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Glycosylation of proteins is known to impart novel physical properties and biological roles to proteins from
both eukaryotes and prokaryotes. In this study, gel-based glycoproteomics were used to identify glycoproteins
of the potential biothreat agent Burkholderia pseudomallei and the closely related but nonpathogenic B.
thailandensis. Top-down and bottom-up mass spectrometry (MS) analyses identified that the flagellin proteins
of both species were posttranslationally modified by novel glycans. Analysis of proteins from two strains of each
species demonstrated that B. pseudomallei flagellin proteins were modified with a glycan with a mass of 291 Da,
while B. thailandensis flagellin protein was modified with related glycans with a mass of 300 or 342 Da.
Structural characterization of the B. thailandensis carbohydrate moiety suggests that it is an acetylated
hexuronic acid. In addition, we have identified through mutagenesis a gene from the lipopolysaccharide (LPS)
O-antigen biosynthetic cluster which is involved in flagellar glycosylation, and inactivation of this gene
eliminates flagellar glycosylation and motility in B. pseudomallei. This is the first report to conclusively
demonstrate the presence of a carbohydrate covalently linked to a protein in B. pseudomallei and B. thailand-
ensis, and it suggests new avenues to explore in order to examine the marked differences in virulence between

these two species.

Burkholderia pseudomallei is a Gram-negative saprophytic
rod which is particularly prevalent in the soil and standing
water in southeast Asia and northern Australia (11, 13). It is
the causative agent of melioidosis, a severe infectious disease
in which infection is probably due to soil or water contamina-
tion of skin abrasions or inhalation from an environmental
source (32). B. pseudomallei is also highly infectious to a large
number of animal species, particularly BALB/c mice, for which
the median lethal doses are approximately 10 bacteria follow-
ing aerosol infection and 1,000 bacteria following intraperito-
neal infection (51). B. pseudomallei can disseminate from sites
of localized infection, such as the lungs or the skin, to virtually
any other organ of the body (14). Acute septicemic melioidosis,
the most severe form of disease, is responsible for much mor-
bidity and mortality, especially in northeastern Thailand. Here,
the incidence of melioidosis is approximately 3.6 to 5.5 cases
per 100,000 annually, with mortality rates of up to 50% in
adults and 35% in children (8, 56). The disease may also
manifest as a chronic or subclinical infection and remain un-
detected for a number of years until activated by a traumatic
event or a decrease in immunocompetence (12). Because of
these factors, melioidosis is today regarded as an emerging
infectious disease and as a potential bioterrorism threat (42).

Burkholderia thailandensis is closely related to B. pseudomal-
lei, and for a time the two were considered to be the same
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species because of their similarity. However, genetic and bio-
chemical differences between them, not the least of which is
their relative virulences in humans and animals, have now been
identified. B. thailandensis is generally not considered to be a
human or animal pathogen, although sporadic cases of infec-
tion, usually following particularly traumatic events involving
significant exposure, have been reported (19). The reasons for
the differing virulences of B. pseudomallei and B. thailandensis
are not well understood, although the absence of most of the
capsule gene cluster from B. thailandensis is thought to be a
significant factor (39).

Glycosylation of proteins is known to impart novel physical
properties and biological roles to proteins from both eukaryotes
and prokaryotes. Glycoproteins of bacteria have received consid-
erable attention recently; most notable are those identified in
pathogenic species and localized on the bacterial cell surface,
where they may be involved in interactions with the host. Exam-
ples of surface-associated glycoproteins in Gram-negative bacte-
ria are the pilins of Pseudomonas aeruginosa (7, 47, 55) and Neis-
seria spp. (49), the adhesins TibA and AIDA-1 of Escherichia coli
(2, 33) and HMW1 of Haemophilus influenzae (21), and the flagel-
lins of P. aeruginosa (6), Helicobacter pylori (26, 46), Clostridium
botulinum (52), and Campylobacter jejuni/Campylobacter coli (17).
Although the full significance of glycosylation of these proteins
has yet to be defined, there are a number of reports describing the
contribution of these modifications to virulence and colonization
(1, 21, 22).

There are some reports of glycoproteins in B. pseudomallei
and B. thailandensis, although work to conclusively prove the
existence and characters of these glycoproteins has not been
forthcoming. For example, there are reports of an acid phos-
phatase glycoprotein in B. pseudomallei (28-30, 38) and, based
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TABLE 1. Bacterial strains, primers, and plasmids used in this study

J. BACTERIOL.

Strain or plasmid Description® Source/reference
E. coli strains
TOP10 Used for cloning and blue-white screening Invitrogen
S17-1 (\-Pir) Mobilizing strain; RP4-2 Tc::Mu Km::Tn7 (\-Pir) phoA20 thi-1 rpsE rpoB; Tp" 37

B. pseudomallei strains
K96243
K96243::pDM4-wcbH
K96243::pDM4-rmIB
K96243::pDM4-rfbH
K96243::pDM4-udg2
K96243 AwcbH
K96243 ArmIB
K96243 ArfbH
K96243 Audg?
10276

B. thailandensis strains
E27
E264

Plasmids
pDM4
pDM4-wcbH
pDM4-rmiB

pDM4-rfbH
pDM4-udg

Str" Sp” Km®

Clinical isolate; Gen" Str* Chl®

K96243 derivative; merodiploid strain; webH::pDM4-wcbH (sacBR oriT oriR6K
Chl"); Gen" Str" Chl"

K96243 derivative; merodiploid strain; rm/B::pDM4-rmIB (sacBR oriT oriR6K
Chl"); Gen" Str" Chl"

K96243 derivative; merodiploid strain; rfbH::;pDM4-rfbH (sacBR oriT oriR6K
Chl"); Gen" Str" Chl"

