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The Type VI Secretion System Spike Protein VgrG5 Mediates
Membrane Fusion during Intercellular Spread by Pseudomallei Group
Burkholderia Species
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Pseudomallei group Burkholderia species are facultative intracellular parasites that spread efficiently from cell to cell by a mech-
anism involving the fusion of adjacent cell membranes. Intercellular fusion requires the function of the cluster 5 type VI secre-
tion system (T6SS-5) and its associated valine-glycine repeat protein, VgrG5. Here we show that VgrGs5 alleles are conserved and
functionally interchangeable between Burkholderia pseudomallei and its relatives B. mallei, B. oklahomensis, and B. thailand-
ensis. We also demonstrate that the integrity of the VgrG5 C-terminal domain is required for fusogenic activity, and we identify
sequence motifs, including two hydrophobic segments, that are important for fusion. Mutagenesis and secretion experiments
using B. pseudomallei strains engineered to express T6SS-5 in vitro show that the VgrG5 C-terminal domain is dispensable for
T6SS-mediated secretion of Hcp5, demonstrating that the ability of VgrG5 to mediate membrane fusion can be uncoupled from
its essential role in type VI secretion. We propose a model in which a unique fusogenic activity at the C terminus of VgrG5 facili-

tates intercellular spread by B. pseudomallei and related species following injection across the plasma membranes of infected

cells.

Burkhalderia pseudomallei is the causative agent of melioidosis,
a serious and often fatal human infection. In Southeast Asia
and Australia, where the endemicity of the organism is high, in-
fections are nearly always acquired from the environment (1).
Adaptations to avoid predation in the rhizosphere are thought to
promote accidental virulence in mammals (2—4). The geographic
distribution of B. pseudomallei overlaps with that of the closely
related species B. thailandensis (5). Although B. thailandensis is
considered relatively nonpathogenic, it has occasionally been as-
sociated with human infection, and high inocula can cause disease
in mice (6-8). B. mallei, an obligate pathogen of equine hosts that
causes glanders, is a clonal descendant of B. pseudomallei that has
undergone considerable genome decay, losing the capacity for
survival in the environment (3, 9).

Despite their divergent niches and host predilections, B. pseu-
domallei, B. thailandensis, and B. mallei are facultative intracellu-
lar pathogens that exhibit nearly identical intracellular life cycles
(10). Following entry into phagocytic or nonphagocytic cells, bac-
teria escape from vesicles using the Bsa type III secretion system
(T3SSg.,), replicate in the cytoplasm, and spread from cell to cell
by a mechanism that is facilitated by cytoplasmic motility (11, 12).
Movement through the cytoplasm promotes contact with cell
membranes and can be provided by BimA-mediated actin polymer-
ization or, for B. thailandensis and Australian isolates of B. pseu-
domallei, Fla2 flagellar motility (12). Prevailing models for cell-
cell spread have invoked protrusion-mediated entry into adjacent
cells followed by escape from double membrane vacuoles (2, 3).
Direct evidence in support of this mechanism is lacking, however,
and the demonstration that cell-cell spread is independent of
T3SSg,, following escape from the primary vesicle of the initially
infected cell raises doubts about its validity (12). In contrast,
abundant evidence shows that Burkholderia species form multi-
nucleated giant cells (MNGCs) during infection (12-15), and we
propose that this represents the primary mechanism of cell-cell
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spread. In B. pseudomallei and B. thailandensis, membrane fusion
leading to MNGC formation requires the activity of a type VI
secretion system (T6SS) (12, 16).

T6SSs are evolutionarily related to the contractile injection de-
vices of tailed bacteriophages and mediate interactions between
Gram-negative bacteria and other prokaryotic or eukaryotic cells
(17). T6SSs expressed by pathogenic bacteria are able to translo-
cate proteins or protein domains across the plasma or endosomal
membranes of eukaryotic cells (17-20). Although the mechanism
of secretion and translocation is still poorly resolved, Basler and
colleagues recently demonstrated that a Vibrio cholerae T6SS cy-
cles between assembly, quick contraction, ClpV ATPase-mediated
disassembly, and reassembly, supporting a mechanism where
contraction of the T6SS sheath provides the energy needed for
protein translocation (21). A similar model was described for
Pseudomonas aeruginosa, suggesting that this mechanism is con-
served (22).

