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The type VI secretion system: translocation of effectors and
effector-domains
Stefan Pukatzki, Steven B McAuley and Sarah T Miyata
A number of prominent Gram-negative bacteria use the type VI

secretion system (T6SS) to transport proteins across the

bacterial envelope. Rapid progress is being made in elucidating

the structural components of the T6SS apparatus, and a few

effectors have been reported to pass through it. However, this

is not the complete story: a family of T6SS proteins, the VgrGs,

share structural features with the cell-puncturing device of the

T4 bacteriophage, and may be used in a similar fashion by

bacteria to puncture host cell membranes and insert the T6SS

apparatus into the host cytosol. Interestingly, a number of

VgrGs contain C-terminal extensions with effector-domains.

Thus, the T6SS may translocate soluble effectors, as well as

VgrG effector-domains.
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Glossary

EAEC: enteroaggregative E. coli

IAHP: IcmF-associated homologous protein

T4SS: type IV secretion system

T6SS: type VI secretion system

VgrG: valine–glycine-repeat protein G
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Introduction
Gram-negative proteobacteria are known to possess type

VI secretion system (T6SS) gene clusters, and this

category of bacteria maintains pathogenic or symbiotic

interactions with eukaryotic organisms [1]. These bac-

teria are primarily human, animal, or plant pathogens, but

several of the nitrogen-fixing, nonpathogenic rhizobia are

also known to deploy functional T6SSs [2]. Many of the

pathogens that possess a T6SS pose a serious threat to

human health and include several category A or B bio-

warfare agents such as Vibrio cholerae, Yersinia pestis,
Francisella tularensis, Burkholderia mallei, Salmonella typhi-
murium, pathogenic Escherichia coli, as well as opportu-

nistic and emerging pathogens such as Pseudomonas
aeruginosa, Burkholderia cenocepacia, Aeromonas hydrophila,

and Edwardsiella tarda [1,3–6,7�,8�,9,10,11�,12,13��,14,

15,16��,17].
www.sciencedirect.com
The T6SS loci (Figure 1), which commonly contain 15–25

genes, were originally designated IAHP (IcmF-associated

homologous protein) clusters, after the discovery that one

of the genes is highly homologous to icmF of the Legionella
pneumophila type IV secretion system (T4SS) [1,18].

A number of T6SS genes were isolated by their

virtue of being essential for secretion or virulence

[4,7�,9,11�,12,14,15,16��,19–23]. T6SS gene products that

are not secreted are believed to be either structural

components of the secretion apparatus, or assist protein

translocation in another capacity, like providing the

energy to push substrates through the channel of the

secretion apparatus. For example, many T6SS clusters

contain clpB homologs, a class of ATPases that forms a

hexameric channel through which it transports proteins in

an ATP hydrolysis-dependent mechanism [24]. The

ClpB homolog in P. aeruginosa, ClpV1, may serve as

the energy source for the T6SS apparatus [12], and

probably plays a similar role in other bacteria with an

active T6SS. A number of putative chaperones that may

facilitate the transport of substrates through the T6SS

conduit have also been reported [4,7�,16��].

The majority of T6SS components studied so far are not

secreted, but are necessary for the secretion of hemolysin

coregulated protein (Hcp) and the valine–glycine repeat

protein G (VgrG) [1,3–6,7�,8�,9,10,11�,12,13��,14,15,

16��,17]. Hcp is secreted by all bacteria with a functional

T6SS, and has become a reliable indicator of T6SS

function [7�,8�,11�,12,15,19], even though the gene

encoding Hcp is not always found in T6SS clusters

(Figure 1). The crystal structure of Hcp revealed the

formation of hexameric rings [12], which readily poly-

merize in solution to form tubes with an internal 40-Å

diameter that are up to �100-nm long [25��]. It is con-

ceivable that the Hcp tube forms the conduit of the T6SS

through which proteins are transported out of the bac-

terial cell and into the extracellular space or the cytosol of

infected host cells. Thus, it appears that Hcp is a secreted

structural T6SS component.

