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Burkholderia mallei, a category B biothreat agent, is a facultative intracellular pathogen that causes the
zoonotic disease glanders. The B. mallei VirAG two-component regulatory system activates the transcription of
⬃60 genes, including a large virulence gene cluster encoding a type VI secretion system (T6SS). The B. mallei
tssM gene encodes a putative ubiquitin-specific protease that is physically linked to, and transcriptionally
coregulated with, the T6SS gene cluster. Mass spectrometry and immunoblot analysis demonstrated that TssM
was secreted in a virAG-dependent manner in vitro. Surprisingly, the T6SS was found to be dispensable for the
secretion of TssM. The C-terminal half of TssM, which contains Cys and His box motifs conserved in
eukaryotic deubiquitinases, was purified and biochemically characterized. Recombinant TssM hydrolyzed
multiple ubiquitinated substrates and the cysteine at position 102 was critical for enzymatic activity. The tssM
gene was expressed within 1 h after uptake of B. mallei into RAW 264.7 murine macrophages, suggesting that
the TssM deubiquitinase is produced in this intracellular niche. Although the physiological substrate(s) is
currently unknown, the TssM deubiquitinase may provide B. mallei a selective advantage in the intracellular
environment during infection.
Glanders, a disease caused by Burkholderia mallei, is one of
the oldest infectious diseases known (35, 59, 61). B. mallei is an
obligate animal pathogen, and it cannot persist in the environment outside of its equine hosts. Infected equids can die within
months, but survivors often act as carriers. Humans are accidental hosts of B. mallei, and the majority of cases are the
result of occupational contact with infected horses. Glanders is
endemic in Africa, Asia, the Middle East, and Central and
South America, but it has been eradicated from North America and most of Europe through the development of an effective skin test and the slaughter of infected animals (14, 19, 26).
The disease is now excluded from most countries by serological
testing and quarantine. B. mallei is highly infectious in a laboratory setting, especially via the aerosol route (23, 25, 28, 50,
52). Diagnosis and treatment can be challenging, and no licensed vaccines are currently available. Because it is widely
believed that B. mallei has the potential for use as a biological
weapon, it has been designated as a category B select agent by
the Centers for Disease Control and Prevention (44, 58).
B. mallei is a facultative intracellular pathogen that can invade, survive, and replicate in epithelial and phagocytic cell
lines (8, 20, 42). This pathogen escapes the phagocytic vacuole
into the cytoplasm, where it can utilize actin-based motility for

intra- and intercellular spread (42, 51). Several virulence determinants of B. mallei have been identified and characterized
by using animal models of infection, including a capsular polysaccharide, the animal pathogen-like type III secretion system
(T3SSAP), and a type VI secretion system (T6SS) (16, 46, 55).
In addition, a complex quorum-sensing network and a twocomponent transcriptional regulatory system (VirAG) are required for maximal virulence in hamsters (46, 56). The environmental cues recognized by the VirAG two-component
system are currently unknown, and overexpression of this regulatory system is currently the only way to activate transcription of the VirAG regulon in vitro (46). VirAG activates the
transcription of ⬃60 genes, including the T6SS gene cluster
(46). The tssM gene is located at the 3⬘ end of the T6SS locus,
and it is activated approximately fivefold by virAG. TssM contains Cys and His motifs that are present in proteins of the
cysteine peptidase C19 family (4). Members of this protein
family include eukaryotic ubiquitin-specific proteases (USPs) that
function as deubiquitinating enzymes (DUBs) (2, 32, 40, 62).
Ubiquitination is a reversible posttranslational modification
that can alter a protein’s stability or function (10, 41). Ubiquitin (Ub) is a 76-amino-acid protein that is highly conserved in
eukaryotic organisms but is absent in bacteria. The 8.5-kDa Ub
can be covalently attached to lysine residues on proteins
through the action of three distinct enzymes, E1 (Ub-activating
enzyme), E2 (Ub-conjugating enzyme), and E3 (Ub-protein
ligase). Proteins can be monoubiquitinated or conjugated with
polyubiquitin (polyUb) chains at one or more lysine residues.
Ub contains seven lysine residues—K6, K11, K27, K29, K33,
K48, and K63—that can be used to form polyUb chains. The
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MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in the present study are described in Table 1. Escherichia coli
strains were grown at 37°C on LB agar (Lennox L agar) or in LB broth (Lennox
L broth). B. mallei strains were grown at 37°C on LB agar or in LB broth
containing 4% glycerol (LBG). When appropriate, antibiotics were added at the
following concentrations: 100 g of ampicillin (Ap)/ml, 25 g of streptomycin
(Sm)/ml, 25 g of chloramphenicol (Cm)/ml, 50 g of zeocin (Zeo)/ml, 12.5 g
of tetracycline (Tc)/ml, 25 g of kanamycin (Km)/ml, and 50 g of trimethoprim
(Tp)/ml for E. coli and 15 g of polymyxin B (Pm)/ml, 5 g of Zeo/ml, and 5 g
of Km/ml for B. mallei. For induction studies, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 1 mM. All manipulations with
B. mallei were carried out in class II microbiological safety cabinets located in
designated biosafety level 3 laboratories.
Gene replacement experiments with B. mallei SR1 were performed using the
sacB-based vector pEx18Km. After conjugation (15, 54), the transconjugants
growing on LBG plates containing Km and Pm were inoculated onto 1⫻ M9
minimal salts (Sigma-Aldrich, St. Louis, MO) agar containing 0.4% glucose and
5% sucrose. The sucrose-resistant colonies that arose after incubation at 37°C for
4 days were screened for deletion mutations using the colony PCR procedure
described below.
For the preparation of culture supernatant proteins for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, B. mallei (pBHR2-virAG)
was grown at 37°C in liquid medium comprised of 3% glycerol, 1.5% Casamino
Acids, 1.5% yeast extract, and Km. Before use in the medium, concentrated
solutions of yeast extract and Casamino Acids were placed in dialysis membrane
bags and dialyzed for 2 days against an equal volume of water, and the solution
outside the dialysis bag (with compounds ⬍ 10 kDa) was removed and evaporated to dryness before being added as powder to the medium. Cultures were
grown from a starting optical density at 600 nm of 0.1 for 36 h at 37°C, and cells
were removed by repeated centrifugation (4,000 ⫻ g, 30 min). Culture superna-