B. pseudomallei genomes encode six T6SS gene clusters, but
only cluster 5 (T6SS-5; also known as T6SS-1 [23]) has consis-
tently been shown to be critical for intercellular spread and viru-
lence in animals (16, 24). T6SS-5 is also required for virulence by
B. mallei and B. thailandensis (15, 25). Approximately 15 core
genes and a variable number of nonconserved accessory elements
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encode the T6SS “injectisome” (26, 27). Among the core genes are
hep and vgrG, which encode conserved components that play key
roles. Hep forms hexameric rings that polymerize into tubules
that are extruded following contraction of the surrounding
sheath, facilitating protein translocation across cell surfaces into
the extracellular space or across the membranes of target cells (28,
29). Current models suggest that the tip of the apparatus is com-
posed of a VgrG trimer, which functions as part of a puncturing
device (19, 30-32). Homology and structural evidence indicate
that VgrGs possess a “core motif” that is similar to the neck (gp27)
and tail spike (gp5) proteins of bacteriophage T4 (19). In addition,
some VgrGs possess extended carboxyl-terminal domains (CTD)
that confer effector functions upon injection into eukaryotic cells.
The activities of these so-called “evolved” VgrGs include actin
cross-linking and the inhibition of phagocytosis by V. cholerae
VgrG (19, 20, 33) and ADP ribosylation of actin by Aeromonas
hydrophila VgrGl (34). In this study, we demonstrate that the
evolved VgrG5 proteins expressed by Burkholderia species capable
of intercellular spread are conserved and functionally inter-
changeable. We also show that the VgrG5 CTD plays an essential
role in membrane fusion that is distinct and separable from the
required role of VgrG5 in type VI secretion.

MATERIALS AND METHODS

Bacterial strains and mutant construction. B. thailandensis E264 (35)
and Bp340 [B. pseudomallei 1026b A(amrRAB-oprA)] (36) were routinely
grown in LB medium without NaCl (LB-NS). Kanamycin or Zeocin was
added at a final concentration of 100 pg/ml as needed. In-frame muta-
tions were constructed using allelic exchange with a chlorophenylalanine
sensitivity allele, PheS*, as a negative-selection marker on M9 agar con-
taining 0.1% chlorophenylalanine (cPhe) as described previously (37).
Gene loci targeted for mutation in B. thailandensis E264 included clpV5
(Bth_110864), vgrG5 (Bth_110863), and bimA (Bth_I10875), and vgrG5
(Bp1026b_1596) was mutated in Bp340. Strains constitutively expressing
VirA and VirG were constructed by insertion of a mini-Tn7 transposon
containing virAG genes from Bp340 (Bp1026b_1587 to -89) downstream
from the S12 ribosomal subunit promoter (38) and were selected for by
the presence of the Zeocin resistance cassette encoded by the transposon.

Plasmid construction. Complementation of mutants with partially
deleted or full-length VgrG5 was performed using a derivative of the
broad-host-range plasmid pBBR1-MCS2 containing the nptII kanamycin
resistance gene (39) and a hemagglutinin (HA) tag cloned between the
Xbal-SacI sites. The following vgrG5 homologs were amplified from Pseu-
domallei group Burkholderia species by PCR using the primers listed in
Table 1: vgrG5y,,54, (primers 118 and 117), vgrG5HAy 34, (primers 118
and 119), HAvgrG5y,,3,4, (primers 185 and 117), vgrG5y,,-C997 (primers
118 and 153), vgrG5g,-C850 (primers 118 and 149), vgrG5y,,-C758 (prim-
ers 118 and 146), vgrG5y,-C644 (primers 118 and 147), vgrG5; -A651-
696 (primers 272 and 274 and primers 275 and 273), vgrG5;,-A783-824
(primers 272 and 276 and primers 277 and 273), vgrG5g,-A852-866
(primers 272 and 278 and primers 279 and 273), vgrG-555,64 (primers
151 and 117), B. mallei vgrG5 (vgrG5g,,,) (primers 150 and 117), B. okla-
homensis vgrG5 (vgrG5g,) (primers 224 and 225), and vgrG5 of the Aus-
tralian B. pseudomallei strain MSHR668 (vgrG5y,, ,s) (primers 150 and
117). Internal deletions were obtained after amplification, cloning, and
ligation of the regions framing the sequence to be eliminated.

Assays for the formation of multinucleated giant cells. HEK293 cell
lines that stably express enhanced green fluorescent protein (eGFP) or a
monomeric strawberry red fluorescent protein (msRFP) were infected
with B. pseudomallei or B. thailandensis derivatives as described previously
(12). Briefly, GFP- and RFP expressing cells were mixed at a 1:1 ratio and
were seeded at a final concentration of 1.8 X 10° per well precoated with a
1/40 dilution of liquid Matrigel (Becton, Dickinson). Cells were infected
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TABLE 1 Oligonucleotide primers used in this study

Primer  Sequence (5'-3")"