Secretion of soluble factors
A number of T6SS candidate effector proteins have been

recently reported (Table 1). Mutations in these genes
Current Opinion in Microbiology 2009, 12:11–17
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Figure 1

The genes of type VI secretion (T6SS). Conserved gene clusters in bacteria with operational T6SSs. Location of genes encoding putative effectors (red

arrows), vgrGs (blue arrows), hcp (purple arrows) and evolved vgrGs with C-terminal extensions (green arrows) are highlighted. Bacterial strains and

corresponding T6SS gene numbers are listed in the left column.
affect only their own transport and not the assembly of the

machine (as indicated by the presence of Hcp and VgrG

in the supernatant at wild-type levels). The first evidence

that T6SSs secrete soluble effectors came from studies
Current Opinion in Microbiology 2009, 12:11–17
with the plant pathogen Rhizobium leguminosarum, which

uses its T6SS to transport the small ribose-binding

protein RbsB [23]. RbsB homologs are present in many

Gram-negative bacteria that harbor T6SSs including
www.sciencedirect.com
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Table 1

Putative type VI effectors.

Effector Organism Length

(amino

acids)

Weight

(kDa)

Canonical hydrophobic

signal peptide (predicted

by SignalP 3.0)

Conserved domains Homologs Reference

EvpP Edwardsiella

tarda

185 20.3 No None Hypothetical protein

MED222_19894 of Vibrio

sp. MED222

[16��]

RbsB Rhizobium

leguminosarum

284 29.7 Yes Sugar transport protein;

shares structural features

with V. harveyi LuxP

Ribose ABC transporter in

Agrobacterium tumefaciens,

Pseudomonas syringae,

Aeromonas hydrophila,

and Vibrio spp.

[23]

[38]

TssM Burkholderia

mallei

659 70.1 No Ubiquitin hydrolase

domain (PFAM 0443)

Homologs found in

B. pseudomallei,

B. thailandensis, and

B. oklahomensis

[7�]
Agrobacterium tumefaciens, Aeromonas hydrophila, and some

Vibrio species. RbsB and its homologs have been impli-

cated in a variety of different biological functions, in-

cluding nitrogen fixation, ribose uptake, and chemotaxis

[23,26]. Its resemblance with the autoinducer-2 (AI-2)-

binding protein LuxP from V. harveyi, and the ability of

RbsB from Actinobacillus actinomycetemcomitans to bind AI-

2 [23,26], suggests a possible role in quorum-sensing.

However, the biological significance of RbsB in T6SS-

mediated has yet to be determined.

Another putative T6SS substrate, EvpP, lacks a canonical

hydrophobic signal peptide and is secreted by the T6SS

of the human and zoonotic pathogen Edwardsiella tarda
[16��]. Secretion of EvpP depends on other essential
Figure 2

Model for delivering T6SS effectors and effector-domains. (a) Hcp and VgrG

protein complex at the inner membrane. Once in the periplasm, the Hcp mon

(b) Additional Hcp rings assemble beneath the VgrG tip to create an elonga

host membrane, this pilus-like structure punctures through the lipid bilayer. (

host cytosol, allowing it to interact with host target molecules and affect host

leave an uncapped Hcp tube, which may now act as a conduit for effector

www.sciencedirect.com
T6SS proteins such as EvpC (Hcp) and EvpI (VgrG),

and EvpP translocation is essential for virulence toward

blue gourami fish. Surprisingly, sequencing revealed that

the N-terminal methionine was missing from secreted

EvpP, an observation that has been made for type III

secretion system substrates like SopE and Tir from

enteropathogenic E. coli and Salmonella dublin, respect-

ively [27,28]. Whether EvpP is translocated into the host

cytosol remains to be shown [16��]. Zheng and Leung,

however, demonstrated that EvpP is bound to the Hcp-

homolog EvpC inside the bacterial cell and in the extra-

cellular space [16��]. EvpP may interact with Hcp as it

travels through the Hcp tube, similar to the soluble T4SS

effector CagA from Helicobacter pylori, which has been

seen bound to the T4SS pili in electron micrographs [29].
monomers are exported into the periplasm through a putative multi-

omers form hexameric rings that dock beneath a spike-like VgrG trimer.

ting tube that pushes through the outer membrane. Upon contact with a

c) The VgrG tip exposes its previously concealed effector-domain to the

cell function. If the VgrG tip detaches from the T6SS apparatus, it would

protein delivery into the host cell.