K96243 derivative; merodiploid strain; udg2:pDM4-udg?2 (sacBR oriT oriR6K
Chl"); Gen" Str" Chl"

K96243 derivative; unmarked deletion strain; AwcbH (nucleotides 491-1262);
Gen" Str* Chl®

K96243 derivative; unmarked deletion strain; ArmiB (nucleotides 96-969); Gen"
Str* Chl®

K96243 derivative; unmarked deletion strain; ArfbH (nucleotides 296-1119);
Gen" Str* Chl®

K96243 derivative; unmarked deletion strain; Audg?2 (nucleotides 365-1209);
Gen" Str* Chl®

Clinical isolate

Environmental isolate
Environmental isolate; Thailand

Mobilisable suicide vector; sacBR oriT oriR6K Chl*

pDM4 vector containing the BPSL2800 (wcbH) deletion construct
pDM4 vector containing the BPSL2686 (rm/B) deletion construct
pDM4 vector containing the BPSS0421 (rfbH) deletion construct
pDM4 vector containing the BPSS1833 (udg2) deletion construct

Siriraj Hospital”
This study

This study
This study
This study
This study
This study
This study
This study
NCTC

48
ATCC

36

This study
This study
This study
This study

“ Gen", gentamicin resistance; Str', streptomycin resistance; Chl*, chloramphenicol resistance; Chl®, chloramphenicol sensitivity; Tp", trimethoprim resistance; Sp*,

spectinomycin resistance; Km®, kanamycin sensitivity.

? Supplied by S. Songsivilai, Department of Immunology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand.

on comparison with the E. coli TibA/TibC and AIDA-I/AAH
systems, indications that the BimA protein of B. mallei is a
probable glycoprotein modified by BimC (44). Also, monoclo-
nal antibodies which appear to react to proteins susceptible to
both proteinase K and periodic acid treatment have been gen-
erated, suggesting that the antigen is a glycoprotein (59). Since
glycoproteins of other bacteria have been identified as being
important as virulence factors and as being highly immuno-
genic, we aimed to identify glycoproteins of B. pseudomallei
and B. thailandensis to determine their potential role in viru-
lence in these species and determine their utility as vaccine
candidates. Thus, we used gel-based glycoproteomics to iden-
tify putative glycoproteins of B. pseudomallei and B. thailand-
ensis followed by top-down and bottom-up mass spectrometry
to analyze the glycan modification. We show that the flagellins
of both strains are modified with O-linked glycan moieties and
that the glycans decorating the flagella of each species are
dissimilar. In addition, we have identified through mutagenesis
a gene from the lipopolysaccharide (LPS) O-antigen biosyn-
thetic cluster which is involved in flagellar glycosylation.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are detailed in Table 1. E. coli

TOP10 and S17-1 (\-Pir), B. pseudomallei K96243 (25) and NCTC10276, and B.
thailandensis E264 and E27 (48). All strains were grown in Luria-Bertani (LB)
broth at 37°C with shaking for 18 h or on LB agar at 37°C for 18 h unless
otherwise stated. When appropriate, chloramphenicol, gentamicin, and kanamy-
cin at 50 pg/ml were added to the media. B. pseudomallei was handled under
containment level 3 (CL3) conditions. Prior to removal of any CL3-derived
material (e.g., protein extracts) to CL2 laboratories for analysis, a sterility check
was performed.

Protein isolation and 2D gel electrophoresis. Proteins for two-dimensional
(2D) gel electrophoresis were recovered using the ReadyPrep sequential extrac-
tion kit (Bio-Rad) according to the manufacturer’s instructions. For 2D gel
electrophoresis, a 150-p1 aliquot of ReadyPrep extract was mixed with 200 pl of
rehydration buffer {8 M urea, 2% [wt/vol] 3-[(3-cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate [CHAPS], 0.5% [vol/vol] immobilized pH gradient
buffer [pH 4 to 7], 200 pg ml~! trace of bromophenol blue} and applied to pH
4 to 7 Immobiline DryStrips. The strips were rehydrated at 20°C for 12 h by using
an IPGphor isoelectric focusing system (GE Healthcare) before protein separa-
tion at 500 V for 1 h, 1,000 V for 1 h, and 8,000 V for 10 h at 20°C by using a
50-pA current per strip. Following separation, the strips were equilibrated in
buffer 1 (6 M urea, 75 mM Tris-HCI, pH 8.8, 30% glycerol, 2% SDS, 10 mg ml ™’
dithiothreitol) and then buffer 2 (6 M urea, 75 mM Tris-HCI, pH 8.8, 30%
glycerol, 2% SDS, 0.002% bromophenol blue, 25 mg ml~' iodoacetamide) for 15
min each at room temperature. Second-dimension separation was performed on
a Multiphor II electrophoresis system at 15°C using ExcelGel Gradient XL 12-14
gels with a two-step program of 200 V, 200 mA, and 20 W for 40 min followed
by 800 V, 40 mA, and 40 W for 160 min.

