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The main objectives of this work were to obtain a more extensive coverage of the Burkholderia vietnamiensis proteome than
previously reported and to identify virulence factors using tandem mass spectrometry. The proteome of B. vietnamiensis was
precipitated into four fractions to as extracellular, intracellular, cell surface and cell wall proteins. Two different approaches were
used to analyze the proteins. The first was a gel-based method where 1D SDS-PAGE was used for separation of the proteins prior
to reverse phase liquid chromatography tandem mass spectrometry (LC-MS/MS). The second method used MudPIT analysis
(Multi dimensional Protein Identification Technique), where proteins are digested and separated using cation exchange and
reversed phase separations before the MS/MS analysis (LC/LC-MS/MS). Overall, gel-based LC-MS/MS analysis resulted in more
protein identifications than the MudPIT analysis. Combination of the results lead to identification of more than 1200 proteins,
approximately 16% of the proteins coded from the annotated genome of Burkholderia species. Several virulence factors were
detected including flagellin, porin, peroxiredoxin and zinc proteases.

1. Introduction

Burkholderia is a ubiquitous organism that occupies many
diverse ecosystems such as soil, water, and even the human
respiratory tract. The “Burkholderia cepacia complex (BCC)”
consists of nine closely related Burkholderia species that have
been widely studied and used for various purposes including
biological control of plant pathogens, bioremediation of
organic compounds, and plant growth promotion [1]. There
are several pathogenic strains of Burkholderia that cause
diseases in plants and animals. Among those that are path-
ogenic, Burkholderia pseudomallei is the causative agent for
Melioidosis, and B. mallei is responsible for glanders disease
and was used as a biological weapon in World War I; both
remain a potential threat today [2]. For this study we used the
opportunistic pathogen Burkholderia vietnamiensis, which
causes diseases in immunocompromised individuals and pa-
tients suffering from cystic fibrosis, as the model organism

[3]. B. vietnamiensis has minimal growth requirements and
easily adapts to a range of nutritional conditions enabling it
to survive in unfavorable conditions [4].

There are many virulence factors associated with the
pathogenicity of the Burkholderia species. The most common
factors that have been studied are the quorum-sensing
molecules which help cell-to-cell communication and adher-
ence [5, 6]. According to previous studies many proteins
asociated with pathogenicity of Burkholderia species are
expressed in very low amounts within the bacterial cell. In
previous studies designed to identify these virulence factors,
the proteins were overexpressed in E. coli and amplified
before their analysis [7–9]. In this study mass spectrometry
was used to identify these low abundance virulence factors
without prior amplification.

Recently, Riedel et al. reported use of a 2D reference map
to identify proteins from B. cenocepacia [10]. This involved
analysis of the digested peptides using a MALDI TOF-TOF
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mass spectrometer. In our study, both gel-based LC-MS/MS
and gel-free multidimensional protein identification tech-
nology (MudPIT) analyses were used to identify proteins
from B. vietnamiensis. By combining both methods, many
more proteins were identified compared to the 2D gel
MALDI approach.

The main objectives of the present experiments are to
achieve high coverage of the opportunistic pathogen Burk-
holderia vietnamiensis G4 proteome expressed in a minimal
medium and to identify the expressed proteins, including
low abundance virulence factors, using mass spectrometry.
Minimal media and late log phase collection were chosen to
favor enhanced production of virulence factors and to pro-
vide a “baseline” for future studies where growth conditions
will be varied. The proteome of the organism was divided
into extracellular, cell surface, cell wall, and intracellular
protein fractions. Gel-based and gel-free proteomics which
have been used to identify proteins from many sources
including pathogenic bacteria, cancer cells, and different
tissue types were used. For the gel-based approach, a 1D gel
separation and LC-MS/MS analysis was applied. By initially
fractionating the sample, cutting each fraction’s whole gel
lane into 16 pieces, and digesting slices individually, we
generated more protein identifications than spot selection
on a 2D gel as indicated in the MALDI-TOF MS approach
[10]. Clearly, those authors could have run MALDI on
every spot, resulting in additional IDs. In addition, MudPIT
was used to analyze the bacterial proteins. This method
involved two types of HPLC separation, namely, strong
cation exchange (SCX) followed by reverse phase separation.