Current Opinion in Microbiology 2009, 12:11–17
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Alternatively, EvpP may be pushed out into the extra-

cellular space by an extending Hcp tube together with the

VgrG tip (Figure 2).

In the zoonotic pathogen B. mallei, the T6SS gene cluster

is part of the VirAG virulence regulon [7�]. This gene

cluster encodes the putative effector TssM, which is

thought to function as a deubiquitinase [7�]. This class

of proteins removes ubiquitin-tags from proteins that are

targeted for degradation [30]. Although it is intriguing to

speculate that T6SSs secrete effectors that interfere with

the ubiquitin-degradation pathway of host cells, evidence

for T6SS-dependent secretion of TssM remains to be

shown [7�].

To summarize, a number of proteins that require the

T6SS for secretion have been reported, setting a pre-

cedent for a new class of T6SS components that may

function as effectors. Their encoding genes are located

either inside or in proximity to T6SS clusters. Unbiased

future genetic and proteomics approaches will determine

if there are effector genes located elsewhere on the

chromosome. Once identified, the next step will be to

determine whether their gene products are injected into

the host cytosol, and if so, how they mediate virulence.

T6SS components share structural features
with the needle complex of T4 bacteriophage
Another class of proteins that are found in culture super-

natants of bacteria with T6SSs, besides Hcp, are the VgrG

proteins. These proteins share structural features with the

cell-puncturing device of T4 bacteriophage (also referred

to as the needle complex) [31]. The needle complex is

positioned at the distal end of the tail tube and is used to

puncture the bacterial envelope to insert the phage tail

tube and to inject phage DNA.

The T4 bacteriophage needle complex consists of trimers

of two proteins, gp27 and gp5, which associate in a

(gp27)3–(gp5)3 complex. The (gp5)3-portion of the com-

plex contains a C-terminal triple stranded b-helix, which

provides the needle-shaped structure that punctures bio-

logical membranes. The VgrG family of T6SS com-

ponents shares structural features with the T4 (gp27)3–
(gp5)3 needle complex. According to the HHpred thread-

ing program, which identifies protein domains based upon

hidden Markov model profile–profile alignments [32], the

N-terminal portion of VgrGs shares structural features

with the gp44 protein of bacteriophage Mu, while the C-

terminal portion aligns with the gp5 protein of T4 phage

[33�]. Because Mu gp44 is a structural ortholog of T4’s

gp27, it was concluded that VgrGs closely resemble a

(gp27)3–(gp5)3 needle complex with a characteristic b-

helix cell-puncturing structure [33�]. Unlike phage,

which requires two separate protein assemblies, (gp27)3

and (gp5)3, to produce the needle complex, bacterial

VgrGs apparently use a single polypeptide to form
Current Opinion in Microbiology 2009, 12:11–17
(VgrG)3 complexes. That VgrGs do indeed form multi-

meric complexes has been shown experimentally when

immunoprecipitation of VgrG-1 pulled down VgrG-2 and

VgrG-3 in V. cholerae [33�]. The exact composition of

these VgrG complexes, or whether VgrGs also form

homotrimeric structures, cannot be concluded from this

experiment. In conclusion, on the basis of its homology to

the T4 needle complex and the fact that T6SS com-

ponents are required to detect VgrGs in culture super-

natants [33�], it was proposed that VgrGs are part of the

surface-exposed portion of the T6SS apparatus [34].