Glycoprotein staining. Following electrophoresis, 2D gels containing Burk-
holderia proteins were stained for glycoproteins by using the ProQ Emerald 300
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TABLE 2. Oligonucleotide primers used in this study

Primer Sequence (5'-3")*
WcbH F For................ TCTAGACGAACTGCCTGGCGAATATGG
WcbH F Rev.. AGATCTCTCGAACATCGGAAACGAGGC
WcbH B For... AGATCTGTGTCCGGCACTACCATCGAT
WcbH B Rev.. TCTAGACGATATCGATGCGTAGAGACG
RmlIB F For. TCTAGACGTGGCCATAGAAGATGT
RmiIB F Rev AGATCTCGCTGGTATCTCGACCAT
RmiIB B For................. AGATCTGCTTATCGACGTTCAGCA
RmiIB B Rev................ TCTAGAGTCATTCGAGCGACCAAC
RfbH F For................. TCTAGACCGACAAGTGCTACGAGAACC
RfbH F Rev AGATCTACCGGAGTTCACCGTGATCAC
RfbH B For AGATCTGATTTGCTCGATTACCTGAGC
RfbH B Rev TCTAGACGTCGATAAGCCATGCGAACG
Udg2 F For2 TCTAGACGCAGTTCATCAATGTGC
Udg2 F Rev.............. AGATCTCACCGTCGACTTGTCGACGA
Udg2 B Rev................. AGATCTGTCACCGAATGGAAGGCGTTC
Udg2 B Rev2............... TCTAGAGCTGCACGTTGTAATGCT

¢ Underlined sequences indicate either Xbal or BglII restriction sites.

kit (Invitrogen) according to the manufacturer’s instructions. Stained gels were
visualized using a 300-nm-UYV transilluminator. Gels were subsequently stained
for total protein by using the ProteoSilver kit (Sigma-Aldrich) according to the
manufacturer’s instructions.

Flagellar isolation and purification. Agar plates were inoculated with B. pseu-
domallei or B. thailandensis and incubated at 37°C for 18 h. The growth from four
plates was scraped into 1 ml of 50 mM sodium phosphate buffer (pH 7.0), and the
flagella were sheared from the bacterial surface by passage 20 times through a
25-gauge needle (B. thailandensis) or vortexing of the suspension for 5 min (B.
pseudomallei). The homogenate was centrifuged at 12,000 X g at 4°C for 20 min
to remove the cells from the supernatant and the flagellar proteins were precip-
itated using 10% ammonium sulfate overnight at room temperature followed by
centrifugation at 12,000 X g at 4°C for 20 min. The protein pellet was resus-
pended in 50 mM sodium phosphate buffer (pH 7.0) and dialyzed overnight at
4°C against milliQ water. Protein purity was assessed by SDS-PAGE using 4%
stacking and 20% separating Novex Tris-glycine gels (Invitrogen).

Mass spectrometry. Mass spectrometry studies of intact flagellin proteins were
carried out as described previously, with some modifications (45, 52). A 50-ul
aliquot of protein-containing solution was injected onto a protein microtrap
(Michrom Bioresources Inc., Auburn, CA) connected to a gradient high-pressure
liquid chromatography (HPLC) pump (Agilent 1100 HPLC). An HPLC gradient
of 5 to 60% acetonitrile with 0.2% formic acid (1 ml/min) over 60 min was used
to resolve the protein mixture. A precolumn splitter was used to direct approx-
imately 60 wl/min of the HPLC mobile phase through the trap and into the
electrospray interface of the QTOF2 hybrid quadrupole time of flight mass
spectrometer (Micromass, Manchester, United Kingdom) to allow real-time
monitoring of ion elution profiles. Intact masses of proteins were calculated by
spectral deconvolution, using MaxEnt (Waters, Beverly, MA) or similar soft-
ware. In tandem mass spectrometry (MS/MS) mode, an abundant multiply
charged protein ion was selected. The collision energy was increased incremen-
tally, and labile, protein-associated fragment ions were observed.

Solution enzymatic digests. To identify the types and locations of glycosylation
sites, flagellin (50 to 200 wg) was digested with trypsin or Asp-N (Promega,
Madison, WI) at a ratio of 30:1 (protein to enzyme, vol/vol) in 50 mM ammo-
nium bicarbonate at 37°C overnight, as described previously (52). Protein digests
were analyzed by nano-liquid chromatography-tandem mass spectrometry (nLC-
MS/MS) using either a Q-TOF Ultima hybrid quadrupole time-of-flight mass
spectrometer (Waters, Milford, MA) or LTQ XL linear ion trap mass spectrom-
eter (Thermo Fisher Scientific, Ottawa, ON, Canada) coupled to a nanoAcuity
ultrahigh-pressure liquid chromatography (UPLC) system (Waters, Milford,
MA). Tandem mass spectra (MS/MS spectra) were acquired automatically on
doubly, triply, and quadruply charged ions.

Construction and verification of unmarked deletion mutants. We generated a
range of allelic exchange mutants which contained unmarked in-frame deletions
of genes involved in polysaccharide (PS) biosynthesis from the four polysaccha-
ride clusters identified in B. pseudomallei (43). Briefly, the deletion construct was
made by PCR amplifying the upstream (F For and F Rev primers) and down-
stream (B For and B Rev primers) regions flanking the gene by using the primers
listed in Table 2. These PCR products were digested with Xbal and BgIII and
ligated into Bglll-digested pDM4 by using three-way ligation. These plasmids
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were conjugated into B. pseudomallei K96243 by using a membrane filter tech-
nique with E. coli S17-1 (\-Pir) as the donor strain. Merodiploid integrants were
selected using ampicillin to screen out E. coli and chloramphenicol to select for
pDM4-containing strains. Chloramphenicol-resistant colonies were subcultured
onto LB agar lacking sodium chloride but containing 10% sucrose to enrich for
excision of the integrated vector DNA, resulting in either a wild-type or deleted
allele (3, 35). Colonies were screened to identify deletion mutants by PCR and
Southern hybridization. Reverse transcription-PCR (RT-PCR) using the method
of Rodrigues et al. (41) was used to confirm that deletion did not affect tran-
scription of adjacent genes.

Motility assay. B. pseudomallei strains were screened for their motility phe-
notypes by transferring individual colonies to plates containing LB broth with
0.3% agar. Motility plates were incubated for 24 h at 37°C, and the motility
phenotype of each mutant was assessed by measuring the diameter of the zone
of growth.

