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ABSTRACT

Cyclic �-1,2-glucans (C�G) are periplasmic homopolysaccharides that play an important role in the virulence and interaction of
Brucella with the host. Once synthesized in the cytoplasm by the C�G synthase (Cgs), C�G are transported to the periplasm by
the C�G transporter (Cgt) and succinylated by the C�G modifier enzyme (Cgm). Here, we used a bacterial two-hybrid system
and coimmunoprecipitation techniques to study the interaction network between these three integral inner membrane proteins.
Our results indicate that Cgs, Cgt, and Cgm can form both homotypic and heterotypic interactions. Analyses carried out with
Cgs mutants revealed that the N-terminal region of the protein (Cgs region 1 to 418) is required to sustain the interactions with
Cgt and Cgm as well as with itself. We demonstrated by single-cell fluorescence analysis that in Brucella, Cgs and Cgt are focally
distributed in the membrane, particularly at the cell poles, whereas Cgm is mostly distributed throughout the membrane with a
slight accumulation at the poles colocalizing with the other partners. In summary, our results demonstrate that Cgs, Cgt, and
Cgm form a membrane-associated biosynthetic complex. We propose that the formation of a membrane complex could serve as
a mechanism to ensure the fidelity of C�G biosynthesis by coordinating their synthesis with the transport and modification.

IMPORTANCE

In this study, we analyzed the interaction and localization of the proteins involved in the synthesis, transport, and modification
of Brucella abortus cyclic �-1,2-glucans (C�G), which play an important role in the virulence and interaction of Brucella with
the host. We demonstrate that these proteins interact, forming a complex located mainly at the cell poles; this is the first experi-
mental evidence of the existence of a multienzymatic complex involved in the metabolism of osmoregulated periplasmic glucans
in bacteria and argues for another example of pole differentiation in Brucella. We propose that the formation of this membrane
complex could serve as a mechanism to ensure the fidelity of C�G biosynthesis by coordinating synthesis with the transport and
modification.

Osmoregulated periplasmic glucans (OPGs) are cyclic,
branched cyclic, or branched linear oligosaccharides present

in the periplasm of certain Gram-negative bacteria. Common fea-
tures of these oligosaccharides are the presence of glucose as the
sole sugar constituent and the regulation of their synthesis by the
osmolarity of the growth milieu. Agrobacterium, Rhizobium, Si-
norhizobium, and Brucella species synthesize cyclic OPGs consist-
ing of a cyclic chain of 17 to 25 glucose residues linked in �-1,2
glycosidic bonds and substituted with sn-1-phosphoglycerol, suc-
cinic acid, methylmalonic acid, or a combination of them (1–3).

Cyclic �-1,2-glucan synthase (Cgs), the enzyme responsible for
the synthesis of cyclic �-1,2-glucans (C�G), is present in a re-
stricted number of symbiotic or pathogenic bacteria, most of them
belonging to the Alphaproteobacteria group, in which C�G are a
symbiosis or virulence factor required for successful host interac-
tion (4–6). In Brucella abortus, the etiological agent of bovine bru-
cellosis, it has been shown that the synthesis and transport of C�G
to the periplasmic space play an important role in virulence (7–9).
C�G plays a major role in circumventing host cell defense con-
trolling vacuole maturation, avoiding lysosome fusion, and allow-
ing Brucella to reach an endoplasmic reticulum-derived vacuole
permissive for bacterial replication (4). Additionally, Brucella
C�G can be used to enhance cellular immunity by activation of
human and mouse dendritic cells (10).

Brucella abortus Cgs is a 320-kDa (2,867-amino-acid-residue)

