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Burkholderia pseudomallei, the etiologic agent of melioidosis, is an opportunistic pathogen that harbors a wide array of secre-
tion systems, including a type II secretion system (T2SS), three type III secretion systems (T3SS), and six type VI secretion sys-
tems (T6SS). The proteins exported by these systems provide B. pseudomallei with a growth advantage in vitro and in vivo, but
relatively little is known about the full repertoire of exoproducts associated with each system. In this study, we constructed dele-
tion mutations in gspD and gspE, T2SS genes encoding an outer membrane secretin and a cytoplasmic ATPase, respectively. The
secretion profiles of B. pseudomallei MSHR668 and its T2SS mutants were noticeably different when analyzed by SDS-PAGE. We
utilized liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify proteins present in the supernatants of B.
pseudomallei MSHR668 and B. pseudomallei �gspD grown in rich and minimal media. The MSHR668 supernatants contained
48 proteins that were either absent or substantially reduced in the supernatants of �gspD strains. Many of these proteins were
putative hydrolytic enzymes, including 12 proteases, two phospholipases, and a chitinase. Biochemical assays validated the LC-
MS/MS results and demonstrated that the export of protease, phospholipase C, and chitinase activities is T2SS dependent. Previ-
ous studies had failed to identify the mechanism of secretion of TssM, a deubiquitinase that plays an integral role in regulating
the innate immune response. Here we present evidence that TssM harbors an atypical signal sequence and that its secretion is
mediated by the T2SS. This study provides the first in-depth characterization of the B. pseudomallei T2SS secretome.

Burkholderia pseudomallei is the etiologic agent of melioidosis
in humans and animals and has been designated a tier 1 select

agent in the United States because of its potential for misuse as a
biological weapon (1–3). The Gram-negative organism is present
in soil and water in tropical regions, particularly in Southeast Asia
and northern Australia. Melioidosis often occurs in immunocom-
promised individuals and is acquired from an environmental
source via cutaneous inoculation, inhalation, or ingestion. The
resulting infection can be latent, chronic, or acute, and disease
manifestation is largely dependent on the immune status of the
host, the route of infection, and the infectious dose. Clinical pre-
sentations can vary widely and may include pneumonia, lymph-
adenitis, cellulitis, necrotizing fasciitis, prostatitis, osteomyelitis,
encephalomyelitis, parotitis, and septicemia with disseminated
abscess formation (3).

B. pseudomallei possesses a large genome (�7 Mb) that en-
codes numerous virulence factors, including capsular polysaccha-
ride, lipopolysaccharide, type III secretion system 1 (T3SS-1),
T3SS-3, T6SS-1, TssM, type IV pili, MviN, PlcN3, type III O-PS,
type IV O-PS, LfpA, ecotin, BPSL0918, SodC, BbfA, DsbA, RelA,
SpoT, and BLF1 (4–12). Many of these virulence determinants are
secretion systems or secreted proteins that promote survival in
vivo by disarming elements of the host immune system. B. pseu-
domallei is a facultative intracellular pathogen that utilizes se-
creted proteins to survive and replicate inside host macrophages
and epithelial cells (5, 13). TssM is a secreted deubiquitinase that is
expressed inside host cells (14) and plays an important role in
regulating the innate immune response in tissue culture and in
mice (15). The B. pseudomallei tssM gene is physically linked to the
T6SS-1 and T3SS-3 gene clusters, and its expression is coregulated
with that of T6SS-1 (16). However, T6SS-1 and T3SS-3 are not

responsible for TssM export, and the mechanism of its secretion is
currently unknown (14, 15).

The type II secretion system (T2SS), also referred to as the
main terminal branch of the general secretory pathway (Gsp), is
widely distributed in Gram-negative bacteria and is encoded by 12
to 15 genes (17). Proteins exported by the T2SS typically harbor
N-terminal Sec or Tat signal sequences that direct their transloca-
tion across the inner membrane into the periplasmic space (18).
T2SS uses the energy derived from GspE-mediated ATP hydroly-
sis to transport folded periplasmic substrates across the GspD
outer membrane channel to the extracellular milieu (17, 19, 20).
The T2SS has been described as a “fiber assembly nanomachine”
because the export of protein substrates is facilitated by the addi-
tion of pseudopili to a growing membrane-spanning periplasmic
pseudopilus (19, 20). In a previous study, we genetically charac-
terized the T2SS of B. pseudomallei 1026b and found that two
distinct gsp loci were required for the export of protease, phospho-
lipase C (PLC), and lipase activities (21). The 1026b genome was
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recently completed (22), and the gspD to -N and gspO loci corre-
spond to BP1026B_I0008 to BP1026B_I0016, BP1026B_I0018,
BP1026B_I0019, and BP1026B_I0298, respectively. The specific
proteins secreted by T2SS in B. pseudomallei have not yet been
determined, and the role of these exoproducts in the murine
model of infection is unknown.

Here we present a proteomic analysis of the B. pseudomallei
products that are exported in a T2SS-dependent manner. The
genes encoding the T2SS outer membrane channel (GspD) and
the cytoplasmic ATPase (GspE) were targeted for mutation, and
the resulting mutants were assessed using SDS-PAGE, liquid chro-
matography-tandem mass spectrometry (LC-MS/MS), biochem-
ical assays, and virulence testing in BALB/c mice. The results dem-
onstrate that �50 hydrolytic enzymes and novel proteins are
secreted by the T2SS in B. pseudomallei. In addition, we show that
the virulence factor TssM is also exported by the T2SS. Taken
together, the data suggest that the B. pseudomallei T2SS is impor-
tant for survival and persistence in both the environment and the
host.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are described in Table 1. Escherichia coli

and B. pseudomallei were grown at 37°C on LB agar (Lennox formula-
tion), LB broth (Lennox formulation), or M9 minimal salts (Difco) con-
taining 2 mM MgSO4, 0.5 mM CaCl2, 0.5% Casamino Acids, and 0.4%
glucose (M9CG). The LB broth used for the SDS-PAGE, LC-MS/MS, and
biochemical assay experiments was processed with a 10,000-molecular-
weight-cutoff (MWCO) Centricon Plus-20 (Millipore) centrifugal filter
device to remove high-molecular-weight proteins prior to use. When ap-
propriate, antibiotics were added at the following concentrations: 100 �g
of ampicillin (Ap), 50 �g of carbenicillin (Cb), 25 �g of streptomycin
(Sm), and 25 �g of kanamycin (Km) per ml for E. coli and 25 �g of
polymyxin B (Pm) and 500 �g of Km per ml for B. pseudomallei. Skim
milk agar plates were made by dissolving 30 g of skim milk powder (Ox-
oid) in 1 liter of distilled water, adding 15 g of agar (Sigma-Aldrich), and
autoclaving at 121°C for 20 min. For induction studies, isopropyl-ß-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.5
mM. A 20-mg/ml stock solution of the chromogenic indicator 5-bromo-
4-chloro-3-indolyl-ß-D-galactopyranoside (X-Gal) was prepared in N,N-
dimethylformamide, and 40 �l was spread onto the surface of plate me-
dium for blue/white screening in E. coli TOP10 or E. cloni 10G chemically
competent cells. All manipulations with B. pseudomallei were carried out
in a class II microbiological safety cabinet located in a designated biosafety
level 3 (BSL-3) laboratory.