2. Materials and Methods

2.1. Growth of Bacteria and Protein Assay. B. vietnamiensis
G4 strain (100% homologous to AY268153 Gene Bank DNA
sequence accession number [11]) was initially obtained from
the Maier lab culture collection. One liter of mineral salt
medium (MSM-a minimal medium) containing 2% glucose
as the sole carbon and energy source was used to grow
the bacterium at room temperature according to methods
described in the literature [12]. The bacterial cells were har-
vested in the late exponential phase when the optical density
of the culture reached about 1.6 at λ = 600 nm. Optical
density was measured using a HITACHI U2000 spectropho-
tometer. Total cellular protein from the bacteria was deter-
mined by the Lowry assay using the calibration curve plotted
with standard bovine serum albumin (BSA-Sigma) [13, 14].

2.2. Extraction of Extracellular Proteins. Extracellular pro-
teins were separated from the bacterial culture using previ-
ously described methods [10, 15] with slight modifications.
Briefly, the bacterial culture was centrifuged using a Beckman
J2-21 centrifuge at 5000 rpm for 20 min. The cell pellet was
used for the fractionation of intracellular, cell wall, and cell
surface proteins. One hundred mL of the bacterial super-
natant (extracellular fraction) was mixed with ice cold 10%
(w/v) trichloroacetic acid (TCA-Sigma) and kept overnight
at 4◦C. The solution was then centrifuged at 5000 rpm for

20 min. Precipitated proteins were washed with 95% ethanol,
air dried and divided into two portions. One portion was dis-
solved in protein sample buffer (buffer S-250 mM Tris [pH =
6.8], 30% glycerol, 8.0% sodium dodecyl sulfate (SDS), 1%β-
mercaptoethanol and a trace amount of bromophenol blue
as the coloring agent) to run protein gel electrophoresis. The
second portion was dissolved in urea buffer (8 M urea in
50 mM ammonium bicarbonate) for MudPIT analysis.

2.3. Extraction of Intracellular and Cell Wall Proteins. The
cell pellet obtained after the removal of the supernatant
was washed twice with 0.9% NaCl and centrifuged again
for 20 min at a speed of 5000 rpm. The pellet was then
washed with Tris/HCl (pH = 7.5) and centrifuged again.
One gram of the cell pellet was suspended in 10 mL of
Tris/HCl buffer and sonicated using a Branson Sonifier 450
probe sonicator for 20 min. After sonication, the cell wall
fraction was removed by centrifugation. To analyze the cell
wall proteins, the protein pellet was dissolved in protein
sample buffer (buffer S) for SDS-PAGE separation and urea
buffer for MudPIT analysis. The supernatant, after removing
the cell wall pellet, was used to analyze intracellular proteins.
The proteins present in the supernatant were precipitated
using a 3-fold volume of ice-cold acetone and kept overnight
at −20◦C. The precipitated proteins were separated by
centrifugation at 5000 rpm for 20 min. The precipitate was
washed, air dried, and dissolved in protein buffers for SDS-
PAGE and MudPIT analysis.

2.4. Extraction of Cell Surface Proteins. Five grams of the
bacterial cell pellet was suspended in 100 mL of 0.2 M
glycine/HCl with stirring at 20◦C for 1 h. In the acidic
medium, all the soluble proteins present in the surface of
the cell will move into the solution. The cellular debris was
removed by centrifugation with the soluble proteins remain-
ing in the supernatant. The supernatant was extracted and
neutralized with 0.1 N NaOH and proteins were precipitated
with ice-cold acetone (three volumes) and kept at −20◦C
overnight. The precipitate was washed two times with 95%
ethanol and air dried. The protein pellet was used to analyze
cell surface proteins using gel-based LC-MS/MS and MudPIT
mass spectrometric techniques.