Some VgrGs carry C-terminal extensions
Interestingly, some VgrGs carry C-terminal extensions

(Table 2). In some E. coli strains, VgrGs (and sometimes

Hcp) are part of the so-called rearrangement hot spots

(Rhs) — repetitive DNA sequences responsible for

genetic duplications [35]. As a result, up to eight Rhs
elements can be found in the genomes of some E. coli
strains. Lin et al. hypothesized that these duplications

resulted from unequal recombination events between

different Rhs elements on the K-12 chromosome [35].

Besides being able to multiply in a single genome, Rhs
elements may participate in horizontal gene transfer as

mobile genetic elements to generate the heterologous

population of C-terminal extensions currently associated

with VgrG proteins.

The C-terminal extensions of some VgrGs carry func-

tional domains (Table 2). Because these extensions may

function as effector-domains, these VgrGs have been

named ‘evolved VgrGs’ [33�]. Even though most T6SS

clusters contain VgrG genes, only a small minority of

clusters encodes evolved VgrGs. Two prominent repre-

sentatives for bacteria with T6SS clusters that encode

evolved VgrGs are V. cholerae and B. pseudomallei. The

majority of evolved VgrG genes are not part of T6SS

clusters, but are scattered throughout bacterial genomes,

often in the same arrangement with hcp as found in Rhs
elements (see above). Interestingly, the genomes of some

bacteria with T6SSs, including S. typhimurium, enteroag-

gregative E. coli, and F. tularensis, do not encode evolved

VgrGs (Table 2), but still exhibit a T6SS-dependent

virulence phenotype [4,9,11�,20]. Thus, evolved VgrGs

are likely to carry out a bonus function needed by some,

but not all pathogens with a T6SS.

The C-terminal extensions carry a variety of conserved

domains implicated in an array of biological functions,

including crosslinking of host actin, degradation of the

peptidoglycan layer (found in the periplasm of Gram-

negative bacteria), and ADP-ribosylation of host proteins

(Table 2). The best-studied example for evolved VgrGs

to date is the V. cholerae VgrG-1 protein. VgrG-1 carries an

actin-crosslinking domain and when expressed in mam-

malian cells, causes the collapse of the host cytoskeleton
www.sciencedirect.com
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Table 2

List of VgrGs in bacterial species with functional type VI secretion systems (T6SS).

Organism Disease Total

number

of VgrGs

Evolved

VgrGs

Full

length

Extension

length

Homology of extension

Vibrio cholerae Cholera and

cholera-like illness

3 VC1416 1163 515 Actin crosslinking domain

VCA0123 1017 385 Peptidoglycan degradation and

chitosanase

Pseudomonas aeruginosa Bacterial infections

of the lung,

skin, and eye

10 PA0262 1019 185 Unknown

Yersinia pestis Bubonic plague 6 YPO2725 921 250 Pro-Glu-Thr-Thr-Ala repeats

Francisella tularensis Tularemia 1 None – – –

Burkholderia cenocepacia Cystic fibrosis i

nfections

10 BCAS0667 999 270 Class 3 lipase

BCAL1359 1233 345 Unknown

Burkholderia mallei Glanders (respiratory

infections in equines)

7 BMAA0737 1007 215 Unknown

Burkholderia pseudomallei Melioidosis 13 BPSS0105 899 200 Pro-Thr repeats

BPSS1503 1007 215 Unknown

BPSS2046 1111 211 Unknown

Salmonella typhimurium Salmonellosis 1 None – – –

Enteroaggregative

Escherichia coli

Gastroenteritis 3 None – – –

Aeromonas hydrophila Gastroenteritis 3 AHA_119 927 275 ADP-ribosyltransferase

Pectobacterium atrosepticum Blackleg in potatoes

(plant pathogen)

5 None – – –

Edwardsiella tarda Hemorrhagic septicemia

(fish pathogen);

gastrointestinal and

extraintestinal

infections (humans)

1 None – – –

Agrobacterium tumefaciens Crown gall disease

(plant pathogen)

2 None – – –

Rhizobium leguminosarum Nitrogen fixation on

pea plants (plant

symbiont)

1 None – – –

Escherichia coli O157:H7 Severe (often bloody)

diarrhea, hemolytic

uremic syndrome

3 None – – –
[36]. This interaction between VgrG-1 and actin is direct

and requires ATP as the energy source [33�].