DNA manipulation. Restriction enzymes (Roche Molecular Bio-
chemicals), Antarctic phosphatase (New England BioLabs), and T4 DNA

TABLE 1 Strains, plasmids, and primers used in this study

Strain or
plasmid Relevant characteristics or sequencea

Source, reference,
or gene

E. coli TOP10 General cloning and blue/white screening Life Technologies

E. cloni 10G General cloning and blue/white screening Lucigen
E. coli S17–1 Mobilizing strain with transfer genes of RP4 integrated on chromosome; Smr Tpr 58

B. pseudomallei
MSHR668 Isolated in 1995 in Darwin, Australia, from the blood of a 53-year-old male patient with severe

melioidosis encephalomyelitis (the patient survived); Pmr

59

668 �gspD MSHR668 derivative harboring a 1,476-bp gspD in-frame deletion mutation (�gspD) This study
668 �gspE MSHR668 derivative harboring a 744-bp gspE deletion mutation (�gspE) This study

Plasmids
pCR2.1-TOPO 3,931-bp TA vector; pMB1 oriR; Kmr Apr Life Technologies
pCR2.1-gspD pCR2.1-TOPO containing 3,231-bp PCR product generated with gspD-FH and gspD-RXb This study
pMo130 Suicide vector for allelic exchange in Burkholderia; ColE1 ori RK2 oriT xylE sacB Kmr 25
pMogspD pMo130 containing gspD amplified with gspD-FH and gspD-RXb and cloned into HindIII/XbaI sites This study
pMo�gspD pMogspD digested with PstI and religated, resulting in a 1,476-bp in-frame deletion in gspD This study
pMogspE-5= pMo130 containing 5= gspE PCR product amplified with BpgspE-5FH and BpgspE-5RB and cloned

into HindIII/BamHIb sites
This study

pMo�gspE pMogspE-5= containing a 3= gspE PCR product amplified with BpgspE-3FB and BpgspE-3RXb and
cloned into BamHI/XbaI sites, resulting in a 744-bp deletion in gspE

This study

pMo168 Broad-host-range plasmid; pBBR1 ori mob xylE Kmr 25
pMo168-gspD pMo168 containing a HindIII/XbaI fragment from pCR2.1-gspD This study
pBHR2 Broad-host-range plasmid; Kmr 60
pBHR2-virAG pBHR2 constitutively expressing virAG 60
pBHR2-tssM pBHR2 constitutively expressing tssM 14

Primers (5=-3=)b

gspD-FH CATGAAGCTTACGAGCGGATTCACCTTCTG gspD
gspD-RXb CATGTCTAGATCGAACGGCTCGATGTGGATGTC gspD
BpgspE-5FH CATGAAGCTTTCCTCGGCGACATTCCGTGGATCG gspE
BpgspE-5RB CATGGGATCCATCCACACCTCGAGCGTGTCC gspE
BpgspE-3FB TCGAGGATCCGATCGAATACGATCTGTCC gspE
BpgspE-3RXb CATGTCTAGAACGCGTCGATCGCTTCGAAACGGAAGG gspE

a r, resistant; s, susceptible; Sm, streptomycin; Tp, trimethoprim; Pm, polymyxin B; Km, kanamycin; Ap, ampicillin.
b Restriction enzyme sites in the linker regions are underlined.
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ligase (Roche Molecular Biochemicals) were used according to the man-
ufacturer’s instructions. When necessary, the End-It DNA end repair kit
(Epicentre) was used to convert 5= or 3= protruding ends to blunt-ended
DNA. DNA fragments used in cloning procedures were excised from aga-
rose gels and purified with a Geneclean III kit (MP Biomedicals). Bacterial
genomic DNA was prepared by using a previously described protocol
(23). Plasmids were purified from overnight cultures by using a Wizard
Plus SV miniprep DNA purification system (Promega).

PCR amplifications. PCR primers are shown in Table 1. PCR prod-
ucts were sized and isolated using agarose gel electrophoresis, cloned us-
ing the pCR2.1-TOPO TA cloning kit (Life Technologies), and trans-
formed into chemically competent E. coli TOP10 or E. cloni 10G. PCR
amplifications were performed in a final reaction volume of 50 �l con-
taining 1� FailSafe PCR PreMix D (Epicentre), 1.25 U FailSafe PCR en-
zyme mix (Epicentre), 1 �M PCR primers, and approximately 200 ng of
genomic DNA. Colony PCR was utilized to screen for B. pseudomallei
deletion mutants. Briefly, sucrose-resistant and Km-sensitive colonies
were resuspended in 50 �l of water, and 5 �l was added to the PCR rather
than purified genomic DNA. PCR cycling was performed using a PTC-150
minicycler with a Hot Bonnet accessory (MJ Research, Inc.) and heated to
97°C for 5 min. This was followed by 30 cycles of a three-temperature
cycling protocol (97°C for 30 s, 55°C for 30 s, and 72°C for 1 min) and one
cycle at 72°C for 10 min. For PCR products larger than 1 kb, an additional
1 min per kb was added to the extension time.

Construction of B. pseudomallei mutants. Gene replacement exper-
iments with B. pseudomallei were performed using the sacB-based vector
pMo130, as previously described (24–26). Recombinant derivatives of
pMo130 (Table 1) were electroporated into E. coli S17-1 (12.25 kV/cm)
and conjugated with B. pseudomallei MSHR668 for 8 h. Pm was used to
counterselect E. coli S17-1. Optimal conditions for resolution of the sacB
constructs were found to be LB agar lacking NaCl and containing 10%
(wt/vol) sucrose, with incubation at 25°C for 4 days. B. pseudomallei de-
letion mutants were identified by colony PCR using the primers flanking
the deleted regions of gspD and gspE (Table 1). As expected, the PCR
products generated from the mutant strains were smaller than those ob-
tained from the wild-type strain. The mutants generated in this study did
not display any noticeable growth phenotype in LB broth or on LB agar
(see Fig. S1 in the supplemental material).

Protease plate assay and API 20 NE gelatinase activity. Sterile tooth-
picks were used to transfer bacterial growth from LB agar plates to 3%
skim milk agar plates and protease activity was detected as a zone of
clearing around isolated colonies after incubation for 24 h at 37°C. API 20
NE (bioMérieux) strips were inoculated and read according to the man-
ufacturer’s recommendations. Gelatin hydrolysis in the GEL microtube
was detected by the uniform diffusion of black pigment in the microtube.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). MSHR668, 668 �gspD, and 668 �gspE were grown for �22 h in 3
ml LB broth, and 668 �gspD(pMo168-gspD) was grown in 3 ml LB broth
with 500 �g/ml Km. One ml of culture was pelleted in a microcentrifuge,
and the supernatant was filtered through a low-protein-binding 0.45-�m
Millex-HV PVDF filter apparatus (Millipore). Two hundred microliters
of supernatant was precipitated with 10% trichloroacetic acid (TCA), and
the resulting pellet was washed with acetone. The protein pellet was resus-
pended in 1� Tris-glycine SDS sample buffer (Life Technologies), boiled
for 2 min, and loaded onto a 4 to 20% Precise protein gel (Thermo Scien-
tific). Electrophoresis was performed with 1� Tris-HEPES SDS buffer
(Thermo Scientific), and the gel was stained with a colloidal blue staining
kit (Life Technologies). The EZ-Run protein marker (Fisher Scientific)
was used as a size standard for unknown proteins in SDS-PAGE.

Denaturation and digestion of supernatant proteins for proteomic
analysis. B. pseudomallei MSHR668 and 668 �gspD were grown in LB
broth or M9CG broth, and the supernatants were processed as described
for SDS-PAGE above, except that TCA precipitation was not performed.
The filter-sterilized supernatants were shipped to Bioproximity, LLC
(Chantilly, VA), for proteomic analysis. Samples were prepared for diges-

tion using the filter-assisted sample preparation (FASP) method (27).
Briefly, the samples were suspended in 8 M urea, 50 mM Tris-HCl (pH
7.6), 3 mM dithiothreitol (DTT), sonicated briefly, and incubated in a
Thermo-Mixer at 40°C and 1,000 rpm for 20 min. Samples were centri-
fuged, and the supernatant was transferred to a 30,000-MWCO Amicon
device (Millipore) and centrifuged at 13,000 � g for 30 min. The remain-
ing sample was buffer exchanged with 8 M urea, 100 mM Tris-HCl (pH
7.6) and then alkylated with 15 mM iodoacetamide. The urea concentra-
tion was reduced to 2 M. The entirety of the samples, each containing
about 40 �g of total protein, was digested using 1 mg of trypsin, overnight,
at 37°C on the Thermo-Mixer at 1,000 rpm. Digested peptides were col-
lected by centrifugation.