tants were filtered through 0.22-m-pore-size PES filters and concentrated 100fold by ultrafiltration under pressure using an Amicon UM10 filter.
LC-MS/MS. Concentrated B. mallei (pBHR2-virAG) supernatant proteins (40
g) in 50 mM ammonium carbonate (pH 8.2) were reduced with 10 mM dithiothreitol (DTT) at 52°C and alkylated with 50 mM iodoacetamide at 25°C in the
dark for 1 h, and modified trypsin (4 g) was added. After 16 h at 37°C, the
sample was adjusted to 0.1% trifluoroacetic acid and desalted by using reversedphase Microspin C18 columns; the peptides were then eluted in 0.1% trifluoroacetic acid–70% acetonitrile, and vacuum dried. Peptides were resuspended in
1% acetic acid–4% acetonitrile under nitrogen, loaded onto a 10-cm-by0.075-mm column of 5-m C18 beads, and separated with a 120-min linear
gradient of acetonitrile (250 nl/min). Fractions were loaded onto a Finnigan
LTQ, linear ion trap mass spectrophotometer run in automatic mode. One MS
scan (100 ms) was collected, followed by eight MS/MS scans (100 ms) of the eight
major peptides with a dynamic exclusion of 2 and mass gate of 2.2 Da.
DNA manipulations and introduction of plasmid DNA into B. mallei. Restriction enzymes, shrimp alkaline phosphatase, and T4 DNA ligase were purchased
from Roche Molecular Biochemicals and used according to the manufacturer’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 agarose gels and purified with a
GeneClean III kit (Qbiogene). Bacterial genomic DNA was prepared as previously described (64). Plasmids were purified from overnight cultures by using
Wizard Plus SV Minipreps (Promega). The gene replacement vector pEx18Km
was constructed by amplifying the Km-resistant (Kmr) gene from pCR2.1-TOPO
using nptF and nptR (Table 2), digesting the resulting PCR product with SmaI,
ligating the product into the unique EcoRV site in pEx18Tc, and selecting for
resistance to Km and sensitivity to Tc (21). Recombinant derivatives of
pEx18Km, pBHR2, and pZSV were electroporated into E. coli S17-1 and mated
with B. mallei for 8 h, as described previously (15, 54). Km or Zeo were used to
select for transconjugants, and Pm was used as a counterselection for E. coli
S17-1.
PCR. The oligodeoxyribonucleotide primers used in PCRs are shown in Table
2. PCR products were fractionated by size and purified using agarose gel electrophoresis; cloned into pET200/D-TOPO, pCR2.1-TOPO, or pCR4BluntTOPO; and transformed into competent E. coli TOP10. PCR amplifications were
performed in a final reaction volume of 100 l containing 1⫻ Taq PCR Master
Mix (Qiagen), 1 M oligodeoxyribonucleotide primers, and 200 ng of genomic
DNA. PCR cycling was performed by 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
greater than 1 kb, an additional 1 min per kb was added to the extension time.
To generate blunt-ended PCR products, the 1⫻ Taq PCR Master Mix was
replaced with VentR DNA polymerase (New England Biolabs) and 1⫻ FailSafe
PreMix D (Epicentre). B. mallei deletion mutants were identified by PCR as
described above.
Site-directed mutagenesis. A pET200-tssM derivative in which the Cys codon
(TGC) at position 102 in rTssM was changed to a Gly codon (GGC) was
generated using the primers C102G-F and C102G-R (Table 2) and a
QuikChange II site-directed mutagenesis kit (Stratagene). The pET200tssMC102G DNA insert was sequenced on both strands to confirm the mutation.
Expression and purification of His-tagged rTssM and rTssMC102G. Plasmids
pET200-tssM and pET200-tssMC102G were transformed into E. coli Rosetta
(DE3), and the recombinant proteins were expressed and purified as previously
described for the B. mallei recombinant HcpV5 protein (46).
Ub-AMC enzymatic assays. The 7-amidomethylcourmarin (AMC) substrates
of Ub, SUMO1, SUMO2, ISG15, and Nedd8 were generated as previously
described (63). The Ub-AMC assays were performed at room temperature using
1 mM Ub-AMC (A.G. Scientific, Inc.) and 100 nM rabbit Isopeptidase T (A. G.
Scientific, Inc.), rTssM, and rTssMC102G. The reactions were carried out in
reaction buffer containing 0.5 M HEPES, 10 mM DTT, and 1 M NaCl at pH 7.5.
Reactions were monitored by following the increase in fluorescence at 460 nm
(emission) and 380 nm (excitation) at 15-s intervals for 15 min using a SpectraMax M5 spectrophotometer (Molecular Devices).
In order to determine the fraction of active enzyme, Ub-VME was added as 2
and 10 molar equivalents to rTssM and rTssMC102G, followed by incubation for
30 min at 37°C. The reactions were quenched with 3⫻ sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, applied to a 10
to 20% gradient gel, and developed using Pierce Imperial Stain (Thermo Fisher
Scientific, Rockford, IL). The band densities were determined for the 2 and 10
molar equivalent lanes for rTssM with 77.7 and 78.0% in the upper (binding)
band, respectively.
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type and number of Ub or polyUb chains that are attached to
proteins generate distinct intracellular signals (41, 53, 60). For
example, proteins that contain K48-linked polyUb chains are
often targeted for destruction by the 26S proteasome, while
proteins harboring K63-linked polyUb chains are often involved in intracellular signaling pathways. There are also a
growing number of Ub-like proteins (Ubls) that can be posttranslationally conjugated to proteins to modulate function,
including SUMO, ISG15, Nedd8, and Atg8 (27, 60). DUBs and
Ubl-specific proteases are enzymes that mediate the removal
of Ub and Ubls from proteins and essentially reverse the fate
of these tagged substrates within the cell (2, 32, 40, 62).
Recent studies have shown that several intracellular pathogenic bacteria exploit eukaryotic Ub signaling and proteolysis
pathways by exporting DUBs (3, 38, 45). Bacterial DUBs appear to facilitate evasion of the host immune response and
promote survival and replication in vivo. Most of the bacterial
DUBs described thus far are secreted by type III secretion
systems (T3SSs) and are members of cysteine protease clan
CE, a clan that is distinct from the “classic” eukaryotic DUBs
in cysteine protease clan CA (4, 45).
In the present study, we characterized TssM, a clan CA
cysteine protease exported by B. mallei. We found that TssM
secretion was dependent on the VirAG two-component system
but did not require the cluster 1 T6SS (46) or the T3SSAP (55).
Purified recombinant TssM (rTssM) cleaved multiple ubiquitinated substrates, and the cysteine at position 102 in rTssM was
critical for DUB activity. The tssM gene was expressed within
1 h after B. mallei infection of RAW 264.7 murine macrophages, but the actual substrate of TssM is currently unknown.
The potential role of this DUB in manipulating cellular functions during the host-pathogen interaction is discussed.
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TABLE 1. Strains and plasmids used in this study
Relevant characteristicsa

Strain or plasmid

Strains
E. coli
TOP10
Rosetta (DE3)
S17-1

Plasmids
pCR2.1-TOPO
pCR2.1-29THS
pCR2.1-A0737
pCR2.1-⌬A0737
pCR2.1-rUb
pET200/D-TOPO
pET200-tssM
pET200-tssMC102G
pCMV-SPORT6
pUb-S27a
pCMV-3Tag-6
pFLAG-Ub
pRD02
pBHR2
pBHR2-virAG
pBHR2-tssM
pCR4Blunt-TOPO
pCR4-⌬tssM
pQBI T7-GFP
pCR4-⌬tssM::GFP
pEx18Tc
pEx18Km
p⌬tssM::GFP
p⌬A0737
pZSV
pZSV-bsaZ
a

General cloning and blue/white screening
BL21 derivative containing tRNAs for AGG, AGA, AUA, CUA, CCC, and GGA
codons; Cmr
Mobilizing strain with transfer genes of RP4 integrated on chromosome; Smr Tpr Pms