polytopic integral inner membrane protein with six transmem-
brane segments (TMSs) and the amino and carboxy terminus lo-
cated on the cytoplasm (11). Cgs itself acts as a protein interme-
diate and catalyzes the four enzymatic reactions required for the
synthesis of C�G. The first glucose is transferred from UDP-glu-
cose to a not-yet-identified amino acid residue of the protein (ini-
tiation reaction). Successive glucoses are then transferred from
UDP-glucose to the protein-bound glucose, thus elongating a lin-
ear polyglucose chain (elongation reaction) linked to the protein.
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The initiation and elongation reactions are catalyzed by the Cgs
glycosyltransferase domain (amino acid residues 475 to 818) (12).
The glucose-removing activity catalyzed by the �-1,2-glucooligo-
saccharide phosphorylase domain (Cgs residues 1545 to 2867)
counteracts the Cgs elongation reaction, thus controlling the
length of the �-1,2-glucoologosaccharide protein-linked interme-
diate (13). The cyclization reaction catalyzed by the Cgs region
from positions 991 to 1544 puts an end to the balance between the
elongation and phosphorolysis reactions, the linear �-1,2-glucoo-
ligosaccharide protein-linked intermediate is cyclized, and C�G
(with the appropriate ring size) are released from the protein to
the cytoplasm (14). Once in the cytoplasm, C�G are transported
to the periplasm by the cyclic glucan transporter Cgt, an ABC
transporter of 66 kDa with six predicted TMSs (9). During trans-
port or once they have reached the periplasmic space, a fraction of
the C�G are substituted with O-succinyl residues, which confer
on cyclic �-1,2-glucans an anionic character. This modification of
C�G is catalyzed by the succinyltransferase Cgm, an integral inner
membrane protein of 43 kDa with nine predicted TMSs (3).

Biosynthesis of C�G is predicted to require strict coordination
of the initiation, elongation, phosphorolysis, and cyclization reac-
tions as well as of its export to the periplasm and succinylation.
One putative mechanism to maintain the fidelity of polysaccha-
ride biosynthesis is to contain the essential machinery within a
membrane-associated biosynthetic complex, and this is how such
systems are typically viewed. However, few studies have actually
established the existence of protein complexes in the assembly of
complex bacterial polysaccharides. The existing information is re-
stricted to capsular polysaccharides and O-polysaccharides syn-
thesized by different pathways (15–19). For OPG biosynthesis,
current models envisage the formation of multienzyme complexes
where the enzymes necessary for backbone synthesis, transport,
and backbone modification could work coordinately (1, 2), but to
date there is no experimental evidence for the formation of such
complexes.

The goal of this study was to examine the potential protein-
protein interactions and the localization of the proteins required
for B. abortus C�G metabolism. Using bacterial two-hybrid
(BACTH) and coimmunoprecipitation (Co-IP) strategies, we ob-
tained evidence of homotypic and heterotypic protein-protein
interactions among Cgs, Cgt, and Cgm, creating a membrane-
located protein complex dedicated to cyclic �-1,2-glucan biosyn-
thesis, transport, and succinylation. Single-cell fluorescence mi-
croscopy analysis in Brucella demonstrated that these proteins are
focally distributed in the membrane, particularly at the cell poles.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this
work are listed in Table S1 in the supplemental material. E. coli strains
were grown in Luria-Bertani (LB) broth (20) at 37°C, unless otherwise
indicated. When necessary, medium was supplemented with 50 to 100
�g/ml ampicillin (Amp), 25 to 50 �g/ml kanamycin (Km), 2 �g/ml tet-
racycline (Tet), 20 �g/ml chloramphenicol (Cm), and 0.5 to 1 mM iso-
propyl-�-D-1-thiogalactopyranoside (IPTG). B. abortus strains were
grown in tryptic soy broth (TSB) (Difco/Becton-Dickinson, Sparks, MD)
at 37°C. If necessary, TSB was supplemented with 50 �g/ml Amp, 50
�g/ml Km, 20 �g/ml Cm, and/or 5 �g/ml nalidixic acid (Nal). All work
with live B. abortus was performed in a biosafety level 3 laboratory facility
at Universidad Nacional de San Martín.

Plasmid construction and mutagenesis. Plasmids and primers used
in this work are listed in Tables S2 and S3 in the supplemental material,

respectively. PCRs were performed with Pfu polymerase (Promega) and B.
abortus 2308 genomic DNA or the appropriate plasmids as the templates.
For construction of the plasmids used in the BACTH analysis, PCRs were
performed with forward and reverse primers containing an XbaI and a
BamHI site, respectively. The amplified DNA fragments were digested
with XbaI and BamHI and ligated to BACTH vectors (pKT25, pKNT25,
pUT18, and pUT18C) digested with the same restriction enzymes. The
expression of the corresponding fusion proteins was analyzed in E. coli
K-12 XL1-Blue MRF= or DH5� by Western blotting using a specific poly-
clonal antiserum against CyaA.