2.5. 1D SDS PAGE and In-Gel Digestion. For SDS-PAGE and
in-gel digestion, 50 mg of protein fractions were dissolved in
the protein sample buffer (Buffer S) and boiled in a water
bath for 5 min. Samples were spun down and loaded into
the 50 μL well in a BioRad (12% Tris-HCl) precast ready
gel (BioRad, Hercules, Calif, USA). Protein gels were run
by using 1x running buffer (Buffer R-259 mM Tris base,
2 M glycine, 1% (w/v) SDS diluted with distilled water) at
a constant voltage of 85 V for 20 min followed by 150 V for
40 min (until the dye runs off the gel). The gels were then
stained with silver stain as described previously [16]. A single
lane of stained gel was cut into 16 pieces of approximately the
same size and transferred into 16 wells of a 96-well plate to
perform in-gel tryptic digestion.
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Gel bands were destained [17] and tryptically digested
using a PerkinElmer MultipPROBE II Plus Ex robotic liquid
handling system according to methods indicated in the lit-
erature [18]. The digested peptides were extracted with 50%
acetonitrile and 2% formic acid solution. After extraction,
the peptides were transferred into 500 μL Eppendorf tubes
and dried down using a Savant Speed Vac concentrator. Each
concentrated peptide solution (10 μL) containing ∼50 μg of
protein was loaded into individual HPLC autosampler vials
and analyzed by LC-MS/MS.

2.6. Preparation of Samples to Run by MudPIT. Proteins were
reconstituted in 100 μL of 8 M urea in 100 mM NH4HCO3.
Reduction of the proteins was carried out using 2 μL of
100 mM dithitheritol (DTT) with incubation for 15 min at
room temperature [18]. Reduced proteins were alkylated by
adding 3 μL of 100 mM iodoacetamide and incubated for
15 min in the dark at room temperature. Enzymatic digestion
was carried out using 12 μL of 0.3 μg/μL endoproteinase Lys
C (Princeton Separation, Freehold, NJ, USA) and incubated
for 2-3 h at 37◦C. The solution was diluted with 650 μL of
100 mM NH4HCO3, 50 μL ACN and 9 μL of 100 mM CaCl2.
Twelve microliters of 0.1 μg/μL Trypsin (Sigma, Saint Louis,
Mo, USA) was then added to the diluted sample mixture,
mixed thoroughly and incubated overnight at 37◦C. Digested
peptides were cleaned and desalted using Spec PT C18 solid
phase cartridge (Ansys Diagnostics Lake Forest, Calif,
USA). The resulting peptides were dried under vacuum
and redissolved in 0.5% formic acid before the MudPIT
analysis.

2.7. Liquid Chromatography Tandem Mass Spectrometry (LC-
MS/MS) of Digests from Gel Bands. Silica capillary columns
(100 μm i.d.) were packed with methanol/Zorbax C18 sta-
tionary phase slurry, using a bomb loader, up to about
7 cm [18]. The packed column was connected with the
commercial instrument according to the method established
in the lab [18, 19]. A flow splitter was used to connect
the capillary column to the HPLC system. The sample was
injected onto the HPLC column by the Surveyor autosam-
pler. The HPLC system was connected to the linear ion
trap LTQ mass spectrometer (Thermo Fisher, San Jose, Calif,
USA) to carry out peptide analysis.

The digested peptides from the gel bands were eluted
in a buffer gradient consisting of buffer A (H2O with 0.1%
formic acid) and buffer B (ACN with 0.1% formic acid) at a
flow rate 400 μL/min into the LTQ. The peptides were eluted
with a linear gradient from 0 to 50% buffer B over 30 min
intervals after the initial 10 min washing step with buffer A.
The concentration of buffer B was increased from 50 to 98%
over 10 min followed by a 5 min wash with 5% B. Spectra
were scanned over a mass/charge range of 400–1500 mass
units. Xcalibur data-dependent software was set to fragment
the seven most intense peaks as described previously [19].

