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Phosphatidylcholine (PC), a common phospholipid of the eukaryotic cell membrane, is present in the cell envelope of the intra-
cellular pathogen Brucella abortus, the etiological agent of bovine brucellosis. In this pathogen, the biosynthesis of PC proceeds
mainly through the phosphatidylcholine synthase pathway; hence, it relies on the presence of choline in the milieu. These obser-
vations imply that B. abortus encodes an as-yet-unknown choline uptake system. Taking advantage of the requirement of cho-
line uptake for PC synthesis, we devised a method that allowed us to identify a homologue of ChoX, the high-affinity periplasmic
binding protein of the ABC transporter ChoXWV. Disruption of the choX gene completely abrogated PC synthesis at low choline
concentrations in the medium, thus indicating that it is a high-affinity transporter needed for PC synthesis via the PC synthase
(PCS) pathway. However, the synthesis of PC was restored when the mutant was incubated in media with higher choline concen-
trations, suggesting the presence of an alternative low-affinity choline uptake activity. By means of a fluorescence-based equilib-
rium-binding assay and using the kinetics of radiolabeled choline uptake, we show that ChoX binds choline with an extremely
high affinity, and we also demonstrate that its activity is inhibited by increasing choline concentrations. Cell infection assays
indicate that ChoX activity is required during the first phase of B. abortus intracellular traffic, suggesting that choline concentra-
tions in the early and intermediate Brucella-containing vacuoles are limited. Altogether, these results suggest that choline trans-
port and PC synthesis are strictly regulated in B. abortus.

Choline is a methylated nitrogen compound that is widespread
in nature. It is a precursor of several metabolites that perform

numerous biological functions (1, 2), and it is predominantly used
for the synthesis of essential lipid components of cell membranes
(3). Quantitatively, phosphatidylcholine (PC) is the most impor-
tant metabolite of choline and accounts for approximately one-
half of the total membrane lipid content in eukaryotes (4). In
contrast, prokaryotes most often contain membranes that are rich
in phosphatidylethanolamine (PE), while PC is present in only
about 10% of all known bacterial species, particularly in those that
interact with eukaryotes (5, 6). Recently, several studies have
started to elucidate the importance of PC in pathogenic microbe-
host interactions (7–11).

Like other members of the Rhizobiaceae family, Brucella abor-
tus, the etiological agent of brucellosis, contains PC as one of its
major membrane components (8, 9, 12). Brucellosis is a world-
wide zoonosis affecting both wild and domestic mammals, as well
as humans (13, 14). These bacteria are facultative intracellular
parasites capable of invading and proliferating intracellularly in
professional and nonprofessional phagocytes, thus establishing
long-lasting infections. Brucella spp. are some of the best examples
of pathogens that are able to hide from the host’s immune system
by subverting the macrophage bactericidal defensive mechanism
and creating a membrane-bound compartment that supports its
intracellular replication (15). It has been postulated that most of
these properties are related to the singular structure and compo-
sition of the Brucella cell envelope (CE), which is characterized by
the presence of a lipopolysaccharide (LPS) with low endotoxic
activities, porins, and outer membrane proteins (OMPs) that are
covalently bound to the peptidoglycan layer and by the presence of
PC as one of the main phospholipids (16).

In bacteria, PC is synthesized through two alternative biosyn-
thetic pathways: (i) the phosphatidylcholine synthase (PCS) path-
way, in which choline is directly condensed with cytidine diphos-
phate-diacylglycerol (CDP-DAG) by the PCS enzyme (17), and
(ii) the methylation pathway, also known as the Kennedy path-
way, which consists of three methylation steps of PE catalyzed by
the enzyme phospholipid N-methyltransferase (PmtA), which
uses S-adenosylmethionine (SAM) as the methyl donor (6, 17–
21). The PCS pathway depends on the presence of choline for PC
biosynthesis, while the methylation pathway is choline indepen-
dent, since PC is synthesized from PE.

In B. abortus, PC synthesis is almost exclusively dependent on
the PCS pathway. The gene coding for PmtA has accumulated
several amino acid substitutions that may explain the minimal
PmtA activity observed in this bacterium (8, 9).

Since there is no evidence that B. abortus can synthesize choline
de novo, and because choline uptake from exogenous sources is
energetically more favorable than is de novo synthesis, the PCS
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pathway might rely on exogenously provided choline. To achieve
this goal, bacteria have evolved different uptake mechanisms for
choline transport across the bacterial membrane. Most often, the
binding protein-dependent ATP-binding cassette (ABC) trans-
porters have been described as fulfilling this role (7, 22–24). How-
ever, a corresponding choline transporter(s) in Brucella has not
been described so far.

In this work, we identified three putative ABC-type transport-
ers of quaternary amines and analyzed their abilities to transport
choline. One of these putative transporters is highly similar to
the well-characterized choline-specific ABC transport system
ChoXWV of Sinorhizobium meliloti (25, 26). The open reading
frame (ORF) BAB1_1593 was identified as a B. abortus homologue
of ChoX, the high-affinity periplasmic binding protein of the
ChoXWV system. Here, we describe for the first time a high-af-
finity choline transport system in B. abortus that is required for PC
synthesis under specific growth conditions.

MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in this study are listed with their relevant char-
acteristics in Table S1 in the supplemental material. B. abortus strains were
grown at 37°C on tryptic soy broth (TSB), tryptic soy agar (TSA) (Becton,
Dickinson, and Co.), or Gerhardt-Wilson (GW) minimum medium (27).
The media were supplemented with 1, 10, or 100 �M choline chloride
(Sigma-Aldrich Co.) where indicated. When required, antibiotics were
added at 5 �g ml�1 (nalidixic acid), 5 �g ml�1 (gentamicin [Gm]), or 50
�g ml�1 (ampicillin [Ap]). Escherichia coli strains were grown at 37°C in
Luria-Bertani (LB) broth supplemented with 50 �g ml�1 kanamycin
(Km) and 100 �g ml�1 Ap when appropriate.

Thin-layer chromatography lipid analysis. Log-phase bacteria were
used to inoculate fresh media at an initial optical density at 600 nm
(OD600) of 0.1. Each culture was supplemented with either 0.88 �M so-
dium [14C]acetate ([14C]AcONa) (56.50 mCi/mmol) (New England Nu-
clear) or 0.4 �M [methyl-14C]choline chloride (50 mCi/mmol) (New
England Nuclear), and the bacteria were grown for 48 h to reach an OD600

of �0.8 to 0.9 (three duplication rounds) to allow for radioactive mole-
cule incorporation. Cells were harvested by centrifugation and lipids were
extracted according to the method of Bligh and Dyer (28). Total lipid
extracts were separated on silica gel plates (Kieselgel 60; Merck) by using
chloroform-methanol-water (14:6:1 [vol/vol/vol]) as a running solvent.
The radioactive lipid profile was analyzed after 7 days of plate exposure to
Kodak BioMax film at �80°C.

Choline uptake assay. For radioactive choline uptake analyses, cul-
tures of wild-type B. abortus, the B. abortus �choX mutant, the B. abortus
pcs mutant, or the complemented B. abortus �choX pDK51-choX strain
were grown in GW minimal medium with or without 10 or 100 �� cold
choline chloride. Cells were washed three times with ice-chilled GW me-
dium and adjusted to an OD600 of 0.5 with GW medium. The reaction
mixtures were initiated by the addition of [3H]choline chloride (80.6 Ci/
mmol) (New England Nuclear) to a final concentration of 3.3 �M and
incubated at 37°C, and aliquots were taken at different time points (0 to 90
min). Samples were immediately chilled on ice, washed five times with
ice-chilled GW medium, and centrifuged, and cell pellets were resus-
pended in 500 �l of scintillation liquid. The radioactivities of the cell
pellets were determined with a scintillation spectrometer (Wallac 1414
controlled by WinSpectral). To assess uptake kinetics at different choline
concentrations, the bacteria were incubated for 7 min at 37°C in GW
medium with a mix of [3H]choline-cold choline (1:100 [vol/vol]) ranging
from 6.25 � 10�2 �M to 64 �M, and the incorporated radioactivities in
the cell pellets were determined as described above.

Data bank searches and sequence alignments. The domain search
tool of the Protein Families Database (http://pfam.sanger.ac.uk) (29) was
used to identify B. abortus strain 2308 proteins containing high identity

percentages to the substrate-binding domain of the ABC-type glycine-
betaine transport system OpuAC (PF04069).

Protein homologues of B. abortus 2308 ChoX were searched via the
Web server of the National Center for Biotechnology Information (NCBI
BLAST) (30). The sequence alignments of ChoX homologues were per-
formed using Web-based ClustalW2 (31) from the European Bioinfor-
matics Institute (http://www.ebi.ac.uk/Tools/msa/clustalw2).

Cloning, generation of mutants, and complemented strains. Un-
marked deletion mutants of the selected candidate genes (see Table S1 in
the supplemental material) were generated as follows: DNA fragments
(�500 bp) containing the flanking regions of BAB1_1593, BAB1_0226,
and BAB2_0502 were amplified from B. abortus 2308 genomic DNA with
modified primers carrying BamHI and SphI restriction sites in the 5= and
3= ends, respectively. The PCR amplicons were ligated to the BamHI and
SphI sites of the mobilizable suicide vector pK18mobsacB (32); the result-
ing plasmid was transformed in Escherichia coli S17�-pir and subsequently
conjugated to B. abortus 2308. Single recombinants were selected with
kanamycin and replica plated in TSA supplemented with 10% sucrose to
counterselect the double recombinants. Deletion of the selected gene was
confirmed by colony PCR and sequence analysis. Using these procedures,
the mutant strains B. abortus �choX, B. abortus �2_0502, and B. abortus
�1_0226 were generated. To obtain the double mutant strain, B. abortus
�2_0502 and B. abortus �1_0226 were conjugated with E. coli S17�-pir
carrying pK18mobsacB-choX. The exconjugants were selected with kana-
mycin and plated on 10% sucrose in order to select the clean deletion of
the choX gene.

