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Abstract The virB genes coding type IV secretion system
are necessary for the intracellular survival and replication
of Brucella spp. In this study, extracellular proteins from B.
abortus 2308 (wild type, WT) and its isogenic virB10 polar
mutant were compared. Culture supernatants harvested in
the early stationary phase were concentrated and subjected
to 2D electrophoresis. Spots present in the WT strain but
absent in the virB10 mutant (diVerential spots) were consid-
ered extracellular proteins released in a virB-related man-
ner, and were identiWed by MALDI-TOF analysis and
matching with Brucella genomes. Among the 11 diVeren-
tial proteins identiWed, DnaK chaperone (Hsp70), choloyl-
glycine hydrolase (CGH) and a peptidyl-prolyl cis–trans
isomerase (PPIase) were chosen for further investigation
because of their homology with extracellular and/or viru-
lence factors from other bacteria. The three proteins were
obtained in recombinant form and speciWc monoclonal anti-

bodies (mAbs) were prepared. By Western blot with these
mAbs, the three proteins were detected in supernatants
from the WT but not in those from the virB10 polar mutant
or from strains carrying non-polar mutations in virB10 or
virB11 genes. These results suggest that the expression of
virB genes aVects the extracellular release of DnaK, PPIase
and CGH, and possibly other proteins from B. abortus.
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Introduction

To enter and to survive within the cells of their host, many
microbial pathogens modify the natural biological pro-
cesses of the host cell and create a favorable environment.
Subversion of eukaryotic processes by bacterial pathogens
requires specialized macromolecular secretion systems to
deliver virulence factors either into the environment or
directly into host cells. Several macromolecular secretion
pathways have been identiWed in Gram negative bacteria
(Kostakioti et al. 2005). A group of related export pathways
comprising conjugative DNA transfer systems and patho-
genicity-related secretion systems have been named type
IV secretion systems (T4SS) (Kostakioti et al. 2005; Chris-
tie et al. 2005). The best-characterized T4SS machinery is
the VirB system that mediates DNA transfer from Agrobac-
terium tumefaciens to the host plant. Examples of T4SS
playing a key role in the virulence of medically important
pathogens are the pertussis toxin liberation (Ptl) system of
Bordetella pertussis (Covacci and Rappuoli 1993), the cag
pathogenicity island-encoded transporter of Helicobacter
pylori (Censini et al. 1996), the Dot/Icm system of Legion-
ella pneumophila (Vogel et al. 1998), and more recently the
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VirB system in Brucella (O’Callaghan et al. 1999; Sieira
et al. 2000).

Brucella is a facultative intracellular bacterium, which
can survive inside professional and non-professional
phagocytes by evading the endocytic pathway. However,
virB mutants lose their ability to survive and multiply in
mammalian cells (O’Callaghan et al. 1999; Sieira et al.
2000; Foulongne et al. 2000) or in infected mice (Hong
et al. 2000). In particular, the virB10 polar mutants used in
the present study were aVected in their ability to survive
inside HeLa cells, and no viable mutants were recovered at
48 h p.i. (Sieira et al. 2000). Moreover, while wild-type B.
abortus can escape the endocytic pathway and establish a
replication niche in the endoplasmic reticulum, these eva-
sion maneuvers cannot be accomplished by the virB10
polar mutant (Comerci et al. 2001). A recent study revealed
that the cytotoxic eVect of rough Brucella mutants against
macrophages depends on the expression of the T4SS (Pei
et al. 2008). These and other Wndings suggest that Brucella
secretes virulence factors trough the T4SS encoded by the
virB operon. The expression in Brucella spp. of constitu-
ents of the T4SS (VirB proteins) has been conWrmed and
the assembly of the Brucella T4SS has been shown in a het-
erologous expression system (Rouot et al. 2003; Carle et al.
2006). In addition, proteins whose presence in culture
supernatants of B. abortus seems to require a full VirB sys-
tem have been detected using a reporter system (Marchesini
et al. 2004). More recently, two proteins of the VjbR regu-
lon of Brucella (VceA and VceC) were found to be translo-
cated into macrophages in a T4SS-dependent manner (de
Jong et al. 2008). However, other proteins not regulated by
VjbR might be also secretion substrates of the T4SS. In L.
pneumophila, for example, the expression of some T4SS
substrates depends on both the CpxR and the PmrA regula-
tors, while that of other substrates depends on CpxR only
(Altman and Segal 2008).