Peptide desalting. A portion of the digested peptides, about 20 �g,
were desalted using C18 stop-and-go extraction (STAGE) tips (28).
Briefly, for each sample a C18 STAGE tip was activated with methanol and
then conditioned with 60% acetonitrile, 0.5% acetic acid followed by 5%
acetonitrile, 0.5% acetic acid. Samples were loaded onto the tips and de-
salted with 0.5% acetic acid. Peptides were eluted with 60% acetonitrile,
0.5% acetic acid and lyophilized in a SpeedVac (Thermo Savant) to dry-
ness, approximately 2 h.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Each digestion mixture was analyzed by ultra-high-performance liquid
chromatography (UHPLC)-MS/MS. LC was performed on an Easy-nLC
1000 UHPLC system (Thermo). Mobile phase A was 97.5% MilliQ water,
2% acetonitrile, 0.5% acetic acid. Mobile phase B was 99.5% acetonitrile,
0.5% acetic acid. The 240-min LC gradient ran from 0% B to 35% B over
200 min and then to 80% B for the remaining time. The samples were then
loaded directly onto the column. The column was 50 cm by 50 mm (inside
diameter0, packed with 2 mm C18 medium (Thermo Fisher), and heated
to 40°C throughout the analysis. The LC was interfaced to a quadrupole-
Orbitrap mass spectrometer (Q-Exactive; Thermo Fisher) via nano-elec-
trospray ionization. An electrospray voltage of 2.2 kV was applied. The
mass spectrometer was programmed to acquire, by data-dependent ac-
quisition, tandem mass spectra from the top 20 ions in the full scan from
350 to 1,600 m/z. Dynamic exclusion was set to 60 s, singly charged ions
were excluded, the isolation width was set to 1.6 Da, the full MS resolution
was set to 70,000, and the MS/MS resolution was set to 17,500. Normal-
ized collision energy was set to 25, automatic gain control to 1e6, maxi-
mum fill MS to 20 ms, maximum fill MS/MS to 60 ms, and the underfill
ratio to 0.1%.

Data processing and library searching. Mass spectrometer RAW data
files were converted to MGF format using msconvert (29). Detailed search
parameters are printed in the search output XML files. Briefly, all searches
required a 20-ppm precursor mass tolerance, a 0.05-Da fragment mass
tolerance, strict tryptic cleavage, 0 or 1 missed cleavage, fixed modification
of cysteine alkylation, variable modification of methionine oxidation, and
expectation value scores of 0.01 or lower. MGF files were searched using
sequence libraries listed below. MGF files were searched using X!!Tandem
(30) using both the native (31) and k-score (32) scoring algorithms and by
OMSSA (open mass spectrometry search algorithm) (33). All searches
were performed on Amazon Web Services-based cluster compute in-
stances using the Proteome Cluster interface. XML output files were
parsed and nonredundant protein sets determined using MassSieve (34).
Proteins were required to have 1 or more unique peptides across the
analyzed samples with expectation value scores of 0.01 or less. The sam-
ples were searched against the B. pseudomallei (strain 668) sequence li-
brary from UniProt. The relative amount of each protein present in the
MSHR668 and 668 �gspD samples was presented as a fold change value,
and we established a �3-fold change cutoff to identify proteins that were
differentially secreted by MSHR668 and 668 �gspD in rich and minimal
media. LC-MS/MS was performed on the supernatants from MSHR668
and 668 �gspD grown in rich and minimal media on two separate occa-
sions.

Quantitative enzyme assays. MSHR668, 668 �gspD, 668 �gspE, and
668 �gspD(pMo168-gspD) were grown on three separate occasions as
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described in the SDS-PAGE section, and the supernatants were filtered
and placed at �70°C until use. The three sets of supernatants were assayed
for protease, phospholipase C (PLC), and chitinase activity. Protease ac-
tivity in the samples was assessed with the protease assay kit (G-Biosci-
ences), which uses a dye-labeled protein substrate. The proteases in the
sample release dye-labeled peptides, and the absorbance is measured at
570 nm for the determination of protease activity. Mass spectrometry-
grade trypsin, provided in the kit, was used as a protease standard to
generate a protease activity standard curve. PLC activity in the samples
was assessed by p-nitrophenylphosphorylcholine hydrolysis and was
monitored spectrophotometrically by the measurement of p-nitrophenol
at 410 nm (35). Chitinase activity in the sample was determined using a
chitinase assay kit (Sigma-Aldrich). The kit allows the detection of
exochitinase activity, endochitinase activity, and chitobiosidase activity
using the substrates 4-nitrophenyl N-acetyl-�-D-glucosamide, 4-nitro-
phenyl �-D-N,N=,N�-triacetylchitotriose, and 4-nitrophenyl N,N=-diace-
tyl-�-D-chitobioside, respectively. One unit of chitinase activity will re-
lease 1 mmol of p-nitrophenol from the appropriate substrate per min at
pH 4.8 at 37°C. For statistical analysis of the data, a linear mixed model
was fitted for each substrate with a single fixed effect for the strains. A
random effect was included to model the influence of the experiment
using a variance components covariance structure. Least-squares means
contrasts of the four levels of each strain were estimated for the compar-
ison of each pair of strains. P values were adjusted by simulation to ac-
count for multiple comparisons, and P values of 	0.05 were considered
significant.

Immunoblotting with murine anti-Hcp1 and anti-TssM sera. Wild-
type and mutant B. pseudomallei strains were grown for 8 h in 14-ml
snap-cap tubes containing 3 ml of LB for immunoblotting experiments.
One-milliliter volumes were transferred to microcentrifuge tubes, and
supernatants were obtained after centrifugation at 14,000 rpm for 2 min at
25°C. Supernatants were filter sterilized through 0.45-�m Millex HV
PVDF filters, and 100 �l was precipitated at �20°C for 30 min using 10%
TCA. Protein pellets were collected by centrifugation (14,000 rpm, 10
min) and washed once with cold acetone. The protein pellets were resus-
pended in 1� Tris-glycine-SDS sample buffer and loaded onto a 4 to 20%
Precise protein gel, and electrophoresis was performed as described
above. Proteins were transferred to Invitrolon polyvinylidene difluoride
by using an XCell SureLock apparatus (Life Technologies). The mem-
branes were blocked with 3.5% skim milk powder (EMD Chemicals,
Inc.)– 0.1% Tween 20 (Sigma), incubated with a 1:15,000 dilution of anti-
Hcp1 murine polyclonal sera antibody (16) or a 1:5,000 dilution of anti-
TssM murine polyclonal sera antibody (14), and washed three times with
blocking buffer. The membranes were then reacted with a 1:5,000 dilution
of peroxidase-labeled goat anti-mouse IgG (
; KPL), washed three times
with blocking buffer, washed once with PBS, and then developed with
3,3=,5,5=-tetramethylbenzidine membrane peroxidase substrate (KPL).
Images were acquired using GeneSnap software on a U:Genius3 Imaging
System (Syngene).

