lular Tde1 protein level was reduced and its secretion completely

abolished inΔtap-1, whereas trans expression of tap-1 or tap-1-tde1-tdi1
could partially or completely restore Tde1 secretion (Fig. 6D).
Next, we determined the role of the paar gene in Tde1 toxin

delivery. Tde1-dependent antibacterial activity was highly
compromised but not completely abolished in Δpaar (Fig. 6B),
which is consistent with reduced Tde1 secretion in the absence of
this PAAR protein (Fig. 6E). Trans expression of paar in Δpaar
fully restored both Tde1 secretion and the Tde1-dependent anti-
bacterial activity phenotype. Of note, Hcp and Tae secretion
remained unaffected in Δtap-1 but slightly affected in Δpaar. Taking
these data together, we conclude that both Tap-1 and PAAR play
critical roles for Tde1 secretion, facilitating A. tumefaciens T6SS to
engage in Tde1-dependent antibacterial activity.

Atu3641, a DUF2169-Containing Protein, Is Required for Tde2-Dependent
Antibacterial Activity. In addition to the conserved genetic linkage of
vgrG1-tap-1-tde1-tdi1-paar orthologs found in α-Proteobacteria
(Fig. 5A), atu3641, encoding a DUF2169-domain–containing
protein, is 100% conserved with genetic linkage to vgrG2 and tde2/
tde2l orthologs across many Proteobacterial classes we identified.
Thus, we performed Tde2-dependent antibacterial activity assay
with DH10B expressing tdi1 used as a target strain (Fig. 6C). As
controls, WT C58 and Δtap-1-tde1-tdi1 killed the Tde2 toxin-sen-
sitive E. coli target cell efficiently, but Δtde2-tdi2 could not, so the
observed antibacterial activity was contributed by Tde2 toxin. The
deletion of atu3641 abolished the antibacterial activity and the trans
expression of Atu3641 tagged with hemagglutinin (HA) in Δatu3641
fully restored the Tde2-dependent antibacterial activity. Because
the secretion of Tde1, Tae, and Hcp was not affected in Δatu3641
and Atu3641-HA was not detectable in secretion fraction (Fig. 6F),
we suggest that Atu3641 plays no roles in the global secretion
function of T6SS but is specifically required for Tde2 translocation
to exert antibacterial activity.
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Protein–Protein Interaction Studies of VgrG1, Tap-1, Tde1, and PAAR.
With our previous evidence that Tap-1 interacts with and stabilizes
Tde1 (6), which requires VgrG1, Tap-1, and PAAR for trans-
location (Fig. 6), we hypothesized that these proteins facilitate
Tde1 toxin delivery by interacting with one another. To test this
hypothesis, we used coimmunoprecipitation (co-IP) in A. tumefaciens
to determine whether these proteins interact in vivo (Fig. 7). The
cleared cell lysates prepared from dimethyl 3,3′-dithiobispropio-
nimidate (DTBP) –cross-linked A. tumefaciens cells served as an
input fraction, which was incubated with antibody specific to the
VgrG1 C-terminal extension (named VgrG1C), Tde1, or HA (for
PAAR protein tagged with HA epitope) for co-IP. The antibody
against RpoA (RNA polymerase α-subunit) was used as a negative
control. Tde1 and Tap-1 coprecipitated with VgrG1 by anti-
VgrG1C antibody, whereas VgrG1 and Tap-1 coprecipitated with
Tde1 by anti-Tde1 antibody in WT C58, which suggests physical
interactions among VgrG1, Tap-1, and Tde1. Because a negative
control protein, RpoA, did not coprecipitate with anti-VgrG1C or
anti-Tde1 and none of these proteins was coprecipitated by anti-
RpoA, the observed interactions among VgrG1, Tap-1, and Tde1
were specific (Fig. 7A). To determine the interaction relationship
among these three proteins, we performed further co-IP experi-
ments that lack one protein at a time. Tap-1 retained its interaction