Proteomic analyses of culture supernatants from wild
type strains and mutants altered in secretion systems have
been applied to identify proteins secreted by such systems in
diVerent bacteria (Kazemi-Pour et al. 2004; DebRoy et al.
2006; De Buck et al. 2008). This approach was used in the
present work to investigate whether extracellular (culture
supernatant) proteins from virB mutants diVer from those
present in wild-type B. abortus. This could point to potential
virulence factors secreted through the T4SS of B. abortus.

Materials and methods

Bacterial strains and culture conditions

Brucella abortus 2308 and its isogenic strains with non-
polar mutations in virB10 and virB11 or with polar muta-

tions in virB1 and virB10 (Sieira et al. 2000) were used. To
minimize the contribution of exogenous proteins from the
medium, bacteria were cultured in a semisynthetic medium
consisting of RPMI (Gibco) supplemented with 3.78 mM
(NH4)2SO4, 6 �M FeSO4, 0.1 mM MgSO4, 6.32 mM
Na2S2O3, 2 mM L-glutamine, 1% yeast extract and 5% dia-
lyzed tryptose-soy broth (solution outside the dialysis bag,
devoid of proteins larger than 8 kDa).

Bacteria were initially grown on tryptic-soy agar and
single colonies were transferred to the semisynthetic
medium. Cultures were kept at 37°C with constant agitation
(150 rpm), and growth was periodically monitored by read-
ing the optical density at 600 nm.

Preparation of culture supernatants for analysis

Cultures harvested at the early stationary phase of growth
were centrifuged at 15,000£g for 20 min, and supernatants
were Wlter-sterilized and ultracentrifuged (100,000£g, 6 h)
to eliminate outer membrane blebs. Supernatants were con-
centrated 1,000£ by sequential freeze-drying and dialysis.
To estimate the degree of autolysis in Brucella cultures, the
activity of isocitrate dehydrogenase was measured in cul-
ture supernatants by a colorimetric method (Procedure 153-
UV, Sigma, St. Louis, MO, USA).

Assessment of VirB9 expression

Previous studies have shown that VirB proteins are
expressed in B. abortus in the stationary phase of growth in
rich medium (tryptic-soy broth), and in the exponential
phase of growth in minimal medium (Sieira et al. 2004). To
check for the expression of VirB proteins, bacterial pellets
harvested in the early stationary phase of growth in the
semisynthetic medium, or in the stationary phase in rich
medium (positive control) were lysed and analyzed by
Western blot with an anti-VirB9 monoclonal antibody.

Infection of murine macrophages

To compare the virulence of B. abortus grown in rich
medium (tryptic-soy broth) or in semisynthetic medium,
these bacteria were used to infect the murine macrophagic
cell line J774.A1. Cells were cultured in 24 wells plate in
RPMI 1640 medium supplemented with 2 mM L-glutamine
and 10% heat-inactivated fetal bovine serum. After adding
bacteria at a multiplicity of infection of 100 CFU/cell, the
plates were incubated for 2 h at 37°C under 5% CO2 atmo-
sphere. Cells were extensively washed with RPMI to
remove extracellular bacteria and incubated for 2, 4, 24 and
48 h in medium supplemented with 100 �g/ml gentamicin
and 50 �g/ml streptomycin to kill extracellular bacteria.
Samples were washed three times with RPMI before
123



Arch Microbiol (2009) 191:571–581 573
processing. To monitor Brucella intracellular survival,
infected cells were lysed with 0.1% (v/v) Triton X-100 in
H2O and serial dilutions of lysates were plated onto tryptic-
soy agar plates to enumerate colony forming units (CFU).

MALDI-TOF analysis

Proteins present in concentrated culture supernatants from
wild type B. abortus (WT) and its isogenic virB10 polar
mutant were separated by 2D-electrophoresis, and the
diVerential spots were analyzed by MALDI-TOF. Proteins
were isolated from samples following the protocol of RaWe-
Kolpin et al. (1996) with modiWcations (Wagner et al.
2002). Samples containing 40 �g of proteins were mixed
with an equal volume of 10% trichloroacetic acid, incu-
bated for 5 min on ice, and centrifuged. After further wash-
ing with 5% trichloroacetic acid and acetone, the pellet was
resuspended in 40 �l of sample buVer 1 and 4 �l of sample
buVer 2 (Genomic Solutions). The mixture was incubated
for 10 min on ice, after which 160 �l of loading buVer and
200 �l of rehydration buVer (Genomic Solutions) were
added. IPG strips (18 cm long) of linear pH gradients (4–7
and 6–11) (Amersham Pharmacia Biotech) were rehydrated
overnight the sample mixture. IEF was then performed at
20°C for 24 h. After IEF, IPG strips were washed with
equilibration buVers and were loaded onto 10% precast
Duracryl gels (Genomic Solutions). After electrophoresis
(18–19 h at 4°C), the gels were Wxed and stained with
SYPRO Ruby.