SDS sensitivity of B. pseudomallei wild-type and T2SS mutants.
Outer membrane integrity was assessed by growing strains in the presence
of SDS in liquid medium as described by Ize et al. (36) with minor mod-
ifications. Briefly, strains were grown overnight in LB broth, diluted to an
optical density at 600 nm (OD600) of 0.05 in LB broth containing SDS, and
grown aerobically for 4 h. The OD600 of cultures grown in the absence of
SDS after 4 h was typically between 0.65 and 0.75, and there was no sig-
nificant difference in optical density (in the absence of SDS) between any
of the strains tested. One hundred percent survival was defined as the
OD600 of each strain after 4 h growth in LB without SDS. The mean
percent survival between the mutants 668 �gspD and 668 �gspE and the
control strain MSHR668 for increasing levels of SDS (0.01, 0.02, 0.03, and
0.04%) was compared using a general linear model. Comparisons of the
mutants with the control strain were made for each level of SDS (0.01,
0.02, 0.03, and 0.04%). P values were two sided, were adjusted by Dun-

nett’s correction to account for multiple comparisons, and were consid-
ered significant at a P value of 	0.05.

BALB/c mouse challenge studies. Bacterial strains were grown over-
night in LB broth and serially diluted in PBS, and aliquots were spread
onto LB agar plates to determine the number of CFU present. Six- to
8-week-old female BALB/c mice, 10 per group, were challenged by the
intraperitoneal (i.p.) route with 101 to 104 CFU of B. pseudomallei
MSHR668, 668 �gspD, and 668 �gspE. The animals were observed at least
once daily, and moribund animals were euthanized by CO2 exposure. On
day 21, the surviving animals from each group were euthanized with CO2.
A Bayesian probit analysis was performed for each strain to estimate the
lethal dose response curve and the 50% lethal dose (LD50). Prior distribu-
tions for each parameter were assumed to be independent, weakly infor-
mative Cauchy distributions with a center of 0 and a scale of 10. By using
samples from the posterior distributions of the slope and intercept param-
eters from the probit analysis, the median and 95% credible intervals of
the range of dose responses were estimated.

Research was conducted under an IACUC-approved protocol in com-
pliance with the Animal Welfare Act, PHS policy, and other federal stat-
utes and regulations relating to animals and experiments involving ani-
mals. The facility where this research was conducted, USAMRIID, is
accredited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care, International, and adheres to principles stated in the
Guide for the Care and Use of Laboratory Animals (37).

RESULTS
Construction and initial characterization of B. pseudomallei
MSHR668 T2SS mutants. The overall goal of this study was to
characterize the B. pseudomallei proteins that require the T2SS for
export outside the cell (i.e., the T2SS secretome). In a previous
study, we isolated and characterized Tn5-OT182 mutants of B.
pseudomallei 1026b that could not secrete protease activity on 3%
skim milk agar plates (21). All of the transposon insertions
mapped to two distinct T2SS loci, gspD-N and gspO, and further
characterization demonstrated that the secretion of protease and
phospholipase C activities was dependent on the T2SS. No further
studies have been conducted on the B. pseudomallei T2SS, and the
full complement of proteins secreted by this system is unknown.
Transposon mutations often exhibit polar effects on downstream
genes, and strain 1026b is weakly virulent by the i.p. route of
infection in mice. As a result, in this study we constructed in-
frame, internal deletion mutations in gspD and gspE in strain
MSHR668 (Fig. 1A). This strain is genetically tractable and is
highly virulent by the aerosol and i.p. routes of infection in
BALB/c mice (Christopher K. Cote and David M. Waag, personal
communication). Figure 1B shows that MSHR668 secretes pro-
tease activity on 3% skim milk agar, while no protease activity is
associated with 668 �gspD and 668 �gspE. Gelatin was also hydro-
lyzed by MSHR668 but not by 668 �gspD and 668 �gspE (Fig. 1B).
The results demonstrate that MSHR668 secretes a protease(s) that
hydrolyzes both casein and gelatin. In addition, the protease
secretion phenotypes of 668 �gspD and 668 �gspE provide ev-
idence that we have constructed bona fide T2SS mutants in the
MSHR668 background (21).

We next examined the proteins present in the supernatants of
MSHR668, 668 �gspD, and 668 �gspE grown to stationary phase
in LB broth. There were no obvious growth differences between
these strains in this media (see Fig. S1 in the supplemental mate-
rial). The bacterial supernatants were filtered, precipitated with
TCA, and analyzed using SDS-PAGE (Fig. 2A). The MSHR668
supernatant contained �10 proteins, ranging in size from �15 to
90 kDa (Fig. 2A, first lane). By comparison, only one protein of
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�46 kDa was identifiable in the 668 �gspD and 668 �gspE super-
natants (Fig. 2A, second and third lanes). We next attempted to
complement the �gspD mutation by providing the wild-type gspD
gene in trans on the broad-host-range plasmid pMo168 (Table 1).
Figure 2 demonstrates that the wild-type gspD gene restored the

�gspD secretion phenotype in rich broth (Fig. 2A) and protease
activity on 3% skim milk agar (Fig. 2B). We conclude from this
result that the �gspD mutation does not have a polar effect on
downstream T2SS genes and that GspD is essential for the func-
tion of the T2SS in B. pseudomallei. Furthermore, the results indi-
cate that the T2SS is responsible for the secretion of numerous
proteins when B. pseudomallei is grown in rich broth.

Proteomic analysis of MSHR668 and 668 �gspD grown in
rich and minimal media reveals 48 putative T2SS substrates. We
next utilized LC-MS/MS to identify the proteins present in the
supernatants of B. pseudomallei MSHR668 and �gspD grown in
rich medium (LB broth) and minimal medium (M9CG broth).
When the strains were grown in rich medium, there were 39 pro-
teins present at �3-fold-higher levels in the MSHR668 superna-
tant than in the 668 �gspD supernatant (Table 2). In fact, �70% of
these proteins were found exclusively in the MSHR668 superna-
tant. Numerous hydrolytic enzymes were present in the rich-me-
dium T2SS secretome, including 12 distinct peptidases from the
M1, M4, M23A, M28, S10, S15, and S8/S53 families (Table 2).
MprA, an immunogenic serine metalloprotease (38, 39), was one
of the proteases exported by the T2SS in rich medium. Two non-
hemolytic phospholipase C enzymes, PlcN1 and PlcN2 (40), were
also secreted in a T2SS-dependent fashion in rich medium (Table
2). The T2SS secretome in rich medium also included the acid
phosphatase AcpA (41), a pectinacetylesterase, a neuraminidase/
sialidase, levansucrase (SacB), a cholesterol oxidase, a Ser/Thr
protein phosphatase, a chitinase, several glycosyl hydrolases, and
three proteins with no known function. In comparison, 15 pro-
teins were present at �3-fold-higher levels in the MSHR668 su-
pernatant than in the 668 �gspD supernatant when the strains
were grown in minimal medium (Table 2). Six of these proteins
were also present in the rich-medium T2SS secretome (Table 2,
boldface). Interestingly, the most abundant protein in the T2SS
secretome in both rich and minimal media was the peptidase M28
family protein BURPS668_A0845. The T2SS secretome contains
multiple proteins that are present only in rich medium (33 pro-

FIG 1 Genetic map of the gspD-N locus and screening of the extracellular
proteolytic activities of �gspD and �gspE mutants. (A) Genetic map of the B.
pseudomallei MSHR668 T2SS genes gspD to -N, corresponding to locus tags
BURPS668_0007 to BURPS668_0010 and BURPS668_0012 to
BURPS668_0019, respectively. The location and direction of transcription of
the genes are represented by black arrows, and the gene names are shown
below. The deletion mutations constructed in gspD and gspE in this study are
shown as white boxes with triangles. (B) Secretion of proteolytic activity
against casein and gelatin was assessed following growth of strains on a 3%
skim milk agar plate and in an API 20 NE GEL microtube, respectively. Pro-
tease activity on the 3% skim milk agar plate was detected by a light zone of
clearing around the isolated colonies and protease activity in the API 20 NE
GEL microtube was detected by the uniform diffusion of black pigment in the
microtube. The images are representative of three independent 3% skim milk
agar plates and API 20 NE strips.

