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SUMMARY
Type IV secretion systems (T4SS) are specialized protein complexes used by many bacterial
pathogens for the delivery of effector molecules that subvert varied host cellular processes.
Brucella spp. are facultative intracellular pathogens capable of survival and replication inside
mammalian cells. Brucella T4SS (VirB) is essential to subvert lysosome fusion and to create an
organelle permissive for replication. One possible role for VirB is to translocate effector proteins
that modulate host cellular functions for the biogenesis of the replicative organelle. We
hypothesized that proteins with eukaryotic domains or protein-protein interaction domains, among
others, would be good candidates for modulation of host cell functions. To identify these
candidates, we performed an in silico screen looking for proteins with distinctive features.
Translocation of 84 potential substrates was assayed using adenylate cyclase reporter. By this
approach, we identified six proteins that are delivered to the eukaryotic cytoplasm upon infection
of macrophage-like cells and we could determine that four of them, encoded by genes
BAB1_1043, BAB1_2005, BAB1_1275 and BAB2_0123, require a functional T4SS for their
delivery. We confirmed VirB-mediated translocation of one of the substrates by
immunofluorescence confocal microscopy, and we found that the N-terminal 25 amino acids are
required for its delivery into cells.

INTRODUCTION
Type IV Secretion Systems (T4SS) are multiprotein complexes widespread in Archaea and
Bacteria. These versatile secretion systems translocate DNA and protein substrates across
the cell envelope generally by a contact-dependent mechanism (Alvarez-Martinez and
Christie, 2009). A subset of these systems, present in Gram negative bacteria of medical
importance, is specialized in the delivery of effector proteins directly into the cytosol of the
target host cell to aid bacterial colonization and survival inside host tissues (Backert and
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Meyer, 2006; Christie et al., 2005). T4SS protein substrates have been shown to modulate
varied cellular processes including apoptosis, vesicular traffic and ubiquitination (Franco et
al., 2009; Ninio and Roy, 2007). As the number of type IV effector proteins continues to
increase, it has been shown that proteins with eukaryotic-like domains or motifs are more
likely to be effectors (Franco et al., 2009; de Felipe et al., 2008; Pan et al., 2008; Ninio and
Roy, 2007; de Felipe et al., 2005; Cazalet et al., 2004; Nagai and Roy, 2003). However,
most of them have not been functionally characterized and their biochemical activities and
contribution to the intracellular lifestyle of bacterial pathogens remain unknown.

Brucellosis is a worldwide zoonosis caused by bacteria of the genus Brucella. The disease
affects a wide variety of mammals and is transmitted to humans mainly by consumption of
contaminated dairy products and by contact with infected animals (Godfroid et al., 2005). In
animals, the disease primarily affects the reproductive system with concomitant loss in
productivity of animals affected. Human brucellosis is a debilitating disease characterized
by diverse pathological manifestations such as undulant fever, osteoarticular complications,
endocarditis and several neurological disorders (Corbel, 1997; Nicoletti, 1989).

Brucella spp. are intracellular pathogens capable of infecting various cell types, including
epithelial cells, placental trophoblasts, dendritic cells and macrophages (Gorvel, 2008).
Once internalized, Brucella resides within the Brucella containing vacuole (BCV), a
membrane-bound compartment where the bacterium survives and eventually proliferates.
BCVs traffic along the endocytic pathway, interact with lysosomes and further mature into
endoplasmic reticulum (ER) - derived replicative organelles (Starr et al., 2008; Celli et al.,
2003; Pizarro-Cerda et al., 1998). Several studies have demonstrated that biogenesis of the
ER-derived replicative niche is dependent on the functions of the Brucella T4SS (Sieira et
al., 2004; Celli et al., 2003; Comerci et al., 2001; Delrue et al., 2001; Sieira et al., 2000;
O’Callaghan et al., 1999).

Brucella T4SS (VirB), a major virulence determinant, has been shown to be essential for
sustaining interactions and fusion events between BCVs and ER elements (Celli et al.,
2003). Translocation of effector proteins into the host cell or the vacuolar membrane via
VirB likely modulates host vesicular traffic, allowing the biogenesis of the ER-derived
replicative organelle. Recently, two Brucella VirB substrates, VceA and VceC, were
identified through the use of TEM1 β-lactamase fusion assays (de Jong et al., 2008). Both of
these effectors are co-regulated with the virB genes. However, their biochemical activities
and cellular targets during the infection process remain unknown.

Numerous putative type IV effector proteins have been identified via bioinformatic
approaches (Chen et al., 2010; Ninio and Roy, 2007; de Felipe et al., 2005; Schulein et al.,
2005). In Legionella pneumophila, systematic searches of genomes for eukaryotic-like genes
have resulted in the identification of many confirmed and potential effector proteins (de
Felipe et al., 2008; de Felipe et al., 2005; Cazalet et al., 2004; Chen et al., 2004; Nagai et
al., 2002). In many cases, effector proteins with distinctive eukaryotic domains involved in
protein-protein interactions, like ankyrin repeats and coiled coils motifs, have been shown to
interfere with diverse host cellular processes to promote bacterial replication (Pan et al.,
2008; Ninio and Roy, 2007).