Invitrogen
Novagen

Type strain; isolated in 1944 from a human case of glanders; Pmr Kms Zeos
ATCC 23344 sucrose-resistant derivative; ⌬(BMAA0437-BMAA0497)
SR1 derivative; ⌬tssM::GFP
SR1 derivative; ⌬tssE
SR1 derivative; ⌬tssD
SR1 derivative; ⌬hcp1
SR1 derivative; ⌬tssB
SR1 derivative containing a 744-bp StuI in-frame deletion internal to vgrG1; ⌬vgrG1
ATCC 23344::pZSV-bsaZ; Zeor

39
54
This study
46
46
46
46
This study
This study

3,931-bp TA vector; pMB1 oriR; Kmr Apr
pCR2.1-TOPO containing 1,424-bp PCR product generated with 29THS3 and 29THS2
pCR2.1-TOPO containing 1,662-bp PCR product generated with 37-up and 37-dn
pCR2.1-A0737 derivative containing a 744-bp StuI in-frame deletion internal to vgrG1
pCR2.1-TOPO containing a 243-bp PCR product generated with rUb-up and rUb-dn
using pUb-S27a as a template
5,741-bp directional cloning and expression vector; pBR322 ori; Kmr
pET200/D-TOPO containing 858-bp PCR product generated with tssM-up3 and tssM-dn2
pET200-tssM derivative in which the Cys codon (TGC) at position 102 in rTssM has been
changed to a Gly codon (GGC)
4,396-bp mammalian expression vector; pBR322 ori; Apr
pCMV-SPORT6 containing a 572-bp SalI-NotI Homo sapiens Uba80 (RPS27a) cDNA
insert; ATCC 9890377; MGC 61435; IMAGE 5531043
5,241-bp mammalian expression vector with N-terminal 3x-FLAG tag; pUC ori; Apr
pCMV-3Tag-6 containing BamHI-HindIII insert from pCR2.1-rUb
pTSV3 derivative containing an internal 313-bp PCR product from the ATCC 23344
bsaZ gene; Tpr
Broad-host-range vector; Kmr
pBHR2 derivative containing B. mallei virAG genes
pBHR2 containing 1,424-bp BamHI fragment from pCR2.1-29THS
3,956-bp positive selection cloning vector; pUC ori; Kmr Apr
pCR4Blunt-TOPO containing a 632-bp fragment generated by joining the SEW1/SEW2
and SEW3/SEW4 PCR products via SOE-PCR
GFP expression vector; Apr
pCR4-⌬tssM containing 762-bp BamHI-XbaI fragment from pQBI T7-GFP
Gene replacement vector; lacZ␣; oriT; sacB; Tcr
pEx18Tc derivative containing the 1,003-bp Kmr PCR product generated with nptF and
nptR from pCR2.1-TOPO; Kmr Tcs
pEx18Km derivative containing the 1,380-bp EcoRI fragment from pCR4-⌬tssM::GFP
pEx18Km derivative containing XbaI-SpeI fragment from pCR2.1-⌬A0737 in XbaI site
Mobilizable suicide vector; Zeor
pZSV derivative containing EcoRI fragment from pRD02

Invitrogen
This study
This study
This study
This study

49

Invitrogen
This study
This study
Invitrogen
ATCC
Stratagene
This study
55
46
46
This study
Invitrogen
This study
Quantum Biotech
This study
21
This study
This study
This study
9
This study

Superscripts: r, resistant; s, susceptible.

Enzyme kinetics were determined in assay buffer (50 mM Tris-HCl [pH 7.5],
2 mM DTT, and 10 g of ovalbumin/ml) with increasing amounts of Ub-AMC at
37°C and monitored at 440 nm (emission) and 340 nm (excitation) for 100 s after
the addition of rTssM. Competitive inhibitor experiments were performed using
498 nM Ub-AMC and increasing concentrations of free Ub or Nedd8 at 37°C.
Reactions were initiated with the addition of 426 pM rTssM and monitored by
using an Aminco-Bowman Series 2 luminescence spectrometer.
For enzyme assays using K48- and K63-linked Ub and Di-SUMO substrates,
K48- and K63-linked Ub dimers and polyubiquitin chains, Di-SUMO-2, and
Di-SUMO-3 (750 ng; Boston Biochem, Cambridge, MA) were incubated with
100 nM IsoT, rTssM, and rTssMC102G at 37°C for 30 min in a reaction buffer
containing 0.5 M HEPES, 10 mM DTT, and 1 M NaCl at pH 7.5. His6-SENP1CD,
a SUMO-specific protease 1 catalytic domain (250 nM; Boston Biochem), was

used a positive control for the SUMO substrates. The reactions were mixed with
an equal volume of 2⫻ Tris-glycine-SDS sample buffer and boiled for 5 min. The
samples were loaded onto a 10 to 20% Tris glycine gel, and the proteins were
separated by electrophoresis using 1⫻ Tris-glycine-SDS buffer and stained with
a colloidal blue staining kit.
Cleavage and immunoblot analysis of eukaryotic proteins tagged with 3xFLAG-Ub. The human Ub gene (Uba80) was PCR amplified from pUb-S27a
using the oligodeoxyribonucleotide primers rUb-up and rUb-dn (Table 2). The
resulting PCR product was directionally cloned into the mammalian expression
vector pCMV-3Tag-6, generating pFLAG-Ub (Table 1). The 293T human embryonic kidney cell line was cultured in Dulbecco modified Eagle medium
(DMEM) supplemented with 2 mM L-glutamine and 10% heat-inactivated fetal
bovine serum at 37°C with 5% CO2. The 293T cells were seeded onto a six-well
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B. mallei
ATCC 23344
SR1
DDA0729-1
DDA0739
DDA0740
DDA0742
DDA0743
DDA0737
DDA1533

Source or reference
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TABLE 2. Oligodeoxyribonucleotide primers used in this study
Primer

tssM-up3
tssM-dn2
C102G-F

Primer sequence (5⬘ to 3⬘)

tssM
tssM
tssM
tssM
tssM
tssM
tssM
tssM
tssM
tssM
vgrG1
vgrG1
Uba80
Uba80
npt2
npt2