FIG 2 The T2SS mutants exhibit protein secretion deficiencies, and 668 �gspD can be complemented in trans. (A) SDS-PAGE of filtered and concentrated LB
broth supernatant proteins. Bacterial supernatant proteins were loaded on a 4 to 20% polyacrylamide gel, subjected to SDS-PAGE, and stained with colloidal
Coomassie blue. The relative migrations of molecular mass protein standards (lane M; in kDa) are indicated on the left. (B) Detection of casein hydrolysis on 3%
skim milk agar plate. The protein gel and the 3% skim milk plate are representative of at least 3 separate experiments.
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TABLE 2 MSHR668 supernatant proteins absent, or appreciably reduced, in the MSHR668 �gspD supernatant following growth in rich (LB) and
minimal (M9CG) broth

Fold changea Locus tag Productb Signal sequencec

Rich medium
252 BURPS668_A0845 Peptidase M28E, aminopeptidase Sec
114 BURPS668_2745 Non-hemolytic phospholipase C (PlcN1) Tat
85 BURPS668_A2859 Peptidase S15, X-Pro dipeptidyl-peptidase Tat
65 BURPS668_3144 Peptidase S10, serine carboxypeptidase Sec
58 BURPS668_A1560 Bacterial extracellular solute-binding, family 1 Sec
49 BURPS668_3129 Putative uncharacterized protein Sec
40 BURPS668_A2191 Peptidase M4, thermolysin family Sec
37 BURPS668_A0995 Glycoside hydrolase, family 37 protein NCS
29 BURPS668_A0507 Purine nucleoside permease family protein NCS
27 BURPS668_3846 Putative lipoprotein, DUF3443 domain Sec
19 BURPS668_3884 Acid phosphatase (AcpA) Tat
18 BURPS668_3613 Peptidase M1, alanine aminopeptidase/leukotriene A4 hydrolase Sec
18 BURPS668_1221 Pectinacetylesterase family protein NCS
17 BURPS668_3454 Peptidase S10, serine carboxypeptidase Sec
17 BURPS668_A0147 PhoPQ-activated pathogenicity-related protein, PqaA type NCS
15 BURPS668_A1338 Six-hairpin glycosidase-like domain protein NCS
14 BURPS668_0358 Nonhemolytic phospholipase C (PlcN2) Tat
13 BURPS668_2554 Putative exported protein Sec
12 BURPS668_A2736 Neuraminidase/sialidase Sec
9 BURPS668_1791 Protease-associated domain, PA Sec
8 BURPS668_A0822 Levansucrase (SacB) NCS
8 BURPS668_0540 Putative �-N-acetylglucosaminidase; glycosyl hydrolase, family 20 Sec
8 BURPS668_0751 Cholesterol oxidase Tat
6 BURPS668_1311 Pectin lyase-like superfamily Sec
6 BURPS668_A1638 Peptidase S15, X-Pro dipeptidyl-peptidase Sec
6 BURPS668_A2497 Peptidase S8/S53 domain protein NCS
6 BURPS668_A0869 Peptidase M23A, B-lytic metalloendopeptidase NCS
5 BURPS668_0744 Ser/Thr protein phosphatase family protein Tat
5 BURPS668_A1006 Aldehyde oxidase/xanthine dehydrogenase family protein Tat
5 BURPS668_A2658 Bacterial Ig-like, group 1 domain protein Sec
4 BURPS668_A2630 Putative N-acetylmuramoyl-L-alanine amidase Sec
4 BURPS668_2041 Putative exported protein Sec
4 BURPS668_A0106 Putative uncharacterized protein Sec
3 BURPS668_1946 Exported chitinase; glycosyl hydrolase, family 18 Sec
3 BURPS668_1435 Putative nitrite/sulfite reductase
3 BURPS668_2874 Cysteine synthase K/M family protein
3 BURPS668_3648 Ubiquinol-cytochrome c reductase, cytochrome c1 Sec
3 BURPS668_A2861 Serine metalloprotease MprA (Peptidase S8, subtilisin-related) Sec
3 BURPS668_A0846 Metallopeptidase domain protein Sec

Minimal medium
20 BURPS668_A0845 Peptidase M28E, aminopeptidase Sec
16 BURPS668_3129 Putative uncharacterized protein Sec
7 BURPS668_3846 Putative lipoprotein, DUF3443 domain Sec
6 BURPS668_A1560 Bacterial extracellular solute-binding, family 1 Sec
6 BURPS668_3918 Cytochrome c5 NCS
5 BURPS668_A0759 Chitin binding domain protein NCS
4 BURPS668_2270 Putative lipoprotein, Ysc84 actin-binding domain Sec
3 BURPS668_A2191 Peptidase M4, thermolysin family Sec
3 BURPS668_A1718 Cytochrome cd1-nitrite reductase-like, haem d1 domain protein NCS
3 BURPS668_A1062 DJ-1/PfpI family protein NCS
3 BURPS668_3884 Acid phosphatase (AcpA) Tat
3 BURPS668_1157 GntR family transcriptional regulator/aminotransferase Sec
3 BURPS668_1132 Epoxide hydrolase-like family protein
3 BURPS668_0776 Glucose-methanol-choline oxidoreductase domain protein
3 BURPS668_0766 Glycosyl transferase, family 51

a Values are MSHR668/668 �gspD ratios; a value of 1 was assigned to proteins that were not present or were present below the limit of detection, to prevent dividing by zero.
b Putative functional analysis was predicted by InterPro (61), and products in bold were present in MSHR668 supernatants in both media.
c Sec translocation pathway signal sequences were predicted by SignalP 4.1 (62) and/or Phobius (49). Tat translocation pathway sequences were predicted by TatP 1.0 (63). NCS,
nonclassically secreted proteins predicted by the SecretomeP 2.0 server (43).
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teins) or in minimal medium (9 proteins), which likely reflects
gene expression differences of the exported products under these
distinct growth conditions (42). Taken together, the results show
that the MSHR668 T2SS secretome in rich and minimal media is
composed of 48 distinct proteins with an array of putative enzy-
matic activities.

Proteins secreted by the T2SS often harbor N-terminal Sec or
Tat signal sequences for translocation across the cytoplasmic
membrane (17, 18). Once the exoproteins cross the cytoplasmic
membrane, the signal sequences are removed, and they fold into
their native conformation in the periplasmic space while awaiting
transport by the T2SS. We identified Sec signal sequences on 24
proteins and Tat signal sequences on 7 proteins exported by
MSHR668 in rich and minimal media, suggesting that 31/48 pro-
teins are legitimate members of the T2SS secretome (Table 2).
Twelve proteins were predicted to be “nonclassically secreted” by
the SecretomeP 2.0 server (43), and 5 proteins had no identifiable
signal sequence. It is known that proteins without Sec or Tat se-
quences can be transported across the cytoplasmic membrane, but
the mechanism by which nonclassical secretion occurs is unclear
(44). The fact that we have identified 12/48 proteins in the T2SS
secretome without classical signal sequences suggests that the
T2SS may export nonclassically secreted proteins across the outer
membrane in B. pseudomallei.