2.8. SCX/LC-MS/MS (Multidimensional Protein Identification
Technique-MudPIT). For MudPIT analysis two types of col-

umns were prepared. First, a silica column (100 μm i.d.)
was packed with 5 μm poly-hydroxyethyl A strong cation
exchange resin (PolyLC; TheNest Group, Southborough,
Mass, USA) to 6 cm in length. Second, a C18 column
was packed as previously described in Section 2.7. The two
columns were connected through a small frit. A T-junction
was used to apply voltage through a gold electrode [20].
For the MudPIT analysis, 13 different solvent/salt steps were
used. A 10 μL (∼50 μM) sample was injected into the sample
loop using a Surveyor autosampler. The sample was loaded
into the SCX column using an isocratic gradient of 95%
buffer A and 5% buffer B for 70 min. To elute the nonbonded
peptides a solvent gradient similar to that of reverse phase
separation was applied over a period of 125 min. A 4 min
pulse of 10% Buffer C (250 mM ammonium acetate, 5%
ACN, 0.1% formic acid) was applied to the LC system
followed by a gradient of 5–50% solution B over 65 min,
50–98% B over 5 min and 5 min wash with 98% B. The
percentage of Buffer C was increased in 10% increments up
to 100% so as to form a step elution gradient. The last step of
the elution was 50% of buffer D (1.5 M ammonium acetate,
5% ACN, 0.1% formic acid) for 4 min followed by reverse
phase gradient with extended washing time at 98% buffer B
to elute strongly bound peptides. Data from all 13 steps were
combined including the loading and initial washing step to
get comprehensive coverage of all the peptides eluted from
the column.

2.9. Data Analysis. The SEQUEST database search algorithm
(Thermo Fisher, San Jose, Calif, USA; version 27) was
used to interpret the MS/MS spectra obtained from the
LC-MS/MS and MudPIT runs. The SEQUEST database
search algorithm correlates experimental data with theo-
retically generated spectra from a known protein sequence
in a database [21, 22]. All spectra were matched to a
protein database created using all web-available sequenced
Burkholderia protein databases and common contami-
nants such as trypsin and human keratin peptides. The
Burkholderia database consists of B. vietnamiensis, B. ceno-
cepacia, B. thailandensis, B. cepacia, B. multivorans, B.
pseudomallei, B. mallei, and B. xenovorans. E. coli pro-
teins were added into the database as distractants. Pro-
tein sequences were obtained from NCBI (http://www.ncbi
.nlm.nih.gov/), Sanger Institute (http://www.sanger.ac.uk/)
and Expasy (http://www.expasy.org/). In the SEQUEST data-
base search, the following criteria were used: the minimum
X-correlation factor (Xcorr) was set to 1.8, 2.5, and 3.5
for singly, doubly, and triply charged peptides, respectively.
The delta correlation score (dCn) was set to 0.08 which
indicates a significant difference between the best-matched
peptide reported and the next best-matched peptide. Car-
bamidomethylation (57) of cysteine was used as a static
modification and oxidation of methionine (16) was used as a
dynamic modifications for the SEQUEST search [23, 24]. In
addition, protein data were searched for phosphorylation as
a posttranslational modification. All SEQUEST data searches
were filtered using DTASelect and Contrast programs [25].
Here we solely report theproteins with two or more peptide
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matches obtained from the SEQUEST database search
algorithm. To confirm protein identification, all data were
reanalyzed using a reverse database from the same protein
sequences.

All data were also analyzed with a second algorithm using
the web available X-Tandem (http://www.thegpm.org/) soft-
ware [26, 27]. To run X-Tandem, first all the data contain-
ing.dta files were combined using a lab developed perl script
“sub append.pl and append.pl” [28]. For the X-Tandem
analysis, the expectation score was set to 0.02. Parent ion
mass tolerance of the peptide was set at 1.5 and fragment ion
mass tolerance was set to 0.5. The same static and dynamic
modifications were selected for the X-Tandem analysis as for
the SEQUEST analysis.