For generation of the Cgs�coil deletion mutant, two DNA fragments
flanking the coiled-coil sequence were amplified by PCR using the primer
pairs pCgsL4Fw/pCgsB and pCgsC/pCgsW476Rv. After annealing of both
DNA fragments (primers pCgsB and pCgsC were designed to partially
overlap), the resulting fragment was amplified by PCR using the primers
pCgsL4Fw and pCgsW476Rv. Then, the XbaI/SfiI DNA fragment of cgs in
pKNT25Cgs was replaced with the equivalent mutated fragment to gen-
erate pKNT25Cgs�coil.

The E. coli mdoC mdoG mdoH mdoB mutant (E. coli �mdo) and B.
abortus 2308 cgs mutant (B. abortus Cgs08) were constructed as described
in the supplemental material.

For pKNTCgs-6�His and pKNTCgs�coil-6�His plasmid construc-
tion, pKNT25 was digested with EcoRI and ClaI, treated with T4 DNA
polymerase (New England BioLabs), and religated, generating plasmid
pKNT. Then, cgs or cgs�coil was amplified with primers pCgsL4Fw and
pCgs-6�HisRv and cloned into the XbaI/BamHI sites of pKNT.

For pCgt-3�FLAG plasmid construction, Cgt was amplified by PCR
with pCgtS2BamHIFw/pCgtV598SpeIRv primers and cloned into
BamHI/SpeI sites of pLF, yielding pLF-Cgt. Then, KpnI/SacI fragment of
pLF-Cgt was cloned into pBBR1-MCS3, yielding pCgt-3�FLAG.

The genes coding for the fluorescent proteins enhanced yellow fluo-
rescent protein (EYFP), mCherry, and enhanced cyan fluorescent protein
(ECFP) were amplified by PCR using the primers pFPSpeIFw and
pFPXbaIRv and the plasmids pEYFP-C1, pmCherry-C1, and pECFP-C1
(Clontech Laboratories) as the template. The resulting DNA fragments
were cloned into the SpeI/XbaI sites of pTFC, yielding pTrc-EYFP, pTrc-
mCherry, and pTrc-ECFP. Cgs was amplified by PCR with primers
pCgsPro2BamHIFw and pCgsGln2867SpeIRv, Cgm was amplified with
pCgmV2BamHIFw and pCgmR392SpeIRv, and Cgt was amplified with
pCgtBamHIS2Fw and pCgtV598LK1SpeIRv. The amplified DNA frag-
ments were digested with BamHI/SpeI and ligated to the corresponding
plasmids digested with the same restriction enzymes, yielding pTrc-
CgsEYFP, pTrc-CgmmCherry, pTrc-CgtEYFP, and pTrc-CgtECFP. The
XhoI/SacI DNA fragments of pTrc-EYFP and pTrc-CgsEYFP were sub-
cloned into vector pRH004 digested with the same enzymes in the oppo-
site direction of the lac promoter, yielding plasmids pRHY and pRHY-
Cgs, respectively. In an analog way, XhoI/SacI DNA fragments of
pTrc-ECFP, pTrc-CgtECFP, and pTrc-CgtEYFP were subcloned into
pRH004 yielding pRHB, pRHB-Cgt, and pRHY-Cgt. For microscopy
analysis, the indicated plasmids were introduced into B. abortus 2308 by
biparental mating using the E. coli S17-�pir strain. To assess the function-
ality of Cgs and Cgm proteins, each construct was introduced into the
corresponding mutant strain (B. abortus Cgs08 or B. abortus Cgm08).