Quantitative enzymatic assays confirm that protease, PLC,
and chitinase activities are exported in a T2SS-dependent man-
ner. We next conducted quantitative enzymatic assays on B. pseu-
domallei strains grown in LB broth in an attempt to confirm that
protease, PLC, and chitinase are in fact T2SS-dependent sub-
strates. A dye-labeled protein substrate was used to assay for pro-

teolytic activity, and we found that the MSHR668 supernatant
contained 1,819 ng/�l of protease activity while the 668 �gspD
and 668 �gspE supernatants contained no detectable protease ac-
tivity (Fig. 3A). The T2SS mutants also exhibited no protease ac-
tivity when grown on 3% skim milk agar or in the API 20 NE GEL
cupule (Fig. 1B). We were able to complement the protease secre-
tion phenotype of 668 �gspD by supplying gspD in trans (Fig. 3A,
668 �gspD/gspD), which is consistent with the result shown in Fig.
2B. Twelve distinct peptidases were exported by the T2SS in rich
medium (Table 2), but it is not clear which of these is responsible
for the proteolytic activity shown in Fig. 1B and Fig. 3A. The pep-
tidases are predicted to be aminopeptidases, carboxypeptidases,
and endopeptidases, and it is possible that they play a synergistic
role in the hydrolysis of the protein substrates examined in this
study. Further studies involving the construction of mutations in
each protease gene will be necessary to understand the relative role
each protease plays in substrate utilization.

Figure 3B shows that MSHR668 exports PLC activity against
p-nitrophenylphosphorylcholine, but no PLC activity was de-
tected in the supernatants of 668 �gspD and 668 �gspE. As ex-
pected, supplying gspD in trans resulted in complementation of
the PLC secretion phenotype in 668 �gspD (Fig. 3B). Korbsrisate
et al. demonstrated that B. pseudomallei PlcN1 and PlcN2 exhibit
extracellular PLC activity (40). We found that PlcN1 and PlcN2
were secreted in a T2SS-dependent manner (Table 2), and it is
likely that they both contribute to the PLC activity present in the
supernatants of MSHR668 and 668 �gspD/gspD (Fig. 3B). Inter-
estingly, PlcN3 (BURPS668_A0114) was not identified in the
MSHR668 rich- or minimal-medium supernatants, even though
it has a clearly defined Tat signal sequence.

FIG 3 Quantitative enzymatic assay of secreted protease, PLC, endochitinase, and chitobiosidase activities. Bacterial strains were grown in LB broth for 22 h at
37°C with shaking (250 rpm), and the supernatants were filtered and assayed for enzymatic activity as described in Materials and Methods. (A) Protease assay.
Values are presented as ng of protease activity per �l of culture supernatant. (B) PLC assay. p-Nitrophenylphosphorylcholine hydrolysis by PLC was monitored
spectrophotometrically by the measurement of p-nitrophenol at 410 nm. (C) Endochitinase assay. One unit of activity releases 1 �mol of p-nitrophenol from
4-nitrophenyl �-D-N,N=,N�-triacetylchitotriose per min at pH 4.8 at 37°C. (D) Chitobiosidase activity. One unit of activity releases 1 �mol of p-nitrophenol from
4-nitrophenyl N,N=-diacetyl-�-D-chitobioside per min at pH 4.8 at 37°C. All numerical values are the means of three separate experiments performed in triplicate
plus standard deviations (error bars). In all assays, MSHR668 was significantly different than 668 �gspD and 668 �gspE (P 	 0.0001) and 668 �gspD/gspD was
significantly different than 668 �gspD and 668 �gspE (P 	 0.005).
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Chitin is a polymer of �-(1-4)-N-acetyl-D-glucosamine units
and is the second most abundant carbohydrate polymer in nature
after cellulose (45, 46). It is a structural component of fungal cell
walls, arthropod exoskeletons, and crustacean shells. In our LC-
MS/MS studies, we identified two potential chitinolytic enzymes,
BURPS668_0540 and BURPS668_1946, that were dependent on
the T2SS for export in rich medium (Table 2). Endochitinase and
chitobiosidase activities were �6-fold higher in the MSHR668
supernatant than in the 668 �gspD and 668 �gspE supernatants
(Fig. 3C and D). In addition, these activities were �3-fold higher
in the 668 �gspD/gspD supernatant than in the 668 �gspD super-
natant. These results show that the T2SS is important for export-
ing endochitinase and chitobiosidase activities into the superna-
tant when B. pseudomallei is grown in rich medium (Fig. 3C and
D). We predict that BURPS668_1946, a putative endo-�-N-
acetylglucosaminidase, is responsible for the endochitinase activ-
ity presented in Fig. 3C. BURPS668_0540, a glycosyl hydrolase
family 20 member, is a putative �-N-acetylglucosaminidase that
may be responsible for the chitobiosidase activity shown in Fig.
3D. Interestingly, there was no significance difference in the se-
creted exochitinase activity of the strains used in this study (see
Fig. S2 in the supplemental material), suggesting that only endo-
chitinase and chitobiosidase activities are T2SS dependent.

Taken together, the quantitative enzyme studies support the
LC-MS/MS results and demonstrate that protease, PLC, and chiti-
nase activities are secreted by the T2SS. The data also support the
notion that the B. pseudomallei T2SS exports numerous hydrolytic
enzymes that break down a variety of macromolecular substrates.

Two collagenases, Burkholderia lethal factor (BLF1), and an
iron-containing superoxide dismutase (SodB), are exported in a
T2SS-independent manner in rich medium. In 2004, Rainbow et
al. (47) performed N-terminal sequencing on four proteins that
were present in the supernatant of pathogenic B. pseudomallei but
absent in the supernatant of nonpathogenic B. thailandensis.
Three of these proteins, BURPS668_2041, BURPS668_A0759,
and BURPS668_1946, were identified in this study as members of
the T2SS secretome (Table 2). The last protein, BURPS668_
A1216, was a protein with homology to known bacterial colla-
genases (47). We found two putative collagenases, including
BURPS668_A1216, that were present in roughly equal amounts in
the rich-medium supernatants of MSHR668 and 668 �gspD, sug-
gesting that they are secreted in a T2SS-independent manner (Ta-
ble 3). BLF1 is a B. pseudomallei cytotoxin that deamidates a spe-
cific glutamine residue in the eukaryotic translation initiation
factor eIF4A, which abolishes helicase activity and inhibits trans-
lation (4). BLF1 does not harbor a signal sequence, and its mech-
anism of secretion is currently unknown. Here we demonstrate
that BLF1 is not secreted by the T2SS, as it was readily detected in
both the wild-type and T2SS mutant supernatants (Table 3). Fur-
thermore, SodB and two hypothetical proteins were also secreted
by MSHR668 and 668 �gspD (Table 3). Our proteomic results
suggest that the virulence factor candidates shown in Table 3 are
exported in a T2SS-independent manner.

TssM is secreted by the T2SS and contains an atypical signal
sequence. TssM is a secreted deubiquitinase that downregulates
the innate immune response by interfering with the ubiquitina-
tion of signaling intermediates involved in TLR-mediated NF-�B
activation (15). The B. pseudomallei tssM gene is located on chro-
mosome 2 in the 4.1-kb region that separates the T6SS-1 and
T3SS-3 gene clusters, but TssM is not dependent on either system

for its secretion (14, 15). In addition, the tssM gene is coregulated
with the T6SS-1 gene cluster and can be activated in vitro by over-
expression of the VirAG two-component regulatory system (14,
16). We transformed MSHR668 and its T2SS mutants with
pBHR2-virAG (Table 1) in order to examine the role of T2SS in
TssM secretion. Hcp1, a protein exported by the T6SS-1 when
pBHR2-virAG is provided in trans (16), was used a control for
these experiments. As expected, Hcp1 was expressed and secreted
by MSHR668, 668 �gspD, and 668 �gspE in a VirAG-dependent
fashion (Fig. 4A). This result demonstrates that virAG overexpres-
sion activates the T6SS-1 gene cluster in MSHR668 and shows that
the T2SS is not required for Hcp1 export. TssM was also expressed
and secreted by MSHR668, but only when pBHR2-virAG was sup-
plied in trans (Fig. 4A). The presence of multiple bands (or a
smearing pattern) on TssM immunoblots has been previously de-
scribed and likely represents processed derivatives of the secreted
TssM (14, 15). Surprisingly, TssM was not secreted by 668 �gspD
and 668 �gspE, suggesting that TssM is exported by the T2SS (Fig.
4A). In a previous study, we demonstrated that TssM can also be
secreted in a virAG-independent manner by providing pBHR2-
tssM (Table 1) in trans (14). We transformed MSHR668 and its
T2SS mutants with pBHR2-tssM and found that TssM was se-
creted by MSHR668 but not by 668 �gspD and 668 �gspE
(Fig. 4B). The results unequivocally show that secretion of TssM
in B. pseudomallei is dependent on the T2SS.