plate at a concentration of 4 ⫻ 105 cells/well, grown for 24 h, and transfected with
pCMV-3Tag-6 and pFLAG-Ub using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). At 48 h posttransfection, the spent medium was removed, and the cells
were resuspended in fresh DMEM. The cells were harvested by centrifugation
(2,200 ⫻ g, 5 min) at 4°C. The supernatants were removed, and the cells were
washed with phosphate-buffered saline (PBS). After centrifugation, the cells
were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1% Triton
X) containing phosphatase inhibitor cocktail (P5726; Sigma, St. Louis, MO) and
incubated on ice for 30 min. The cellular lysates were centrifuged for 30 min, and
the protein concentrations of the supernatants were determined by using a BCA
protein assay kit (Pierce, Rockford, IL). Proteins (30 g) obtained from the
pFLAG-Ub transfected cells were incubated with 1 M rTssM and 1 M
rTssMC102G at 37°C for 1 h in a reaction buffer containing 0.5 M HEPES, 10
mM DTT, and 1 M NaCl at pH 7.5. The reactions were mixed with an equal
volume of 2⫻ Tris-glycine-SDS sample buffer and boiled for 2 min. The samples
were loaded onto a 10 to 20% Tris-glycine gel, and the proteins were separated
by electrophoresis using 1⫻ Tris-glycine-SDS buffer and transferred to Invitrolon
polyvinylidene difluoride (Invitrogen) using a XCell SureLock apparatus (Invitrogen). The membranes were blocked with 3.5% skim milk powder (EMD
Chemicals, Inc.)–0.1% Tween 20 (Sigma), incubated with a 1:5,000 dilution of
murine anti-FLAG M2 monoclonal antibody (Sigma) and a 1:5,000 dilution of
horseradish peroxidase (HRP)-labeled goat anti-mouse immunoglobulin G
(IgG; H⫹L) (KPL), and developed with TMB membrane peroxidase substrate
(KPL). The membranes were also reacted with a 1:2,500 dilution of nickellabeled HRP (Ni-HRP) and developed as described above to detect rTssM and
rTssMC102G.
Production of polyclonal antisera against rTssM. Ten BALB/c mice were
injected intraperitoneally with 50 g of rTssM in complete Freund adjuvant
(Sigma). Three weeks after injection, the mice were boosted intraperitoneally
with 50 g of rTssM in incomplete Freund adjuvant (Sigma). A second boost
containing 50 g of rTssM in incomplete Freund adjuvant was given intraperitoneally 3 weeks after the first boost for a total of three injections. At 6 weeks
after the final boost, anesthetized mice were bled retroorbitally, and the leukocytes were removed by centrifugation. The serum samples were pooled and used
for immunoblotting experiments.
Immunoblotting with murine anti-rTssM sera. Wild-type and mutant B. mallei
strains were grown for 8 h in 14-ml snap-cap tubes containing 3 ml of LBG for
rTssM immunoblotting experiments. One-milliliter volumes were transferred to
microcentrifuge tubes, and cell pellets were obtained after centrifugation at
14,000 rpm for 2 min at 25°C. Cell pellets were washed once with 1⫻ PBS,
resuspended in 1 ml of 1⫻ Tris-glycine-SDS sample buffer (Invitrogen), boiled
for 10 min, and stored at 4°C. Three microliters of sample was loaded onto a 10
to 20% Tris gel, and proteins were separated by electrophoresis using 1⫻ Trisglycine-SDS running buffer. Supernatants were filter sterilized through 0.45-mpore-size Millex HV filters (Millipore), and 200 l was precipitated at ⫺20°C for
30 min using 10% trichloroacetic acid. Protein pellets were collected by centrif-

ugation (14,000 rpm, 10 min) and washed once with cold acetone. The protein
pellets were resuspended in 1⫻ Tris-glycine-SDS sample buffer and processed as
described above. Proteins were transferred to Invitrolon polyvinylidene difluoride by using a XCell SureLock apparatus (Invitrogen). The membranes were
blocked with 3.5% skim milk powder (EMD Chemicals, Inc.)–0.1% Tween 20
(Sigma), incubated with a 1:5,000 dilution of anti-rTssM murine polyclonal sera
antibody, 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
(H⫹L; KPL), washed three times with blocking buffer, washed once with PBS,
and then developed with TMB membrane peroxidase substrate (KPL).
Immunofluorescence staining and confocal microscopy. The murine macrophage cell line RAW 264.7 (ATCC TIB-71) was obtained from the American
Type Culture Collection (ATCC). RAW 264.7 cells (⬃2 ⫻ 105) were grown
overnight on 12-mm glass coverslips (Fisher Scientific) at 37°C under an atmosphere of 5% CO2. Macrophages were infected with B. mallei DDA0729-1
(⌬tssM::GFP) at an multiplicity of infection (MOI) of 40, utilizing a modified Km
protection assay as previously described (8, 9). Briefly, at various times postinfection, monolayers were fixed in 2.5% paraformaldehyde for 15 min, followed by
extensive washing in PBS. Cells were then incubated with Alexa Fluor 647
phalloidin (1:100; Invitrogen) in SS-PBS for 45 min. After extensive washing in
PBS, coverslips were mounted onto glass slides using Mowiol. Laser confocal
microscopy was performed with a Zeiss 510 META confocal imaging system
equipped with an Ar, HeNe laser on an inverted Axiovert 200 M microscope
using a ⫻63 oil objective lens (Carl Zeiss MicroImaging, Inc.). Images of 1,024 ⫻
1,024 pixels were acquired by using Zeiss 510 Meta software (Carl Zeiss).
Macrophage survival assays. Cells were maintained in DMEM (Invitrogen)
supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Invitrogen) and a standard mixture of antibiotics (100 U of penicillin/ml, 100 g of
streptomycin/ml, and 250 g of amphotericin B/ml) at 37°C under an atmosphere
of 5% CO2. Bacterial uptake and survival were measured by using modified Km
protection assays as previously described (8, 9). In brief, bacterial suspensions
were added in triplicate onto RAW 264.7 cells at an MOI of 1 or 10. The
monolayers were incubated with the bacteria at 37°C under an atmosphere of 5%
CO2 for 1 h and then washed twice with Hanks balanced salt solution (Invitrogen) to remove extracellular bacteria. Infected RAW 264.7 cells were then
incubated in fresh DMEM-10 containing 250 g of kanamycin/ml (with or
without 200 g of aminoguanidine/ml) to suppress the growth of residual extracellular bacteria. Monolayers were lysed at 3 and 24 h postinfection with 0.25%
(vol/vol) Triton X-100, and serial dilutions of the lysates were plated onto
brucella agar (Difco) supplemented with 4% glycerol and incubated at 37°C for
48 h. Bacterial loads on plates were counted.
Cytokine assays. Culture supernatants were harvested from infected RAW
264.7 cell monolayers at various time points and sterilized using 0.45-m-poresize Millex syringe-driven filter units (Millipore Corp.). Aliquots of each were
plated onto BB4G agar and incubated at 37°C for at least 72 h to confirm
sterility. The sterilized supernatants were then assayed for the production of
tumor necrosis factor alpha, interleukin-1 (IL-1), IL-6, and RANTES using
murine SearchLight custom multiplex arrays (Pierce).
Animal studies. Three groups of female Syrian hamsters (five per group) were
infected intraperitoneally with 10, 100, and 1,000 bacteria for each strain of B.
mallei examined. Mortality was recorded daily for 5 days. Research was conducted in compliance with the Animal Welfare Act and other federal statutes
and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals
(National Research Council, 1996). The facility where this research was conducted is fully accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International.