117 GTAATCTCTAGATCAGCCGAGCTGGATCAGTTGGCCGTC

118 GGAGTTCCATATGTCTTCGTCCCCCCGCC

119 ATGCGCTCTAGAGCCGAGCTGGATCAGTTGGC

145 GACTGATCTAGATCATGCGCTGCCGCAGCCGGCCGCGATC

146 GTACTATCTAGATCACGCGTGCGTCGACCACGAGACGC

147 GATACATCTAGATCAAGCTTGTCGAGCTGCTTTTGCAG

149 GTTCAGTCTAGATCACGTGGGGATGAGCGCGCTGAC

150 GGAGTTCCATATGCCTTCGTCCCCCCGCCACG

151 GGAGTTCCATATGTCTTCGTCCCATCGACACTACG

153 GACTGATCTAGATCACAGCGACGCGCTGCCGTTCAGC

185 GGAGTTCCATATGGCGTACCCGTACGACGTGCCGGACTA
CGCGTCTTCGTCCCCCCGCC

224 GGAGTTCCATATGTCTTCGTCCCACCCACAG

225 GTAATCTCTAGATCAGCCGAGCTGGATCAGTTGG

272 GAATCTCATATGTCTTCGTCCCCCCGCCACG

273 GTAATCTCTAGATCAGCCGAGCTGGATCAGTTGGCCG

274 CTAGCAGCTAGCCTTGCGCACCGTGCCCTTGAGC

275 CTAGTCGCTAGCGTCAGCACGGCGCTGATGGCGAC

276 CTAGCTGCTAGCGTGCTTCGCCGCTTCGACGCCC

277 ATCGTTGCTAGCCTCGAAGCCGACATTTCGGAAAAC

278 TACGAAGCTAGCCGGCGTGGGGATGAGCGCGCTGAC

279 TACGTTGCTAGCCTCGTCGAGCTGAAGGCCAAGCAGA

7 Stop/start codons are italicized; restriction sites are underlined; the HA tag sequence is
shown in boldface.

at a multiplicity of infection (MOI) of 1 X 10”7, and 1 h postinfection,
cells were washed, and remaining extracellular bacteria were killed by
adding gentamicin (100 pg/ml). After 18 h, cells were fixed with phos-
phate-buffered saline (PBS) plus 10% formalin, and MNGCs were ob-
served by fluorescence microscopy. The number of MNGCs formed per
bacterial CFU was determined, and values are reported as the means *
standard deviations (SD) for a minimum of 3 independent experiments.

Actin staining. HEK293 cells were grown on coverslips in 12-well
plates at 2 X 10 cells/well and were infected with B. thailandensis E264 or
its AvgrG5 or AbimA mutant at an MOI of 10. After 1 h of infection,
extracellular bacteria were killed by the addition of gentamicin (100 g/
ml), and cells were prepared for microscopy as described previously (12).
Antibodies were used at the following dilutions: rabbit anti-B. thailand-
ensis antiserum, 1:1,000; Alexa Fluor 488-labeled phalloidin and Alexa
Fluor 633-labeled goat anti-rabbit antiserum (Molecular Probes), 1:200.
Permanent mounts of specimens were created using ProLong Gold with
4',6-diamidino-2-phenylindole (DAPI) (Invitrogen). Fluorescence imag-
ing was performed using a Leica SP5-11-AOBS confocal microscope setup.
Images were processed with the LAS-AF software suite (Leica) or with
Adobe Photoshop CS5.

Intracellular replication assays. Cells growing in 6- or 12-well plates
were infected with Bp340 or its derivatives at an MOI of 10:1. One hour
after infection, cells were washed with Hanks’ balanced salts, and the
remaining extracellular bacteria were killed by the addition of 100 pg/ml
gentamicin. At the times postinfection indicated in Fig. 4A, cells were
washed with Hanks’ balanced salts, harvested by trypsinization, and lysed
with 0.2% Triton X-100 plus 20 mM MgSO, and 50 pg/ml DNase I (to
reduce lysate viscosity). The numbers of CFU per well were determined
for serial dilutions of the lysate and were normalized with respect to the
growth surface area (CFU/cm?). The results are expressed as means = SD
for 3 independent experiments.

In vitro type VI secretion assays. Overnight cultures of bacteria were
diluted 200-fold in LB-NS containing antibiotics when necessary. At an
optical density at 600 nm (ODy,) of 0.5 to 0.7, I-ml aliquots were centri-
fuged, washed, and resuspended in 400 pl of Laemmli buffer (pellet frac-
tions). The culture supernatants were again centrifuged at 4,750 X gfor 15
min, and the supernatants were filtered through a 0.2-pwm syringe-tip
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filter and were precipitated with 10% trichloroacetic acid (TCA). After
overnight incubation at 4°C, the supernatants were centrifuged at 18,900 X g
for 15 min at 4°C, and the pellets were washed with 1 ml acetone and were
resuspended in Laemmli buffer (supernatant fractions). The pellet and
supernatant fractions were normalized according to the ODg, of the
bacterial culture at the time of harvest. Pellet or supernatant samples were
loaded onto a 4-to-15% TGX Tris-glycine protein gel (Bio-Rad), sub-
jected to SDS-PAGE, and transferred to polyvinylidene difluoride
(PVDF) membranes. The membranes were blocked with PBS-5% skim
milk for 1 h, incubated with a primary antibody (either rat anti-Bp Hep5
or rabbit anti-VgrG5 CTD) at 1:3,000 for 1 h, and washed 3 times with
PBS-1% skim milk for 10 min. Membranes were incubated with a sec-
ondary antibody (horseradish peroxidase-labeled IgG conjugate; Amer-
sham) diluted 1:2,000 in PBS—1% skim milk, which was added for 30 min,
and were then washed 3 times in PBS for 10 min each time.