To construct the pDK51-choX complementing plasmid, the amplicon
containing the choX gene under its own promoter was ligated to the
pDK51 vector (33), a pBBRMCS-4 derivative lacking the lac promoter.
The plasmid was transferred by biparental conjugation to the B. abortus
�choX mutant, and the resulting complemented strain was selected with
ampicillin.

Protein expression and purification. E. coli BL21-CodonPlus cells
carrying the expression plasmid pET28a(�)-choX were grown in 250 ml
of M9 minimal medium with 0.2% glucose as a carbon source and chlor-
amphenicol (20 �g ml�1) on a rotary shaker (250 rpm) at 37°C. Protein
expression was induced by the addition of isopropyl 1-thio-	-D-galacto-
pyranoside (final concentration, 1 mM), performed when the culture
reached an OD600 of 0.7. After induction, the bacterial culture was incu-
bated for 6 additional hours, and the cells were harvested by centrifuga-
tion (6,000 � g, 15 min, 4°C). The cell pellet was resuspended in lysis
buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1.5% Triton X-100, 0.5
mg ml�1 lysozyme, and protease inhibitor cocktail) and subjected to 5
sonication pulses of 1 min each. Insoluble material was removed by cen-
trifugation (6,000 � g, 15 min) and subsequent filtration with a 0.45-�m
filter. Soluble fractions were applied to a nickel-Sepharose (GE Health-
care) column for affinity purification of the His-tagged ChoX. Buffer A
(500 mM NaCl, 50 mM Tris-HCl [pH 7.6]) was used for washing the
column, and buffer B (500 mM NaCl, 50 mM Tris-HCl [pH 7.6], 500 mM
imidazole) was used for the elution of nonspecific protein binding at two
low-concentration steps of 8% and 12% (40 mM and 60 mM imidazole,
respectively). Recombinant ChoX was eluted from the affinity matrix by
using an imidazole gradient from 60 mM to 500 mM (at a flow rate of 1
ml/min). ChoX elution was observed at �150 mM imidazole. To ex-
change the buffer of the eluted ChoX-containing fractions, the protein
was dialyzed (24 h at 4°C) against 3 liters of substrate-binding buffer for an
intrinsic tryptophan fluorescence-based assay. Protein purity was assessed
and quantification was performed by Coomassie blue staining of SDS-
polyacrylamide gel (10%) and Bradford protein assays, respectively.

Size exclusion chromatography. Size exclusion chromatography was
performed using a Superdex 75 10/30 column run with 50 mM NaCl, 10
mM phosphate, and 2.7 mM KCl (pH 7.4) at a flow rate of 0.5 ml/min. The
column was calibrated with the globular proteins aldolase (158 kDa),
ovalbumin (43 kDa), myoglobin (17.6 kDa), and vitamin B12 (1.355 kDa)
to obtain an R2 value of 0.9977 for the calibration curve. A 250-�l aliquot
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of purified ChoX (preincubated with or without a saturating concentra-
tion of choline) at a concentration of 0.5 mg ml�1 was injected, and the
elution volume (VE) was determined. Using the calibration curve and the
VE, the ChoX size was calculated and the presence of monomers and/or
homopolymers was evaluated.

Fluorescence-based ligand-binding assays. Intrinsic tryptophan flu-
orescence was used to determine the binding affinity of ChoX for the
different ligands (26). The excitation wavelength was set to 295 nm, fluo-
rescence emissions were monitored from 305 nm to 400 nm (slit widths of
5 nm) at 25°C in 3-mm cells, and background fluorescence (buffer with-
out protein) was subtracted from all protein-substrate-binding measure-
ments. Different amounts (340 nM for choline and 1 �M for betaine,
L-proline, and L-carnitine) of 100 mM ligand stock solution (comprising
50 mM NaCl, 10 mM phosphate, 2.7 mM KCl [pH 7.4]) were added to
purified ChoX in the same buffer solution. The KD (ligand dissociation
constant) for each ChoX-substrate complex was obtained by fitting a sin-
gle-binding-site model to the measured fluorescence intensity at a fixed
wavelength at different ligand concentrations. The wavelengths used were
340 nm for betaine and 317 nm for the other ligands. The binding affinity
of ChoX for choline was averaged from three independent measurements.

Cell culture infection. J774.A1 macrophage-like cell lines were main-
tained in RPMI 1640 medium supplemented with 10% fetal bovine se-
rum, streptomycin (50 �g ml�1), and penicillin (50 U ml�1) in a 5% CO2

atmosphere at 37°C (all solutions and media were purchased from Gibco).
Cells (5 � 104 per well) were seeded on 24-well plates without antibiotics
and were incubated under these conditions for 24 h. B. abortus infections
were carried out with bacteria grown in GW medium without choline or
in TSB (with choline excess) at a multiplicity of infection (MOI) of 50:1.
The plates were centrifuged for 10 min at 300 � g to promote bacterium-
cell contact and were kept 30 min at 37°C to allow for bacterial internal-
ization. The wells were washed three times with phosphate-buffered saline
(PBS) and fresh RPMI medium with 50 �g ml�1 gentamicin, and 100 �g
ml�1 streptomycin was added to kill noninternalized bacteria. At the in-
dicated times, the cells were washed three times with PBS and lysed with
500 �l of 0.1% Triton X-100 (Sigma-Aldrich). The number of intracellu-
lar CFU was determined by plating serial dilutions on TSA with the ap-
propriate antibiotic.