Scaffold (version Scaffold-01 07 00, Proteome Software
Inc., Portland, Ore, USA) was used to compare and validate
SEQUEST and X-Tandem data. Proteins with two or more
peptide identifications based on the combination of results
from both database search algorithms were taken as true
identifications. For the Scaffold analysis, the following
probability values were selected: 95% for peptide identifica-
tion calculated using PeptideProphet software [29] and 99%
for protein identification with the additional requirement
that protein should contain at least 2 peptides per protein.
Protein probability was calculated using the ProteinProphet
algorithm within Scaffold [30]. Proteins identified from the
reverse database were eliminated from the total number of
proteins identified in both gel-based and gel-free methods,
and the false discovery rate (FDR) was ∼1% of the total
protein detected using the abovementioned methods. At
least two biological replicates and three technical replicates
were analyzed from each protein fraction. All proteins
identified using these criteria are listed in the supple-
mental material (See supplementary material available at
doi:10.1155/2011/701928).

3. Results and Discussion

3.1. Protein Identification. Proteins from B. vietnamiensis
grown in mineral salt medium, with 2% glucose as the
carbon source, were fractionated into 4 different fractions,
extracellular; intracellular; cell surface, and cell wall proteins.
By combining both gel-based and gel-free proteomic analysis
data, total of 1258 proteins were identified with 99% protein
identification probability. E. coli was added into the
protein database as a distractor to further validate the
protein identifications, and only 7 proteins were identified
as E. coli proteins, increasing the confidence of protein
identification. The much smaller number of hits from
the distractors supports the identity of the proteins for
the targeted organism. Phosphorylation was used as a
possible posttranslational modification in the database
search algorithms. For most of the data sets, only one or
two phosphorylated peptides were found. This is likely due
to the fact that that sample preparation did not include
the enrichment of phosphorylated peptides and no MS3

experiments were performed to identify phosphorylation
[31]. Figure 1 summarizes the total number of proteins iden-
tified using both gel-based and gel-free proteomic analysis.
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Figure 1: Venn diagram illustrating the total number of proteins
identified from each fraction and the overlapping identifications
using gel-based separation coupled to reverse phase LC-MS/MS
and gel-free MudPIT analysis (LC/LC-MS/MS). Circles indicate the
number of proteins identified with two or more peptide matches
from the corresponding protein fraction with 99% or higher protein
identification probability. The total number of proteins identified
from each fraction is listed with the fraction name (e.g., 744 proteins
were identified in the extracellular protein fraction from gel-based
plus gel-free proteomic analysis of B. vietnamiensis).

The functionality of the proteins identified from each
cellular fraction will be analyzed in the following sections
according to the overlap indicated in the Venn diagram.

3.1.1. Proteins Common to All Four Cellular Fractions. There
were 245 proteins common to all four cellular fractions of B.
vietnamiensis. The functionality of these common proteins
was determined by using the DBGET search function at
the Kyoto University Bioinformatics Center’s genome.jp
website (http://www.genome.jp/dbget/). Figure 2 shows the
identified protein categories of the proteins common to
all four fractions. Most of them are housekeeping proteins
such as ribosomal proteins, metabolic enzymes, and chap-
erones. Several hypothetical and uncharacterized proteins
were also found in all four cellular fractions indicating the
incompleteness of the gene annotation of B. vietnamiensis
and the BCC in general. Proteins were extracted at the
late exponential/early stationary phase of this bacterium.
It is known that bacterial virulence factor production is
controlled by quorum sensing which occurs when the cells
reach a high density at a late exponential phase [32].
Extracting proteins at this stage helps us to identify more
proteins associated with pathogenicity as well as proteins
associated with metabolism which is clearly indicated in the
data presented in the supplemental material.

Also in the early stationary phase, bacteria sense nutrient
limitation and release stress related proteins. Three stress-
related proteins termed universal stress-related proteins (e.g,
OspA domain protein) were found common to all four
cellular fractions of this bacterium. The exact functions of
these proteins are not known but related studies with E. coli
showed that they may assist cell division under nutrient-
limiting conditions [33].
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Figure 2: Functional categories of proteins identified common
to all four cellular fractions of B. vietnamiensis G4. Number of
proteins belonging to each category is listed along with the protein
category.