RESULTS

VgrG5 is required for cell fusion and intercellular spread. We
have reported recently that mutation of the clpV5 ATPase allele
located in T6SS gene cluster 5 significantly reduces the efficiency
of cell fusion and the formation of MNGCs following invasion by
B. pseudomallei or B. thailandensis, or following the direct injec-
tion of B. thailandensis into the cytoplasm using a photothermal
nanoblade (12). To investigate whether vgrG5 is similarly required
for cell fusion, we constructed in-frame deletions of the vgrG5
coding sequences in B. pseudomallei Bp340 and B. thailandensis
E264. MNGC formation assays were conducted by infecting 1:1
mixtures of HEK293 cells transduced with lentiviral vectors ex-
pressing msRFP or eGFP, where regions of fused cells appear yel-
low on image overlays. As shown in Fig. 1A and B, Bp340 and B.
thailandensis E264 AvgrG5 mutants were unable to induce
MNGC:s at 18 h postinfection, in contrast to the wild-type (WT)
parental strains. This phenotype was fully reversible by comple-
mentation with cognate vgrG5 alleles expressed from a replicating
plasmid in trans. These effects were quantified by measuring
MNGC formation per CFU. This is equivalent to PFU per CFU,
since we have shown previously that Burkholderia plaques on cell
monolayers bathed in antibiotics result from the expansion and
lysis of MNGCs (12). As expected, AvgrG5 mutants escape from
endosomes and polymerize actin in a BimA-dependent manner
(Fig. 1C). Together, these results show that VgrG5 is required for
cell fusion and subsequent plaque formation but is dispensable for
endosome escape and actin polymerization.

VgrG5 is conserved and functionally interchangeable be-
tween Burkholderia pseudomallei and near-neighbor species.
Sequence comparisons with VgrG5 encoded by the B. pseudomal-
lei reference genome from strain 1026b (40), the parent of Bp340
(36), indicates high levels of conservation with orthologs in other
Pseudomallei group Burkholderia species and strains (Fig. 2A).
VgrG5 sequences from Australian (MSHR668) and Southeast
Asian (1026b) strains, which represent the two major clades of the
species B. pseudomallei (41), and from B. mallei are nearly identi-
cal (=99% amino acid [aa] identity) but diverge from those of B.
thailandensis and B. oklahomensis, which share 90% and 82%
identity, respectively, with the 1026b sequence. Although little is
known regarding virulence mechanisms, B. oklahomensis has been
isolated from soil and human wound infections and is minimally
pathogenic in animal models (42—44). The next closest VgrG5
relative within sequenced members of the Burkholderia genus is
from Burkholderia ambifaria, a member of the Burkholderia cepa-
cia complex (45), with 31% overall sequence identity and 46%
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FIG 1 VgrG5 is required for membrane fusion. (A and B) MNGCs were
visualized 18 h after infection of HEK293-eGFP or -msRFP cells mixed in 1:1
ratios with WT, AvgrG5 mutant, or complemented AvgrG5 mutant (carrying a
cognate vgrG5 allele expressed in trans on a replicating plasmid) Bp340 (A) or
B. thailandensis E264 (B). Green and red, individual cells; yellow, fused
MNGCs. Representative MNGCs are shown for WT and complemented
strains. No MNGCs were observed in multiple fields for AvgrG5 mutants. The
numbers of MNGC:s per bacterial CFU are reported below the images as the
means * SD for a minimum of 3 independent experiments. ND, not detected
(<1 X 10~* MNGC/CFU). (C) Immunofluorescence microscopy showing
actin tails (arrows) formed by B. thailandensis E264 or its AbimA or AvgrG5
derivative. Blue, DAPI-stained nuclei;, red, immunostained bacteria; green,
polymerized actin stained with Alexa Fluor 488-labeled phalloidin. Images in
the lower panel are close-ups of areas boxed in red in the upper panel.

similarity. The phylogenetic tree in Fig. 2B supports the close evo-
lutionary relationships between VgrG5 proteins encoded by Pseu-
domallei group Burkholderia species and B. oklahomensis. The
640-aa N-terminal domain (NTD) of VgrG5 homologs contains
the VgrG “core elements,” which resemble the gp27 and gp5 tail
spike proteins of bacteriophage T4. In contrast, the 367-aa CTD
(aa 641 to 1007) is uniquely present in VgrG5 homologs (see be-
low).