BACTH analysis. BACTH analysis was performed using the bacterial
adenylate cyclase two-hybrid system kit (Euromedex), according to the
manufacturer’s instructions. In this system the two proteins of interest are
fused to complementary fragments (T25 and T18) of the catalytic domain
of Bordetella pertussis adenylate cyclase (CyaA) and coexpressed in an E.
coli cyaA reporter strain (BTH101). Interaction between the two proteins
results in functional complementation of T18 and T25, restoring the syn-
thesis of cAMP and subsequently activation of the lac operon (21). Chem-
ically competent E. coli BTH101 (cya) cells were cotransformed with plas-
mids expressing the appropriate T18 and T25 fusion proteins, plated on
LB agar supplemented with 40 �g/ml 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside and 0.5 mM IPTG, and incubated for 36 to 48 h at 30°C
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until blue/white colonies were observed. For �-galactosidase activity as-
says, mid-exponential-phase bacteria were induced with 0.8 mM IPTG
and grown overnight at 28°C and 250 rpm. Assays were performed as
previously described (22), and enzymatic activity (in Miller units) was
calculated as follows: {[OD420 � (1.75 � OD550)]/(t � OD600 � volume
in ml)} � 1,000, where OD is optical density at the indicated wavelength
(in nanometers) and t is the time of reaction in minutes. A protein inter-
action was considered positive when the �-galactosidase activity mea-
sured was at least three times higher than the background levels measured
for the corresponding negative controls.

Preparation of total membrane fractions. An E. coli �mdo strain har-
boring the indicated plasmids was grown in 2� YT broth (20), supple-
mented with the appropriate antibiotics, at 37°C and 250 rpm. At mid-
exponential phase, cultures were induced with 1 mM IPTG and grown
overnight at 28°C and 250 rpm. Cells were harvested and the total mem-
brane fractions were obtained as previously described (23). Resulting total
membrane fractions were resuspended in 750 mM 6-aminocaproic acid,
50 mM bis-Tris (pH 7.0) (ACA buffer) using a glass/Teflon tissue homog-
enizer. Protein concentration was determined by the method of Lowry et
al. (24) using bovine serum albumin as standard. In the case of B. abortus,
membrane fractions were resuspended in 30 mM Tris-HCl (pH 7.6), 150
mM NaCl, 1 mM EDTA, and 1 mM phenylmethanesulfonyl fluoride
(PMSF).

Coimmunoprecipitation analysis. Total membrane fractions were
resuspended in ACA buffer, 2% dodecyl �-D-maltoside (DDM), and 1
mM PMSF (IP buffer) at a final concentration of 5 mg/ml and incubated
for 2 h until solubilization of membrane proteins. Samples were centri-
fuged at 20,000 � g for 30 min at 4°C, and the solubilized proteins were
incubated for 1 h with G protein-coupled magnetic beads (New England
BioLabs) to remove nonspecifically binding materials (preclearing).
Then, the samples were incubated for 18 h with rabbit polyclonal anti-
6�His (Rockland) or rabbit polyclonal anti-3�FLAG (Sigma-Aldrich)
antibodies, and G protein-coupled magnetic beads were added and incu-
bated for two additional hours. Finally, the beads were washed 3 times
with IP buffer, and bound materials were eluted by boiling for 5 min at
100°C in Laemmli sample buffer containing 0.5� IP buffer.

Western blotting. Whole-cell extracts of the corresponding strains or
Co-IP samples were subjected to 8 or 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred by electro-
blotting to nitrocellulose (Millipore) or, for Co-IP, polyvinylidene diflu-
oride membranes (Amersham). Immunoblotting was performed with a
specific rabbit polyclonal anti-6�His (Rockland), mouse polyclonal anti-
CyaA or mouse monoclonal anti-3�FLAG M2 (Sigma-Aldrich) antibod-
ies. Bound antibodies were detected by using horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit Ig antibodies and the
SuperSignal West Pico chemiluminescent substrate detection reagents
(Thermo Scientific) according to the manufacturer’s instructions. In
some cases, IRDye secondary anti-mouse or anti-rabbit Ig antibodies (Li-
Cor, Inc.) were used and detection was performed using the Odyssey
Imaging System (Li-Cor, Inc.).

Microscopy analysis. Exponential-phase cultures of B. abortus strains
expressing the various fluorescent fusion proteins were placed on a mi-
croscope slide that was layered with a pad of 1% agarose in phosphate-
buffered saline (PBS) as previously described (25, 26). For image acquisi-
tion, samples were examined on an IX81 microscope with an Olympus
FV1000 confocal module (60� PLAPO objective, numerical aperture
[NA] of 1.42). For each observation under the microscope, at least three
fields were randomly selected for analysis. Images were processed with the
Image J program (NIH, Bethesda, MD).