The proteins encoded by sequenced genomes are annotated
bioinformatically prior to being deposited into sequence data-
bases, which involves the prediction of signal peptides using com-
putational methods such as SignalP or TatP (48). The TssM pro-
tein was not previously predicted to be a T2SS substrate because it
was not annotated as possessing a classical Sec or a Tat signal
sequence in the genome of B. pseudomallei MSHR668, K96243,
1710b, 1026b, 1106a, or MSHR305. Interestingly, the Phobius
server (49) predicted a putative signal peptide on TssM (see Fig. S3
in the supplemental material). The N-terminal sequence of TssM,
MNARRPAFGLIASHASRRRAVE, contained an N region (bold),
an H region (italic), and a C region (underlined) (see Fig. S3 in the
supplemental material). Phobius predicted the TssM cleavage site
to be between amino acids 20 and 21 (RRA-VE). Thus, the Pho-
bius server predicted a previously unidentified signal sequence on
TssM that was not detected by the SignalP or TatP servers.

TABLE 3 Proteins with a �2-fold difference in the supernatants of
MSHR668 and 668 �gspD grown in rich medium

Locus tag Producta

No. of hitsb

MSHR668 668 �gspD

BURPS668_A0988 Collagenase 10 17
BURPS668_A1216 Collagenase 40 40
BURPS668_2130 Burkholderia lethal factor

1 (BLF1)
45 24

BURPS668_0930 Superoxide dismutase
(SodB)

7 8

BURPS668_0137 Putative uncharacterized
protein

15 19

BURPS668_A1199 Putative uncharacterized
protein

8 4

a Putative functional analysis predicted by InterPro (61).
b Peptide spectral matches (PSMs) or the number of identification events specific for
each protein.
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B. pseudomallei T2SS mutants exhibit an altered extracellu-
lar protein profile and compromised outer membrane integrity.
Sikora et al. (50) found that Vibrio cholerae T2SS mutants dis-
played extracellular protein profiles that were vastly different from
those of wild-type strains. Their experiments revealed that V. chol-
erae T2SS mutants possessed leaky outer membranes that pro-
moted leakage of periplasmic proteins and sensitivity to mem-
brane-perturbing agents. We performed a LC-MS/MS analysis on
proteins that were exclusively present, or considerably more
abundant, in the rich-medium supernatant of 668 �gspD relative
to MSHR668. While the SDS-PAGE result suggests that few such
proteins exist (Fig. 2A, lanes 1 and 2), LC-MS/MS can identify
proteins present at relatively low levels that may not be apparent
by SDS-PAGE. In fact, our LC-MS/MS results identified 209 pro-
teins that were present at �3-fold-higher levels in the 668 �gspD
supernatant compared to the MSHR668 supernatant (see Table S1
in the supplemental material). The most abundant protein in the
668 �gspD supernatant was FliC, which is consistent with the mo-
lecular weight of the major protein identified by SDS-PAGE (Fig.
2A, second lane) (51). Thirteen additional flagellin-related pro-
teins were present at elevated levels in the 668 �gspD supernatant,
including FlgK, FliD, FlgG, FlgL, FlgF, FlgD, FlaE, FlgB, FlgC, FliK,
and FlgJ. There was no difference in the motility of MSHR668 and
668 �gspD in LB medium with 0.3% agar, however (data not
shown). There was also a 32-fold increase in the surface-associated
type VI pilin protein, PilA (52), in the 668 �gspD supernatant
relative to the MSHR668 supernatant (see Table S1 in the supple-
mental material). The most abundant class of proteins overrepre-
sented in the 668 �gspD supernatant was ABC transporter
periplasmic binding proteins (22 proteins). ABC transporters me-

diate the uptake of nutrients, growth factors, and trace elements
and are dependent on periplasmic high-affinity substrate-binding
proteins (53). The ABC periplasmic binding proteins in the 668
�gspD supernatant were predicted to be involved in the transport
of amino acids, carbohydrates, oligopeptides, putrescine, glycer-
ol-3-phosphate, ferric iron, sulfate, and molybdate (see Table S1
in the supplemental material). The LC-MS/MS extracellular pro-
tein profile of 668 �gspD suggests that B. pseudomallei T2SS mu-
tants have a compromised outer membrane that promotes the
leakage of periplasmic proteins and surface-associated proteins
into the growth media.

Others have demonstrated that E. coli strains with outer mem-
brane lesions are more sensitive to hydrophobic drugs and the
detergent SDS than strains with an intact outer membrane (36,
54). We compared the survival of MSHR668, 668 �gspD, and 668
�gspE in LB broth containing 0, 0.01%, 0.02%, 0.03%, and 0.04%
SDS in an attempt to assess the relative membrane integrity of the
T2SS mutants. There was no difference in the survival of wild-type
and the T2SS mutants in 0.01% SDS, but there was a significant
difference in the survival of MSHR668 and the T2SS mutants in
the presence of 0.02%, 0.03%, and 0.04% SDS (Fig. 5). MSHR668
was more resistant than 668 �gspD and 668 �gspE to 0.02 to 0.04%
SDS, which suggests that the B. pseudomallei T2SS mutants have
compromised outer membrane integrity.

T2SS mutants are virulent in BALB/c mice. The relative viru-
lence of the B. pseudomallei T2SS mutants was assessed using
BALB/c mice. Groups of 10 mice were inoculated by the i.p. route
with 101 to 104 CFU of MSHR668, 668 �gspD, and 668 �gspE, and
the animals were monitored for 21 days. Figure 6 shows the time
to death with infectious doses of 102 CFU (�1 LD50) and 104 CFU

FIG 4 Immunoblot analysis of Hcp1 and TssM in B. pseudomallei supernatants. Strains were grown in LB for 8 h and supernatant proteins were separated by
SDS-PAGE. The immunoblots were initially reacted with murine polyclonal anti-Hcp1 or murine polyclonal anti-TssM antisera and then with HRP-labeled goat
anti-mouse IgG (
). (A) Supernatant proteins from MSHR668, 668 �gspD, and 668 �gspE harboring pBHR2 (�) or pBHR2-virAG (
). (B) Supernatant proteins
from MSHR668, 668 �gspD, and 668 �gspE harboring pBHR2-tssM. The images shown are representative of at least three separate immunoblotting experiments.
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(�100 LD50s). In general, the times to death of mice infected with
wild-type and T2SS mutant strains were similar, and the LD50s of
MSHR668, 668 �gspD, and 668 �gspE were 435 CFU, 276 CFU,
and 381 CFU, respectively. Taken together, the data suggest that
the B. pseudomallei T2SS is not a major virulence factor in BALB/c
mice infected by the i.p. route.