with Tde1 in the absence of VgrG1 or PAAR, which is consistent
with the Tap-1–Tde1 complex formation in E. coli (6). In contrast,
VgrG1 no longer interacted with Tde1 in Δtap-1 and lost in-
teraction with Tap-1 in the absence of Tde1. These results suggest
that the Tap-1–Tde1 complex formation is required for their in-
teraction with VgrG1 to form this ternary complex. However, the
VgrG1–Tap-1–Tde1 complex formation did not require PAAR
because they coprecipitated with each other in Δpaar. Cocrys-
tallography study showed that PAAR protein interacts directly with
the last β-strand of a gp5-VgrG chimera to sharpen the VgrG tip
(28), so we tested whether PAAR interacts with the VgrG1–Tap-1–
Tde1 complex. When PAAR-HA was used for co-IP by anti-
HA antibody, VgrG1, Tap-1, and Tde1 were coprecipitated with
PAAR-HA on incubation of the input fraction prepared from
Δpaar (pPAAR-HA) (Fig. 7B). None of these proteins was de-
tected from the elute fraction of the negative control, the Δpaar
strain expressing plasmid (p) alone, which suggests specific inter-
actions of PAAR-HA with VgrG1, Tap-1, and Tde1. We also
observed that PAAR-HA retained its interaction with VgrG1
in the absence of Tap-1 or Tde1, so VgrG-PAAR-HA forms a
complex independent of Tap-1 and Tde1. However, Tap-1 and
Tde1 were no longer coprecipitated with PAAR-HA in ΔvgrG1,
Δtap-1, and Δtde1. Therefore, Tap-1 and Tde1 require each other
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and VgrG1 to interact with PAAR, whereas the VgrG1-PAAR
interaction does not require Tap-1 or Tde1 (Fig. 7E). Taken to-
gether, these data strongly suggest the formation of a Tap-1–
Tde1–VgrG1–PAAR complex in which the Tap-1–Tde1 complex
forms before interaction with VgrG1, which also associates
with PAAR.

Distinct Regions in VgrG1 C31 Required for the Tap-1–Tde1 Complex
and PAAR Binding. Because the C31 peptide of VgrG1 is not
essential for Hcp and Tae secretion but is specifically required for
Tde1 secretion and Tde1-dependent antibacterial activity specific-
ity, we first tested whether this C31 region is required for the in-
teraction of VgrG1 with Tap-1, Tde1, and PAAR. Full-length
VgrG (pG1) or C31-truncated VgrG1 (G1785) was expressed in
ΔvgrG1ΔvgrG2 for co-IP experiments with specific antibody for
VgrG1, Tde1, or RpoA (a negative control). As expected, full-
length VgrG1, Tap-1, and Tde1 were coprecipitated by anti-
VgrG1C or anti-Tde1 antibody, whereas RpoA was not (Fig. 7C).
As controls, neither Tde1 nor Tap-1 was coprecipitated by anti-
RpoA, but a weak but detectable VgrG1 signal was coprecipitated
by anti-RpoA antibody, likely because of higher levels of VgrG1
expressed from pG1 than endogenous levels in WT C58. On co-IP
experiments for VgrG1785, only Tap-1 but not VgrG1785 was
specifically coprecipitated with Tde1 by anti-Tde1 antibody, so the
C31 region is required for VgrG1 to interact with the Tap-1–Tde1

complex. Furthermore, this C31 region is also required for VgrG1
to interact with PAAR because full-length VgrG1 but not VgrG1785

could be coprecipitated with PAAR-HA by anti-HA antibody (Fig.
7D). Interaction of Tap-1 and Tde1 with PAAR-HA was also lost
when VgrG1 is lacking this C31 region. Thus, C31 is required for
VgrG1 to interact with the Tap-1–Tde1 complex and PAAR.
Analysis of additional truncated VgrG1 variants further revealed
that PAAR-HA coprecipitated efficiently with the VgrG1800,
VgrG1804, and VgrG1812 variants but not the VgrG1792 variant. In
contrast, no coprecipitation of Tde1 and Tap-1 could be detected in
all truncated VgrG variants except WT VgrG1 (Fig. 7D). Thus,
whereas the entire C31 segment of VgrG1 is required for binding
with Tap-1-Tde1 complex, only the first 15 aa (L5, β5, and L6) of
this region is required for PAAR binding.

Discussion
T6SS deploys the components of its phage tail-like structure, tube
component Hcp and spike protein VgrG, for delivery of diverse
effectors. Here, we identified the T6SS components specifically
required for effector transport and the molecular determinants of
the cognate VgrG proteins in Tde toxin delivery in A. tumefaciens
strain C58. This conserved type VI effector delivery mechanism is
governed by a divergent C-terminal end of VgrG protein, in which
the C31 region of VgrG1 is required for interacting with an
adaptor/chaperone–effector complex (Tap-1–Tde1) and PAAR

6.0

6.5

7.0

7.5

8.0

Ta
rg

et
 s

ur
vi

va
l (

Lo
gC

FU
/ m

L)