In this work, we carried out an in silico approach to search all open reading frames of B.
abortus S2308 genome for proteins with distinctive properties that would make them good
candidates for modulation or evasion of host cell functions, a hallmark of T4SS substrates.
After a bioinformatic analysis, 84 VirB substrate candidates were identified. Translocation
of potential substrates into host cells was assayed using the Bordetella pertussis Adenylate
Cyclase fusion approach (CyaA). We identified six proteins that are translocated to the host
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cell cytoplasm upon infection. Four of these proteins (BPE043, BPE005, BPE275 and
BPE123) require a functional VirB system to be delivered into host target cells. VirB-
dependent translocation of BPE123, was confirmed by confocal microscopy and we could
also determine that the N-terminal 25 amino acids are required for VirB mediated delivery
into host cells.

RESULTS
Identification of B. abortus putative effector proteins

A bioinformatic genomewide screen was designed to identify B. abortus putative effector
proteins based on the following criteria as depicted in Fig. 1.: i) homology to known
effectors in related species; ii) the occurrence of eukaryotic-like domains or motifs; iii)
proteins with domains known to be related to virulence; iv) proteins with unknown function
but highly conserved in pathogens and symbionts from the α-proteobacteria division and v)
proteins with distinctive features known to be involved in protein-protein interaction like
coiled coils. Genomic context was also inspected and hypothetical proteins encoded by
genes flanked by metabolic or housekeeping genes were discarded, while those flanked by
other hypothetical genes, virulence related genes or next to a pathogenicity island were
added to the list of putative effector proteins. The 3,494 annotated open reading frames
(ORFs) of B. abortus strain 2308 (Chain et al., 2005) were scanned using the programs
Pfam, SMART, COILS, MARCOIL, PSORTb, SignalP, TMHMM2.0, Artemis Comparison
Tool (ACTv.6), Artemis v.10, and BLAST (Fig. 1). By this in silico procedure, 84 B.
abortus putative effector proteins (BPEs) were identified (Table S3). The majority of the
proteins are annotated as hypothetical proteins without predicted function. About 29% of the
proteins are predicted to contain coiled-coils motifs and virulence related domains are
present in 10% of the proteins. Eukaryotic-like domains, including patatin-like
phospholipase, SH3-like domain and a GTP binding protein, among others, are present in
about 23% of the proteins identified.

Translocation of candidate proteins into J774.A1 cells
To determine whether any of the ORFs listed in Table S3 encode proteins that are
translocated into host cells upon infection, the B. pertussis calmodulin-dependent adenylate
cyclase domain (CyaA) was fused to the C-terminus of BPEs. If the product of any of these
genes is translocated to the host cell cytoplasm, delivery of the corresponding CyaA hybrid
protein into J774.A1 cells would result in calmodulin-dependent activation of adenylate
cyclase and enzymatic conversion of ATP to cAMP. Cytoplasmic cAMP concentration is
subsequently determined by a quantitative ELISA assay. This approach was developed by
Cornelis and colleagues to study the translocation of Yop effector proteins from Yersinia
enterocolitica to host cells (Sory et al., 1995; Sory and Cornelis, 1994), and has been
extensively used to identify proteins translocated by T4SS, such as L. pneumophila Dot/Icm
and Bartonella henselae VirB systems (Chen et al., 2010; Pan et al., 2008; Schmid et al.,
2006; Bardill et al., 2005; Nagai et al., 2005).

In the first screening round, 84 BPEs were fused to CyaA in pLFC vector under lac
promoter, and expression of hybrid proteins in B. abortus was analyzed by Western Blot
using anti-FLAG antibody (not shown). After a 5-hour infection, J774.A1 cells infected with
B. abortus strains carrying CyaA fusions were lysed and cAMP levels were determined. As
controls to detect non-specific delivery of CyaA hybrid proteins into host cells, well-known
inner membrane, periplasmic and outer membrane proteins like VirB6, VirB7, VirB2 and
FlgE (containing an N-terminal Sec secretion signal) were also included. After four
independent replicates of the screening, we consistently observed that J774.A1 cells infected
with B. abortus strains carrying CyaA fusions to BPE865, BPE005, BPE043, BPE159,
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BPE275, and BPE123 showed increased cAMP levels compared to the control strains,
indicating that these six proteins are being translocated into host cells (Fig. S1).

In a second screening round, we selected the six positive candidates, four negative
candidates and the negative controls from the previous screening for subcloning it as fusion
to CyaA in pDCyaA vector under transcriptional control of B. abortus bcsp31 promoter, a
strong and active promoter during the intracellular phase of B. abortus (Comerci et al.,
1998). Expression of hybrid proteins in B. abortus was analyzed by Western Blot using anti-
CyaA polyclonal antibodies (not shown). After a 5-hour infection, J774.A1 cells infected
with B. abortus strains carrying CyaA fusions were lysed and cAMP levels were
determined.

As shown in Fig. 2, J774.A1 cells infected with B. abortus strains carrying CyaA fusions to
BPE865, BPE159, BPE275, BPE043, BPE005 and BPE123 showed a marked increase in
cAMP levels compared to the control strains, indicating again that these proteins are being
translocated into host cells. Importantly, these results demonstrate that 6 out of the 84
proteins identified using bioinformatic tools are delivered to the host cell cytoplasm upon
infection. Notably, the use of the bcsp31 promoter increased the signal to noise ratio of the
screening by an order of magnitude in comparison with the lac promoter. In consequence,
we chose pDCyaA as expression vector for the rest of the study.