In light of their high degree of conservation, we investigated
whether vgrG5 alleles from different Burkholderia species could
cross-complement the cell-cell spread defect of a B. pseudomallei
vgrG5 mutant. vgrG5 loci from B. mallei ATCC 23344, B. pseu-
domallei MSHR668, B. oklahomensis C6786, or B. thailandensis
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FIG 2 vgrG5 alleles from Pseudomallei group Burkholderia species are functionally interchangeable. (A) Alignment of VgrG proteins by BLAST. Gray bars,
amino-terminal VgrG “core” region with homology to the gp27/gp5 T4 bacteriophage tail spike complex proteins; red bars, conserved CTD; striped bars, protein
regions with no similarities. The boundary of the CTD was assigned based on the alignment of the Burkholderia VgrG5 sequence to the sequences of VgrG
proteins in other species. The percentage of identity with the B. pseudomallei 1026b VgrG5 coding sequence is given for each sequence diagramed here. Bp, B.
pseudomallei; Bm, B. mallei; Bt, B. thailandensis; Bo, B. oklahomensis. (B) Phylogenetic tree based on comparisons of sequences of VgrG5 proteins from an
expanded set of Burkholderia isolates and of VgrG and VgrGl proteins from V. cholerae and P. aeruginosa, respectively. Analysis was based on the JTT
matrix-based model (62) and was conducted in MEGA5 (63). (C) MNGC assays. HEK293 cells were infected with a Bp340 AvgrG5 mutant complemented with
a plasmid expressing vgrG5 from the Australian B. pseudomallei strain MSHR668 (Bp Aus), B. mallei ATCC 23344, B. thailandensis E264, or B. oklahomensis
C6786. (D and E) Numbers of MNGCs per CFU 18 h after infection of HEK293 cells with B. pseudomallei Bp340 (D) or B. thailandensis E264 (E) containing
AvgrG5 deletions and complementing plasmids as indicated. No fusion activity was observed in AvgrG5 strains containing the empty vector. Values are

means * SD for 3 independent experiments (¥, P < 0.05).

E264 were expressed on a plasmid vector in Bp340 AvgrG5. All
vgrG5-encoded orthologs were able to restore cell fusion capabil-
ity and MNGC formation (Fig. 2C and D). Complementation of
the Bp340 AvgrG5 mutation with homologous loci from other
species was remarkably efficient, with no statistically significant
difference in the efficiency of MNGC formation between these loci
and the cognate Bp340 vgrG5 allele. Analogous results were ob-
served in complementation experiments with a B. thailandensis
E264 AvgrG5 strain (Fig. 2E). These results demonstrate that
vgrG5 alleles are functionally equivalent among Burkholderia
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strains that share the ability to form MNGCs, supporting a con-
served role for VgrG5 proteins in cell-cell fusion. This is intriguing
considering the highly divergent ecological niches occupied by
these species, which range from the rhizosphere to obligate mam-
malian hosts. Our results also suggest that B. thailandensis, a bio-
safety level 2 (BSL2) organism, and B. mallei or B. pseudomallei,
which are tier 1 BSL3 pathogens, can be used interchangeably to
study VgrG5-mediated membrane fusion.

The VgrG5 C terminus is critical for cell fusion. In experi-
ments focused on examining the expression of VgrG5, we noticed
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FIG 3 Mutational analysis of the VgrG5 CTD. (A) Bp340 vgrG5 and derivatives with truncation and deletion mutations. “HA” stands for a C-terminal HA
epitope tag. The abilities of plasmids carrying wild-type or mutant vgrG5 alleles to complement MNGC formation by Bp340 AvgrG5 are shown on the right. TM,
transmembrane domain; yellow box, sequence similarity to the enzymatic domain of E. coli hydroxymyristoyl glucosamine-N-transferase; Ab, epitope for
antibody against the VgrG5 CTD. (B) Numbers of MNGCs per CFU obtained 18 h after infection of HEK293 cells with Bp340, Bp340 AvgrG5, or Bp340 AvgrG5
mutants complemented with a wild-type or mutant vgrG5 allele expressed on a replicating plasmid in trans. No fusion activity was observed in AvgrG5 strains
containing the empty vector. Values are means = SD for 3 independent experiments. *, P < 0.05. (C) Alignment of VgrG5 C-terminal domains of B. mallei ATCC
23344 (Bm), B. thailandensis E264 (Bt), and B. oklahomensis C6786 (Bo) to that of B. pseudomallei 1026b (Bp) and bioinformatic predictions of internal features.
Cons., consensus. Red letters indicate amino acid identity; residues shown in blue/black are nonidentical but generally conserved. Potential regions likely to
exhibit TM topology are highlighted in blue. The TM1 and TM2 regions were highly predicted using the TMHMM or TMpred algorithm (92% or 88%
confidence, respectively). The TM3 region was identified only by TMpred, with a lower probability (24%). A domain with moderate similarity (30% confidence;
15% aa identity) to E. coli hydroxymyristoyl glucosamine-N-transferase (Enz.) (yellow highlight) was identified using the Phyre2 homology recognition engine.