Each gel was analyzed with the Investigator HT Analyzer
program (Nonlinear Dynamics). Strong diVerences in spot
intensity between the WT and the isogenic mutant (diVeren-
tial spots) were recorded. Protein spots (1.2-mm diameter)
were excised from the SYPRO Ruby-stained 2D gels by a
UV box-equipped ProPic robot (Genomic Solutions).

Digestion with trypsin was performed in accordance
with the ProGest default long trypsin digestion protocol,
modiWed to include treatment with o-methylisourea (Wag-
ner et al. 2002). A 1-�l mixture of tryptic peptides and
matrix (�-cyanohydroxycinnamic acid) was spotted onto
the stainless steel 384-well Kratos MALDI target plate
(Kratos Analytical). All spectra were obtained with the
Kratos Axima-CFR running in reXectron mode. The spectra
were collected and analyzed with the Kompact software
package (Kratos Analytical). Peptide mass Wngerprints
were searched with the Mascot and Mascot Daemon soft-
ware (Matrix Science) against all the ORFs of the B. abor-
tus genome (Halling et al. 2005).

Recombinant proteins

The open reading frames of DnaK, SurA and CGH were
cloned in the Pet17b vector (Novagen) after PCR ampliWcation

of B. abortus genomic DNA with speciWc primers. The
recombinant plasmids were used to transform E. coli JM109
competent cells, and miniprep plasmid DNA was puriWed
from overnight cultures. In each case, the plasmid DNA of a
clone containing the insert was used to transform E. coli
strain BL21(DE3) competent cells (Stratagene). After IPTG
induction, recombinant DnaK was successfully expressed in
the soluble fraction of E. coli, while SurA and CGH were
expressed in inclusion bodies. The latter were solubilized in
50 mM Tris–8 M urea (pH 8.0) and refolded by dialysis.
Proteins were puriWed by anion exchange chromatography.

Monoclonal antibodies

Hybridomas speciWc for DnaK, SurA and CGH were
obtained by fusion of splenocytes of immunized mice and
NSO myeloma cells (Galfré and Milstein 1981). Hybrido-
mas were screened by indirect ELISA. Monoclonal anti-
bodies were produced from ascites in BALB/c mice
injected intraperitoneally with the selected hybridomas.

Western blot analysis of pellets and supernatants

Cultures of the wild type and the mutant strain were per-
formed as described above and were centrifuged to separate
the pellet from the culture medium. In addition to the
virB10 polar mutant, B. abortus strains carrying non-polar
mutations in virB10 or virB11, or a polar mutation in virB1
were also assayed. The supernatants were concentrated
100£ by sequential freeze-drying and dialysis, and the pel-
lets (100 �g, wet weight) were lysed with SDS-PAGE sam-
ple buVer. Concentrated culture supernatants (50 �g per
lane) and bacterial lysates were analyzed by Western blot
with anti-DnaK, anti-CGH or anti-SurA monoclonal anti-
bodies (mouse ascites diluted 1:100).

Results

Development of a semisynthetic culture medium

The exponential growth of B. abortus was not supported
adequately by the EN + Y medium described by Plommet
(1991). Therefore, a semisynthetic medium based on
RPMI, inorganic salts, and low percentages of yeast extract
and dialyzed TSB was developed. It supported the expo-
nential growth of both WT B. abortus and the virB10
mutant (Fig. 1a), although the duplication time for the WT
strain was somewhat longer than in TSB (5 vs. 4 h).
Cultures were harvested in the early stationary phase of
growth and centrifuged. VirB9 expression at the time of
harvest, used as a marker of expression of the virB operon,
was demonstrated in WT B. abortus by Western blot
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(Fig. 1b). To assess whether bacteria grown in the semisyn-
thetic medium retain full virulence, the murine macro-
phagic cell line J774.A1 was infected with B. abortus
grown in either TSB or the semisynthetic medium. No sig-
niWcant diVerences were observed between both infections
regarding initial invasion (9.0 § 1.0 £ 102 vs. 9.5 § 2.5 £
102 CFU/well at 2 h p.i.) and intracellular replication
(1.25 § 0.15 £ 105 vs. 1.41 § 0.18 £ 105 CFU/well at
48 h p.i.).