VirB dependent translocation of BPEs into J774.A1 cells
To determine if any of the six BPEs is translocated into host cells cytoplasm via Brucella
VirB system, CyaA hybrid proteins in pDCyaA vector were expressed in virB mutant strains
(virB10 and/or virB11), which lack a functional VirB system. At 5 h post-infection (p.i.),
J774.A1 cells infected with the virB mutants expressing BPE865-CyaA and BPE159-CyaA
did not show any significant decrease of cAMP levels compared to wild-type strain. In
contrast, infection with virB mutants expressing BPE123-CyaA, BPE005-CyaA, BPE043-
CyaA and BPE275-CyaA resulted in a significant decrease of intracellular cAMP
concentration when compared to wild-type strain (Fig. 3A). The decrease in cAMP levels
was not due to differential expression of the fusion proteins or intracellular killing of the
virB mutants, since hybrid protein expression profiles assesed by western blot analysis as
well as intracellular survival were equivalent between wild type and virB mutant strains
(Fig. 3B and S2). These results demonstrate that BPE865 and BPE159 can enter the cytosol
independently of the T4SS, indicating that Brucella proteins can be delivered through other
pathways. More importantly, we show that BPE123, BPE005, BPE043 and BPE275
translocation requires the integrity of B. abortus T4SS, demonstrating that their delivery to
the host cell is mediated by VirB system.

BPE123 recruitment to the Brucella-containing vacuole is a VirB dependent process
To independently address BPE123 translocation into host cells by VirB system, bone
marrow-derived macrophages (BMDM) infected with wild-type and virB10 mutant
encoding 3xFLAG-tagged BPE123 were analyzed by confocal microscopy with an anti-
FLAG antibody. As the bacterium remains impermeable to the antibody, FLAG staining is
indicative of protein translocation across the bacterial cell envelope. As shown in Fig. 4A, at
4 h p.i. BPE123 is localized to the proximity of wild-type BCVs. In contrast, BPE123
specific staining of BCVs was not observed in vacuoles containing virB10 mutants (Fig.
4B). In cells infected with wild type B. abortus encoding 3xFLAG-tagged BPE123, about
15% of BCVs were positive for FLAG at 1 and 4 h p.i., while this percentage decreased to
10% at 24 h p.i. (Fig 4C). Similarly, when analyzing intracellular cAMP levels during the
time course of the infection with wild type B. abortus strain expressing CyaA fusion to
BPE123, we found that cAMP concentration reaches a maximum between 2 and 5 h p.i. in
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J774.A1 cells (Fig. 4D), showing a translocation timing suitable for delivery across Brucella
VirB system, which reaches a maximal activation at 5 h p.i. in J774.A1 cells (Sieira et al.,
2004). Stability of FLAG-tagged BPE123 in both strains was assessed by immunoblot (Fig.
4E). These results are consistent with CyaA translocation experiments confirming that
BPE123 requires a functional VirB system to be translocated into host cells where it remains
associated to the BCVs membranes.

The N-terminal 25 amino acids of BPE123 are essential for translocation into host cells
In an attempt to determine the minimal fragment of BPE123 protein that would be sufficient
for type IV translocation, truncated versions of BPE123-CyaA hybrid protein were
generated by removing the putative signal peptide predicted for the first 25 amino acids, as
well as different fragments of the central coiled coil sequence. We also constructed a fusion
of CyaA to N-terminus of BPE123 (Fig. 5A). The strains carrying the plasmids encoding all
these variants were used to infect J774.A1 macrophages and translocation of hybrid proteins
into host cells was assessed by measuring the amount of intracellular cAMP at 5 h p.i. As
shown in Fig. 5B, deletion of residues 1–25 in BPE123-CyaA hybrid protein, as well as
fusion of CyaA to the N-terminus of BPE123, abolished BPE123 translocation into host
cells. The decrease in cAMP levels was not due to differential expression or stability of the
fusion proteins, since hybrid protein expression profiles assesed by immunoblot analysis
were similar among all constructs (Fig. 5C). These results indicate that the N-terminal 25
amino acids, which are either absent in constructs b-e or fused to the C-terminus of CyaA in
construct f (Fig. 5A), are critical for BPE123 translocation into host cells.

Consistent with the N-terminal region of BPE123 being important for translocation, a FLAG
tagged version of BPE123 bearing a deletion of residues 1–25 cannot be recruited to the
proximities of BCVs, like full length BPE123 (Fig. 5D). Interestingly, when evaluating the
stability of both FLAG tagged BPE123 proteins, we found that their electrophoretic
mobilities were similar (Fig. 5E). This finding suggests that the full length protein with a
putative secretion signal might be processed at the N-terminal cleavage site generating
species with similar molecular weights. Altogether, these results indicate that the N-terminal
25-aa of BPE123 are necessary for its delivery into host cells by B. abortus VirB system.

BPE123 is not essential for B. abortus virulence
Previous studies have demonstrated that Brucella VirB system is essential to create an ER-
derived organelle that supports Brucella replication inside host cells and for spleen
colonization in experimentally infected mice (Celli et al., 2003; Comerci et al., 2001; Sieira
et al., 2000; O’Callaghan et al., 1999). It is hypothesized that translocation of effector
proteins via VirB modulates host vesicular traffic, allowing the biogenesis of the replicative
organelle.