6.0

6.5

7.0

7.5

8.0

Attackers

a

b

c
a

b

a

Target:
E. coli DH10B (pRL-Tdi2)

A

Ta
rg

et
 s

ur
vi

va
l (

Lo
gC

FU
/ m

L)

5.5

6.0

6.5

7.0

7.5

5.5

6.0

6.5

7.5

Attackers

a

b

a
a

b
7.0

Target:
E. coli DH10B (pTrc-Tdi1)

C

D

15
35

Tae
Tde1

70
35
15Hcp

ActC
G1/2

T
S

E

70

15
15
35Tde1

Tae
Hcp

35
10

T
S

PAAR-HA
ActC
G1/2

5.0

5.5

6.0

6.5

7.0

7.5

5.5

6.0

6.5

7.0

7.5

5.0

Ta
rg

et
 s

ur
vi

va
l (

Lo
gC

FU
/ m

L)

Attackers 

a

b

a

c

d

Target:
E. coli DH10B (pTrc-Tdi2)

B

70

35
15

F

40
35

15

Tde1
Tae
Hcp

T
S

Atu3641-HA
ActC
G1/2

Fig. 6. The effect of tde-associated genes tap-1, paar, and atu3641 for cognate Tde effector translocation. Requirement of tap-1 (A and D) and paar genes (B and E)
in Tde1-dependent antibacterial activity and Tde1 secretion; requirement of atu3641 in Tde2-dependent antibacterial activity (C) and type VI secretion (F). (A–C)
E. coli killing assay in which attacker A. tumefaciens strains containing the plasmid only (p) or expressing the indicated genes shown on the x axis were mixed with
E. coli DH10B cells expressing tdi1 or tdi2 at a 30:1 ratio for competition. The survival of E. coli cells was quantified as cfu and shown on the y axis. Data are mean ±
SEM (n = 5 biological repeats from two independent experiments) computed by one-way ANOVA. Different letters above the bar indicate significant difference (P <
0.05) determined by Tukey’s HSD test. (D–F) Western blot analysis of the total (T) and secreted (S) proteins from various A. tumefaciens strains expressing the plasmid
control (p) or indicated gene. Protein names and molecular weight markers are indicated at the left and right, respectively. The soluble ActC protein was used as an
internal nonsecreted protein control.

Bondage et al. PNAS | Published online June 16, 2016 | E3937

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S



protein for Tde1 translocation across bacterial membranes to ex-
tracellular milieu and delivery into target cells. This critical role of
the VgrG divergent C terminus in specific effector delivery is also
experimentally supported by two recent reports. Unterweger et al.
showed that a 37-amino acid-long linker sequence connecting gp27–
gp5 and actin cross-linking domains of V. choleraeVgrG1 is required
for TseL antibacterial activity without affecting Hcp secretion (33).
However, whether this linker sequence is required for Tap-1 binding
to load effector on VgrG1 spike has remained unknown. Interest-
ingly, Flaugnatti et al. recently reported the direct binding of Tle1
phospholipase effector with C terminus of VgrG in E. coli Sci-1
T6SS without bridging by an adaptor protein (11). Taken together,
these recent reports and our new findings indicate that the diver-
gence in C-terminus sequences have allowed distinct mechanisms
for effector loading and delivery among VgrG proteins.
The combined data from deletion and domain-swapping analysis

indicate that the C-terminal extension (region C) of VgrG1 and the
variable region (region B) of VgrG2 confer specificity for Tde toxin
delivery (Fig. 2). In contrast, the highly conserved N-terminal region
(1–668 aa) does not contribute to the specificity of effector transport
because swapping this region between VgrG1 and VgrG2 did not
change the specificity. Because this variable region (region B) is part
of the gp5 domain, as expected, removal of region B in both VgrG1
and VgrG2 abolished Hcp and Tae secretion. The C-terminal ex-
tension (region C) is unique to VgrG1, but part of this region
C (755–785 aa) is still required for mediating Hcp and Tae secretion
(Fig. 3). Because deletion of C31 region (containing L5–7 and the
last three β-strands β5−7) in VgrG1 still maintained the ability to
mediate near WT-level of Hcp and Tae secretion but caused the
complete loss of Tde1 secretion and Tde1-depdendent inter-
bacterial competition activity, the VgrG1 C31 sequence plays
a specific role governing Tde1 toxin delivery. In contrast, the
C-terminal 8-aa sequence (C8, including part of the last
β-strand β8) of VgrG2 is critical but not essential in Hcp and Tae