The epitope used to raise polyclonal antisera to the VgrG5 C-terminal domain is highlighted in pink.

that strains with epitope tags at the N terminus retained function
while derivatives tagged at the C terminus were incapable of
MNGC formation. Considering the unique nature of the VgrG5
CTD and its conservation between Burkholderia species, we tested
the hypothesis that it plays a role in membrane fusion. In the
experiment presented in Fig. 3, a series of truncated vgrG5 deriv-
atives were expressed in Bp340 AvgrG5 and were tested in com-
plementation assays. None of the truncation mutants were able to
restore MNGC formation, indicating the loss of intercellular
spread (Fig. 3A and B). The distal C terminus of VgrG5 appears to
be particularly sensitive to perturbation, since the removal of only
10 aa, or the addition of a triple HA tag (50 aa), abolishes function.

In contrast to the N-terminal sequences of VgrG5, where con-
served elements are present, the CTD is relatively devoid of obvi-
ous similarities with characterized functional domains in other
bacterial, archeal, or eukaryotic proteins, including membrane
fusogens. Secondary structure and fold recognition algorithms
were used to identify potential structural motifs in the VgrG5
CTD. Since fusogenic proteins often include transmembrane
(TM) helices, we used the transmembrane helix prediction plat-
forms TMpred (46), TMHMM (47), and MEMSAT (48) to iden-
tify three TM regions at positions 651 to 671 (TM1), 685 to 703
(TM2), and 850 to 867 (TM3) (Fig. 3A and C). TM1 and TM2 are
separated by a short (13-aa) hydrophilic linker, and both are
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highly predicted TM helices. TM3, which includes several pro-
lines, was predicted with lower confidence. Using the Phyre2 fold
recognition algorithm (49), sequences from position 785 to 833
were found to exhibit moderate similarity to the enzymatic do-
main of Escherichia coli hydroxymyristoyl glucosamine-N-trans-
ferase. Since the putative TM and transferase sequences are highly
conserved among Pseudomallei group species (Fig. 3C), mutant
vgrG5 alleles lacking these regions were constructed and were
tested for their abilities to complement MNGC formation in
Bp340 AvgrG5. As shown in Fig. 3A and B, deletion of the TM1-2
region (aa 651 to 696) or the predicted enzymatic domain com-
pletely or partially eliminated MNGC formation, respectively,
whereas deletion of TM3 (aa 851 to 866) had no effect. This find-
ing indicates that, in addition to the extreme C-terminal end of
VgrG5, internal sequences that include potential TM regions are
required for cell fusion.

The VgrG5 C-terminal domain is required for T6SS-medi-
ated cell death. Using intracellular growth assays with cell mono-
layers bathed in antibiotics, we have shown previously that B.
thailandensis AclpV5 mutants replicate to higher numbers than
the WT parental strain (12). We interpreted these results as sug-
gesting that T6SS-5 activity is associated with membrane damage
and leakage of antibiotics into the cytosol, possibly due to abortive
attempts at membrane fusion. To further address this hypothesis,
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FIG 4 Differential roles of the VgrG5 CTD in T6SS-associated membrane
damage and T6SS-5 activity. (A) Assays of intracellular replication of Bp340
AclpV5 or Bp340 AvgrG5 complemented with an empty plasmid vector (pVec)
or with plasmid-expressed vgrG5 or vgrG5-C850. Values are means =+ SD for 3
independent experiments (¥, P < 0.05). (B) Western blot analysis of bacterial
supernatant (S) or pellet (P) fractions from Bp340, Bp340 virAG(Con), Bp340
virAG(Con) AvgrG5, or Bp340 virAG(Con) AvgrG5 expressing WT or mutant
vgrG5 from a replicating plasmid. Blots were probed with an antibody against
Hcp5 (a-Hcep) or against the VgrG5 CTD (a-CTD). virAG(Con), virAG con-
stitutively expressed. Although T6SS apparatuses contain numerous Hcp
monomers, which are released upon disengagement, they are predicted to
include only one VgrG trimer, at the tip (30). VgrG5 derivatives that retain the
a-CTD antibody epitope (Fig. 3A) can be detected in cell pellets but are not
exported in sufficient quantities to be reproducibly detected in the supernatant
fractions of broth-grown cells.

we examined the roles of VgrG5 and its CTD in this phenotype by
using B. pseudomallei.

Replication assays were performed using Bp340 AvgrG5 deriv-
atives complemented with either full-length vgrG5, a mutant con-
taining a 157-aa C-terminal truncation that eliminates fusogenic
activity (vgrG5-C850 [Fig. 3A]), or the empty plasmid vector.
HEK293 cells were first infected and then overlaid with gentami-
cin, and the number of intracellular bacteria was determined over
a 28-h time course. As shown in Fig. 4A, all strains behaved iden-
tically up to 22 h, after which levels of the AvgrG5 strain comple-
mented with WT vgrG5 begin to decrease due to exposure to ex-
tracellular antibiotics. The growth kinetics of the AclpV5 and
AvgrG5 strains were indistinguishable, and by 28 h, these T6SS-5
mutant strains reached intracellular numbers that were nearly an
order of magnitude higher that those of the vgrG5-complemented
strain. Importantly, the replication levels of the AvgrG5 strain
complemented with the vgrG5-C850 allele were indistinguishable
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from those of the empty-vector control. Although the differential
susceptibilities of WT and mutant VgrG5-complemented bacteria
to antibiotics at later time points are consistent with “collateral
damage” to cell membranes mediated by VgrGS5, it might also be
explained by an inherent instability of MNGCs. Regardless, these
results demonstrate that the ability to fuse cell membranes corre-
lates with the accelerated decline in bacterial numbers observed in
intracellular growth assays, which, in turn, correlates with the
presence of an intact VgrG5 CTD.