In order to assess the role of one of the identified VirB substrate in B. abortus virulence, we
generated the mutant strain BPE123K and analyzed its behavior in intracellular replication
and mice infection assays. As shown in Fig. S3A, similar numbers of wild-type and mutant
CFUs were recovered during the course of the infection in J774.A1 macrophages, BMDM
and in bone marrow-derived dendritic cells (BMDC). Consistent with these results, further
characterization in HeLa cells revealed that the recruitment kinetics of the late endosome/
lysosome glycoprotein LAMP-1 to BPE123K BCVs was indistinguishible from that of wild-
type BCVs and that mutant BCVs further traffic to replicate in ER-derived compartments
positive for calnexin like wild-type BCVs (Fig. S3B and S3C). Similarly, when the wild-
type and the mutant strains were inoculated intraperitoneally in BALB/c mice, equal
bacterial loads were obtained from spleens of infected mice at 30 and 60 days p.i. (Fig.
S3D). Thus, a strain deficient in BPE123 has no measurable intracellular growth defect in
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host cells, indicating that this protein does not play an essential role in the establishment and
maintenance of a vacuole that supports replication of B. abortus in cell culture conditions.
Similarly, BPE123 is not required for spleen colonization in experimentally infected mice.

VirB substrates are highly conserved among Brucella species
A schematic representation of the identified VirB substrates is shown in Fig 6A. BPE005, a
protein of 153 amino acids bearing a cNMP binding domain, is annotated as a putative
cyclic nucleotide-binding protein. These proteins may be regulatory subunits of cNMP
dependent kinases, regulatory subunits of some other protein complex, or they might
function to sequester cNMPs (McCue et al., 2000). BPE043 is a conserved hypothetical
protein of 1553 amino acids, with prediction for two transmembrane domains and four
apolipoprotein domains. Apolipoproteins participate in lipid transport as structural
components of lipoprotein particles, cofactors for enzymes and ligands for cell-surface
receptors. BPE275 contains 253 amino acids and is a member of rhomboid family, a
ubiquitous family of serine proteases that function in varied cellular processes including
intercellular signalling, parasitic invasion of host cells, and mitochondrial morphology
(Kateete et al., 2010). BPE123 is a 17-kDa hypothetical protein with prediction for a signal
peptide and a dimeric coiled coil motif. Coiled coils motifs are two or more α-helices
forming a bundle structure usually involved in protein-protein interactions that participate in
various cellular processes including membrane tethering and vesicle transport (Rose et al.,
2005). Interestingly, relatively high coiled coil content is predicted for type III and type IV
secretion systems substrates (Gazi et al., 2009). BPE005, BPE043 and BPE275 are proteins
widespread in bacteria, whereas BPE123 only shows homology to prokaryotic proteins
found in Ochrobactrum anthropi, O. intermedium and Bartonella bacilliformis. The four
identified VirB substrates are highly conserved among Brucella species and close relatives
including O. anthropi and O. intermedium (Fig 6B). Examination of C-terminal amino acid
composition of the identified VirB substrates revealed a cluster of positive charged residues
characteristic of some type IV substrates (Alvarez-Martinez and Christie, 2009) (Fig 6C).
Although no obvious motif could be detected, this finding may indicate that a C-terminal
domain might also be important for translocation of proteins across VirB system.

DISCUSSION
T4SS are membrane-associated protein complexes used by many Gram-negative pathogenic
bacteria to translocate effector proteins that either hijack or interfere with host cell
pathways. These effectors are delivered directly into host cells, with the exception of the B.
pertussis Ptl system, which exports the A/B pertussis toxin to the extracellular milieu
(Alvarez-Martinez and Christie, 2009). Brucella VirB system is one of the major virulence
factors described so far, being essential for bacterial intracellular replication and
colonization in experimentally infected mice (Celli et al., 2003; Comerci et al., 2001; Delrue
et al., 2001; Sieira et al., 2000; O’Callaghan et al., 1999). Recently, two VirB substrates,
VceC and VceA, were identified in a bioinformatic screen for genes co-regulated with virB
genes (de Jong et al., 2008). However, their contribution to the intracellular lifestyle of
Brucella remains to be uncovered.

In this report, we screened B. abortus 2308 genome for proteins with characteristics that
would make them good candidates for translocation, such as eukaryotic-like domains,
homology to known effectors in related species and structural features known to be involved
in protein-protein interactions. We hypothesized that these proteins could be strong
candidates for modulation of host cell functions during infection, making them potential
substrates of Brucella VirB system. Here, we identified 84 B. abortus proteins (BPEs) with
at least one of the mentioned properties, most of them annotated as hypothetical proteins
without a predicted function. In contrast to what has been described for L. pneumophila, in
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which most of the 101 Dot/Icm effectors identified have distinctive eukaryotic domains
(Franco et al., 2009), the occurrence of these kind of proteins in Brucella is relatively small
(about 23% of the identified BPEs). Proteins with eukaryotic domains are assumed to have
been acquired by interdomain horizontal gene transfer from eukaryotes to bacteria (Amor et
al., 2005; de Felipe et al., 2005; Cazalet et al., 2004; Nagai et al., 2002). Thus, the large
number of “eukaryotic-like” effector proteins in L. pneumophila could be explained by the
fact that this bacterium, which occasionally infects human alveolar macrophages, is
ubiquitously found in freshwater environments as an intracellular parasite of unicellular
protozoans and in biofilms, whereas Brucella replication niche is essentially restricted to
mammalian cells (Celli, 2006).