RESULTS

Isolation and identification of glycoproteins. Previous work
has demonstrated the utility of separating protein samples by
acrylamide gel electrophoresis with subsequent detection using
periodate to oxidize the carbohydrate groups for the identifi-
cation of novel glycoproteins (31, 58). This methodology was
used to resolve putative glycoproteins from B. pseudomallei
and B. thailandensis prior to their analysis using mass spec-
trometry. Considerable differences were observed between the
glycoprotein profiles of B. pseudomallei K96243 and B. thailan-
densis E264 following separation by 2D electrophoresis (Fig.

FIG. 1. Identification of glycoproteins in B. pseudomallei and B.
thailandensis. Protein extracts from B. pseudomallei K96243 (a) and B.
thailandensis E264 (b) were separated by 2D electrophoresis and
stained with ProQ Emerald 300. Indicated spots were identified by
peptide mass fingerprinting following tryptic digestion. Marker sizes
are indicated in kDa.
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TABLE 3. Putative glycoproteins of B. pseudomallei and B. thailandensis

J. BACTERIOL.

Species and spot no. Op efr; arriidmg Predicted function ACCI?(S)Slon % cover Size (kDa) pl
B. pseudomallei K96243
1 BPSL3319 Major flagellar filament protein (FliC) YP_109915 61 39.2 5.05
BPSL3021 Cell division protein (FtsA) YP_109617 57 43.8 4.96
BPSL2697 Chaperonin (GroEL) YP_109293 46 57.1 5.13
2 BPSL3319 Major flagellar filament protein (FliC) YP_109915 61 39.2 5.05
BPSL2697 Chaperonin (GroEL) YP_109293 59 57.1 5.13
BPSL2270 Phosphopyruvate hydratase (Eno) YP_108866 37 45.7 4.81
3 BPSS2288 HSP20 family protein YP_112291 28 16.0 5.14
BPSL1744 Ornithine carbamoyltransferase (ArcB) YP_108344 16 37.9 6.17
4 BPSL3319 Major flagellar filament protein (FliC) YP_109915 20 39.2 5.05
5 BPSL2697 Chaperonin (GroEL) YP_109293 57 571 5.13
6 BPSL3319 Major flagellar filament protein (FliC) YP_109915 19 39.2 5.05
7 BPSL0779 Succinyl-CoA synthetase subunit 8 (SucC) YP_107404 25 41.2 5.25
8 BPSL2298 Phasin-like protein (PhaP) YP_108894 80 19.8 5.96
9 BPSL.2298 Phasin-like protein (PhaP) YP_108894 56 19.8 5.96
10 BPSL.2298 Phasin-like protein (PhaP) YP_108894 69 19.8 5.96
11 BPSS2288 HSP20 family protein YP_112291 60 16.0 5.14
B. thailandensis E264
12 BTH_11458 Chaperonin (GroEL) YP_442004 34 57.1 5.13
13 BTH_11867 Phasin-like protein (PhaP) YP_442397 72 20.0 5.96
14 BTH_I1867 Phasin-like protein (PhaP) YP_442397 72 20.0 5.96
BTH_11458 Chaperonin (GroEL) YP_442004 24 571 5.13
15 BTH_I1867 Phasin-like protein (PhaP) YP_442397 73 20.0 5.96
16 BTH_I1867 Phasin-like protein (PhaP) YP_442397 73 20.0 5.96
17 BTH_I1867 Phasin-like protein (PhaP) YP_442397 72 20.0 5.96
18 BTH_I1867 Phasin-like protein (PhaP) YP_442397 73 20.0 5.96
19 BTH_I112321 Stress response protein YP_440508 17 57.1 11.4
20 BTH_I3070 Translation elongation factor (Tuf-1) YP_443574 59 429 5.36
BTH_11458 Chaperonin (GroEL) YP_442004 38 57.1 5.13
21 BTH_11458 Chaperonin (GroEL) YP_442004 46 57.1 5.13
22 BTH_I1159 Thiol peroxidase (Tpx) YP_441706 56 17.3 5.80
23 BTH_10410 Glutathione synthase (GshB) YP_440968 48 34.6 5.49
24 BTH_I1867 Phasin-like protein (PhaP) YP_442397 73 20.0 5.96
25 BTH_13042 RNA polymerase, a subunit (RpoA) YP_443546 52 35.6 5.76
26 BTH_I13077 Ribosomal protein L7/L12 (RplL) YP_443581 57 12.5 4.90
BTH_I1867 Phasin-like protein (PhaP) YP_442397 53 20.0 5.96
27 BTH_11458 Chaperonin (GroEL) YP_442004 73 57.1 5.13
28 BTH_11458 Chaperonin (GroEL) YP_442004 23 57.1 5.13

1). The B. pseudomallei K96243 profile was dominated by three
intensely reactive protein spots of approximately 40 kDa, with
pl values between 4 and 5 (spots 1 to 3). In contrast, these
three spots were absent from the B. thailandensis E264 profile,
which was instead dominated by a series of intensely reactive
spots of between 15 and 25 kDa, with pl values between 4 and
5 (spots 14 to 19).

Twenty-eight proteins were excised from the gel and iden-
tified by nLC-MS/MS of their tryptic digests. The identities of
the isolated proteins from B. pseudomallei and B. thailandensis
can be seen in Table 3. Several of the putative glycoprotein
spots provided more than one protein identification, making it
difficult to determine which of the proteins were modified with
glycan. During protein identification, peptides with anoma-
lously high molecular weights which could not be identified by
database searching of MS/MS spectra were observed in sam-
ples identified as containing flagellin protein FliC. The major
flagellin filament protein has previously been identified as be-
ing glycosylated in a range of other Gram-negative and -posi-
tive organisms (6, 17, 26, 46) and having importance in viru-
lence and serospecificity. Additionally, methods for the
purification of native flagella to facilitate glycopeptide analysis

exist. Based on this knowledge, efforts focused on the major
flagellin filament protein FliC. The other putative glycopro-
teins on this list were not examined further to verify the pres-
ence of a covalently attached carbohydrate.