The role of the VgrG5 CTD in membrane fusion can be un-
coupled from the role of VgrG5 in T6SS activity. VgrG proteins
are required for the proper function of T6SS injection machines
(30, 50, 51). Accordingly, our results thus far are consistent with
the idea that the requirement for the VgrG5 CTD in membrane
fusion is solely a reflection of the essential role of VgrG5 in T6SS
activity. In this scenario, candidate fusogenic factors might in-
clude unidentified effectors or VgrG5-associated PAAR proteins
(32), and VgrG5 CTD mutations that eliminate fusion should also
abrogate secretion. An alternative hypothesis is that the CTD of
VgrG5 plays a specific role in membrane fusion, independent of
the requirement for the rest of the protein in secretion. Previous
observations by Burtnick and colleagues showed that an N-termi-
nal segment of VgrG5, consisting of only the first 188 aa, is suffi-
cient for Hep5 secretion (16). Extrapolating from their results, we
predicted that the intercellular spread phenotype associated with
the VgrG5 CTD could be “uncoupled” from the role of N-termi-
nal sequences in T6SS-5 activity, suggesting a direct role for the
CTD in membrane fusion.

Although T6SS-5 is poorly expressed and minimally active un-
der standard laboratory growth conditions, it can be induced by
overexpression of the two-component regulatory system VirAG
(16). We constructed a constitutive virAG [virAG(Con)]| deriva-
tive of Bp340 utilizing a single-copy Tn7 integration vector that
expresses virAG from the S12 ribosomal subunit promoter (4). As
shown in Fig. 4B, Hcp5 was detected by Western blotting with
anti-Hcp5 antisera in both the pellet and supernatant fractions of
Bp340 virAG(Con), but not in those of WT Bp340. Deletion of
vgrG5 in the virAG(Con) background greatly reduces the ability to
detect Hcp5 in supernatant fractions, but not in pellet fractions,
verifying that Hep5 secretion is dependent on VgrG5 (16). Hep5
secretion was restored by complementation of the virAG(Con)
AvgrG5 strain with full-length vgrG5 expressed in trans. Most im-
portantly, it was also restored by vgrG5 alleles carrying truncations
or internal deletions in the CTD. Since the CTD mutations ana-
lyzed in Fig. 4B nearly (CA783-824) or completely (C644, C758,
C850, CA651-696) abolished cell-cell spread, we conclude that the
function of the CTD in membrane fusion is distinct and indepen-
dent from the required role of VgrG5 in type VI secretion.

DISCUSSION

Functional conservation of VgrG5. B. pseudomallei is a diverse
species separated into Australian and Southeast Asian clades, hav-
ing diverged from a B. thailandensis-like ancestor on the Austra-
lian subcontinent an estimated 0.3 to 4.2 million years ago (52). B.
mallei, a clonal species with limited diversity, was established as a
host-restricted derivative of B. pseudomallei prior to its introduc-
tion into Southeast Asia. The origins of B. oklahomensis have not
been studied in detail, although it is clearly a Pseudomallei group
species that shares a common ancestor with B. thailandensis and B.
pseudomallei (43). In agreement with this scenario, although
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FIG 5 VgrG5-induced membrane fusion during Burkholderia infection: a hypothesis. Lateral flagella or actin polymerization provides motility, facilitating
contact between bacteria and the plasma membrane (PM), bringing adjacent membranes into close apposition (stage 1). After contact with the membrane,
T6SS-5 is deployed, and VgrG5 is inserted across the infected and adjacent cell surfaces, inducing a region of localized disturbance of lipid bilayers (stage 2) that

ultimately leads to membrane fusion (stage 3). See the text for details.

VgrG5 orthologs are highly similar, the B. oklahomensis and B.
thailandensis proteins are more closely related to each other than
they are to B. pseudomallei or B. mallei orthologs. In this study, we
show that VgrG5 orthologs from all of these species are function-
ally interchangeable with respect to their abilities to mediate cell
fusion, suggesting that similar mechanisms are involved.