To determine whether any of these BPEs is translocated into host cells during infection, we
decided to generate protein fusions to the N-terminus of the catalytic domain of the
calmodulin-dependent adenylate cyclase of B. pertusiss, which provides a sensitive method
for detecting protein translocation from bacteria to host cells (Chen et al., 2010; Ninio et al.,
2009; Murata et al., 2006; Schmid et al., 2006; Nagai et al., 2005; Chen et al., 2004). All
constructs were generated under the transcriptional control of a constitutive promoter in
order to ensure intracellular expression of hybrid proteins. Although the CyaA fusion
approach has failed to detect the translocation of aa 303–418 of Brucella VirB substrate
VceC (de Jong et al., 2008), the use of this reporter has proved to be a sensitive method for
detecting translocation of 6 BPEs into J774.A1 cells. It will be interesting to determine if the
other BPEs are indeed translocated, either generating protein fusions to the C-terminus of
CyaA or using other translocation reporters like TEM1 β–lactamase or CRAfT assay.

Importantly, we found that during infection of a macrophage-like cell line with strains
expressing CyaA fusions to BPE123, BPE275, BPE043 and BPE005, intracellular cAMP
levels were notably reduced when cells were infected with virB mutant strains. These results
indicate that translocation of these proteins into J774.A1 cells is a VirB dependent process.
In contrast, translocation of BPE865 and BPE159 did not require a functional T4SS,
indicating that other translocation systems might function to deliver Brucella proteins across
the phagosomal membrane.

Consistent with CyaA translocation experiments in J774.A1 cells, data from
immunofluorescence microscopy indicate that upon VirB mediated translocation in
BMDMs, BPE123 is localized to the phagosomal membrane surrounding the bacterium.
Similarly, many L. pneumophila Dot/Icm substrates have been localized to the Legionella
containing vacuole (Murata et al., 2006; Bardill et al., 2005; Luo and Isberg, 2004; Conover
et al., 2003; Nagai et al., 2002). Restriction of BPE123 to the phagosomal membrane may
be critical for concentration of its function to individual phagosomes, an important feature
for controlling the biogenesis of the BCV. It should be noted that BPE123 was localized to
the BCV membrane in afraction of intracellular bacteria raising the possibility that only
bacteria that manage to translocate T4SS substrates become proficient for intracellular
replication. Given that up to 90% of internalized brucellae are killed by the host cell (Kohler
et al., 2003) it will be interesting to determine if the BCVs positive for BPE123 are
committed to mature into ER-derived replicative organelles.

We showed thatthe 25-aa N-terminal region is essential for delivery of BPE123 into
macrophage-like cells, as assessed by CyaA translocation experiments and
immunofluorescence microscopy data. A Sec secretion signal is predicted for the N-terminal
region of BPE123. These results raise the possibility that BPE123 is exported to the
periplasm by the Sec translocon prior to its delivery into host cells by the VirB system. A
two-step translocation process has already been demonstrated for pertussis toxin (Covacci
and Rappuoli, 1993; Weiss et al., 1993) and VirD2, VirE2 and VirF, which interact with the
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periplasmic protein VirJ in A. tumefaciens (Pantoja et al., 2002). Another possible
explanation for the N-terminal region of BPE123 being required for VirB translocation is
that the transmembrane domain predicted for this region is necessary for protein insertion
into the BCV. Regarding other Brucella VirB substrates, it has been recently demonstrated
that the 20-aa C-terminal region of VceC is required for translocation of the fragment 303–
418 into host cells, as determined by TEM1 reporter (de Jong et al., 2008). Thisfinding is
consistent with previous studies indicating that a positively charged C-terminal region is the
secretion signal for T4SS substrates (Cambronne and Roy, 2006). However, the C-terminal
20 aa of VceC are not conserved in Brucella species, indicating that a signal other than the
C-terminal might be required for recognition and translocation of T4SS substrates. This is
the case for Helicobacter pylori CagA protein, in which both N and C-terminal regions are
important for translocation into host cells (Hohlfeld et al., 2006). In this respect, it should be
mentioned that we also found a positively charged C-terminal regionin the four VirB
substrates identified that might be relevant for translocation into host cells. In conclusion,
although the presence of a C-terminal translocation signal has been demonstrated for many
T4SS substrates, there might be specific requirements depending on the substrate and the
T4SS studied. Further work aimedat deciphering the precise route of translocation may help
clarify the nature and relevance of translocation signals.

BPE123 is a 153-aa protein highly conserved in all Brucella species sequenced.
Homologous proteins are only found in O. anthropi, O. intermedium and B. bacilliformis.
These species are phylogenetically related to Brucella and, like Brucella, arecapable of
infecting eukaryotic cells (Berg et al., 2005; Dehio, 2005). A central coiled-coil motif is
predicted for BPE123. Interestingly, these structural motifs mediating protein-protein
interactions are widespread in substrates of type III and type IV secretion systems (Ninio
and Roy, 2007; Delahay and Frankel, 2002). A strain lacking BPE123 showed no replication
or traffic defects in cells and colonized mice spleens at wild-type rates. This finding is
reminiscent of L. pneumophila, in which the lack of virulence defects is emerging as a
general theme for Dot/Icm substrates (Machner and Isberg, 2006; Murata et al., 2006; Ninio
et al., 2005; Nagai et al., 2002). Functional redundancy among VirB substrates is one
possible explanation for the lack of a virulence phenotype in the mutant strain. This
speculation could also explain the fact that genetic screens for attenuated mutants have
failed to identify Brucella VirB substrates.