Mass spectrometry and top-down analyses of flagellins.
Brett and colleagues have previously described the recovery
and characterization of flagellin proteins from B. pseudomallei
319a (4), and a modified method was used here to recover FliC
protein. Following protein recovery, tandem mass spectrome-
try of tryptic digests of purified B. pseudomallei and B. thailan-
densis flagellins confirmed the identities of the FliC proteins.
The observed masses of flagellin proteins from B. thailandensis
strains E264 and E27 were obtained by rapid LC-MS into a
QTOF?2 electrospray ionization (ESI) mass spectrometer. The
protein mass spectrum from each strain showed an envelope of
multiply charged protein ions. From this, the reconstructed
molecular mass profile was calculated. Representative data are
shown in Fig. 2 for the reconstructed molecular mass profile of
B. thailandensis E264 flagellin. This showed a single major
peak at 40,174 Da (=50 Da). Two peaks of much lower inten-
sity were observed at 38,845 Da and 41,481 Da. B. thailandensis
E264 FliC had a predicted mass of 38,809 Da calculated from
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100 1207.2
1256.7
1340.4
12187 1386.6
1182.9
11430 1436.1
7.2 14892
1087.0 1546.3
1058.4
* 1608.2
10813 1675.1
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FIG. 2. Electrospray mass spectrometry of intact flagellin proteins from B. thailandensis E264. The inset shows the reconstructed molecular
mass profile showing a major peak at 40,174 Da and two minor peaks at 38,845 Da and 41,481 Da.

the translated DNA sequence and the minor protein peak
observed at 38,845 Da likely represents this unmodified pro-
tein. The major observed protein peak has a mass excess of
1,365 Da, approximately 3.4% of the total protein. The recon-
structed molecular mass profile of B. thailandensis E27 simi-
larly showed prominent peaks at 38,524 Da and 41,780 Da. B.
pseudomallei flagellin was not isolated in sufficient quantities
for intact mass analysis; therefore, a bottom-up approach was
used to further characterize proteins from this species.

Examination of intact proteins by top-down MS has been
shown to readily identify labile glycan oxonium ions found on
flagellin glycoproteins (45). Flagellin protein from B. thailan-
densis E264 was thus examined for the presence of glycan
marker ions. MS/MS spectra of multiply charged B. thailand-
ensis E264 flagellin ions revealed intense ions of m/z 301.1 and
343.1. Analysis of B. thailandensis E27 flagellin showed an
identical pattern of protein-related fragment ions.

Mass spectrometry analyses of flagellin trypsin digests.
Many of the MS/MS spectra of tryptic digests of the purified
flagellin proteins could be readily assigned to the predicted
amino acid sequence, but a number of peptide spectra that did
not match any expected tryptic peptides were observed. Man-
ual inspection of these MS/MS spectra identified peptide y and
b ions, in addition to further peaks that were not related to
peptide fragment ions. For example, within the B. pseudomallei
K96243 flagellin tryptic digest, the MS/MS spectrum of the
triply charged ion at m/z 1145.6 (giving an observed peptide
mass of 3,434.8 Da) gave a typical peptide MS/MS spectrum,
with a clear series of type y and b ions, the sequence of which
("VAIDSSGAAWSSGSTGQETTQINVVSDGK?"?) corre-
sponds to the central region of B. pseudomallei K96243 FliC.
The peptide has a theoretical mass of 2,851.4 Da, observed in
the MS/MS spectrum in Fig. 3. The difference between the
observed and predicted peptide masses was 582.4 Da, likely to
be a glycan. A neutral loss of 145.5 from the doubly charged
ion series corresponded to a putative glycan oxonium ion at
m/z 292.1 (indicated by an arrow in Fig. 3). The low-m/z region
of the spectrum is dominated by the carbohydrate oxonium ion
(m/z 292.1) and what could be a fragmentation component
following neutral loss of water (m/z 274.1). These data suggest

that this peptide is modified with two glycans of residue mass
291 Da.

Unmatched MS/MS spectra were also observed with the B.
thailandensis flagellin tryptic digests. For example, tandem
mass spectra of triply charged ions at m/z 1074.2 and 1061.2
gave typical peptide MS/MS spectra representing the same
peptide but with distinct glycan modifications. There was a
clear series of peptide y and b ions, the sequence of which
(" VAVDSSGAAWTASSTGQETTQINVLSDGK?"?) corre-
sponded to the central region of B. thailandensis E264 FliC and
is equivalent to the glycopeptide sequence identified from B.
pseudomallei K96243. The unmodified peptide ion (theoretical
mass of 2,879.4 Da) was observed in the doubly charged form
at m/z 1440.7 in both spectra. The total mass of the glycopep-
tide represented by m/z 1061.2 corresponded to the mass of the
peptide with an additional 300 Da. Observed within this spec-
trum was an ion at m/z 301.1, likely corresponding to the glycan
oxonium ion (data not shown). In contrast, the total mass of
the glycopeptide represented by m/z 1074.2 corresponded to
the mass of the peptide with an additional 342 Da. Observed
within the spectrum was an ion at m/z 343.1, likely correspond-
ing to the glycan oxonium ion (Fig. 4). Also observed in this
glycopeptide MS/MS spectrum were putative glycan-related
fragment ions at m/z 283.1 and 301.1. These similarities suggest
that the 342-Da glycan is likely the same as the 300-Da glycan
with the addition of an acetyl group (42 Da).