One important protein found to be common to all four
fractions is the protein ecotin. This is a serine protease
inhibitor that can be found in many bacterial species. Ecotin
binds the active site of a protease to inhibit its activity and
helps bacteria survive phagocytosis within a host cell. The
ecotin protein has been isolated only in Burkholderia species
pathogenic to mammalian cells such as B. pseudomallei and
B. vietnamiensis, but not the plant pathogen B. fungoforum
[34, 35].

3.1.2. Protein Common to Only Three Cellular Fractions of
B. vietnamiensis. There are four possible combinations in
which the same identified proteins will be common to only
three cellular fractions; the four possible combinations of
three fractions are intracellular/extracellular/cell wall, intra-
cellular/extracellular/surface, intracellular/surface/cell wall,
and extracellular/surface/cell wall fractions. Figure 1 shows
that 26 proteins were found to be common to the fractions
intra/extra/cell wall, 17 proteins were found to be common
to the intra/surface/cell wall fraction, 22 were found in
intra/extra/surface fractions and most of these common
proteins were associated with the transport system of the
cell. These transport systems link the outside environment
with the cell interior by spanning the cell wall. When the
protein fractionation is carried out, these transport proteins
can be distributed in all the fractions. There can be fraction
carry over when the separation is carried out to give common
proteins in the fractions. Among the proteins found to be
common in these fractions is the LemA (lesion manifestation
A) family of proteins which is involved in the two component
secretory system of the bacteria. This is a membrane protein
which has a signal sequence, usually 20–30 amino acids long
and interacts with a signal recognition particle. Most bacteria
have specific sequences for these signaling molecules, and
in this proteomic study we found the LemA family protein
in cell wall/extra/surface fractions. The sequence of the
protein was BLAST searched through the nonredundant
protein database using the NCBI website and it was found
that the protein sequence is specific to Burkholderia species.

The peptide containing the first 17 amino acid residues at
the N-terminus is specific to B. vietnamiensis G4 strain.
Figure 3 shows the spectrum of the doubly charged peptide
DLQAQLEGTENR which belongs to the LemA protein. A
series of y ions and corresponding b ions can be observed
in the spectrum. The strong H2O loss peak is consistent
with the presence of a hydroxyl side chain (threonine) in
the peptide. In addition to this peptide, five more unique
peptides of LemA were identified in the extracellular fraction
of B. vietnamiensis G4, giving 35% sequence coverage of
the protein. The N terminus of this LemA is predicated
to orient outside the bacterium and finding this in all
extracellular/surface/cell wall fraction supports this predic-
tion [36]. These LemA proteins associate with GacA (global
activator A) to form the two-component sensory system
that regulates the production of N-acyl homoserine lactones
in bacteria. The N-acyl homoserine lactones (AHLs) are
associated with bacterial cell-to-cell recognition generally
known as quorum sensing [37]. Also AHLs are involved in
biofilm formation on abiotic surfaces [38]. Several studies
have shown that AHL-dependent quorum-sensing supports
interspecies communication among the bacteria [39]. This
has been observed in cystic fibrosis patients where both
Burkholderia and Pseudomonas can colonize in the lungs of
the patients and the production of extracellular proteases and
siderophores from Burkholderia is stimulated by the presence
of Pseudomonas in the biofilm [40, 41]. A general structure of
AHL is indicated in Scheme 1.

The structure of these AHL differ in the length of their
N-linked side chain, the nature of the substitution at the
3-carbon position and the presence or absence of one or
more unsaturated bonds within the side chain [42]. All
species that belong to the BCC can produce C6-AHL and C8-
AHL molecules and in addition B. vietnamiensis can produce
C10-AHLs [6]. Direct involvement of AHL molecules in
the pathogenicity of the bacterium is not known; however,
it has been reported that the presence of these signaling
molecule is important to obtain full virulence of the bacteria.
The presence of the proteins that regulate the production
of these quorum-sensing molecules in the cell surface, cell
wall, and extracellular protein fractions suggest that bacteria
are attempting to regulate these signaling molecules to
control the production of some of the extracellular proteases
[38].