Infection of mice. Eight-week-old female BALB/c mice were inocu-
lated orally with 1 � 1010 CFU of B. abortus strains resuspended in PBS. At
the indicated time postinoculation (p.i.), spleens from the infected mice
were removed and homogenized in 2 ml of PBS. Serial dilutions from
individualized organs were plated on TSA to quantify the recovered CFU.

RESULTS
PC synthesis in B. abortus occurs mainly through the PCS path-
way. To confirm our previous observations that B. abortus de-
pends on exogenous choline for PC synthesis, the lipid profiles of
B. abortus 2308 and the corresponding B. abortus pcs mutant were
analyzed by thin-layer chromatography (TLC) after in vivo label-
ing with [14C]choline or [14C]AcONa as described in Materials
and Methods.

The spots corresponding to PC, PE, ornithine lipid (OL), car-
diolipin (CL), and phosphatidylglycerol (PG) were observed in B.
abortus 2308 labeled with [14C]AcONa (see Fig. S1 in the supple-
mental material). When [14C]choline was used, only a major spot
corresponding to PC was detected clearly (see Fig. S1 in the sup-
plemental material). As expected, we were unable to detect PC
synthesis in the B. abortus pcs mutant labeled with [14C]choline;
only a faint spot, probably corresponding to PC, was observed
when the mutant was labeled with [14C]AcONa, confirming our
previous findings that, at least under the conditions assayed, PC
biosynthesis occurs mainly through the choline-dependent PCS
pathway (8).

These observations imply that a functional choline uptake sys-

tem must be present in B. abortus and that PC synthesis could be a
useful and indicative method for identifying the putative choline
transporter(s).

Choline uptake in B. abortus. To characterize choline trans-
port in B. abortus, the kinetics of radiolabeled choline uptake was
assayed. For this purpose, B. abortus 2308 pregrown in GW me-
dium with or without the addition of choline was incubated with
3.3 �M [3H]choline, and at the indicated time points, choline
uptake was scored as indicated in Materials and Methods.

When cells were pregrown in GW medium without choline,
radiolabeled choline incorporation rapidly increased during the
first 10 min of incubation, and thereafter, the metabolite uptake
reached a plateau. Notably, when bacteria were pregrown in GW
medium with 10 �M or 100 �M choline, radiolabeled choline
uptake was reduced 250- and 400-fold, respectively, indicating
that the addition of choline to the growth medium resulted in
uptake inhibition (Fig. 1A). To confirm the observed inhibitory
role of choline in its own transport, the uptake was assessed at
different choline concentrations. As shown in Fig. 1B, choline
uptake reached maximum incorporation at 2 �M choline, but at
higher concentrations, there was a significant level of substrate
inhibition. From these results, we conclude that B. abortus en-
codes a high-affinity choline transport system whose activity
seems to be tightly regulated.

FIG 1 B. abortus choline uptake kinetics. (A) Samples containing 5 � 108 B.
abortus 2308 cells pregrown in GW medium supplemented with 0, 10, or 100
�M cold choline chloride (Cho) were incubated in the presence of [3H]cho-
line. At the indicated times, the samples were pelleted and washed, and the
incorporated radioactivities were measured as indicated in Materials and
Methods. (B) Samples of B. abortus 2308 (2.5 � 108 cells) grown in GW me-
dium without choline chloride were incubated for 7 min in the presence of
increasing concentrations of [3H]choline-cold choline (1:100 [vol/vol]), and
the incorporated radioactivities were measured as indicated in Materials and
Methods. Each graphic shows a representative of three experiments.

Choline Transport in Brucella abortus

February 2013 Volume 195 Number 3 jb.asm.org 495

 on A
ugust 24, 2015 by U

N
IV

E
R

S
ID

A
D

 D
E

 B
U

E
N

O
S

 A
IR

E
S

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org
http://jb.asm.org/


Identification of candidate choline-binding proteins in
Brucella abortus. To examine the potential choline transporters
in B. abortus, we searched the B. abortus 2308 genome for proteins
with domains that were involved in quaternary ammonium com-
pound transport. We found three ORFs, BAB1_0226,
BAB1_1593, and BAB2_0502, which share high similarity with the
OpuAC protein families (Pfam) domain implicated in glycine-
betaine, L-carnitine, L-proline, histidine, and choline transport in
closely related species (Fig. 2A). These ORFs showed low levels of
identity to the S. meliloti high-affinity choline-binding protein
ChoX; BAB1_1593 was the candidate with the highest identity
level (67%) (Fig. 2B). Alignment analysis revealed that
BAB1_1593 contains all the relevant amino acids required for
choline binding in the S. meliloti homologue, whereas BAB1_0226
and BAB2_0502 harbor several substitutions at critical positions
(in particular, W43, W90, Y119, and W205) for the binding activity of
the S. meliloti ChoX protein (Fig. 2A). In the genomic context, we
found an ATPase and an inner membrane protein flanking each
candidate gene (see Fig. S6 in the supplemental material). These
genes and their genomic organization correspond to those of an
ABC transport system. From this analysis, we infer that
BAB1_0226, BAB1_1593, and BAB2_0502 are the substrate-bind-
ing components of ABC transporters that could be involved in
choline uptake in B. abortus.