To determine whether the differences observed between B.
pseudomallei K9624 and B. thailandensis E264 represent strain-
specific differences, flagellin proteins from an additional strain
of each species were analyzed. B. pseudomallei 10276 flagellin
protein was observed to contain glycan oxonium ions of m/z
292.1, indicating the presence of glycan similar to that ob-
served in B. pseudomallei K96243 flagellin proteins. Similarly,
B. thailandensis E27 flagellin proteins were observed to contain
glycan oxonium ions of m/z 301.1 and 343.1, indicating the
presence of a glycan similar to those observed in B. thailand-
ensis E264 flagellin proteins and supporting data from top-
down analysis. It was not possible to identify the m/z 301.1 and
343.1 glycans in the B. pseudomallei samples or the m/z 292.1
glycan in the B. thailandensis samples, indicating that, in these
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FIG. 3. Mass spectrometry analyses of tryptic peptides from flagellin proteins of B. pseudomallei K96243. The nLC-MS/MS spectrum of the

triply protonated T'85-213

glycopeptide ion of m/z 1145.6 from B. pseudomallei is shown. The spectrum is dominated in the low-molecular-m/z

region by the carbohydrate oxonium ion (m/z 292.1) and what could be a fragmentation component (m/z 274.1). Loss of m/z 145** in the
high-molecular-m/z region of the spectrum corresponds to loss of glycan of residue mass 291.1. From the observed mass of the glycopeptide, a mass
excess of 582 Da was observed, corresponding to two glycans of 291 Da. Below the graph is the amino acid sequence of the B. pseudomallei K96243

FliC protein. The sequence of the T'#-213

four strains at least, these glycans are species specific and
mutually exclusive.

Determination of glycan attachment sites. In our recent
work, we have had success using electron transfer dissociation
to map the linkage sites of bacterial O-linked carbohydrates
(52). Therefore, in the current study, we used this approach to
determine the site of modification of the peptide '*>VAVDS
SGAAWTASSTGQETTQINVLSDGK?*"? from B. thailanden-
sis E264 and E27. These attempts were unsuccessful due to the
size of the peptide and lack of charged amino acid residues.
Experiments using the equivalent peptides cleaved with Asp-N
were similarly unsuccessful. However, beta elimination of the
Asp-N-digested peptide **DSSGAAWTASSTGQETTQINV
L.S?'° did allow the site of modification to be mapped to either
serine 197 or 198, establishing these as O-linked glycans.
Closely overlapping and weak fragment ions within the spec-
trum prohibited definitive assignment of the beta-eliminated
amino acid residue.

Genetic strategies using defined point mutations to unequiv-
ocally determine the glycan attachment site were pursued but
were not successful. However, expression of the B. pseudomal-
lei K96243 fliC gene in B. thailandensis E264 yielded protein
which was glycosylated (data not shown). The B. pseudomallei
protein lacks S197, and thus, it must be concluded that, in these
recombinant proteins at least, S198 was the residue used for
glycan attachment. It should be noted, however, that there are
other sequence differences between B. pseudomallei and B.
thailandensis at this location which may influence the attach-
ment site and that in the absence of defined mutations, these
data can only be considered suggestive.

glycopeptide is underlined. Sequences in bold indicate unmodified peptides observed in tryptic digests.

Structural characterization of unusual O-linked glycan moi-
eties by MS/MS analysis. Thibault and colleagues (50) have
previously shown the utility of tandem mass spectrometry to
obtain information about the glycan modifications present on
glycopeptides of C. jejuni. Similar methods were used to obtain
second-generation ion spectra of the 291-Da and 342-Da gly-
cans present on the B. pseudomallei K96243 and B. thailand-
ensis E264 FliC proteins, respectively (Fig. 5). A series of ions
were formed from m/z 292.1, representing neutral losses of
molecules such as water and acetyl. The m/z 343.1 ion from B.
thailandensis yielded a spectrum which was dissimilar from that
of the m/z 292.1 spectrum but which included neutral losses of
molecules such as water and acetyl. Clear evidence that the m/z
343.1 ion is at least doubly acetylated, in contrast to m/z 292.1,
which appears to contain a single acetyl group, can be seen.

The accurate mass of the m/z 343.1 glycan oxonium ion was
determined from MS/MS spectra of the tryptic flagellin pep-
tide T'7212 (i.e., residues 185 to 213). The peptide fragment
ion y5 (predicted m/z, 519.2778; observed m/z, 519.2777) was
used as an internal reference. The glycan oxonium ion was
observed at m/z 343.1410. From this, the top-ranked plausible
elemental formula was calculated to be C,sH,;N,O, (pre-
dicted m/z, 343.1499). Comparison of the glycan fragment ions
with previous studies of bacterial glycans showed some simi-
larities with N-acetyl hexuronic acids (52, 54). In particular
glycan fragment ions at m/z 259.2, 241.2, 223.2, and 200.1 were
common to both the di-N-acetyl hexuronic acid and this un-
known glycan.