In silico screening combined with fusion to CyaA reporter led to the identification of four
VirB substrates that may contribute to modulation or evasion of host cellular processes. At
the moment, predicting the function of the identified Brucella T4SS substrates based solely
on their domains is a difficult task. However, it is likely that the specific domains or motifs
identified in these proteins are involved in protein-protein interactions with eukaryotic
proteins that might be implicated in targeting varied cellular pathways. Functional
characterization of these substrates will provide valuable information about the molecular
mechanisms underlying pathogenesis of Brucella.

EXPERIMENTAL PROCEDURES
Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed in Table S1. Brucella abortus
strains were inoculated in tryptic soy agar (TSA) (Difco/Becton-Dickinson, Sparks, MD) or
in tryptic soy broth (TSB) at 37°C on a rotary shaker for 16–20 h. When indicated, media
were supplemented with 50μg/ml kanamycin, 5μg/ml nalidixic acid, 50μg/ml ampicillin
and/or 3μg/ml gentamicin. All work with live B. abortus was performed in a biosafety level
3 laboratory facilityat University of San Martín. Escherichia coli strains were grown in
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Luria Broth (LB) at 37°C overnight. Antibiotics, when required, were added at the following
concentrations: 50 μg/ml kanamycin and/or 100 μg/ml ampicillin.

DNA manipulations
Oligonucleotide primers used in this study are listed in Table S2. To generate plasmid
pLFC, bcsp31 ribosome binding site was excised from pDCyaA (see below) using HindIII-
SmaI restriction sites and the fragment was ligated to the HindIII-SmaI sites of pBBR1-
MCS4 downstream of the lac promoter (Kovach et al., 1995). The resulting plasmid was
digested with SmaI-SacI restriction enzymes and a DNA fragment coding for Bordetella
pertussis adenylate cyclase catalytic domain (CyaA), amplified from pMS107 (Sory and
Cornelis, 1994) using primers START CyaA and STOP CyaA, was ligated into the
corresponding sites. A fragment coding for 3xFLAG epitope was amplified from
pBAD24-3xFLAG (Spano et al., 2008) using primers 3FLAG·SpeI and 3FLAG XbaI, and
was ligated into the SpeI site of the vector to generate pLFC plasmid.

To generate plasmid pDCyaA, bcsp31 promoter, including the ribosome binding site, was
amplified from B. abortus S2308 genomic DNA using primers BCSP31 EcoRI and BCSP31
SmaI, and the PCR product with flanking EcoRI-SmaIsites was ligated into the EcoRI-
SmaIsites of pDK51 (Marchesini et al., 2004)to drive expression of CyaA fusion proteins. In
the resulting plasmid, a XbaI-SacI DNA fragment coding for CyaA, generated by PCR
amplification from plasmid pMS107 using primers CyaA XbaI and CyaA SacI, was ligated
into the corresponding sites to generate plasmid pDCyaA. To generate plasmids coding for
fusions to the N-terminus of CyaA, BamHI/SpeI DNA fragments coding for B. abortus
candidate proteins were obtained by PCR amplification with primers carrying BamHI/SpeI
sites and ligated into the corresponding sites of pDCyaA or pLFC plasmids. Oligonucleotide
sequences used for amplification of the selected ORFs are listed in Table S2. To generate
the plasmid coding for CyaA-BPE123, a DNA fragment coding for CyaA was amplified
using primers CyaA BamHI and CyaA SpeI while the gene coding for BPE123 was
amplified using primers 20123 XbaI and 20123 SacII. Both DNA fragments were ligated in
the corresponding sites of pDK51 under bcsp31 gene promoter. To generate BPE123 N-
terminal deletions, oligonucleotides 123 BamHI-25, 123 BamHI-42, 123 BamHI-77 and 123
BamHI-111 were used, where the numbers indicate the first codon of bpe123 to be
amplified. Plasmids expressing CyaA fusion proteins were introduced in B. abortus strains
by biparental mating.

For constructing vectors expressing C-terminal 3xFLAG-tagged BPE123 proteins, the
plasmid pBAD24-3xFLAG was used. DNA fragments coding for full length (aa 1–153) or
truncated (aa 25–153) BPE123 were amplified by PCR using primers 20123 BamHI/20123
NcoI or 123 BamHI-25/20123 NcoI, respectively. The PCR products were inserted by the
flanking BamHI/NcoI sites in the corresponding sites of pBAD24-3xFLAG to generate in
frame fusions to 3xFLAG epitope. Then, BamHI/XbaI fragments encoding protein fusions
were ligated in the corresponding sites of pBBR1 MCS-4 to generate pBPE123-
FLAG (1-153) and pBPE123-FLAG (25-153). Plasmids expressing 3xFLAG tagged fusion
proteins were introduced in B. abortus strains by biparental mating. The integrity of all
constructs was confirmed by sequence analysis.