Computer analysis. The Coils program (27) was used to predict
coiled-coil structures within the amino acid sequence of the proteins.

RESULTS
Analysis of Cgs, Cgt, and Cgm interactions. (i) Analysis of the
interactions by BACTH assays. To investigate the interactions

among Cgs, Cgt, and Cgm in vivo, a BACTH analysis was per-
formed (21, 28). For this analysis, the T18 and T25 complemen-
tary domains of the Bordetella pertussis adenylate cyclase (CyaA)
catalytic domain were fused at the carboxy terminus of Cgs, Cgt,
and Cgm, and the expression of the six fusion proteins was as-
sessed in E. coli BTH101 by Western blotting (see Fig. S1A in the
supplemental material). All these carboxyl-terminal fusion con-
structs were functional, based on production of C�G in E. coli (see
Fig. S1B in the supplemental material). High levels of �-galacto-
sidase activity were observed when the fusion protein pairs Cgs-
T18/Cgs-T25, Cgt-T18/Cgt-T25, and Cgm-T18/Cgm-T25 were
coexpressed, whereas no functional complementation was de-
tected when Cgs, Cgt, and Cgm fused to T25 or T18 were coex-
pressed with the control plasmids, indicating that the observed
interactions are specific (Fig. 1A). These results suggest that Cgs,
Cgt, and Cgm may form dimers or higher-order multimers. Ad-
ditionally, the existence of heterotypic interactions among the
three proteins was analyzed. As shown in Fig. 1B, high values of
�-galactosidase activity with respect to the controls were observed
with the protein pairs Cgt/Cgm, Cgs/Cgt, and Cgs/Cgm. Addi-

FIG 1 Bacterial two-hybrid (BACTH) analysis of selected pair constructs of
Cgs, Cgt, and Cgm. (A) Homotypic interactions. (B) Heterotypic interactions.
T18 and T25 domains of CyaA were fused to the carboxy termini of Cgs, Cgt,
and Cgm. The efficiency of functional complementation between the indicated
hybrid proteins was quantified by measuring the �-galactosidase activity in E.
coli BTH101 cells harboring the corresponding plasmids as described in Ma-
terials and Methods. The activity value for the BACTH positive control (T18-
zip 	 T25-zip) is shown only in panel A. Results are representative of three
independent experiments. Error bars indicate the standard deviations of the
measurements. A protein interaction was considered positive when the �-ga-
lactosidase activity was at least three times higher than the background levels
for the corresponding negative controls.
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tionally, the same interactions were detected when the various
bait-and-prey combinations, for both homotypic and heterotypic
interactions, were reversed (data not shown). Taken together,
these results indicate that Cgs, Cgt, and Cgm can form both ho-
motypic and heterotypic interactions, which is consistent with the
formation of a membrane complex for C�G biosynthesis.

(ii) Analysis of the interactions by Co-IP. To confirm the re-
sults obtained by BACTH analysis, pairwise and triple combina-
tions of Cgs, Cgt, and Cgm were assessed for interaction by a
coimmunoprecipitation (Co-IP) strategy. Cgs-6�His, Cgt-
3�FLAG, and Cgm-T18 were coexpressed in the E. coli �mdo
strain lacking the genes required for the synthesis of linear OPGs,
and the synthesis of C�G was analyzed by thin-layer chromatog-
raphy (TLC). The expression of Cgs, Cgt, and Cgm in this strain
allowed us to analyze the synthesis of C�G by TLC without the
interference of linear OPGs produced by E. coli. Figure S2 in the
supplemental material shows that coexpression of the three fusion
proteins resulted in the synthesis of neutral and anionic C�G,
indicating that the three fusion proteins were functional.