The requirement for T6SS-5 in virulence and cell-cell spread by
B. pseudomallei, B. mallei, and B. thailandensis is well established
(12, 15, 16, 23, 25). The conservation of a functionally equivalent,
albeit divergent, vgrG5 allele in B. oklahomensis was surprising,
however, since isolates tested to date appear to be incapable of
MNGC formation in mammalian cells in vitro (44, 53). In lieu of
an explanation for the lack of cell-cell spread by B. oklahomensis,
the divergence of its VgrG5 ortholog (Fig. 2A and B) provides an
indication of the degree to which the protein can tolerate variabil-
ity without losing fusogenic activity. Perhaps most importantly, B.
oklahomensis, B. thailandensis, and B. pseudomallei are primarily
soil organisms, and virulence determinants such as VgrG5 and the
ability to fuse cells have likely evolved in response to competition
and predation in the rhizosphere (54).

VgrGS5 structural features. Comparison of the Bp340 VgrG5
protein sequence to the NCBI RefSeq protein database (55) reveals
regions similar to the hallmark domains of Gram-negative VgrG
proteins, which include sequences homologous to the gp25 and
gp27 components of contractile phage tail fibers. Although the
CTD is clearly required for fusogenic activity, BLAST-P and iter-
ative PSI-BLAST analysis did not reveal significant similarities
with known fusion proteins. Since widely varying sequences,
structures, and mechanisms can mediate membrane fusion (42), a
lack of primary sequence similarity with known fusogens does not
preclude the possibility that a protein or protein domain partici-
pates in membrane fusion.

Using bioinformatic strategies, we were able to identify three
potential transmembrane helices that are common components
of fusion proteins such as gp41 of HIV-1 (56). A region containing
tandem TM sequences (TM1-2) separated by a short hydrophilic
linker, which received the highest predictive scores, is essential for
cell fusion, whereas the putative TM3 helix is dispensable. In ad-
dition, the Phyre2 fold recognition algorithm indicated a weak
match to enzymatic sequences with hydroxymyristoyl transferase/
hydrolase activity. Although the relevance of this similarity is un-
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clear, deletion of this region caused a partial but significant loss of
function. More importantly, mutations in the CTD that reduce or
eliminate cell-cell spread have little, if any, effect on Hcp5 secre-
tion, demonstrating two separable functions for VgrG5. Further-
more, the CTD plays a clear role in a murine model of B. thailan-
densis infection. As shown in the accompanying article by Schwarz
and colleagues, C57BL/6 mice do not succumb to infection fol-
lowing aerosol challenge with a B. thailandensis VgrG-5 CTD de-
letion mutant, whereas the WT parental strain causes complete
lethality by 2 to 4 days postinfection (57). It will be important to
determine if similar results are obtained with highly pathogenic
Burkholderia species.

Membrane fusion. The fusion of two stable cellular mem-
branes is a complex event that requires close membrane apposi-
tion and energy to disorder lipid bilayers (58, 59). We have shown
recently that intercellular spread is facilitated by bacterial motility
in the cytosol, which can be provided by BimA-mediated actin
polymerization or lateral flagella in Burkholderia strains carrying
the fla2 locus (12). In the hypothesis shown in Fig. 5, we propose
that the force generated by bacterial movement is responsible for
bringing the membranes of infected cells into close contact with
neighboring cells, in a manner analogous to the roles of ligand-
receptor interactions in bridging the fusion machinery of envel-
oped viruses with target cells (56, 60). In a second step, membrane
contact or some other cue triggers contraction of the T6SS-5
sheath, and the resulting energy drives the VgrG5 CTD across one
or both cell surfaces, creating a disordered “hemifusion zone” (59)
that can resolve to merge both membranes.

The VgrG5 CTD is clearly required for cell fusion, but it seems
unlikely to be sufficient. As suggested in Fig. 5, additional bacterial
factors, such as surface proteins and secreted effectors, could be
required. Host factors such as intercellular adhesin proteins may
also play a role, and one can imagine numerous different mecha-
nisms that could be involved. A recent study by Suparak and col-
leagues demonstrated that monoclonal antibodies against macro-
phage surface and adhesion proteins were able to block fusion in a
concentration-dependent manner, supporting the possible in-
volvement of host factors (61).

We reported previously that direct injection of B. thailandensis
into a single mammalian cell is sufficient for MNGC formation
(12). This is consistent with the idea that the fusion process is
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asymmetric in that it requires fusogenic activity only on one of two
interacting membranes, as with enveloped viruses. Although the
exact mechanisms at play are unknown, the ecological context of
the problem offers some important clues. Pseudomallei group
Burkholderia species are able to fuse a diverse array of mammalian
cell types in vitro, including epithelial and phagocytic cells from
different mammals (12, 16, 25), using a mechanism that is highly
conserved. For the soil-dwelling species, however, the most likely
natural targets are predators in the rhizosphere, such as amoebae
and nematodes. Accordingly, it seems reasonable to assume that
any required features of target cells are conserved from humans to
amoebae. An attractive feature of the model in Fig. 5 is that it relies
on bacterial factors and shared, fundamental properties of eukary-
otic plasma membranes.
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