Bacterial infection and replication assays
Cell lines were maintained and plated as previously described (Bukata et al., 2008). To
obtain bone marrow-derived macrophages (BMDMs), bone marrow cells were isolated from
femurs of 6 to 10-week-old C57BL/6 female mice and differentiated into macrophages as
described (Celli et al., 2005). Bone marrow-derived dentritic cells (BMDCs) were prepared
from 7–8 week-old female C57BL/6 mice as described (Salcedo et al., 2008). Cells (5 ×104/
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well) were seeded on 24-well plates in media without antibiotics 24 h before infection. B.
abortus infections were carried out at the indicated multiplicity of infection (MOI). Bacteria
were centrifuged onto cells at 400 × g for 10 min. After 30 min (J774.A1 cells, BMDMs and
BMDCs) or 60 min (HeLa cells) wells were gently washed three times with phosphate-
buffered saline (PBS) and incubated for 60 min with fresh medium containing 50 μg/ml
gentamicin and 100 μg/ml streptomycin to kill noninternalized bacteria. Thereafter,
antibiotics concentrations were decreased to 10 μg/ml gentamicin and 20 μg/ml
streptomycin. At the indicated times, infected cells were either washed three times with PBS
and lysed with 500 μl 0.1% Triton X-100 in H2O (Sigma-Aldrich) or processed for
immunoflourescence staining as described below. The intracellular CFU counts were
determined by plating serial dilutions on TSA with the appropriated antibiotic.

CyaA translocation assay
Translocation of potential substrates into host cells was assayed using the CyaA fusion
approach. After infection of J774.A1 cells (MOI 250:1) for the indicated times in 96-wells
plates (105 cells/well), cells were gently washed five times with PBS and lysed. Intracellular
cAMP levels were determined by Direct cAMP Enzyme Immunoassay Kit (Sigma, CA200)
as described by the manufacturer.

Immunoblot analysis
To monitor the level of CyaA or 3xFLAG fusion proteins, B. abortus strains were grown in
TSB and harvested at stationary phase. Equivalent bacterial pellets were resuspended in
Laemmli buffer and samples were subjected to SDS-PAGE. Proteins were transferred onto
nitrocellulose membranes using semi-dry transfer. Immunobloting was performed using
polyclonal anti-CyaA or monoclonal anti-FLAG M2 (Sigma-Aldrich) antibodies. A
recombinant histidine-tagged CyaA domain (aa 2–405) was used to prepare a mouse serum
against CyaA by using a standard scheme of immunization.

Immunofluorescence microscopy
Eukaryotic cells were plated on glass coverslips and infected as described above. At the
indicated times the coverslips were washed with PBS and the cells were fixed for 15 min in
3% paraformaldehyde (pH 7.4) at 37°C. Coverslips were then processed for
immunofluorescence labeling as previously described (Comerci et al., 2001), except for
anti-FLAG M2, that was diluted in 0.2 % Triton X-100 instead of 0.1% saponin for cell
permeabilization. After immunofluorescence labeling, the coverslips were mounted onto
slides with FluorSave (Calbiochem). Samples were either examined on a Nikon microscope
(Eclipse E600) or a Zeiss LSM 510 laser scanning confocal microscope for image
acquisition. Images of 1024 × 1024 pixels were then assembled using Adobe Photoshop CS.

Antibodies and reagents
The primary antibodies used for immunofluorescence microscopy were cow anti-Brucella
polyclonal antibody, mouse anti-FLAG M2 (Sigma-Aldrich), mouse anti-human LAMP-1
H4A3 (Developmental Studies Hybridoma Bank, National Institute of Child Health and
Human Development, University of Iowa) and rabbit polyclonal anti-calnexin (Stressgen).
The secondary antibodies used were FITC-conjugated donkey anti-cow IgG, Texas Red-
conjugated donkey anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch). For DNA
staining, Hoechst dye at 2 μg/ml (final concentration) or To-Pro3 (Invitrogen) were used.

Generation of BPE123K mutant
A DNA fragment of 500 bp coding for BPE123 was amplified by PCR using primers 20123
BamHIand 20123 SpeI. The PCR product was ligated to pGem-T-Easy (Promega) and the
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resulting plasmid was linearized with HindIII and blunt ended with T4 DNA polymerase
(New England Biolabs). Linearized pGem-T-bpe123 was ligated to a HincIIDNA fragment
coding for a nonpolar kanamycin resistance cassette to generate pGem-T-bpe123::Kan. This
plasmid was electroporated into B. abortus 2308 where it is incapable of autonomous
replication. Homologous recombination events were selected using kanamycin resistance
and ampicillin sensitivity. PCR analyses showed that the bpe123 wild-type gene was
replaced by the disrupted one. The mutant strain obtained was called BPE123K.

Mice infection
Eight-week-old female BALB/c mice were intraperitoneally inoculated with 105 CFU of B.
abortus strains in PBS. At the indicated times post-infection, spleens from infected mice
were removed and homogenized in 2 ml of PBS. Tissue homogenates were serially diluted
and plated in duplicate on TSA with the appropriate antibiotic. CFU were counted after 3 to
4 days of incubation at 37°C. Infected mice were kept in cages within a biosafety level 3
facility.