Culture supernatants analysis by 2D-electrophoresis

Culture supernatants were ultracentrifuged, concentrated
and subjected to two-dimensional (2D) gel electrophoresis.
Proteome maps of WT and the virB10 mutant grown under
similar laboratory conditions were obtained by using IPG
strips with pH range of 4.0–7.0 and 6–11 (Fig. 2).

Two-dimensional patterns were compared and diVeren-
tial spots were identiWed. Only stronger and consistent
spots were selected for protein identiWcation. There were 36
protein spots absent in supernatants of the virB10 polar
mutant, but present in the supernatant of WT. We focused
on these diVerential proteins because they are likely to be
released to the extracellular medium in a virB-related
manner. These spots were subjected to MALDI-TOF MS
peptide mass Wngerprinting.

To ensure that these diVerences were not due to a diVer-
ential lysis of the WT strain as compared to the mutant,
eight spots having similar expression in both strains were
also identiWed (spots A–H).

IdentiWcation of diVerential and conserved spots

Protein mass and MALDI-TOF data were enough to iden-
tify 19 of the diVerential spots. Mascot data regarding num-
ber of matched peaks and percentage of sequence coverage
are shown in Table 1. Some spots corresponded to the same
protein, with slight diVerences of pH or MW. Overall, 11
individual proteins were identiWed (Table 1). Three spots
corresponded to the chaperone protein DnaK (Hsp70), and
another three spots to aspartate aminotransferase. The
remaining spots of interest were identiWed as polyribonu-
cleotide nucleotidyltransferase, choloylglycine hydrolase
(CGH), phosphoserine aminotransferase, 6-phosphogluco-
lactonase, alkyl hydroperoxide reductase C22 protein, dihy-
drolipoamide dehydrogenase, cytosol aminopeptidase
(leucine aminopeptidase), a peptidyl-prolyl cis–trans isom-
erase homologous to the SurA protein from E. coli, and leu-
cine-, isoleucine-, valine-, threonine-, alanine-binding
protein (LIVTA-binding protein).

The spots having similar expression in both strains, used
as controls of lysis, were identiWed as periplasmic ABC
transporters of maltose/maltodextrin, D-galactose, D-ribose,
and cystine, and an outer membrane protein homologous to
TRAP transporters (Table 1).

DiVerential proteins were analyzed with SignalP 3.0 to
detect putative signal peptides and with P-SORTb 2.0 to
establish their probable subcellular localization. As shown
in Table 1, signal peptides were detected in CGH (probable
cleavage site between positions 36 and 37), SurA (positions
30 and 31) and LIVTA-binding protein (see below). Sub-
cellular localizations as predicted by P-SORTb were
“unknown” for the Wrst two and periplasmic for the third.

The LIVTA-binding protein, as annotated in the genome
of B. abortus strain 9-941, does not contain a signal pep-
tide. However, its homolog in B. melitensis (AAL53311),
which has a shorter sequence, contains a signal peptide
with a probable cleavage site between positions 26 and 27.
The comparative analysis of these sequences revealed that
the putative signal peptide is 100% conserved, but the
LIVTA-binding protein from B. abortus has been annotated
starting from an alternative Met. This determines the addi-
tion of 55 amino acid residues as compared to the B. meli-
tensis sequence, and makes the signal peptide undetectable
by SignalP.

Several studies have pointed to the relevance of the
C-terminal amino acid sequence, and specially the positive
net charge of this segment, for the recruitment and secre-
tion of proteins substrates by diVerent T4SS (Christie

Fig. 1 a Growth of Brucella abortus (wild type and virB10 mutant) in
a semisynthetic medium (supplemented RPMI) as compared with a
rich medium (tryptic-soy broth, TSB). b Western blot analysis of
VirB9 expression by the wild-type strain at the time of harvest in both
media, used as a marker of the expression of the virB operon
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2004). To assess the presence of positively charged amino
acids arranged as (R/K/H)X3(R/K/H) or (R/K/H)X4(R/K/H)
(Hohlfeld et al. 2006) the last 50 amino acid residues of the
C-termini of the 11 proteins were aligned using ClustalW
and visually inspected. As shown in Fig. 3, the above men-
tioned motifs were found in many diVerential proteins,
including choloylglycine hydrolase, 6-phosphogluconolac-
tonse, phosphoserine aminotransferase, dihydrolipoamide
dehydrogenase, aspartate aminotransferase, alkyl hydroper-
oxide reductase, and cytosol aminopeptidase. Notably, the
C-terminus of SurA includes three contiguous (R/K)X5(R/
K) motifs, the last two connected by a R–X–K motif.