DISCUSSION

Our proteomic analysis of the B. pseudomallei MSHR668 T2SS
secretome revealed the presence of �50 proteins dependent on
the T2SS for export. Numerous hydrolytic enzymes, including 12
putative peptidases, were members of the T2SS secretome. Previ-
ous studies suggest that MprA, a serine metalloprotease, is respon-
sible for the majority of protease activity in B. pseudomallei super-
natants (39, 55, 56). However, the results presented here indicate
that MprA is not the only protease exported by the B. pseudomallei
T2SS (Table 2). Valade et al. constructed a mprA mutant and
showed that a small amount of protease activity was still present in
the supernatant when it was grown in rich medium, which is con-
sistent with our results (56). Although MprA is likely responsible
for most of the protease activity present in B. pseudomallei super-
natants, we speculate that one or more of the T2SS-dependent
peptidases shown in Table 2 also play a minor role in the hydro-
lysis of protein substrates. It is also worth mentioning here that the
BURPS668_A2859 gene, encoding a serine S15 family X-Pro di-
peptidyl-peptidase, is located immediately downstream of mprA
and is also part of the T2SS secretome (Table 2). It is not uncom-
mon for proteins encoded by genes in the same operon to interact
or have a common function. In any case, determining the relative
contribution of the 12 peptidases in the overall protease activity
will require further studies.

It is unlikely that our proteomic analysis has identified all of the
proteins secreted by the T2SS, as some of the genes encoding po-
tential T2SS substrates are probably expressed poorly under the
growth conditions employed in this study. Ooi et al. (42) recently
reported that a large proportion of the B. pseudomallei transcrip-
tome exhibits condition-dependent expression. Thus, it is possi-
ble that additional T2SS-dependent B. pseudomallei exoproducts
will be identified by employing alternative growth conditions.

Here we found 33 proteins that were exported exclusively in rich
medium (Table 2), which is presumably due to medium-depen-
dent expression differences of the genes encoding secreted
products. In fact, many of these same genes exhibited decreased
expression in minimal medium compared to rich medium in B.
pseudomallei K96243 (42). While additional growth conditions
will be required to elucidate the complete repertoire of T2SS exo-
products, we have provided a baseline T2SS secretome in rich and
minimal media that can be built upon (or modified) in future
studies.

One of the surprising findings presented here is that TssM is
secreted by the T2SS (Fig. 4). TssM is a deubiquitinase that is
expressed and secreted inside host cells (14), where it plays an
important role in regulating the innate immune response in tissue
culture and in mice (15). The tssM gene is physically linked to both
the T6SS-1 and T3SS-3 gene clusters in B. pseudomallei, and its
expression is coregulated with that of T6SS-1 (14, 16). Interest-
ingly, neither secretion system is involved in TssM export (14, 15).
Determining the mechanism of TssM secretion has been problem-
atic, because tssM is poorly expressed in vitro, but it can be artifi-
cially “turned on” by overexpressing the two-component regula-
tory system virAG or tssM in trans from pBHR2 (14, 16). We
demonstrate here that TssM is secreted in rich medium in a T2SS-
dependent manner, but only when virAG or tssM is overexpressed
in trans (Fig. 4). The mechanism of TssM secretion has also been
an enigma due to the lack of an obvious Sec or Tat signal sequence
at its N terminus (18). Here we used the Phobius web server (49),

FIG 5 SDS sensitivity of B. pseudomallei wild type and T2SS mutants. Strains
were grown overnight in LB broth, diluted to an OD600 of 0.05 in LB broth
containing SDS, and grown aerobically for 4 h. One hundred percent survival
is defined as the OD600 of each strain after 4 h growth in LB without SDS. Mean
values � standard deviations are plotted for 3 separate experiments. *, **, and
***, P 	 0.05, P 	 0.01, and P 	 0.001, respectively. ns, not significant.

FIG 6 T2SS mutants are virulent in BALB/c mice. Groups of 10 BALB/c mice
were infected i.p. with 102 CFU (A) or 104 CFU (B) of B. pseudomallei
MSHR668, 668 �gspD, and 668 �gspE and observed for 21 days.
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which uses transmembrane topology and signal peptide predic-
tors, to identify a putative signal sequence on TssM. The results
presented here demonstrate for the first time that TssM harbors an
N-terminal signal sequence and that it is secreted in a T2SS-de-
pendent manner.

TssM was first described in Burkholderia mallei as a secreted
enzyme with the ability to hydrolyze multiple ubiquitinated sub-
strates (14). The mechanism of TssM secretion in B. mallei is cur-
rently unknown, but the results presented here strongly suggest
that it also uses the T2SS for export. Unlike B. pseudomallei, the
T2SS of B. mallei reportedly contains mutations that prevent it
from functioning properly (57). B. mallei is a host-adapted clone
of B. pseudomallei and is a relatively poor secretor of protease and
PLC activities (57). In 2004, the genome of B. mallei ATCC 23344
was annotated as containing the entire gsp cluster found in B.
pseudomallei. However, comparison of the B. mallei gspD-N genes
to those of B. pseudomallei K96243 (6) and 1026b (21) revealed
that whereas most of the genes were nearly identical, the B. mallei
gspJ gene contained a frameshift in the 3= region of the gene, and
the gspL gene contained a 54-base insertion for 18 amino acids
(57). It was originally thought that these differences might ac-
count for B. mallei’s protease and PLC secretion differences, but
upon reanalysis of the B. mallei ATCC 23344 genomic data, we
found that gspJ and gspL are no longer annotated as having these
mutations (48). We suspect that genes with insertions or frame-
shifts, such as gspJ and gspL, were flagged for a more comprehen-
sive closure effort to confirm the true status of such genes and that
the B. mallei ATCC 23344 genome manuscript was written before
the closure review. Thus, it appears that the B. mallei T2SS is
functional and that it exports TssM, but this will have to be con-
firmed in future studies. Finally, the B. mallei genome has under-
gone numerous deletion and rearrangement events during the
host adaptation process, and two of the genes that were “lost” are
mprA and plcN2 (39, 40, 57). We propose that the loss of these
genes might be responsible for the protease and PLC secretion
deficiencies of B. mallei rather than the putative mutations in the
B. mallei T2SS gene cluster (57).

Human melioidosis patient serum samples recognize both
TssM and MprA, indicating that they are produced in vivo and are
immunogenic (15, 38). This indicates that T2SS is active in vivo
and that it might play a role in virulence. Previously we showed
that the T2SS plays a minor role in the acute hamster model of
melioidosis (21), but no studies have examined the role of T2SS in
the BALB/c model of infection. Here we demonstrate that B. pseu-
domallei T2SS mutants are actually slightly more virulent than the
wild-type strain in BALB/c mice by the i.p. route of infection. The
LD50s for 668 �gspD and 668 �gspE were 276 and 381 CFU, re-
spectively. By comparison, the LD50 of MSHR668 was 435 CFU.
Interestingly, BALB/c mice infected intranasally with a B. pseu-
domallei tssM mutant exhibited hyperinflammation and died
faster than mice infected with the wild-type strain (15). These
results are consistent with TssM’s role as a suppressor of the in-
herent innate immune response to B. pseudomallei infection. Tan
et al. suggested that TssM should be viewed as a virulence factor
because it prevents premature host death brought on by overt
inflammation (15). Thus, the lack of TssM export by our T2SS
mutants might mask the role of other T2SS-exported proteins as
virulence factors in the murine model of infection.

Taken together, the results of our proteomic analysis of the B.
pseudomallei T2SS secretome suggest that it plays an important

role both in vivo and in vitro. The T2SS-dependent hydrolytic
enzymes identified in this study are likely to be important for
scavenging nutrients in soil and water and probably play an im-
portant role in the environmental persistence of this opportunis-
tic pathogen.
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