3.1.3. Proteins Common to Two Cellular Fractions. Most pro-
teins found only in intracellular and extracellular, and in-
tracellular and cell surface fractions belong to the transport
proteins such as DNA-binding proteins and membrane-
associated proteins like efflux pumps. These proteins can
span the membrane and during the protein extraction parts
of the protein can distribute in the two cellular fractions.
Forty-one proteins were found to be common in both cell
wall and intracellular fractions. When the cellular fractiona-
tion was carried out, sonication was applied in order to break
open the bacterial cells. After centrifugation, the remaining
pellet was used as the cell wall fraction. There can be many
intracellular proteins associated with the cell debris, and
those will appear in both intracellular and cell wall fractions.
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Most of the proteins found to be common to intracellular
and cell wall fractions are related to metabolism and few
are found to associate with the membrane. B. vietnamien-
sis G4 is well known for its ability to metabolize toxic
organic contaminants such as aromatic hydrocarbons.[43]
Carboxymethylenebutenolidase, an enzyme responsible for
biodegradation of fluorobenzoate and benzoate, was found
to be common in both intracellular and cell wall protein
fractions, with three unique peptide identifications that cover
28% of the protein sequence. This finding is consistent with
the ability of B. vietnamiensis to degrade toxic molecules such
as aromatic hydrocarbons.

The ability of a motile bacterium to swim toward or
away from specific environmental stimuli, such as nutrients,
oxygen, or light provides cells with a survival advantage,
especially under nutrient-limiting conditions. This behavior
is called chemotaxis and is mediated by changing the
direction of the bacteria by briefly reversing the direction
of rotation of the flagellar motors [44]. Chemotaxis sensory

transducers are membrane proteins produced by bacteria as
a sensory molecule in order to capture certain molecules.
Methyl-accepting chemotaxis sensory transducer protein was
found in both the cell wall and extracellular fractions. These
sensory molecules are important for bacterial survival and
play a role in the pathogenicity of most bacteria, especially
those that are susceptible to antibiotics. Several stress-
related proteins were also found in these cellular fractions
indicating the nutrient limitation of the growth medium.
Many hypothetical proteins and proteins with unknown
functionality were also found in all cellular fractions.

3.1.4. Proteins Found in Only One Cellular Fraction. From the
proteomic analysis of B. vietnamiensis using both gel-based
and gel-free methods, many proteins were identified as
specific to only one cellular fraction. Figure 4 shows the
protein categories identified, specific to each cellular frac-
tion. Many anabolic and catabolic enzymes were present in
all four cellular fractions indicating the increased cellular
metabolism at the late exponential phase. Proteins related to
genetic information processing such as nucleotide transcrip-
tion and translation were also found in high abundance.
This illustrates the rapid cell multiplication with this culture
medium and is represented also in the presence of several
proteins involved in cell division in these cellular fractions.

Membrane or membrane-associated proteins are impor-
tant in the pathogenicity and for the survival of the bacteri-
um in the environment. Many membrane-associated pro-
teins were identified that are specific to one of the four cellu-
lar fractions. There were ion transport/binding proteins such
as ABC transporters, membrane bound porins, lipoproteins,
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Figure 4: Distribution of proteins belonging to different functional classes found specific to only one cellular fraction of B. vietnamiensis
G4.
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Figure 5: Fragmentation pattern of doubly charged peptide IDYSVANASVSGDTTSGGR (residues 51 to 69) from the protein arylesterase
of B. vietnamiensis G4.

and peptidoglycan-associated proteins, sensory proteins, and
some electron transport proteins. As mentioned earlier, B.
vietnamiensis is known to degrade various organic contam-
inants [43, 45]. Bisphenol A is an emerging environmental
contaminant, especially as a water pollutant known as an
endocrine disruption chemical [46, 47]. In this proteomic
analysis we found arylesterase which has the functionality
to degrade bisphenol A. This protein was found specific to
the cell surface fraction of B. vietnamiensis. Arylesterase was
identified with 5 unique peptides which cover 28% of the
protein sequence. Figure 5 shows the fragmentation pattern
of the peptide IDYSVANASVSGDTTSGGR from the protein
arylesterase. This is a doubly protonated peptide with a 2.78
Xcorr score and E value of 4.27. A predominant y ion series

can be found in the spectrum. The protein sequence was
BLAST searched to check for homology, and it was found
that the sequence is species specific. The closest protein
homologue to the B. vietnamiensis G4 arylesterase was
found to be lysophospholipase A from B. cenocepacia, which
has 88% sequence similarity with this protein sequence.
This arylesterase can be used to distinguish B. vietnamiensis
G4 from other Burkholderia species in a mixed culture sys-
tem. The presence of these proteins in a cell culture illustrates
the ability of B. vietnamiensis to degrade environmental
pollutants.