The BAB1_1593 protein is required for choline-dependent
PC synthesis. In order to identify the transporter(s) involved in
choline uptake, unmarked deletion mutants on the three putative
substrate-binding proteins (hereafter named B. abortus �1_0226,
B. abortus �choX, and B. abortus �2_0502) were generated, and
PC synthesis from exogenous choline was used as the read-
through method. The mutants and the wild-type strain were
grown for 24 h in choline-depleted medium and then transferred
to GW medium supplemented with increasing choline concentra-
tions (0, 1 �M, and 10 �M) and [14C]AcONa, as described in
Materials and Methods.

As shown in Fig. 3A, B. abortus �1_0226 and B. abortus

�2_0502 were capable of synthesizing PC amounts comparable to
those observed with the wild-type strain. As expected, the inten-
sity of the PC spot increased with increasing choline concentra-
tions in the culture medium. However, the B. abortus �choX mu-
tant and the negative control strain B. abortus pcs were both unable
to synthesize PC at the substrate concentrations analyzed.

These results indicate that at low micromolar choline concen-
trations, PC synthesis requires a functional BAB1_1593 gene, sug-
gesting that this substrate-binding protein is necessary for choline
uptake in Brucella spp.

To assess whether BAB1_0226 and BAB2_0502 play any role in
PC synthesis that could be masked by BAB1_1593 activity at
higher choline concentrations, the double mutant strains B. abor-
tus �1_0226 �choX, B. abortus �2_0502 �choX, and B. abortus
�2_0502 �1_0226 were generated, and PC synthesis was evaluated
at high choline concentrations (0 �M, 100 �M, and 500 �M). As
can be observed in the lipid profile in Fig. 3B, at 500 �M choline,
all strains synthesized PC amounts comparable to that of the pa-
rental strain, suggesting the presence of secondary low-affinity
choline transport activity. However, in the presence of 100 �M
choline, only the B. abortus �2_0502 �1_0226 mutant, which has
a functional BAB1_1593 gene, was capable of synthesizing wild-
type PC amounts. Single and double mutants with a choX deletion
displayed a significant reduction of PC levels. From these experi-
ments, we conclude that ChoX is the only high-affinity choline-
binding protein necessary for PC synthesis at low micromolar
choline concentrations.

Choline uptake is severely impaired in the B. abortus �choX
mutant. In order to confirm that ChoX is necessary for choline
transport, we analyzed the kinetics of radiolabeled choline uptake
in B. abortus 2308, B. abortus �choX, B. abortus �choX (pDK51-
choX), and B. abortus pcs.

Deletion of the choX gene severely impaired choline uptake by
3 orders of magnitude at all of the evaluated times relative to the
uptake of the wild-type strain (Fig. 4). The choline uptake defi-
ciency of B. abortus �choX completely reverted to wild-type levels

FIG 2 Analysis of choline-binding protein candidates. (A) Comparison of B. abortus proteins containing an OpuAC domain. The E values are used to indicate
the significance of the OpuAC prediction for each protein. The second column shows the percentage of identity between B. abortus OpuAC proteins and the S.
meliloti high-affinity choline-binding protein, ChoX. The relevant amino acids for the overall fold of S. meliloti ChoX are highlighted, including those that
participate in one disulfide bridge (Cys33 to Cys247) and two cis-peptide bonds (Met91-Pro92 and Glu206-Pro207). Aromatic residues which are key determinants
of the binding pocket (Trp43, Trp90, Tyr119, and Trp205) are indicated by asterisks above the sequences. (B) Comparison of the amino acid sequences of the B.
abortus choX (BaChoX) and the proline-glycine-betaine substrate-binding protein of A. tumefaciens (AtProX) (AT5A_08575), ChoX of S. meliloti (SmChoX)
(SMc02737), and BetT of Pseudomonas syringae (PsBetT) (PSPTO_5269).
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through ectopic expression of choX in the pDK51 vector. Interest-
ingly, B. abortus pcs showed an 85% reduction in choline incorpora-
tion levels compared to that of the wild-type strain, although choX is
not affected in this mutant. This result suggests that the above-men-
tioned regulation of choline uptake might be related to PC biosyn-
thesis, but the underlying mechanism remains to be determined.

Taken together, our data demonstrate that ChoX is directly
involved in choline uptake and suggest that it is a tightly regulated
process affected by the exogenous choline concentration and the
synthesis of PC.

B. abortus ChoX is a high-affinity choline-binding protein.
N-terminally His6-tagged ChoX was produced in E. coli BL21 and
purified to homogeneity by nickel-chelate affinity chromatogra-
phy and size exclusion chromatography. Consistent with the pre-
dicted molecular mass (34.9 kDa), the major ChoX peak corre-
sponded with a calculated molecular mass of 34.75 kDa
(according to the elution volumes of the standards) (see Fig. S2 in
the supplemental material). Furthermore, no differences were ob-
served when the protein was incubated in the presence or absence
of choline, indicating that this protein binds to its substrate as a
monomer.