ConWrmation by Western blot of the virB-dependent 
release of some proteins

Among the 11 diVerential proteins identiWed, DnaK chaper-
one (Hsp70), CGH and SurA were chosen for further inves-
tigation because some of their homologs in other bacteria

are extracellular and/or are involved in resistance to mam-
malian lytic mechanisms. Culture supernatants and cells
from both WT B. abortus and the virB10 polar mutant were
harvested simultaneously and analyzed by Western blot
with monoclonal antibodies against these proteins. As
shown in Fig. 4a, reactivity bands corresponding to each of
the three proteins were observed in the culture supernatant
of WT B. abortus but not in the supernatant of the virB10
polar mutant. Conversely, reactivity bands for each protein
were observed in the pellet of the mutant but were weaker
or absent in the pellet of the WT strain. To further conWrm
these results, the Western blot analysis was also performed
on culture supernatants and pellets of B. abortus strains car-
rying non-polar mutations in virB10 or virB11 genes, and a
strain carrying a polar mutation in virB1. As shown in
Fig. 4b, the three proteins were detected in supernatants
from the WT strain but not in those from these other
mutants, conWrming the result obtained with the virB10
polar mutant.

Table 1 DiVerential and conserved spots in Brucella abortus culture supernatants

a Spots identiWcation is that used in Fig. 2
b For proteins with more than one spot, data for the best hit are shown
c Proteins from B. abortus strain 9-941 (Halling et al. 2005)
d Predicted by SignalP 3.0
e PNPase: polyribonucleotide nucleotidyltransferase
f LIVTA: leucine- isoleucine- valine- threonine- alanine- binding protein

Spota pI (gel) MW (gel) 
(kDa)

IdentiWcation Matched/
total peaksb

Sequence 
coverage (%)

Accesion 
numberc

Signal 
peptided

DiVerential spots

1 5.16 92.9 PNPasee 4/4 6 AAX75438 NO

2, 3 4.89 –4.94 71.9–75.6 Chaperone protein DnaK 8/13 15 AAX75397 NO

4, 5 5.87 61.5 Cytosol aminopeptidase 8/21 13–21 AAX74083 NO

6 6.16 46.7 Phosphoserine aminotransferase 8/20 24 AAX74991 NO

7, 8 6.23–6.48 47.3–48.9 Aspartate aminotransferase 5/15 12 AAX74816 NO

9, 10, 11 5.58–6.01 39.8–40.7 Choloylglycine hydrolase 13/28 25–31 AAX74791 YES

12 5.11 26.2 Alkyl hydroperoxide reductase 3/5 16 AAX75941 NO

13 6.18 29.8 6-Phosphogluconolactonase 4/8 19 AAX75876 NO

14 9.30 29.1 Dihydrolipoamide dehydrogenase 6/11 19 AAX76104 NO

15 8.31 17.4 SurA 6/9 15 AAX74078 YES

16 9.05 9.6 LIVTA-binding proteinf 9/18 28 AAX75476 YES

Conserved spots

A, B 5.11–5.18 43.9–46.1 Sugar ABC transporter, periplasmic 
maltose-binding protein

8/17 16–45 AAX73637 YES

C 5.26 37.9 Sugar ABC transporter, periplasmic 
D-galactose-binding protein

17/31 47–67 AAX76301 YES

D 4.65 35.1 Sugar-binding transcriptional regulator, 
D-ribose-binding protein

9/26 26–28 AAX74938 YES

E, F 5.51–5.75 34,8–35.1 Outer membrane protein; 
TRAP transporter solute receptor

11/40 38–56 AAX74537 YES

G 4.74 29.8 Periplasmic D-ribose-binding protein 7/12 22–37 AAX75804 YES

H 8.19 30.0 FliY, periplasmic amino acid-binding protein 11/19 53–58 AAX75964 YES
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Discussion

While the virB operon has been implicated in Brucella sur-
vival inside phagocytic and non-phagocytic cells, the
molecular mechanisms underlying such role of virB genes
have not been clariWed. It has been speculated that the
T4SS encoded by virB genes mediates the extracellular

secretion of factors that modulate the intracellular traYck-
ing of Brucella (O’Callaghan et al. 1999; Comerci et al.
2001; Boschiroli et al. 2002). DiVerent approaches have
been used to attempt the identiWcation of such factors.
Marchesini et al. (2004) used a CAT reporter system to
identify secreted and surface exposed proteins in B. abor-
tus. The reduced secretion of some of the identiWed proteins