Different types of stress-related proteins were found
specific to all four fractions indicating the nutrient limited
status of the culture medium. The cell wall fraction contained
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three stress-related proteins including water stress and
hypersensitive response protein. These proteins are present
in most plant pathogenic bacteria and are produced when the
plant defense mechanism acts against the invading bacteria.
Another important class of proteins found specific to the
extracellular fraction is the signaling molecules. Some are
signal peptidases and some are antigens that induce the
immune response in the host cells. All these categories of
proteins illustrate that important cellular mechanisms of
B. vietnamiensis are active and detectable by using mass
spectrometry-based proteomic studies.

3.2. Virulence Factors Identified from the Protein Fraction-
ation. Most of previous proteomics studies of virulence
factors were carried out by expressing proteins of interest in
E. coli and analyzing them individually. In the present study
we show that mass spectrometry-based proteomic studies
can be used to directly detect at least some of these low abun-
dance virulence factors present in the pathogenic bacteria
species [48–52]. Many of these identified virulence factors
were found in cell surface, cell wall, or extracellular fractions
of bacteria. Some of the virulence factors identified by this
analysis include outer membrane lipoprotein [4], flagellin
which is responsible for motility, and outer membrane
porins that are responsible for many antibiotic resistance
properties of bacteria [4]. Among the other virulence factors
identified, phasin helps granule formation under nutrient-
limiting conditions [53], superoxide dismutase, and catalase
are reactive against reactive oxygen species, and adhesin
helps to attach to the host [4, 54]. Several secretion proteins
were identified including HlyD which is responsible for
secretion and transporting hemolysin, which is embedded in
the Gram-negative inner cell membrane [55]. In the present
study we show that mass spectrometry-based proteomic
studies can be used to detect these low abundance virulence
factors present in the pathogenic bacteria species [48–52].

4. Summary and Conclusions

Proteomic studies were carried out using the opportunis-
tic pathogen B. vietnamiensis G4 strain. Proteins were
extracted from four different cellular fractions: extracellular,
intracellular, cell wall, and cell surface proteins. Different
precipitation methods were used to separate the proteins into
these cellular fractions. As compared to the whole proteome
analysis, fractionating the proteome into different segments
allows in depth analyses and if interested, one fraction at a
time can be analyzed to study a specific protein. A bottom-up
proteomics approach was used to identify the proteins found
in the four cellular fractions. Both gel-based LC-MS/MS
and gel-free MudPIT (LC/LC-MS/MS) methods were used
to analyze proteins from B. vietnamiensis. A total of 803
proteins were identified using the gel-based method, and
a total of 775 proteins were identified using the gel-free
MudPIT method.

By combining both gel-based and gel-free proteomic
analysis, more than 1200 unique proteins were identified
from B. vietnamiensis G4. This is the highest number of pro-
tein identifications reported on this genus. Previous reports

on B. cenocepacia, which is a close relative of B. vietnamiensis
G4, identified 390 proteins by 2D gel separated protein
analysis using MALDI-TOF/TOF [10]. This indicates that
the combination of both gel-based and gel-free methods
provides a more comprehensive coverage of the proteome
compared to either individual method. The existence of this
type of knowledge on the proteins expressed at a specific
stage of the bacterial life cycle will help future research
work based on this Burkholderia species. Many proteins
identified were related to specific functionality of B. viet-
namiensis, for example, biodegrading proteins. Also, many
known virulence factors were identified from this analysis,
which indicates the applicability of mass spectrometry-based
proteomic studies to identify possible pathogenic strains.
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