Involvement of rmiB in glycosylation. B. pseudomallei con-
tains four gene clusters with predicted roles in polysaccharide
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FIG. 4. Mass spectrometry analyses of tryptic peptides from flagellin proteins of B. thailandensis E264. nLC-MS/MS spectrum of the triply

protonated T'82!* glycopeptide ion of m/z 1074.2 from B. thailandensis.

carbohydrate oxonium ion (m/z 343.1) and what could be fragmentation

The spectrum is dominated in the low-molecular-m/z region by the
components (m/z 301.1 and 283.1). From the observed mass of the

glycopeptide, a mass excess of 342 Da was observed, corresponding to a single glycan modification. Below the graph is the amino acid sequence
of the B. thailandensis E264 F1iC protein. The sequence of the T'85-!! glycopeptide is underlined. Sequences in bold indicate unmodified peptides

observed in tryptic digests.

biosynthesis (43). Previous work has identified two of these
clusters as being responsible for capsule and LPS O-antigen
synthesis, but the function of the remaining two clusters re-
mains unclear. To determine whether these clusters had a role
in flagellar glycosylation, unmarked in-frame deletion mutants
were constructed to inactivate a gene in each of these four
clusters. The genes selected for inactivation were those previ-
ously identified by Sarkar-Tyson and colleagues (43), with the
exception that inactivation of the LPS O-antigen cluster was
accomplished by deletion of the rmIB gene (BPSL2686) rather
than wbiA. The rmlB mutant was determined to be lacking O
antigen by silver staining and Western blotting using specific
monoclonal antibodies. Flagellin protein recovered from the
AwcbH, ABPSS0421, and ABPSS1833 mutants displayed no
differences relative to the parental wild-type protein. In con-
trast, flagellin protein recovered from the Arm/B mutant dis-
played no evidence of the 291-Da glycan, and the glycopeptide
seen in the parental strain was observed only as an unmodified
peptide (data not shown).

Inactivation of rmiB in B. thailandensis was attempted using
a number of mutational strategies, but no mutants were ob-
tained, and thus it could not be ascertained whether the B.
thailandensis glycan uses the same synthesis pathway as the B.
pseudomallei glycan. It is possible that, in the absence of the
capsular polysaccharide present in B. pseudomallei, inactiva-
tion of rmiB is a lethal mutation in B. thailandensis.

Flagellar glycosylation is needed for full motility but not for
filament assembly. Correct glycosylation of the major flagellar

filament protein of both C. jejuni (20) and Clostridium difficile
(53) has been shown to be necessary for correct assembly of the
flagella and therefore motility. To determine whether deletion
of rmIB and the attendant lack of glycosylation affect the mo-
tility of B. pseudomallei, motility assays were performed. These
indicated that, while the parental strain had good motility, with
an average halo diameter of 6.92 cm (%0.68 cm), the ArmiB
mutant displayed a significant reduction in motility, with an
average halo diameter of 2.52 cm (*0.53 cm). Transmission
electron microscopy following uranyl acetate staining revealed
that the ArmIB mutant had flagellar filaments on its surface,
and these were similar to those seen on wild-type organisms
(data not shown), indicating that the motility defects observed
were not due to loss of the flagellar filament itself.

DISCUSSION

The results presented here show that, in common with an
increasing number of bacterial pathogens, B. pseudomallei and
B. thailandensis are capable of increasing their repertoire of
protein diversity through posttranslational glycosylation. Such
modifications have been postulated to occur in B. pseudomal-
lei, notably in reports of an acid phosphatase glycoprotein (29,
30) and reports of a glycoprotein known as antigen 8 (28, 38).
However, this report is the first to conclusively demonstrate
the presence of a carbohydrate covalently linked to a B. pseu-
domallei protein. Two-dimensional gel electrophoresis and
subsequent staining for carbohydrates allowed the identifica-
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and water are indicated.

tion of a range of putative glycoproteins from both B. pseu-
domallei and B. thailandensis. Interestingly, there was only lim-
ited overlap between the two gene lists, despite the close
genetic relationship of B. pseudomallei and B. thailandensis.
Indeed, the 2D gels from these two species display almost
mutually exclusive patterns of glycosylation. However, it
should be noted that the method used here to identify candi-
date glycoproteins is unlikely to recognize all glycoproteins,
since the chemistry of glycol staining relies upon the presence
of an oxidizable aldehyde on the glycan moiety. Given the
diversity of bacterial carbohydrates, it is impossible to predict
the reactivity of protein-modifying glycans.

The identification of the major flagellar filament protein

FliC as a putative glycoprotein is not without precedent. This
protein has been shown to be glycosylated in a range of other
bacteria, such as Helicobacter pylori (26, 46), Clostridium bot-
ulinum (52), C. difficile (53), Campylobacter jejuni/Campylobac-
ter coli (17), and Pseudomonas aeruginosa (6). Previous work
(4) has indicated that the FliC proteins of four B. pseudomallei
strains have experimentally determined masses some 3.3 kDa
larger than expected, and it was suggested that posttransla-
tional modifications might explain this discrepancy. The lack of
sequence data for the fliC genes of these strains makes it
difficult to be certain that these strains do not have genes
encoding proteins of this size. However, given that the se-
quences of 16 B. pseudomallei fliC genes in the NCBI database
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(accessed 16 November 2010) are all identical and encode
proteins of 39.2 kDa, it is likely that these experimentally
derived data reveal a glycosylated protein and indicate that
flagellar glycosylation is a common phenomenon in B. pseu-
domallei.

It was possible to use tandem mass spectrometry to provide
information on the general structures of the glycans isolated
from these FliC proteins, and both samples provided clear
fragmentation profiles of their respective glycans. The
291.1-Da glycan from B. pseudomallei K96243 and 10276 con-
tained peaks which indicated neutral losses of multiple water
molecules, at least one acetyl group (CH,CO), formic acid
(HCOOH), and possibly evidence of an acetamidino group
[CH,C(=NH)NH,] and ammonia. The 342.1-Da glycan from
B. thailandensis E264 and E27 contained peaks which indicated
neutral losses of multiple water molecules and acetyl groups.
Comparison of the 342.1-Da glycan profile with that of an
N-linked glycan recovered from the flagellin protein of the
marine archaeon Methanococcus voltae (54) and an O-linked
glycan recovered from the flagellin protein of C. botulinum
(52) reveals a degree of similarity between the profiles. This
might suggest that the 342.1-Da glycan present on the B. thai-
landensis flagellin protein is an acetylated uronic acid. Uronic
acids are components of many surface-associated glycoconju-
gates, including a number of well-characterized lipopolysac-
charides and capsular polysaccharides. It is of interest that
serotype OS5 strain Pseudomonas aeruginosa contains di-N-
acetyl uronic acid derivatives (40), and there have been reports
of uronic acids present in capsule extracts of B. pseudomallei
(27).