T6SS effector delivery
Because the macromolecular structure of the T6SS has

not yet been resolved, it is not known how T6SS

machines assemble or deliver effectors. Considering that

over 20 gene products form the secretion apparatus, a full

understanding is not imminent. The experimental evi-

dence published to date supports a model for T6SS

effector delivery that, in part, mimics the mechanism

of the T4 bacteriophage in delivering substrates into

E. coli (Figure 2) [31]. According to this model, Hcp

and VgrGs form a pilus that is displayed on the bacterial

surface. VgrG molecules are assigned a dual function,

both as membrane-puncturing tips on the end of an Hcp

tube and, in the case of evolved VgrGs, as an effector

molecule through the activity of C-terminal effector-

domains. The presentation of effector-domains attached

to the machine component VgrG suggests a novel mech-

anism of effector presentation, closely resembling the

type V secretion system in which a single effector protein
www.sciencedirect.com
transports itself to the bacterial surface [37]. If this model

is correct, the T6SS utilizes parts of the machine itself to

interfere with processes in the host cell.

The model proposed here requires a T6SS complex in the

bacterial inner membrane to export proteins like Hcp and

VgrGs into the periplasm (Figure 2a). Bioinformatic

analysis suggests that a number of T6SS gene products

localize to the inner membrane [34], and these proteins

may be involved in shuttling Hcp and VgrG across the

inner membrane. Mougous et al. showed that Hcp is

found in the periplasm of P. aeruginosa [13��], represent-

ing at the very least a temporary localization to this

compartment. VgrG proteins, once in the periplasm,

may assemble into a trimeric complex resembling the

T4 bacteriophage cell-puncturing device. After the VgrG-

complex is assembled, Hcp rings may dock beneath it and

form a tube as more rings are added (Figure 2a). The

growing Hcp tube might pass through a pore in the outer

membrane, or perhaps use the VgrG tip to puncture the

membrane and allow tube extension outwards into the

extracellular space (Figure 2b). This model accounts for
Current Opinion in Microbiology 2009, 12:11–17
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the codependency of Hcp and VgrGs for secretion as noted

by multiple investigators [16��,33�]. In the absence of Hcp,

VgrGs cannot reach the extracellular space on top of an

extending Hcp pilus, while in the absence of VgrGs, the

extending tube cannot pass through the outer membrane.

When the bacterium comes in close contact with a host

cell, the T6SS structures protruding from the bacterial

surface puncture the host membrane (i.e. plasma or

vesicular membrane) with their VgrG tip. According to

the model, the trimeric VgrG tip is pushed through the

membrane, and the C-terminal effector-domain, which

until this time might have been hidden in the cavity of the

trimeric VgrG complex, unfolds and interacts with its

respective host targets in the cytosol (Figure 2c). It is also

possible that this domain is cleaved off from the VgrG,

allowing it to interact with host targets distant from the

VgrG puncture site. In addition, the VgrG trimer may also

act as a ‘cap’ on an Hcp conduit, which detaches after

puncturing through the host membrane to allow translo-

cation of effector proteins from the bacterium directly

into the host cytosol (Figure 2c).

Conclusions
An increasing number of genes are being identified that

are required for T6SS-mediated virulence. The majority

of these genes seem to encode structural components of

the secretion apparatus. The next great task will be to

identify new effector molecules, characterize those pre-

sented here, and determine if these molecules indeed

pass through a T6SS conduit to reach the host cytosol. In

the case of VgrG proteins, the challenge will be to

determine if these molecules indeed have dual functions:

to insert the T6SS apparatus into the host cytosol and to

perform effector functions.
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