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Type VI secretion system translocates a phage
tail spike-like protein into target cells where

it cross-links actin
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Genes encoding type VI secretion systems (T6SS) are widely dis-
tributed in pathogenic Gram-negative bacterial species. In Vibrio
cholerae, T6SS have been found to secrete three related proteins
extracellularly, VgrG-1, VgrG-2, and VgrG-3. VgrG-1 can covalently
cross-link actin in vitro, and this activity was used to demonstrate
that V. cholerae can translocate VgrG-1 into macrophages by a
T6SS-dependent mechanism. Protein structure search algorithms
predict that VgrG-related proteins likely assemble into a trimeric
complex that is analogous to that formed by the two trimeric
proteins gp27 and gp5 that make up the baseplate “tail spike” of
Escherichia coli bacteriophage T4. VgrG-1 was shown to interact
with itself, VgrG-2, and VgrG-3, suggesting that such a complex
does form. Because the phage tail spike protein complex acts as a
membrane-penetrating structure as well as a conduit for the
passage of DNA into phage-infected cells, we propose that the
VgrG components of the T6SS apparatus may assemble a “cell-
puncturing device” analogous to phage tail spikes to deliver
effector protein domains through membranes of target host cells.
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S ecretion of proteins is one means by which microbes influ-
ence their extracellular milieu, which, in the case of patho-
genic microbes, includes target host cells (for review see ref. 1).
During pathogenesis, bacteria can affect host cells through the
export of toxins and enzymes that alter cellular function or
through the assembly of extracellular structures such as pili and
adhesins that promote adherence to host cell surfaces. Bacteria
have also evolved specialized surface structures that deliver
proteins and nucleic acids directly into target cells, an export
process referred to as translocation. Gram-negative bacterial
pathogens use at least six distinct extracellular protein secretion
systems (referred to as type I-VI, or TISS-T6SS) to export
proteins through their multilayer cell envelope and, in some
cases, into the host target cells (1-9). These secretion systems are
distinguished in part by the conserved structural components
that define them but also by the characteristics of their substrates
and the path that these substrates take during the export process.
For example, type T2SS and T5SS systems recognize protein
substrates that have been transported through the inner mem-
brane and then transport these substrates through the periplasm
and across the outer membrane. T1SS, T3SS, and T4SS systems
transport cytoplasmic protein substrates directly through both
the inner and outer membrane (for review see ref. 1).

Less is known about the mechanism of protein transport by the
newly described T6SS (8, 9). T6SS gene clusters are highly
conserved and are present in one or more copies in many other
pathogenic Gram-negative bacterial species, including Vibrio
cholerae, Pseudomonas aeruginosa, Yersinia pestis, Escherichia
coli, Salmonella enterica, Agrobacterium tumefaciens, Rhizobium
leguminosarum, Francisella tularensis, Burkholderia mallei, and
Edwardsiella species (8, 10-18). T6SS genes have been impli-
cated in virulence-related processes in several of these organisms
(14, 18-23).
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Using the social amoeba Dictyostelium discoideum as a host
model of infection, we identified T6SS as a crucial virulence
determinant of V. cholerae (7). In V. cholerae, inactivation of type
VI genes (termed vas loci) resulted in an extracellular protein
secretion defect and loss of cytotoxicity toward amoebae and
J774 macrophages (7). The vas gene cluster-encoded T6SS
mediates the extracellular secretion of four distinct proteins
(Hep, VgrG-1, VgrG-2, and VgrG-3). Mutations in the Acp or
vgrG-2 genes attenuate cytotoxicity and block secretion of the
other T6SS protein substrates. The proteins exported by the V.
cholerae T6SS lack amino-terminal hydrophobic signal se-
quences and appear in culture supernatant as unprocessed
polypeptides. As in T3SS and T4SS, inactivation of T6SS com-
ponents results in accumulation of substrates inside bacterial
cells distributed between the cytosol and the periplasm depend-
ing on mutation and system (7, 8, 12).

Secretion of Hep is the hallmark of a functional T6SS in many
bacterial species. Other organisms that carry T6SS gene clusters
typically regulate secretion of Hcp orthologs. For example,
certain regulatory mutants of P. aeruginosa secretes an Hcp
homolog (8). Cystic fibrosis (CF) patients with chronic P.
aeruginosa lung infections will produce antibodies to Hep after
several years of infection, suggesting that the T6SS is expressed
only after adaptation of P. aeruginosa to the chronic inflamma-
tory environment of the CF lung (8). B. mallei tightly regulates
a T6SS that secretes an Hcep ortholog, and mutations that block
its secretion are profoundly attenuated in a hamster model (18).
An Hcp ortholog is also secreted by the T6SS of enteroaggre-
gative E. coli, but its role in pathogenesis is not known (10). The
fish pathogen Edwardsiella tarda secretes the Hcp homolog
EvpC, and mutations in genes corresponding to those present in
the V. cholerae T6SS cluster fail to multiply inside phagocytic
cells from fish (18).