secretion. Because the deletion of the C8 sequence in VgrG2 led
to very low Hcp and Tae secretion, the loss of Tde2-dependent
interbacterial activity is contributed by both inefficient assembly of
secretion-competent T6SS and its specific role in Tde2 translocation.
Taken together, VgrG1, by evolving into a longer protein with a
C-terminal extension, acquires an extended C31 sequence that is
nearly dispensable for T6SS assembly but specifically confers Tde1
toxin delivery. However, the VgrG2 protein with the N-terminal
gp27 domain and C-terminal gp5 domain constituting the entire
protein, contains the C-terminal C8 sequence with functions in
both T6SS assembly and Tde toxin transport specificity.
In addition to VgrG, a few additional T6SS components were

shown to participate in effector translocation. One is PAAR pro-
tein, which interacts directly with the last β-strand of a gp5–VgrG
chimera and can act as an adaptor between VgrG and effector to
facilitate secretion of a broad range of T6SS toxins (28). Others
include the DUF4123-domain–containing protein Tap-1/Tec for
loading a specific effector onto cognate VgrG for delivery in
V. cholerae (32, 33) and EagR accessory protein specifically re-
quired for deployment of its associated Rhs effector in Serratia
marcescens (8). We found that all tde1 orthologs are linked to an
upstream tap-1, and except for in I. limosus, are associated with a
downstream paar gene (Fig. 5A). As for Tde2 homologs harboring
an N-terminal PAAR-like DUF4150 domain and Tde2L homologs
containing an N-terminal PAAR domain, followed by a C-terminal
toxin_43 domain, all tde2/tde2l orthologs are 100% linked to up-
stream genes encoding a DUF2169 domain. Such strong con-
servation indeed reflects their critical roles in translocation of
their genetically linked Tde effectors, in which both Tap-1 and
DUF2169 are not required for global type VI secretion activity but
play an essential and specific role in Tde toxin delivery (Fig. 6).
According to the Pfam database, DUF2169-domain–containing
proteins are present in at least 120 Gram-negative bacteria be-
longing to different phyla (Fig. S6A). Similar to tap-1 genes that are
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Fig. 7. Interactions of VgrG1, Tap-1, Tde1, and PAAR proteins. Co-IP of WT A. tumefaciens C58 and indicated mutant strains (A) or ΔvgrG1ΔvgrG2 (ΔG1ΔG2)
expressing full-length vgrG1 (G1) and with the vgrG1 C31 deletion variant (G1785) (C) by using α-VgrG1 C-terminal epitope and α-Tde1 antibodies. α-RpoA an-
tibody was used as a negative control. Co-IP of various mutants by using strains expressing pRL662 plasmid (p) only or PAAR-HA (B) or ΔG1(pPAAR-HA) expressing
full-length VgrG1 (G1) or each of truncated VgrG1 variants (D) by anti-HA antibody. The resulting total protein extract was used as input for Co-IP. Coprecipitated
proteins were detected byWestern blot analysis with antiserum specific to indicated proteins. Proteins in input and elute fractions were detected byWestern blot
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genetically linked to tde1 orthologs (6) and also associated with
other known or putative effector genes (32, 33), we also found that
some of the DUF2169-encoding genes are located upstream of
putative effector genes other than tde2/tde2l (Fig. S6B). Importantly,
many of these putative effectors encode an N-terminal PAAR or
DUF4150 domain, so we hypothesized that DUF2169 may serve as
an adaptor or chaperone in binding with the N-terminal PAAR or
PAAR-like domain of its cognate effector to the VgrG tip for
translocation. Because the cellular concentration of WT Tde2 was
below the detection level on Western blot analysis (6), it is not
feasible to determine whether the DUF2169 protein Atu3641 could
directly interact with the endogenous WT Tde2 in A. tumefaciens.
However, we are able to show a role of Atu3641 in stabilizing Tde2,
in which intracellular protein levels of the Strep-tagged Tde2 variant
with catalytic site mutations (Tde2H439A, D442A) were enhanced when
coexpressed with Atu3641-HA (Fig. S6C). Because the aforemen-
tioned functions of Atu3641 are similar to Tap-1, we proposed that
Atu3641 may function as a chaperone to stabilize Tde2 and perhaps
is an adaptor for Tde2 translocation, but further experimental evi-
dence (such as Atu3641–Tde2 interaction) is required to confirm its
function as chaperone.
Based on the co-IP experiments in WT C58 and various mutants,