RESULTS
TssM is secreted when the virAG two-component regulatory
system is overexpressed. We recently utilized SDS-PAGE and
LC-MS/MS to identify two B. mallei T6SS proteins, Hcp1 and
VgrG1, present in culture supernatants (46). A protein of ⬃50
kDa was also found in culture supernatants when virAG was
overexpressed, but it was not positively identified. The goal of
this investigation was to identify and characterize this protein.
We performed more sensitive shotgun LC-MS/MS analyses
and found that, like Hcp1, TssM (BMAA0729) was present at
much higher levels in culture supernatants when virAG was
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Cloning, expression, and purification of rTssM and production of polyclonal rTssM antiserum. The region of tssM containing the highest predicted coding potential, residues 191 to
474 (Fig. 1B), was cloned into a T7 promoter expression vector, and the His-tagged recombinant protein was purified by
immobilized metal affinity chromatography. This recombinant
protein, termed rTssM, contained the C-terminal 284 residues
of the TssM protein, including the putative catalytic domain
(Fig. 1C). The codon encoding the conserved Cys at position
102 in rTssM (residue 292 in wild-type TssM) was mutated to
encode a Gly, and the resulting protein, rTssMC102G, was
purified in the same manner. Finally, rTssM was used to immunize BALB/c mice and polyclonal antisera were obtained
and pooled (see Materials and Methods).
rTssM, but not rTssMC102G, exhibits deubiquitinating activity in vitro. In order to determine whether rTssM functions
as a DUB, we performed enzymatic assays using the fluorogenic substrate ubiquitin C-terminal 7-amido-4-methylcoumarin (Ub-AMC) (12). rTssM and isopeptidase T (IsoT), a Ubspecific protease, were incubated with Ub-AMC, and both
rapidly released fluorescent AMC (Fig. 2A). On the other
hand, rTssMC102G could not hydrolyze Ub-AMC, and no
fluorescence was observed above that of the negative control
(Fig. 2A). Michaelis-Menten parameters were determined, and
rTssM hydrolyzed Ub-AMC with a kcat of 1.7 s⫺1, a Km of 175
nM, and a kcat/Km of 107 M⫺1 s⫺1 (Fig. 2B). We also examined
the specificity of rTssM by testing its ability to cleave other
fluorogenic substrates. No activity was observed against
SUMO1-AMC, SUMO2-AMC, or ISG15-AMC, but minor activity was observed against Nedd8-AMC (data not shown).
Because Nedd8 is 60% identical to Ub, we compared the
ability of free Nedd8 and free Ub to competitively inhibit
Ub-AMC cleavage by rTssM. Figure 3 demonstrates that Ub is
an efficient competitive inhibitor of this reaction (Ki ⫽ 2.1 M)
and that Nedd8 is a relatively poor inhibitor (Ki ⫽ 59 M).
This result suggests that Ub, not Nedd8, is the preferred substrate of rTssM. Furthermore, the hexapeptide LRLRGG did
not inhibit Ub-AMC cleavage by rTssM, suggesting that rTssM
recognizes the entire Ub molecule rather than just the C terminus (data not shown).
To characterize further the activity of rTssM, we studied its
activity against additional Ub substrates. Di-ubiquitin (Ub2)
substrates were used to determine the ability of rTssM to
cleave K48 and K63 linkages between ubiquitin molecules.
IsoT and rTssM cleaved K48-linked Ub2 and K63-linked Ub2
to monomeric Ub, but rTssMC102G failed to cleave either
substrate (Fig. 4). Similar results were obtained using K48- and
K63-linked polyubiquitin chains (Ub1-7) as substrates (data
not shown). In comparison, rTssM could not cleave dimers of
SUMO-2 and SUMO-3 (data not shown). Taken together, the
results demonstrate that rTssM is a specific and efficient DUB
and the cysteine at position 102 is critical for its enzymatic
activity.
rTssM cleaves FLAG-tagged Ub from host proteins. We
next determined whether eukaryotic proteins posttranslationally modified by Ub were substrates for rTssM. The human Ub
gene was cloned into a mammalian expression vector possessing an epitope tagging system in which three copies of the
FLAG tag (DYKDDDDK) were added to the N terminus of
Ub. 293T cells were transiently transfected with the 3x-
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overexpressed (data not shown). In fact TssM and Hcp1 were
the two most abundant proteins in these culture supernatants,
representing more than half the total protein. SDS-PAGE and
LC-MS/MS of the culture supernatants did not show evidence
of major cell lysis nor any evidence of leakage of periplasmic
proteins, suggesting that TssM is secreted in vitro by B. mallei
when virAG is overexpressed.
Analysis of the annotated tssM gene suggests an alternate
start site. The B. mallei ATCC 23344 genome sequence was
published in 2004 (39), and tssM (BMAA0729) was annotated
as a 1,980-bp (bp) gene encoding a 659-amino-acid protein of
⬃70 kDa (Fig. 1A and B). This is significantly larger than the
⬃50-kDa protein detected in B. mallei supernatants when
virAG is overexpressed (46). In addition, the TssM peptides
detected by LC-MS/MS were present only in the C-terminal
half of the putative 70-kDa protein (between amino acids 378
and 625). We considered the possibility that tssM was incorrectly annotated and used a downstream start codon, especially
since its predicted start codon preceded the stop codon of
upstream icmF1 gene (BMAA0730) by ⬃20 bp. Several alternative start codons were identified, and the overall coding
potential of the annotated tssM gene was assessed by using the
GeneMark.hmm program (Fig. 1B) (33). An open reading
frame with high coding potential was identified between nucleotides 1126 and 1980 using typical and atypical hidden
Markov models and hidden Markov models based on genes
predicted in the B. mallei genome (Fig. 1B). The predicted
start codon for this gene is TTG, which is rarely used in B.
mallei (39). Furthermore, the encoded protein of this gene is
only ⬃30 kDa. A potential GTG start codon at position 625
also encodes a protein that is too small to be TssM (Fig. 1B).
The actual tssM start codon is likely the ATG at nucleotide
position 556, since this predicts tssM encodes a protein of ⬃50
kDa (474 amino acids). This start site was confirmed by immunoblot analysis and complementation studies (see below).
Thus, the original annotation of tssM (39) incorrectly added
555 bp to the 5⬘ end of the gene and an additional 20 kDa to
the predicted size of TssM. This 555-bp region had very low
coding potential and could contain transcriptional regulatory
signals.
TssM contains Cys and His box motifs conserved in cysteine
peptidase family C19. The predicted TssM amino acid sequence was used to query the National Center for Biotechnology Information’s conserved domain database (34) and was
found to possess a peptidase C19E domain (cd02661) at the C
terminus. Peptidase C19 family proteins contain eukaryotic
cysteine peptidases that remove ubiquitin molecules from
polyubiquinated peptides by cleavage of isopeptide bonds. The
TssM protein contains the conserved Cys and His box motifs
that are present in peptidase family C19 proteins, including the
Asn, Cys, His, and Asp residues that are critical for catalysis
(Fig. 1C). The N-terminal half of TssM does not possess a
conserved domain, nor does it show ⬎40% amino acid identity
to any proteins in the nr database except those present in
closely related Burkholderia spp. It does contain, however, a
stretch of ⬃120 amino acids rich in Ala and Pro residues (Fig.
1C). The functional significance of this region is currently
unknown, but the putative catalytic domain at the C terminus
of TssM suggests that it may function as a DUB.

INFECT. IMMUN.