In order to demonstrate the binding activity of ChoX, we per-
formed a fluorescence-based equilibrium-binding assay by taking
advantage of the quenching of intrinsic tryptophan fluorescence
as described previously for the S. meliloti homologue (26). As
shown in Fig. 5A, the emission spectrum resulted in an 11-nm
blue shift from 338.5 nm in the absence of substrate to 327.5 nm in
the presence of 0.68 �M choline. Likewise, the binding of betaine
to the periplasmic-binding protein induced a 9.0-nm emission
spectrum shift from 339.5 nm in the absence of betaine to 330.5
nm in the presence of 3.57 mM betaine. Fluorescence intensities at
fixed wavelengths (340 nm for betaine and 317 nm for the other
substrates) were used to determine the dissociation constant (KD)
according to a single-site model (Fig. 5B). The measured dissoci-
ation constants were 7 
 2 nM for choline and 350 
 30 �M for
betaine, whereas no specific binding of ChoX to L-carnitine or
L-proline was observed (see Fig. S3 in the supplemental material).
Taken together, these results indicate that ChoX is a high-affinity
periplasmic-binding protein specific to choline.

ChoX is required for choline uptake during the intracellular
stages of B. abortus. It has been described that the synthesis of PC
through the PCS pathway is important for the intracellular stages
of B. abortus and for virulence in the mouse infection model (8, 9).
Upon internalization, Brucella spp. are found in a modified
phagosome called the Brucella-containing vacuole (BCV), in
which the bacterium survives and eventually replicates (15). The
BCV suffers a maturation process characterized by limited inter-

FIG 3 PC synthesis is defective in the B. abortus �choX mutant. (A) Lipid
profile of mutants at low choline concentrations. The bacteria were grown in
GW medium with sodium [14C]acetate supplemented with 0, 1, or 10 �M
choline (Cho), and total lipid extracts were analyzed by monodimensional
TLC. (B) Lipid profile of mutants at high choline concentrations. The bacteria
were grown in GW medium with sodium [14C]acetate supplemented with 0,
100, or 500 �M Cho and processed as described above. WT, wild-type B.
abortus 2308; �1_0226, �choX, and �2_0502, B. abortus single-deletion mu-
tants carrying a deletion in the gene BAB1_0226, BAB1_1593, or BAB2_0502,
respectively; �1_0226 �choX, �2_0502 �choX, and �1_0226 �2_0502, B. abor-
tus double-deletion mutants with mutations in the same genes mentioned
above; pcs, B. abortus pcs mutant; PE, phosphatidylethanolamine; PC, phos-
phatidylcholine; CL, cardiolipin; PG, phosphatidylglycerol; OL, ornithine
lipid.

FIG 4 Choline uptake is severely impaired in B. abortus �choX. The amounts
of radiolabeled choline incorporated by B. abortus 2308, the B. abortus �choX
mutant, the B. abortus �choX (pDK51-choX) complemented strain, and the B.
abortus pcs mutant are shown. The strains were incubated at 37°C with
[3H]choline (0.1 �Ci/reaction) for the indicated times. The curves indicate the
mean values from two independent experiments. The standard error bars are
smaller than the symbols.
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actions with the endocytic pathway and sustained interactions
with the endoplasmic reticulum to form the replicative BCV (34).
The BCV has been postulated to be a nutrient-limited low-oxygen
compartment (35), and given that PC synthesis depends largely on
choline uptake via ChoX only at low micromolar concentrations
of choline, we then assessed whether choline uptake via ChoX is
also important for the intracellular stages of B. abortus.

To this end, we infected J774A.1 macrophage-like cells with B.
abortus strain 2308 and the B. abortus �choX and B. abortus pcs
mutants. In order to prevent choline transport before the host
cell internalization has taken place, the bacteria were cultured
in choline-free medium and the cell line was maintained in
choline-free medium during the entire internalization process.
Afterward, the cell culture medium was restored, and antibiot-
ics were added to kill noninternalized bacteria, as described in
Materials and Methods.

The number of CFU recovered from J774.A1 macrophages in-
fected with the B. abortus �choX mutant displayed no significant
differences with the wild-type or the B. abortus pcs mutant at 4 h
p.i., indicating that choline uptake and PC synthesis are not rele-
vant in the early intracellular stages (see Fig. S4A in the supple-
mental material). However, at 24 h p.i., both the B. abortus �choX
and B. abortus pcs mutants showed significant drops in their CFU
counts in comparison to that of the wild type; this indicates that

both ChoX and the PCS pathway are important for the intracel-
lular survival of B. abortus (Fig. 6). Subsequently, the number of
CFU of the B. abortus �choX mutant increased exponentially, with
growth rates comparable to that of the wild type, whereas the

FIG 5 Ligand-binding analysis of B. abortus ChoX. The binding affinities of B. abortus ChoX for choline and betaine were determined via intrinsic tryptophan
fluorescence quenching after the addition of different ligand concentrations to purified ChoX. (A) Emission spectra of ChoX (200 nM) in the absence or presence of
saturating amounts of choline (upper panel). Changes in fluorescence intensities at a fixed wavelength (317 nm) were plotted against the ligand concentration (lower
panel) and were used for calculation of the dissociation constants (KD). (B) Binding of betaine to ChoX (1 �M) under saturating concentrations of the substrate (upper
panel). The changes in emissions at 340 nm were used to determine the binding affinities (lower panel). All data sets were fitted to the equation of a single-binding-site
model, and each KD was calculated as the mean value 
 the standard deviation (SD) from at least three independent experiments. a.u, arbitrary units.