we present an interaction model (Fig. 7E), suggesting a Tap-1–Tde1–
VgrG1–PAAR complex formation, in which both the Tap-1–Tde1
complex and VgrG1–PAAR complex can form in the absence of each
other. The evidence of the reciprocal requirement of Tap-1 and Tde1
for interacting with VgrG1 suggests that the Tap-1–Tde1 complex
must form before interacting with VgrG1, which is likely present as a
preformed complex with PAAR at its tip. However, preloading of
PAAR to VgrG1 is not required for VgrG1–Tap-1–Tde1 complex
formation. Strikingly, the C31 region of VgrG1 is required for inter-
acting with both the Tap-1–Tde1 complex and PAAR, which supports
a direct role of this VgrG1 C31 terminus for loading an adaptor/
chaperone-effector complex and piercing tip protein, PAAR.
Multiple alignments of all tde-linked vgrG genes at the protein

level further revealed a conserved I/LxG/AxxI/V motif at the
boundary uncoupling Hcp and Tde toxin delivery. Shneider et al. (28)
postulated that the VgrG β-strand extends to the very C terminus of
the protein or terminates with a Gly/Ser-rich stretch for bending away
from the tip to provide the β-strand blunt end for interacting with
PAAR and PAAR-like domains in effector delivery. Thus, β5, the
β-strand connected to the Gly/Ser-rich stretch (L6) of VgrG1 or,
broadly, the β4−L5–β5 region covering this I/LxG/AxxI/V conserved
motif, may be the binding site of the PAAR protein encoded
downstream of tde1. The extended C terminus beyond β5 of VgrG1
may provide the binding site for an adaptor/chaperone–effector
complex. The co-IP data demonstrated that the L5, β5, and L6 re-
gions in C31 are required for PAAR binding. In comparison, the C16
region harboring β6, L7, and β7 is dispensable for PAAR binding but
is required for interaction with the Tde1–Tap-1 complex. To our
knowledge, these results are the first experimental evidence for the
distinct binding sites of adaptor/chaperone–effector complex and
PAAR and form the foundation of our model (Figs. 5B and 7E). As
for VgrG2, we propose that β8 (exact I/LxG/AxxI/V motif), the last
β-strand of VgrG2, may interact with the DUF4150 domain of Tde2
and the PAAR domain of Tde2L. The blockage of Tde2 toxin
delivery by fusing the VgrG1 C-terminal extension to full-length
VgrG2 (Fig. 2) indeed supports that this β-strand must be exposed
for binding with an effector or adaptor protein.
It is also interesting to note that deletion of paar reduced but

did not completely abolish the secretion of Tde1, as well as Tae
and Hcp (Fig. 6). Because the VgrG1–Tap-1–Tde1 complex can
form efficiently without PAAR for low but detectable Tde1 se-
cretion and antibacterial activity, PAAR binding to the VgrG may
not be required but can facilitate assembly or translocation of the
Hcp tube loaded with a VgrG-associated effector complex across
membranes. This result agrees with the modest or marked re-
duction of Hcp secretion in the single or multiple paar deletion

mutants in V. cholerae and Acinetobacter (28), in which the authors
also suggested the role of PAAR in assembly of the T6SS complex
by nucleating the folding of VgrG trimers or regulating VgrG
incorporation into T6SS nanomachine. Because of the complexity
of multiple VgrG and PAAR proteins involved in type VI effector
translocation, future work in identifying each of distinct effector-
loaded VgrG complexes will be critical to elucidate the roles and
molecular details underlying PAAR and effector loading onto
VgrG tip in effector translocation mechanisms.

Experimental Procedures
Bacterial Strains, Growth Conditions, and Molecular Cloning Techniques. The
strains/plasmids and primers used in this study are in Tables S1 and S2. Unless
indicated, A. tumefaciens strains were grown in 523 medium at 28 °C. E. coli
strains were grown in Luria Bertani (LB) medium at 37 °C, as described pre-
viously (6, 37). When required, the following antibiotics were used: genta-
mycin (50 μg/mL−1 for A. tumefaciens, 30 μg/mL−1 for E. coli ) and
spectinomycin (200 μg/mL−1). DNA preparation, PCR, and cloning procedures
were described in detail in SI Experimental Procedures.