Fig. 2 Two-dimensional analy-
sis of supernatants from Bru-
cella abortus 2308 (wild type) 
and its isogenic virB10 polar 
mutant using IPG strips covering 
pIs 4–7 and 6–11. Gels were 
stained with SYPRO Ruby and 
visualized under UV light. 
DiVerential spots (spots present 
in wild-type strain but absent in 
mutants) are identiWed by 
numbers. Conserved spots are 
identiWed by letters

Fig. 3 Analysis of positively charged amino acid residues in the
C-termini of diVerential proteins. Sequences spanning the last 50
residues of each protein were aligned with ClustalW and visually
inspected for the presence of arginine (R), lysine (K) or histidine (H),
which are shown shaded in black. The proteins analyzed were 6-phos-

phogluconolactonase (Pgn), phosphoserine aminotransferase (Pho),
dihydrolipoamide dehydrogenase (LPD), SurA, aspartate aminotrans-
ferase (Asp), LIVTA-binding protein (Lbp), PNPase (Pnp), alkyl
hydroperoxide reductase (AhpC), cytosol aminopeptidase (Cyt), cho-
loylglycine hydrolase (CGH), and the chaperone protein DnaK
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in a virB mutant background suggested that they require a
complete T4SS to be secreted. A diVerent approach was
used by de Jong et al. (2008). These authors identiWed a
18 bp box in the promoter region of the virB operon that is
involved in the activation of this operon by the VjbR regu-
lator. A genomic search allowed the identiWcation of this
box in the promoter regions of several Brucella genes,
which encoded transcriptional regulators, transport and
binding proteins, and proteins of hypothetical function,

among others. Using a reporter system, two proteins of
unknown function (that the authors named VceA and
VceC) were found to be translocated into macrophages in a
T4SS-dependent manner. While these results are highly
valuable, this approach does not allow the identiWcation of
T4SS substrates that might be under the control of regula-
tors other than VjbR. At variance with these previous
investigations, in the present study, we used a proteomic
approach to investigate whether extracellular proteins from
a virB10 mutant diVer from those present in wild-type
B. abortus.

Eleven proteins were detected in the culture supernatant
of WT B. abortus that were absent in the supernatants of
the virB10 polar mutant. Since this mutant is unable to
replicate within HeLa cells and has a reduced virulence in
mice (Sieira et al. 2000), some of the diVerential proteins
identiWed here might be involved in the reduced virulence
of the virB10 mutant. The diVerences in the extracellular
proteome between the WT strain and the virB mutants may
reXect the involvement of virB genes in the extracellular
release and/or the regulation of the expression of some pro-
teins identiWed in the present study.

For several reasons, the diVerential spots are unlikely
to reXect a diVerence in lysis between WT and mutant
strains. Cultures were harvested at the beginning of the
stationary phase to minimize the risk of autolysis, and iso-
citrate dehydrogenase activity, commonly used to check
for autolysis in culture supernatants (Andersen et al.
1991), was not detected in concentrated samples. Mem-
brane stability of WT and the virB mutant is expected to
be similar, since VirB proteins are not known to have a
role in membrane structure. In a previous study in Agro-
bacterium tumefaciens, mutations in the diVerent virB
genes did not result in an increased release of an internal
protein (used as autolysis control) as compared to the wild
type strain (Lai et al. 2000). Therefore, even if a small
degree of lysis took place in the present study, spots cor-
responding to lysis products should be equally present in
supernatants from WT and virB mutant, and would not be
considered diVerential spots. Moreover, even if VirB pro-
teins have a role in membrane structure, a greater lysis
would be expected for the defective mutant than for the
WT strain, which would not explain the occurrence of
additional (diVerential) spots in the supernatants of the
WT strain.

In this study, Wltered supernatants were extensively
ultracentrifuged before 2D-electrophoresis to minimize the
contribution of proteins released through membrane blebs
(Gamazo et al. 1989). In addition, since we compared the
extracellular proteome of the wild-type strain against that
of the virB mutant, any proteins released by blebbing that
might have remained after ultracentrifugation were not
taken into account since we just focused on “diVerential

Fig. 4 a Western blot analysis of bacterial pellets and culture superna-
tants from wild-type B. abortus (W) and its isogenic virB10 polar
mutant (M) revealed with monoclonal antibodies to CGH, SurA and
DnaK. b The same analysis applied to bacterial pellets and culture
supernatants from virB10 and virB11 non-polar mutants, and a virB1
polar mutant. Each puriWed recombinant protein was run in parallel as
positive control (c)
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spots”. In support of this approach, no diVerential spot
corresponded to an outer membrane protein.