VOL. 77, 2009

B. MALLEI TssM DEUBIQUITINASE

1641

FLAG-Ub construct and cultured for 48 h to allow expression
and conjugation of the 3x-FLAG-Ub to host proteins. The cells
were lysed, and the proteins were incubated with purified
rTssM and rTssMC102G to allow cleavage of the 3x-FLAG-Ub

from the proteins. The reaction products were separated by
SDS-PAGE, and immunoblot analysis was performed with a
commercially available ␣-FLAG monoclonal antibody (Fig. 5).
As expected, 293T cells transfected with the 3x-FLAG control
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FIG. 1. Schematic representation of the B. mallei ATCC 23344 tssM gene and protein (BMAA0729). (A) tssM and flanking genes. tssJ, tssK,
tssL, and icmF1 encode T6SS proteins, whereas tssM, tssN, and folE encode proteins that are not associated with T6SSs in other bacteria (46, 48).
(B) Alternate translation initiation sites of the tssM gene versus the one originally proposed (39). The 1,980-bp tssM gene is shown as a long black
horizontal bar and putative alternate translation initiation sites (ATG, GTG, and TTG) are indicated. The sizes and locations of the proteins
encoded using the alternate translation initiation sites are shown as thin black lines. Immediately below is a graphical output from GeneMark.hmm
for tssM using a training set derived from genes on B. mallei ATCC 23344 chromosome 2. The solid and dashed traces indicate the coding potential
calculated using the typical and atypical Markov chain models of coding DNA, respectively. The thick black horizontal bar indicates the location
of an open reading frame with the highest coding potential predicted by GeneMark.hmm. The numbers on the vertical axis represent the coding
potential, and the numbers on the horizontal axis represent the nucleotide position. The ticks extending above the horizontal line bisecting the
graph indicate all possible alternate start codons. The scale bar represents 100 bp. (C) Schematic representation of the TssM protein and its domain
structure. The protein is shown as a thin gray line with rounded rectangles showing sequence features and motifs, including the Ala- and Pro-rich
N-terminal region and the C-terminal Cys and His box motifs. The Asn (N), Cys (C), His (H), and Asp (D) residues that are critical for catalysis
of family C19 proteins are also shown. The scale at the bottom shows the amino acid positions in the TssM.
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vector did not contain any FLAG-tagged proteins. Cells transfected with the 3x-FLAG-Ub construct, however, contained
numerous proteins conjugated to FLAG-tagged Ub (Fig. 5).
The ␣-FLAG antibody reacted with unconjugated 3xFLAG-Ub (⬃14 kDa) and with proteins decorated with 3xFLAG-Ub (⬃30 kDa to ⬎180 kDa). rTssM was able to remove
almost all of the 3x-FLAG-Ub from these proteins (Fig. 5, wild
type [WT]), while rTssMC102G could not cleave the FLAGtagged Ub from these proteins (Fig. 5, C102G). The Ni-HRP
blot at the bottom of Fig. 5 shows that similar amounts of
rTssM and rTssMC102G were added to the DUB reactions.
The results clearly demonstrate that rTssM can efficiently remove Ub from eukaryotic proteins with little specificity for the
molecular nature of Ub attachment (monoubiquitination, multiubiquitination, or polyubiquitination). Furthermore, the cysteine
at position 102 was essential for this DUB activity.

Secreted TssM is processed at several distinct sites. In order
to determine the size of native TssM, we reacted murine polyclonal rTssM antisera with cell-associated and secreted proteins produced by B. mallei harboring virAG in trans. The
cell-associated TssM migrated as a single protein of ⬃50 kDa,
which is consistent with the ATG at nucleotide position 556
being the tssM start codon (Fig. 1B). Interestingly, the secreted
TssM migrated as a ⬃50-kDa protein and several distinct protein bands of lower molecular mass (Fig. 6A). In order to rule
out the possibility that these lower molecular mass proteins
were due to unrelated cross-reactive proteins present in the
supernatant, a B. mallei ⌬tssM strain was constructed (see Fig.
S1 in the supplemental material). The rTssM antisera did not
react with any supernatant proteins from the ⌬tssM strain,
suggesting that the lower-molecular-mass proteins in the wildtype strain were processed derivatives of ⬃ 50-kDa TssM (Fig.
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FIG. 2. Ub-AMC hydrolysis by rTssM. (A) IsoT, rTssM, and rTssMC102G were incubated with Ub-AMC, and their enzymatic activity was
determined by the release of fluorescent AMC. The no enzyme control is the amount of background fluorescence emitted by Ub-AMC only. The
experiment was performed on two separate occasions in triplicate and a representative result is shown. (B) Michaelis-Menten plot showing the
reaction rate of rTssM with an increasing concentration of Ub-AMC. Shown are the mean values of a representative experiment with triplicate
measurements ⫾ the standard deviations. Kinetic parameters for the reaction are also shown. The activity of rTssM was 78% and was determined
by titration with excess Ub-vinylmethylester.
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6B). These results indicate that secreted TssM, but not cellassociated TssM, was processed at several defined sites. An in
silico analysis of TssM did not identify a signal peptide cleavage site (17) or a twin-arginine translocation (Tat) cleavage

FIG. 4. rTssM, but not rTssMC102G, can cleave K48- and K63linked Ub dimers (Ub2) into monomers (Ub1). IsoT, rTssM, and
rTssMC102G were incubated with K48-linked Ub2 (top) and K63linked Ub2 (bottom) and the reaction products were separated by
SDS–10 to 20% PAGE. After electrophoresis, the gels were stained
with colloidal Coomassie blue. The Ub2 substrate alone served as a
negative control, and IsoT was utilized as a positive DUB control.

FIG. 5. Cleavage and immunoblot analysis of 293T proteins labeled
with FLAG-tagged Ub. 293T cells were transfected with a 3x-FLAG
vector and a 3x-FLAG-Ub construct, cultured for 48 h, and lysed. The
extracted proteins (30 g) were incubated at 37°C for 1 h with 1 M
rTssM (wild-type [WT]) and 1 M rTssMC102G (C102G) and analyzed by immunoblot using an anti-FLAG monoclonal antibody. Cellular proteins not incubated with rTssM or rTssMC102G are designated with a negative sign (⫺). The migration of free 3x-FLAG-Ub
and 3x-FLAG-Ub protein conjugates (vertical line) are shown to the
right. The blot at the bottom was incubated with Ni-HRP and shows
that His-tagged rTssM and His-tagged rTssMC102G were added in
similar quantities to the DUB reactions.
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FIG. 3. Inhibitory effect of free Ub or Nedd8 on Ub-AMC cleavage by rTssM. The Ki for Ub was 2.1 M and the Ki for Nedd8 was 59 M. Shown are the
mean values of a representative experiment with triplicate measurements ⫾ the standard deviations.
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site (7, 43), suggesting that these signal peptidases are not
involved in TssM processing. Furthermore, the full-length
⬃50-kDa protein was present in the culture supernatant, which
indicated that proteolytic processing is probably not required
for TssM secretion (Fig. 6A).
The B. mallei T3SSAP and the cluster 1 T6SS are not required for TssM secretion. B. mallei ATCC 23344 contains two
T3SS gene clusters: a plant pathogen-like cluster (T3SSPP) and
the T3SSAP (55). Gene loss, inactivation, and rearrangement
have occurred on a large scale during the evolution of B. mallei
from the melioidosis pathogen Burkholderia pseudomallei (22,
31, 39, 57). While the T3SSAP gene cluster is located immediately downstream of tssM in B. pseudomallei (47), in B. mallei
it has been rearranged to a new location (61). Given the physical linkage of tssM and the T3SSAP gene cluster in the direct
ancestor of B. mallei, we performed an immunoblot on the
supernatant proteins from a T3SSAP mutant (⌬bsaZ) to determine whether TssM was present (Fig. 6B). B. mallei DDA1533