FIG 6 ChoX is required for the early intracellular steps of B. abortus. Intracel-
lular replication of B. abortus 2308, B. abortus pcs, and B. abortus �choX in
J774.A1 macrophages (MOI of 50:1). The viabilities of the intracellular bacte-
ria were determined at 4 h, 24 h, and 48 h postinfection by enumeration of the
CFU. The data represent the relative changes in the numbers of CFU/ml at the
indicated times over the CFU/ml at 4 h p.i. The values are the mean relative
change of CFU/ml 
 the SD from a representative experiment (of three inde-
pendent measurements) performed in duplicate.
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intracellular replication of the B. abortus pcs mutant remained
affected. When the wild-type strain and the B. abortus �choX mu-
tant were cultured before infection in a choline-rich medium,
such as TSB, there were no significant differences in the numbers
of CFU recovered from cells at the analyzed times (see Fig. S4B in
the supplemental material).

These results indicate that B. abortus depends on the high-
affinity choline-binding protein ChoX during the first stage of
intracellular infection, suggesting that choline concentrations in
the early and/or intermediate BCV are below 100 �M. Once the
replicative BCV has been formed, ChoX is not required, which
implies that this BCV is a choline-rich compartment and that
another yet-uncharacterized choline uptake system is required for
PC synthesis.

To analyze the role of ChoX in virulence, mice were intragas-
trically inoculated with a choline-depleted wild-type strain, the B.
abortus �choX mutant, or the B. abortus pcs mutant, and 30 days
later, the numbers of CFU recovered from the spleens were quan-
tified. The numbers of CFU from B. abortus �choX-infected mice
were not significantly different than those from mice infected with
the parental strain, whereas the virulence of the B. abortus pcs
mutant was severely impaired (see Fig. S5 in the supplemental
material). These results confirm the importance of PC synthesis
for B. abortus virulence and indicate that ChoX is dispensable for
choline transport in this infection model.

DISCUSSION

Phosphatidylcholine is a major component of the Brucella cell
envelope and is an important virulence determinant in cells and in
mouse infection models (12). This pathogen has a clear preference
for using the PCS pathway rather than the PmtA pathway for PC
synthesis, and in this work, we have provided additional evidence
supporting this notion (8, 9). When B. abortus 2308 was cultured
in a medium containing radiolabeled choline or acetate, the bulk
of the label was transferred to PC, whereas no radiolabeled spot
corresponding to PC was detected in the B. abortus pcs mutant (see
Fig. S1 in the supplemental material). Thus, based on these and
previous findings, and the fact that the PCS pathway depends on
choline for PC biosynthesis, we hypothesized that B. abortus en-
codes a choline transporter that is responsible for choline uptake
and, hence, for PC formation.

To characterize the choline transport activities of B. abortus, we
assessed the uptake of radiolabeled choline. We observed that the
presence of choline in the medium inhibits its own transport in a
dose-dependent manner. Choline uptake reached a maximum in-
corporation at 2 �M choline, but the uptake kinetics decreased
250- and 400-fold when choline concentrations in the medium
were 10 and 100 �M (Fig. 1). Moreover, choline uptake in the B.
abortus pcs mutant was reduced by 1 order of magnitude relative
to that of the wild type (Fig. 4), indicating that choline transport
and PC biosynthesis are controlled by a strict yet-unidentified
regulatory mechanism that depends on environmental choline
concentrations. The opposite effect was observed in S. meliloti and
Agrobacterium tumefaciens, two other members of the �-2 sub-
class of proteobacteria, where choline acts as an inducer of the
ChoXWV transport system (7, 22). One interesting investigation
for future studies will be to elucidate the molecular mechanism
underlying this regulation of choline uptake.

In order to identify the putative choline transporter of B. abor-
tus and take advantage of the dependence of PC biosynthesis on

exogenous choline and the kinetics of choline uptake, we analyzed
the ability of three mutants to synthesize PC from radiolabeled
choline in putative choline-binding proteins (Fig. 2 and 3). This
procedure allowed us to identify a 969-bp ORF (BAB1_1593) that
encodes a typical soluble ligand-binding periplasmic protein. This
gene, named choX, seems to be part of an operon that encodes an
integral inner membrane protein (BAB1_1594) and an ATPase
(BAB1_1595). Additionally, other important characteristics of
this protein are the presence of an OpuAC domain (implicated in
quaternary ammonium compound transport) and high similarity
to the S. meliloti choline transporter ChoX (Fig. 2).