The flagella of a range of different bacterial species have
been shown to have a role in virulence, through either motility
directly or adherence (1, 22). Glycosylation is known to have a
role here, since inactivation of glycan synthesis machinery has
been shown to eliminate motility and attenuate strains of C.
jejuni (22). In line with this, inactivation of rmiB is seen here to
result in nonglycosylated FliC in B. pseudomallei and also to
abrogate motility. Interestingly, however, ArmIB mutants still
have flagellar filaments on their surfaces visible by transmis-
sion electron microscopy, indicating that the loss of motility is
not due to defects in export and assembly but rather in the
function of the flagellar filament itself. It should be noted,
however, that the rm/B mutation also results in loss of O-an-
tigen synthesis and it thus cannot be discounted that the de-
fects in motility are due to defects in membrane structure.
There is some debate as to whether the flagella of B. pseu-
domallei are virulence determinants (9, 10, 15, 57), especially
given that the closely related but aflagellate B. mallei is highly
pathogenic to humans, but they are likely to play some role in
disease, as evidenced by the ability of antibodies raised against
flagellar protein to provide passive protection in a diabetic rat
model (4). Additionally, the glycopeptide present in B. pseu-
domallei and B. thailandensis is predicted to be surface exposed
and thus exposed to the immune response. The presence of
glycans on such surface-exposed flagellar peptides has been
shown to affect serospecificity in other bacteria (17, 34). This
raises the possibility that glycosylation of flagellar filaments in
Burkholderia species is a mechanism used to evade detection by
the immune system or to modulate virulence and could poten-
tially go some way to explaining the differing virulence of these
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two species. Recent work has indicated that monoclonal anti-
bodies which recognize proteins susceptible to both proteinase
K and periodic acid treatment can be identified in B. pseu-
domallei but not in B. thailandensis (59). This suggests that the
glycans recognized by these monoclonal antibodies are missing
from B. thailandensis proteins and indicates that the differ-
ences in glycosylation observed here in the flagella and on a
wider scale by 2D electrophoresis are real and not an experi-
mental artifact. Both B. pseudomallei and B. thailandensis are
readily recovered from environmental samples, especially
paddy fields. It is expected that in this environment, the flagella
may play a role in allowing swimming to acquire access to new
resources. Hence, it is entirely possible that the differential
flagellar glycosylation observed with these strains might have a
role in determining environmental fitness.

Interestingly, deletion of the rmiB gene in B. pseudomallei
resulted in nonglycosylated FliC protein and nonmotile bacte-
ria. The rmIB gene is located within the gene cluster respon-
sible for LPS O-antigen synthesis, and disruption of this gene
has previously been shown to eliminate O-antigen synthesis
(16). The gene itself is predicted to be a dTDP-p-glucose
4,6-dehydratase involved in the conversion of D-glucose-1-
phosphate into dTDP-L-rhamnose, which is then presumably
epimerized into talose for incorporation into the LPS O anti-
gen (16). It is unlikely that the glycan present on FliC protein
is actually the LPS O antigen, since previous work has dem-
onstrated that purified flagella from B. pseudomallei 319a do
not react to anti-LPS monoclonal antibodies (5), and the fla-
gella purified here did not show a reaction to anti-LPS mono-
clonal or polyclonal sera capable of recognizing B. pseudomal-
lei LPS (data not shown), but without full structural
information about the glycan, it is impossible to say. One
possible explanation for this phenomenon is that deletion of
rmiB depletes the sugar nucleotide pool required for glycosyl-
ation. At this moment, it is unclear at which point downstream
of rmIB the glycosylation machinery operates, and the genetic
basis of the machinery which attaches the glycan to FliC is also
unclear. The two unassigned polysaccharide gene clusters (type
IIT O-PS and type IV O-PS, according to the scheme of Sarkar-
Tyson et al. [43]) and the capsule cluster would seem to be
uninvolved, since deletion of genes in these clusters has no
effect on FliC glycosylation (data not shown). However, it is
still possible that other genes in these clusters play a role in
glycosylation. Work is under way to provide answers to these
questions. It was not possible to ascertain whether rmlB plays
a role in the synthesis of the glycan in B. thailandensis, since,
despite repeated attempts using a number of strategies, mu-
tants could not be successfully constructed. This possibly sug-
gests that in B. thailandensis, which lacks the protective poly-
saccharide capsule normally present in B. pseudomallei, the
rmlB mutation is lethal, although further work would need to
be done to confirm this fact.

These data have particular relevance for the generation of
recombinant subunit vaccines. Considerable work has been
done to identify protein targets to act as a subunit vaccine for
B. pseudomallei and B. mallei (4, 5, 18, 23, 24). However,
relatively few of these proteins provide suitable protection,
despite being highly immunogenic. It is possible that some of
these candidates are glycoproteins and need the glycan, some-
thing which is missing from proteins recombinantly produced
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in E. coli, for full immune recognition. Moreover, these data
indicate that there is a range of other glycoproteins present in
both B. pseudomallei and B. thailandensis, examination of
which may elucidate information about the lifestyle and viru-
lence mechanisms of these important organisms.
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