The diVerential expression of three proteins (DnaK,
SurA and CGH) in culture supernatants was conWrmed by
Western blot with speciWc monoclonal antibodies, an
approach also used in other studies on diVerential secreto-
mes (De Buck et al. 2008). This diVerential expression was
further conWrmed when the assay was performed using
strains carrying non-polar mutations in virB10 or virB11
genes, or a polar mutation in virB1. Importantly, the detec-
tion of DnaK, SurA and CGH in the pellets of the virB
mutants indicates that the absence of these proteins in the
culture supernatants of the mutants is not due to a reduced
production of these molecules as compared to the WT
strain.

Some of diVerential proteins identiWed have been
described as extracellular in other bacteria, and some others
have been linked to virulence or resistance to lytic mecha-
nisms of the host. These proteins may be of special interest
since virB genes have been linked to Brucella intracellular
survival and also have been postulated to mediate the
export of extracellular eVectors.

One of the diVerential spots corresponded to the chaper-
one protein DnaK (Hsp70), which is essential for Brucella
survival and replication within macrophages (Köhler et al.
2002). DnaK may constitute an exported eVector per se or
may function as a chaperone for eVector proteins secreted
through the T4SS. Similar to our Wndings, DnaK has been
found in culture supernatants from Helicobacter pylori,
which also expresses a T4SS (Cao et al. 1998).

A second diVerential spot corresponded to choloylgly-
cine hydrolase (CGH, EC 3.5.1.24), which cleaves glyco-
cholic acid to produce glycine and cholic acid. CGH has
been well studied in bacteria such as Listeria monocytoge-
nes (Dussurget et al. 2002) and Lactobacillus spp. (Lun-
deen and Savage 1990). It is presumed that intestinal
bacteria produce CGH to reduce the detergent action of
conjugated biliary acids on bacterial membranes (Hofmann
and Eckmann 2006). We have recently shown that Brucella
CGH is active against bile salts and contributes to the suc-
cess of Brucella infection through the oral route in mice
(Delpino et al. 2007a).

A third diVerential spot corresponded to a peptidyl-pro-
lyl cis–trans isomerase (PPIase, EC 5.2.1.8) of the parvulin
family, homologous to the SurA protein from E. coli. The
Brucella homolog has a signal sequence, with a probable
cleavage site between positions 30 and 31. SurA locates in
the periplasm of E. coli and constitutes both a folding cata-
lyst and a chaperone for outer membrane proteins (Mogen-
sen and Otzen 2005). However, parvulins can also assist the
folding of secreted proteins such as alpha-amylase from
Bacillus subtilis (Vitikainen et al. 2004). Interestingly,
SurA has been recently shown to be involved in the capac-

ity of uropathogenic strains of E. coli to suppress epithelial
cytokine responses (Hunstad et al. 2005) and to establish
intracellular communities (Justice et al. 2006). We have
recently shown that immunization with either SurA or
DnaK from Brucella protects mice from challenge with B.
abortus (Delpino et al. 2007b).

Another diVerential spot corresponded to dihydrolipo-
amide dehydrogenase (LPD, EC 1.8.1.4). LPD constitutes
the E3 component of several enzymatic complexes, includ-
ing pyruvate dehydrogenase and �-ketoglutarate dehydro-
genase. It has been shown in M. tuberculosis that LPD,
together with dihydrolipoamide succinyltransferase (SucB),
alkyl hydroperoxide reductase (AhpC), and the adaptor pro-
tein AhpD constitute a complex with peroxynitrite reduc-
tase and peroxidase activity (Bryk et al. 2002). Notably,
AhpC was another diVerential spot found in Brucella super-
natants in the present study. In B. abortus, the ahpC gene is
diVerentially expressed during the stationary phase of
growth in culture media, and it has been suggested that
AhpC may serve as a detoxiWer of H2O2 (Roop et al. 2003).
Interestingly, a recent study suggests that the Brucella
homolog of SucB, the third component of the enzymatic
complex, is surface exposed or secreted in a virB-related
manner (Marchesini et al. 2004).