Interbacterial Competition Assay. An in planta bacterial competition assay
was performed as described previously (6). Briefly, A. tumefaciens strains
were transformed with gentamycin resistance-conferring pRL662 plasmid or
spectinomycin resistance-conferring pTrc200 plasmid for selecting surviving
cells. The so-called attacker and target strains were mixed in one-half
Murashige and Skoog (MS) medium (pH 5.7) at a 10:1 ratio and infiltrated
into leaves of 6- to 7-wk-old N. benthamiana plants by use of a needleless
syringe. The infiltrated zone at 0 and 24-h postinfiltration was collected and
the competiton outcome of each strain was quantified by counting cfus in
triplicate on LB agar plates containing the appropriate antibiotics. Anti-
bacterial activity assay with E. coli used as a target was performed as de-
scribed previously (6). In brief, overnight-grown A. tumefaciens and E. coli
strains harboring appropriate plasmid were adjusted to OD600 0.1 and incubated
at 25 °C for 7 h before coincubation.A. tumefaciens and E. coli cells weremixed at
a 1:30 ratio and spotted onto LB agar plates. Where applicable, the mixture was
spotted onto a LB agar plate containing 0.5 mM isfopropyl-β-D-thiogalactopyr-
anoside (IPTG) to induce expression from the pTrc200 plasmid. At 16-h post-
incubation at 25 °C, the spots were harvested, serially diluted and plated on LB
agar plate containing an appropriate antibiotic to quantify surviving E. coli cfu.
Data are expressed as mean ± SEM from at least three biological repeats obtained
from two or three independent experiments. Significant growth differences for
each strain compared with the indicated control at 24-h postinfiltration was
computed by one-way ANOVA and Tukey’s honestly significance difference (HSD)
test (statistica.mooo.com/).

Type VI Secretion Assay. The type VI effector secretion assay was performed
as described previously (6). Total and secreted proteins were fractionated by
SDS/PAGE and transferred onto a PVDF membrane by using a transfer ap-
paratus (Bio-Rad). Unless indicated, the membrane was probed with pri-
mary antibody against VgrG1, which recognizes both VgrG1 and VgrG2
(1:1,000) (37), Tde1 epitope (1:4,000) (6), Hcp (1:2,500) (34), Tae (1:2,000)
(37), HA epitope (1:5,000), and ActC (1:5,000) (40), then incubated with
horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:20,000)
and visualized with the ECL system (Perkin-Elmer).

Co-IP. Co-IP was performed as described previously (37) with modifica-
tions. Briefly, A. tumefaciens cells grown in 523 medium overnight were
adjusted to OD600 0.2 with I-medium (pH 5.5) and incubated at 25 °C with
shaking. At 7-h postincubation, the cells equivalent to OD600 5 per mL
were harvested and subjected to DTBP cross-linking and were lysed in
NP1 buffer (50 mM Tris·HCl pH 8.0, 0.5 M sucrose, 10 mM EDTA) con-
taining 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.05% TritonX-
100 by using a constant cell disruptor (Constant Systems). The cell lysates
were centrifuged and the supernatant was collected as an input fraction.
For co-IP, a 1.7-mL input fraction was incubated for 1 h with 10-mg
Protein A-Sepharose beads (GE Healthcare) to remove nonspecifically
binding proteins (precleaning). The precleaned input fraction was fur-
ther incubated overnight with an appropriate antibody and 25-mg
Protein A-Sepharose beads. The beads were washed five times with NP1
buffer containing 1 mM PMSF and 0.05% TritonX-100 and eluted by
boiling at 96 °C in sample buffer for 10 min. For co-IP with anti-HA, the
cross-linked cells were lysed in PBS buffer (pH 7.4) containing 1 mM PMSF
and 0.05% TritonX-100 by using a constant cell disruptor. The ∼1.2-mL
input fraction was incubated with monoclonal anti-HA agarose beads
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(Sigma-Aldrich) overnight at 4 °C. The beads were washed five times with
PBS buffer containing 1 mM PMSF and 0.05% TritonX-100 and eluted by
boiling at 96 °C in sample buffer for 10 min. Proteins in the input and elute
fractions were detected by Western blot analysis. The antibody specifically
for VgrG1 co-IP, named α-VgrG1C, was generated against VgrG1 epitope (789-
INFKKGGPGESGSCLKSM-806) located at the C-terminal extension region. The
antibody for Tde1 co-IP was obtained by passing the crude Tde1 antibody
serum (used in Western blot analysis and generated by using two epitopes
from Tde1: 245-EECKPEGGNDNSPD-258 and 264-NGTGKGDGNPDVPVS-278)

through the 264-NGTGKGDGNPDVPVS-278 peptide coupled with Amino-
Link Plus resin (Pierce).
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