URLs
PSORTb v.2.0.4 (Gardy et al., 2005) is available at http://www.psort.org/psortb/; SignalP
3.0 (Bendtsen et al., 2004) at http://www.cbs.dtu.dk/services/SignalP/; COILS (Lupas et al.,
1991) at http://www.ch.embnet.org/software/COILS_form.html; Multicoil (Wolf et al.,
1997) at http://groups.csail.mit.edu/cb/multicoil/cgi-bin/multicoil.cgi; SMART (Letunic et
al., 2009; Schultz et al., 1998) at http://smart.embl-heidelberg.de/; Pfam 23.0 (Finn et al.,
2008) at http://pfam.janelia.org/; MARCOIL (Delorenzi and Speed, 2002) at
http://www.isrec.isb-sib.ch/webmarcoil/webmarcoilC1.html; TMHMM2.0 (Krogh et al.,
2001) at http://www.cbs.dtu.dk/services/TMHMM/.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow chart of the bioinformatic screening performed to identify B. abortus putative effector
proteins (BPEs).
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Figure 2. BPE translocation into J774.A1 cells
Intracellular cAMP levels in J774.A1 cells infected with B. abortus strains expressing 10
BPE-CyaA hybrid proteins were measured after a 5 h infection. Controls included strains
expressing VirB2-CyaA, VirB6-CyaA, VirB7-CyaA or FlgE-CyaA hybrid proteins as well
as a wild-type strain containing no plasmid (WT) or a strain containing the CyaA domain
alone (pDCyaA). Intracellular cAMP levels were also quantified in non-infected cells.
cAMP levels are representative data from four independent experiments.
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Figure 3. VirB-dependent translocation of BPEs into J774.A1 cells
(A) Intracellular cAMP levels in J774.A1 cells infected with isogenic strains with a
functional (WT) or nonfunctional VirB system (virB10 and virB11) expressing BPE-CyaA
fusion proteins were measured after a 5 h infection. Controls included wild type strain (WT)
and virB mutants (virB10 and virB11) either containing no plasmids, containing the CyaA
domain alone (pDCyaA), or VirB2-CyaA fusion protein. Intracellular cAMP levels were
also quantified in non-infected cells. Mean and SD are shown for one representative out of
three independent experiments. (B) BPE-CyaA fusion protein levels of the indicated B.
abortus strains were determined by immunoblot analysis with anti-CyaA antibodies.

Marchesini et al. Page 18

Cell Microbiol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. BPE123 recruitment to the Brucella containing vacuole (BCV) is a VirB dependent
process
Representative confocal micrographs of mouse BMDM infected with wild-type B. abortus
(A) or a virB10 mutant strain (B) both expressing BPE123-3xFLAG (MOI 20:1). At 5 h p.i.
cells were fixed and processed for immunostaining as described in materials and methods.
Arrows indicate the location of BPE123 in the proximity of a wild-type BCV. (C)
Percentage of FLAG positive BCVs scored during the time course of infection (mean± SD,
n=3 independent experiments) (D) Intracellular cAMP levels in J774.A1 cells infected with
B. abortus strain expressing BPE123-CyaA hybrid protein measured after 2, 5 and 21 h p.i.
A strain containing the CyaA domain alone (pDCyaA) was included as a control.
Intracellular cAMP levels were also quantified in non-infected cells at 21 h p.i. Mean and
SD are shown for one representative out of three independent experiments. (E)
BPE123-3xFLAG protein levels of the indicated B. abortus strains were determined by
immunoblot analysis with anti-FLAG monoclonal antibody.
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Figure 5. The N-terminal 25 amino acids of BPE123 are essential for translocation into host cells
(A and B) J774.A1 cells were infected with B. abortus strains expressing full length and N-
terminal truncations of BPE123-CyaA (a–e) as well as CyaA-BPE123 hybrid protein (f).
Protein translocation was measured by determining the intracellular cAMP levels in J774.A1
cells infected for 5 h with B. abortus strains harboring the indicated plasmids. The wild type
strain (2308) expressing the CyaA domain alone (pDCyaA) was included as a control.
Intracellular cAMP was also quantified in non-infected cells. Mean and SD are shown for
one representative out of three independent experiments. (C) Full length and N-terminal
truncations of BPE123-CyaA (a–e) as well as CyaA-BPE123 (f) hybrid protein levels were
determined by immunoblot analysis with anti-CyaA antibodies. (D) Representative confocal
micrographs of mouse BMDM infected with wild-type B. abortus expressing full length (left
panel) or truncated (right panel) BPE123-3xFLAG (MOI 20:1). At 5 h p.i. cells were fixed
and processed for immunostaining as described in materials and methods. Arrows indicate
the location of full length BPE123 in the proximity of a BCV. (D) Full length (lane 1) or
truncated (lane 2) BPE123-3xFLAG protein levels of the indicated B. abortus strains were
determined by immunoblot analysis with anti-FLAG monoclonal antibody.

Marchesini et al. Page 20

Cell Microbiol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Amino acid sequence analysis of identified VirB substrates
(A) Schematic representation of BPE proteins translocated across B. abortus VirB system.
The number of amino acids is indicated on the right. cNMP: cyclic Nucleotide Mono-
Phosphate; Vertical bars represent transmembrane domains; APO: apolipoprotein; SP: Sec
Signal Peptide; (B) Percentage of identity between B. abortus 2308 VirB translocated BPEs
and their orthologs in representative Brucella species and the phylogenetically related
species O. anthropi and O. intermedium. (C) B. abortus VirB translocated substrates C-
terminal 30 amino acids. Positively charged amino acids are shaded.
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