Deletion of the choX gene completely abrogated PC synthesis at
choline concentrations below 10 �M (Fig. 3A), thus suggesting
that this protein is important for PC synthesis via the PCS path-
way. The restoration of PC synthesis observed when the B. abortus
�choX mutant was incubated at choline concentrations higher
than 100 �M suggests that B. abortus contains at least one extra
transporter involved in low-affinity choline uptake. This putative
quaternary amine transporter, which is not one of the other two
ABC transporter candidates evaluated (Fig. 3B), could be respon-
sible for low-affinity choline uptake and, hence, PC synthesis in
the B. abortus �choX mutant. Alternatively, the transmembrane
component ChoW (BAB1_1594) might contain a low-affinity
binding site for the translocation of choline across the bacterial
membrane, as this was demonstrated for other ABC transporter
mutants that lacked the high-affinity periplasmic binding compo-
nent but retained certain substrate specificities even with reduced
substrate affinities (36, 37). These hypotheses are currently being
tested. Nevertheless, while a low-affinity choline transport mech-
anism remains to be identified, in this work, we describe an ABC
substrate-binding protein that participates in high-affinity cho-
line uptake. As expected, the choline uptake experiments demon-
strated that at low micromolar concentrations of choline, the B.
abortus �choX mutant was completely impaired in its ability to
transport choline, while no phenotypic defect was found in the
complemented strain (Fig. 4).

Betaine and choline are known components of plant and ani-
mal tissues, with betaine being associated most often with osmo-
protection and choline being present as a precursor for the major
membrane lipid PC. As choline is also the precursor of glycine-
betaine, it can function as an osmoprotectant, as has been dem-
onstrated already for many bacterial species (38, 39).

In this study, we have established that purified ChoX is a 322-
amino acid (aa) protein that binds choline with extremely high
affinity and selectivity (KD of 7 nM), but this is not the case for
betaine, L-proline, or L-carnitine (Fig. 5; see also Fig. S3 in the
supplemental material). The extremely high affinity of B. abortus
ChoX for choline is 3 orders of magnitude higher than that of its
closest ChoX orthologs from S. meliloti and A. tumefaciens (7, 22).
Alignment analysis (Fig. 2) indicated that B. abortus ChoX con-
serves the four aromatic amino acids (W43, W90, Y119, and W205)
that form the hydrophobic pocket required for choline binding, as
revealed in the three-dimensional structure of S. meliloti ChoX
(25, 26). However, in contrast to the N89 and M91 neighboring
W90 in the polypeptide chain of S. meliloti ChoX, the B. abortus
choline-binding protein contains two nonconservative substitu-
tions, Y93 and N95, which may alter the structure of the choline-
binding pocket. These substitutions might be the reason for the
extremely high affinity of B. abortus ChoX and the peculiar sub-
strate inhibitions observed in the choline uptake assays.
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Homodimerization of the quaternary ammonium compound
transporter was demonstrated previously for the osmoregulatory
OpuA transporter of Lactococcus lactis (40). For this reason, the
possibility of homodimerization was also evaluated for B. abortus
ChoX. As in the S. meliloti and A. tumefaciens ChoX proteins, no
dimer formation was observed upon choline binding.

Several lines of evidence suggest that the Brucella-containing
vacuole (BCV) is a nutrient-limited low-oxygen neutral or slightly
acidic membrane-bound compartment in which Brucella survives
and eventually replicates (35). Given the importance of PC syn-
thesis for the intracellular stages of B. abortus (8, 9), we evaluated
the role of ChoX in B. abortus virulence. We could not detect any
obvious phenotypic defect in the B. abortus �choX mutant when
the bacteria were grown in rich TSB medium before infection (see
Fig. S4B in the supplemental material). However, when the mu-
tant was cultured in choline-deprived minimal medium, a clear
defect in the number of intracellular CFU recovered at 24 h
postinfection was observed (Fig. 6; see also Fig. S4A in the supple-
mental material). This finding indicates that ChoX activity is re-
quired during the first phase of B. abortus intracellular traffic,
suggesting that choline concentrations in the early and interme-
diate BCVs are in the low micromolar range. Once the replicative
BCV is established, ChoX activity is not necessary, although the
biosynthesis of PC via the PCS pathway is essential for intracellu-
lar replication.

Likewise, PCS activity is required for infection in mice, while
ChoX activity is not. Since the concentration of physiological cho-
line in plasma is �10 �M (41–43), we hypothesize that choline
concentrations in the replicative BCVs are high enough to achieve
choline uptake for PC synthesis through low-affinity transport
activities and are independent of the high-affinity choline-binding
protein ChoX.

Although PC is quantitatively the most important metabolite
of choline, it also serves as a precursor of glycine-betaine, a com-
patible solute important for osmoadaptation and a labile donor of
methyl groups for the remethylation of homocysteine to methio-
nine (3). At this stage, we cannot rule out that the deficiency in the
intracellular survival of the B. abortus �choX mutant is the result
of another important function of choline that is not related to PC
synthesis.

In the present work, we describe a fundamental component of
the PC biosynthetic pathway in B. abortus, a high-affinity choline
transporter that is required for PC synthesis under low environ-
mental choline concentrations. At present, many questions re-
main to be answered, and it will be of great interest to learn exactly
how this transporter works and the mechanisms by which it is
regulated. Currently, all these questions are under investigation.
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