contains an insertional mutation in the bsaZ allele (Table 1),
which is a homologue of the Salmonella enterica serovar Typhimurium spaS gene. SpaS encodes a putative inner-membrane component of the S. enterica SPI1 T3SS (13). The insertional inactivation of the bsaZ allele, which is an essential
component of the secretion apparatus, would likely exert a
polar effect on the T3SSAP and disrupt effector molecule secretion. In fact, the 50% lethal dose (LD50) of DDA1533 was
⬃105 CFU in hamsters via the intraperitoneal route of infection (data not shown). The LD50 of ATCC 23344, on the other
hand, is ⬃10 CFU (55). The immunoblot result clearly demonstrated that the ⌬bsaZ strain is able to secrete TssM (Fig.
6B). A previous study showed that bsaZ is essential for the
function of the B. mallei T3SSAP (55). Taken together, the
results indicate that the T3SSAP is not required for the secretion of TssM.
Four T6SS gene clusters—termed clusters 1, 2, 3, and 4—are
present in B. mallei ATCC 23344 (46). The cluster 1 T6SS is
located immediately upstream of tssM and is transcriptionally
coregulated with tssM (46). To determine whether the cluster
1 T6SS was required for TssM secretion, we performed an
immunoblot on the proteins present in the culture supernatants of five T6SS mutants using the polyclonal anti-rTssM
antisera (Fig. 6C). A previous study demonstrated that the
⌬tssB, ⌬hcp1, ⌬tssD, and ⌬tssE mutants cannot secrete Hcp1,
a putative effector molecule of the cluster 1 T6SS (46). Figure
6C shows that secretion of TssM by wild-type B. mallei was
virAG dependent and that all five of the T6SS mutants were
able to secrete TssM into the supernatant. The results demonstrated that the cluster 1 T6SS is not required for the export
of TssM.
We next attempted to complement the mutation in the
⌬tssM strain (DDA0729-1) by providing the tssM gene in trans
on a broad-host-range plasmid. The ⌬tssM::GFP mutation in
DDA0729-1 was constructed by removing an internal fragment
of tssM and replacing it with a promoter-less green fluorescent
protein (GFP) gene (see Fig. S1 in the supplemental material).
As expected, this strain did not exhibit green fluorescence in
vitro unless virAG was supplied in trans on pBHR2 (see Fig. S1
in the supplemental material). The tssM gene was cloned into
pBHR2 such that transcription was driven by the constitutive
Cm promoter. As shown in Fig. 6B, we were able to complement the ⌬tssM::GFP mutation in DDA0729-1 by providing
pBHR2-tssM in trans (⌬tssM/tssM⫹). The fact that virAG overexpression was not required for secretion of TssM in this strain
further supports the finding the cluster 1 T6SS is not required for TssM export. In addition, this result confirms that
the ATG at nucleotide position 556 is the correct tssM start
codon (Fig. 1B).
B. mallei tssM is expressed shortly after uptake into macrophage cells. Because ubiquitination of proteins occurs exclusively within eukaryotic cells, we hypothesized that TssM was
produced by B. mallei inside eukaryotic cells to exploit Ub
signaling and/or proteolysis pathways. To determine whether
the tssM gene was expressed inside mouse RAW 264.7 macrophage cells, we used a strain of B. mallei in which tssM was
fused to a promoterless GFP gene (see Fig. S1 in the supplemental material). In preliminary experiments, we observed
that tssM was not expressed when B. mallei DDA0729-1
(⌬tssM::GFP) was incubated in DMEM alone (data not
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FIG. 6. Immunoblot analysis of TssM. Proteins were separated by
SDS-PAGE, and immunoblots were reacted with murine polyclonal
rTssM antisera and HRP-labeled goat anti-mouse IgG (H⫹L). (A) Cellassociated and supernatant proteins from SR1(pBHR2-virAG). (B) Supernatant proteins from wild type (wt), SR1(pBHR2-virAG); ⌬tssM,
DDA0729-1(pBHR2-virAG); ⌬bsaZ, DDA1533(pBHR2-virAG); ⌬tssM/
tssM⫹, DDA0729-1(pBHR2-tssM) (C), Supernatant proteins from wild
type (wt) (⫺), SR1(pBHR2); wild type (⫹), SR1(pBHR2-virAG); ⌬tssB,
DDA0743(pBHR2-virAG); ⌬hcp1, DDA0742(pBHR2-virAG); ⌬tssD,
DDA0740(pBHR2-virAG); ⌬tssE, DDA0739(pBHR2-virAG); ⌬vgrG1,
DDA0737(pBHR2-virAG); and ⌬tssM, DDA0729-1(pBHR2-virAG). The
apparent molecular masses, in kilodaltons, of Bio-Rad low-range
prestained SDS-PAGE standards are shown in panel A. Strains that
contain pBHR2-virAG in trans are designated with a “⫹”; those that
contain pBHR2 or pBHR2-tssM in trans are designated with a “⫺” in
panels B and C. The five strains that harbor mutations in the T6SS gene
cluster are underlined in panel C.
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shown). Macrophages were infected with DDA0729-1 at an
MOI of 40 and were examined at 1 h and 12 h postinfection
(Fig. 7). Within 1 h of infection, intracellular bacteria expressing GFP were observed (Fig. 7, 1 h). This demonstrates that
tssM expression is responsive to a stimulus present within macrophage cells and that tssM is turned on relatively soon after B.
mallei uptake. GFP-positive bacteria were also present at 12 h
postinfection (Fig. 7, 12 h A), and bacteria that escaped RAW
264.7 cells into the extracellular milieu at this time point continued to express GFP (Fig. 7, 12 h B). The data clearly demonstrate that tssM is expressed inside RAW 264.7 murine macrophages within 1 h of infection. It is currently unknown
whether tssM is expressed as a result of read through from the
upstream T6SS promoter or whether a promoter immediately
upstream of tssM is activated when B. mallei is inside RAW
264.7 murine macrophages.
tssM is not required for intracellular survival and replication inside RAW 264.7 macrophage cells. We next compared
SR1 (wild type) and DDA0729-1 (⌬tssM) for their ability to
survive and replicate within RAW 264.7 murine macrophages
at 3 h and 24 h (see Fig. S2 in the supplemental material). Both
SR1 and DDA0729-1 survived and multiplied at an MOI of 1
but were killed at an MOI of 10, a finding consistent with
previous studies (8). The survival of both strains was restored
at an MOI of 10 when aminoguanidine, an inhibitor of inducible nitric oxide synthase (iNOS), was added to the cells (8)
(see Fig. S2 in the supplemental material). Both strains in-

duced multinucleated giant cell formation, a phenotype associated with maximal replication inside phagocytic cells in vitro
(data not shown). The results showed that there was no quantitative difference between the ability of SR1 and DDA0729-1
to survive and replicate intracellularly, suggesting that TssM
was not required for this phenotype in RAW 264.7 cells.
We next examined the cytokine profiles of RAW 264.7 cell
culture supernatants after infection with SR1 and DDA0729-1
at an MOI of 10. There were no significant differences between
these strains with regard to the kinetics or magnitude of tumor
necrosis factor alpha, IL-1␤, IL-6, and RANTES responses
exhibited by RAW 264.7 cells at 6 and 24 h postinfection (data
not shown). These results indicated that TssM is not involved
in modulating the production of these cytokines in RAW 264.7
cells after infection with B. mallei.
Hamster virulence studies. Hamsters are highly sensitive to
infection with virulent strains of B. mallei inoculated IP (18,
36). The LD50 for ATCC 23344 and SR1 (Table 1) in this acute
model of glanders infection is ⬍10 bacteria (46). DDA07291(pBHR2) and DDA0729-1(pBHR2-tssM) were examined for
their relative virulence in the hamster model of infection.
Groups of five animals were infected with 10, 100, and 1,000
CFU of each strain and monitored daily for 1 week. All animals in each group died within 5 days of infection, suggesting
that the tssM gene is not required for virulence in this animal
model of acute glanders infection.
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FIG. 7. Confocal micrographs of RAW 264.7 murine macrophages infected with B. mallei DDA0729-1 (⌬tssM::GFP). Fixed monolayers
infected at an MOI of 40 were examined at 1 h and 12 h postinfection. Bacteria expressing GFP are shown in green and actin is shown in red. Two
separate fields, A and B, are shown for the 12-h time point. White scale bars represent 5 or 20 m as indicated. Micrographs are representative
of at least two independent experiments.
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DISCUSSION