The virB-related extracellular proteins identiWed in the
current study were diverse regarding size and function, a
situation that has been described for substrates of other
T4SS. In the case of the Dot/Icm secretion system from
Legionella pneumophila, the size of the best-characterized
substrates ranges from the 398 amino acid residues of RalF
to the 1,294 residues of LepB. Regarding function, Dot/Icm
substrates includes guanine nucleotide exchange factors
(RalF, LidA, SidM), glucosyltransferases (SetA, Lgt1) and
an ubiquitin ligase (LegU2). Moreover, the Dot/Icm system
may also mediate the translocation of heterologous T4SS
substrates (Ensminger and Isberg 2009).

By using a reporter system, de Jong et al. (2008) showed
that VceA and VceC translocate into macrophages by a
T4SS-dependent process. The absence of these two proteins
within our set of T4SS-related proteins may be due to the
fact that VceA and VceC secretion may be stimulated by
the phagocytosis of Brucella by macrophages but may not
occur when the bacterium is cultured in the absence of
eukaryotic cells.

We did not Wnd an overlap between the virB-related
proteins identiWed in the present study and those identiWed
previously by Marchesini et al. (2004) using a reporter
system. However, it must be noted that only two proteins
identiWed in the later work showed a notably reduced
secretion in virB mutants (hypothetical protein BRA0974
and the Xagellar hook protein FlgE). For other four pro-
teins, the reduction was partial or did not occur in all the
mutants. We used a prediction tool (Compute pI/MW tool,
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http://www.expasy.ch/tools/pi_tool.html) to obtain the the-
oretical pI and MW values of the virB-related proteins
reported in that study, and checked such values against the
experimental values of all our diVerential spots (with or
without identiWcation assigned); no matches were found.
However, since experimental pI and MW values usually
diVer from theoretical ones, it cannot be ruled out that some
diVerential spots that could not be identiWed by MALDI-
TOF in our study corresponded to some of the virB-related
proteins reported by Marchesini et al. In addition, some
methodological diVerences may explain the diVerences in
the set of virB-related proteins detected in each study.
While we focused only on spots present in the wild type
strain but absent in the mutant (proteins with minor diVer-
ences in expression were not considered), most of the virB-
related proteins identiWed by Marchesini et al. exhibited
only a partial reduction in expression in the culture super-
natants.

As mentioned, Brucella virB genes code a T4SS, which
is postulated to mediate the export of extracellular eVectors.
The mechanism by which proteins from diVerent bacteria
target to the T4SS and cross the diVerent layers of the bac-
terial outer membrane are just beginning to be unraveled.
While translocation of the pertussis toxin is Sec-dependent,
signal peptides have not been described for other T4SS sub-
strates, including CagA from H. pylori, and Bep proteins
from Bartonella henselae. In some cases, translocation of
the inner membrane seems to be mediated by interaction of
the T4SS substrates with a coupling protein (VirD4) associ-
ated to the T4SS apparatus (Atmakuri et al. 2003). How-
ever, a coupling protein has not been detected in Brucella
yet, and the translocation mechanism of potential T4SS
substrates remains unknown (Christie et al. 2005). Among
the diVerential proteins identiWed in the present study,
CGH, SurA and LIVTA-binding protein contain a signal
sequence, while the other proteins do not. As mentioned
above, the diVerential extracellular proteome here
described may reXect the involvement of virB genes not
only in the secretion but also in the regulation of the expres-
sion of some proteins. These later proteins may not be
secretion substrates of the T4SS but may be instead
released through other mechanisms. This may contribute to
the diverse nature of the “diVerential proteins” identiWed
regarding the presence of a signal peptide.

Several studies have pointed to the relevance of the
C-terminal amino acid sequence, and specially the positive
net charge of this segment, for the recruitment and secre-
tion of proteins substrates by diVerent T4SS. A consensus
motif of R–X(7)–R–X–R–X–R–X–X(n) has been described
for T4SS substrates in Agrobacterium tumefaciens (Vergunst
et al. 2005). The C-termini of T4SS substrates from other
bacteria do not contain this motif, but still contain one or
more motifs with positively charged amino acids arranged

as (R/K/H)X3(R/K/H) or (R/K/H)X4(R/K/H) (Christie
2004; Hohlfeld et al. 2006). The later motifs were found in
most of the diVerential proteins identiWed in the present
study.

In summary, the diVerences in the extracellular prote-
ome between the WT strain and the virB mutants may reX-
ect the involvement of virB genes in the extracellular
release and/or the regulation of the expression of some pro-
teins identiWed in the present study. A possible role of some
of these proteins as secreted eVectors or as auxiliaries of the
secretion process mediated by T4SS should be considered
and deserves further investigation.
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