Hcp genes are often found embedded in T6SS gene clusters
and adjacent to vgrG genes (7, 8, 10-18). The close proximity of
hcp and vgrG genes to other T6SS genes, suggests that VgrG and
Hcp may be preferred substrates or essential components of the
T6SS apparatus. V. cholerae contains three genes that encode
VgrG proteins, vgrG-1, vgrG-2, and vgrG-3, and inactivation of
hep blocks secretion of all three of these proteins (7). Inactiva-
tion of VgrG-2 blocks secretion of Hep, VgrG-1, and VgrG-3 and
attenuates V. cholerae for cytotoxicity toward Dictyostelium
amoebae and J774 macrophages (7). Thus, Hep and VgrG-2 may
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Fig. 1. Hcp export requires the presence of VgrG-1 and VgrG-2. Plasmids

allowing the inducible expression of HA-tagged VgrG-1 (pVgrG1), vsvG-
tagged VgrG-2 (pVgrG2), or plasmid control (control) were introduced into
wild-type V. cholerae, or isogenic mutants lacking VgrG-1 (AvgrG1) or VgrG-2
(AvgrG2). Culture supernatants from cells grown in liquid broth under induc-
ing (+) and noninducing (—) conditions were concentrated and separated by
SDS/PAGE; Hcp was visualized by Western blot analysis with Hcp antiserum. To
guarantee plasmid-borne expression of HA-tagged VgrG-1 and vsvG-tagged
VgrG-2, cell extracts were separated by SDS/PAGE for immunoblotting with
HA and vsvG antisera, respectively.

contribute to the function of T6S apparatus despite the fact that
they also appear to be transported substrates of the system.

In this article, we present evidence that the V. cholerae T6SS
likely builds a structure that is predicted to be similar to the tail
spike protein complex of the E. coli bacteriophage T4 (24). One
of the proteins predicted to be in the T6SS complex (VgrG-1)
encodes an enzyme that covalently cross-links host cell actin, and
we show here that it is responsible for T6SS-dependent macro-
phage cytotoxicity. By analogy to phage tail spikes, the predicted
VgrG trimeric complex may serve the purpose of puncturing
host membranes as well as serving as a channel for export of
macromolecules out of the bacterial cell and into a target cell.

Results

Secretion of Hcp Requires VgrG-1 and VgrG-2. To understand the
various roles that the vgrG and hcp genes play in T6SS-dependent
secretion of Hcp and virulence toward eukaryotic cells, we
performed a series of genetic, biochemical, and cell-biological
analyses. The role of vgrG-1 and vgrG-3 in these phenotypes had
not previously been determined. An in-frame deletion of vgrG-3
showed no defect in Hep secretion, nor was this mutant any less

virulent toward amoebae than wild-type V52 (data not shown).
However, mutants carrying in-frame deletions of vgrG-1 or
vgrG-2 were unable to secrete epitope tagged versions of VgrG-1
and VgrG-2 (Fig. 1). These mutants were also unable to secrete
wild type levels of Hcp (Fig. 1). These defects were most
efficiently complemented by arabinose-inducible expression of
the homologous gene but not the heterologous gene, suggesting
that both VgrG-1 and VgrG-2 were essential components of the
T6SS. Mutants defective in vgrG-1 and vgrG-2 also showed no
virulence toward amoebae and mammalian macrophage cell
lines, such as J774 and RAW 264.7 cells (data not shown).

VgrG-1 Cross-Links Actin. Although all VgrG proteins are related
to each other through several conserved domains (see below),
VgrG-1 is unique in that it carries a C-terminal extension of
446-aa residues that shares extensive homology to the actin
cross-linking domain (ACD) of the V. cholerae RtxA toxin (25)
[see supporting information (SI) Fig. 6]. Indeed, ectopic expres-
sion of the ACD from VgrG-1 inside eukaryotic cells was
reported to cause cell rounding and covalent cross-linking of
actin (25).

To confirm that the vgrG-1 gene of strain V52 encodes a
protein with actin cross-linking enzymatic activity, we developed
an in vitro assay based largely on the conditions established by
Cordero et al. (26). A hexahistidine-tagged version of VgrG-1
was expressed and purified from E. coli by using Ni-affinity
chromatography (Fig. 24). This recombinant protein was mixed
with purified monomeric G-actin, cytoplasmic extracts of Dic-
tyostelium amoebae, or cytoplasmic extracts of murine RAW
264.7 macrophages. Anti-actin Western blot analysis (Fig. 2B)
showed that VgrG-1 catalyzed cross-linking of actin in all three
substrate sources by a mechanism that depended on Mg-ATP.
Thus, consistent with its role as an effector protein of the V.
cholerae T6SS, VgrG-1 carries an active enzymatic domain that
could act on essential eukaryotic cytoskeletal protein.

To investigate whether the actin cross-linking activity of
VgrG-1 is responsible for the T6SS-dependent cell rounding
phenotype we had observed (7), we analyzed the level of
cross-linked actin in J774 cells that had been exposed to V.
cholerae V52 and its derivatives (Fig. 3). To differentiate be-
tween VgrG-1- and RtxA-mediated actin cross-linking, we an-
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Fig. 2.

RecombinantVgrG-1 cross-links actin in an ATP-dependent fashion. (A) Hexahistidine-tagged VgrG-1 was purified on a nickel-NTA column and separated

by SDS/PAGE (see arrow). (B) Recombinant VgrG-1 was incubated at 37°C for 2 h with purified rabbit skeletal monomeric G-actin (Cytoskeleton, Denver, CO) or
crude lysates from Dictyostelium and RAW 264.7. Reactions were supplemented with 2 mM Mg-ATP as indicated. Reaction mixtures were separated by SDS/PAGE,

and actin was visualized by Western blot analysis with actin antiserum.
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