autoproteolytic cleavage after secretion. Because the DUB
active site is present at the C terminus of TssM, we predict that
the N terminus of the protein is processed. The fact that we did
not see any processing of rTssM supports this idea. We are
currently trying to address this issue by constructing a chromosomal point mutation in the tssM cysteine residue critical for
catalysis and examining the secretion profile of this mutant by
immunoblotting.
The physiological substrate(s) of TssM is currently unknown, and DUB substrate identification has been an outstanding problem for years (32, 62). We found in the present
study that rTssM efficiently cleaved FLAG-tagged Ub from
eukaryotic proteins without any noticeable specificity for the
protein substrate or the molecular nature of Ub conjugation
(Fig. 5). It is important to emphasize the fact that rTssM only
contains the C-terminal catalytically active domain of TssM
and does not contain the N-terminal 192 amino acids. The
N-terminal domain of herpesvirus-associated ubiquitin-specific
protease (HAUSP) interacts with ubiquitinated p53 and brings
it into close contact with the catalytically active domain of
HAUSP (24). The N terminus of TssM may also serve as a
specificity determinant, allowing the removal of Ub from the
correct protein substrate(s) inside eukaryotic cells. Further
studies will be required to identify potential ubiquitinated proteins with which the N terminus of TssM interacts.
Two-component regulatory systems are commonly used by
pathogenic bacteria to adapt to different microenvironments
during their infectious cycle (5). Previously, we demonstrated
that overexpression of the B. mallei VirAG two-component
regulatory system was required for the transcription of ⬃60
genes in vitro, including the T6SS gene cluster and tssM (46).
Despite extensive testing, the physical and/or chemical environmental cues sensed by VirAG have not been identified (D.
DeShazer, unpublished data). We hypothesize that VirA transduces a signal present within eukaryotic cells to VirG, which
subsequently activates the transcription of genes that facilitate
B. mallei growth and survival in this environment. In support of
this notion, the genes required for B. mallei actin tail formation
in the eukaryotic cytoplasm are upregulated by virAG (46).
Recent experiments indicate that the B. mallei T6SS is required for optimal intracellular replication and multinuclear
giant cell formation and it is likely that these virAG-regulated
genes are also expressed in the intracellular environment (P. J.
Brett and M. N. Burtnick, unpublished data). We demonstrated here that tssM was transcribed inside RAW 264.7 cells
within 1 h of uptake, suggesting that TssM is produced early in
infection and may play a beneficial role for B. mallei inside
eukaryotic cells. Further studies will be required to identify the
signal transduced by the VirAG two-component regulatory
system, but it is likely to be found inside of host cells.
TssM was not required for replication or survival inside
RAW 264.7 murine macrophages, and it had no effect on the
production of various cytokines by these cells (see Fig. S2 in
the supplemental material). It may be necessary to identify the
physiological substrate of TssM before we can fully appreciate
the role of this DUB in the bacterium-host cell interaction.
Another possibility is that a murine macrophage-like cell line is
not the optimal cell type for identifying a phenotype for the
⌬tssM strain. B. mallei can invade epithelial cells in vitro (20),
and this may be where TssM activity is most important. There
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Ubiquitination and deubiquitination regulate a broad range
of processes in eukaryotic cells, including protein degradation,
signaling, endocytosis, vesicular trafficking, cell cycle progression, and DNA repair (41, 53, 60). Recent reports suggest that
several facultative intracellular bacterial pathogens exploit the
host ubiquitin-proteosome system to their advantage by exporting DUBs or Ub ligases (3, 38, 45). We showed here that
rTssM from B. mallei functions as a DUB that hydrolyzes
Ub-AMC, K48-linked Ub, K63-linked Ub, and eukaryotic proteins conjugated to FLAG-tagged Ub. The kcat/Km value for
rTssM hydrolysis of Ub-AMC was 107 M⫺1 s⫺1, which was at
least a thousandfold higher than those reported for other bacterial DUBs, including Salmonella SseL (102 M⫺1 s⫺1) and
Yersinia YopJ (104 M⫺1 s⫺1) (30, 65). Note that Yersinia YopJ
also functions as an acetylase, and its role as a DUB is somewhat controversial at the moment (37). In any case, the kcat/Km
of rTssM was comparable to that of the widely studied eukaryotic DUB isopeptidase T (12). All bacterial DUBs described to
date are members of cysteine peptidase clan CE (4, 45), but B.
mallei TssM represents the first bacterial DUB in clan CA.
This clan contains eukaryotic DUBs from cysteine peptidase
families C12 and C19 and is defined by having the Cys box
motif N-terminal to the His box motif (Fig. 1C) (4). In contrast, the His box motif precedes the Cys box motif in clan CE.
The genus Burkholderia contains numerous species that interact with human, animal, or plant hosts (11), and it is tempting
to speculate that this eukaryote-like DUB may have been acquired by a progenitor species via horizontal gene transfer. A
BLASTP search (1) of the NCBI nr protein database identified
TssM orthologs only in the closely related species B.
pseudomallei, B. thailandensis, and B. oklahomenesis. The acquisition of this “eukaryotic” enzyme may have promoted the
growth and survival of an ancestral Burkholderia species in its
host(s), and it may have been positively selected for during the
evolution of new species in this genus.
The mechanism of TssM translocation is currently unknown,
but the results presented here demonstrate that the cluster 1
T6SS (46) and the animal pathogen-like T3SS (55) are not
required. The fact that the T6SS did not play a role in TssM
export was surprising given the fact that tssM is immediately
downstream of the T6SS gene cluster and that both are positively regulated by the VirAG two-component regulatory system (46). The B. mallei genome encodes a variety of other
secretion systems that may be utilized for TssM secretion,
including a plant-like T3SS and three additional T6SSs (39,
61). The N terminus of TssM does not contain obvious Sec or
Tat signal peptide sequences, and it may be secreted by a
“nonclassical secretion” mechanism (6). SecretomeP 2.0 (www
.cbs.dtu.dk/services/SecretomeP/) gives a 0.94 probability score
to TssM, suggesting that it may be a nonclassically secreted
protein. Further studies will be required to determine the exact
mechanism of TssM secretion, but our immunoblotting results
indicate that the secreted protein migrates as several distinct
bands (Fig. 6). While the full-length ⬃50-kDa protein is
present in both the cell pellet and the supernatant, several
smaller TssM species are present exclusively in the supernatant. The nature of this putative processing event is currently
unknown, but it is possible that the TssM protein undergoes
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