Incubation of solubilized membrane fractions of E. coli �mdo
coexpressing Cgs-6�His/Cgt-3�FLAG with anti-6�His anti-
bodies resulted in coimmunoprecipitation of Cgt (Fig. 2A, lane 2).
Cgt was not detected in cells expressing Cgt-3�FLAG alone, indi-

cating that the immunoprecipitation of Cgt is specific (Fig. 2A,
lane 1). When solubilized membranes of cells that coexpress Cgt-
3�FLAG/Cgm-T18 were incubated with anti-3�FLAG antibod-
ies, Cgm coimmunoprecipitated with Cgt (Fig. 2B, lane 2). Coim-
munoprecipitation of Cgt was not observed in cells that express
only Cgm-T18 (Fig. 2B, lane 1). Attempts to coexpress Cgs and
Cgm were unsuccessful, indicating some instability of the proteins
under these conditions. However, we were able to coexpress the
three proteins. Solubilized membranes of cells that coexpressed
Cgs-6�His, Cgt-3�FLAG, and Cgm-T18 were incubated with
anti-6�His antibodies, resulting in Cgt and Cgm coimmunopre-
cipitation (Fig. 2C, lane 2). Coimmunoprecipitation of Cgt and
Cgm with anti-6�His antibodies was not detected in cells coex-
pressing Cgt-3�FLAG/Cgm-T18 (Fig. 2C, lane 1), demonstrating
that the immunoprecipitation of Cgt and Cgm is specific. Taken
together, these data corroborate the results previously obtained by
BACTH analysis indicating that Cgs, Cgt, and Cgm are able to
form a multienzymatic membrane complex.

Analysis of Cgs regions required to maintain the protein in-
teractions. To identify the Cgs region/s involved in the protein-
protein interactions, different carboxyl-terminal truncated Cgs
variants were obtained by deleting the cytoplasmic domains from
the carboxy terminus and preserving as many TMSs as possible

FIG 2 Coimmunoprecipitation (Co-IP) analysis. Total membrane fractions of E. coli �mdo expressing the indicated fusion proteins were solubilized in 2%
DDM and subjected to immunoprecipitation (IP) with the indicated antibodies. The immunocomplexes were analyzed by Western blotting (WB). (A) Co-IP
analysis of protein extracts from E. coli �mdo expressing Cgt-3�FLAG (lane 1), Cgt-3�FLAG/Cgs-6�His (lane 2), or Cgt-3�FLAG/Cgs�coil-6�His (lane 3).
Immunoprecipitation was performed with rabbit anti-6�His polyclonal antibodies. (B) Co-IP analysis of protein extracts from E. coli �mdo expressing Cgm-T18
(lane 1) or Cgt-3�FLAG/Cgm-T18 (lane 2). Immunoprecipitation was performed with rabbit anti-3�FLAG polyclonal antibodies. (C) Co-IP analysis of protein
extracts from E. coli �mdo coexpressing Cgt-3�FLAG/Cgm-T18 (lane 1), Cgt-3�FLAG/Cgm-T18/Cgs-6�His (lane 2) or Cgt-3�FLAG/Cgm-T18/Cgs�coil-
6�His (lane 3). Immunoprecipitation was performed with rabbit anti-6�His polyclonal antibodies. The bands observed just below the Cgm migration position
(Fig. 2B and C, top panels) correspond to cross-reactivity of the secondary anti-mouse antibody with the heavy chains of rabbit immunoglobulins used to
immunoprecipitate the protein complex.
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(Fig. 3A; also, see Fig. S1C in the supplemental material). These
truncated proteins were fused to the T18 domain of CyaA, and
their interactions with Cgs-T25, Cgt-T25 and Cgm-T25 were an-
alyzed by BACTH. As shown in Fig. 3B, the minimal region of Cgs
required for maintaining homotypic interactions is the region
from positions 4 to 871. The minimal region of Cgs necessary to
maintain the heterotypic interactions with Cgt and Cgm was the
region from positions 4 to 475. The interaction of Cgs, Cgt, and
Cgm with the truncated Cgs versions (in particular with the trun-
cated proteins Cgs1552-T18, Cgs999-T18, and Cgs871-T18) re-
sulted in higher �-galactosidase activity levels than interaction
with full-length Cgs, suggesting that the carboxyl-terminal region
adds some instability to the constructs. In this sense, a higher
stability of Cgs truncated proteins in comparison with full-length
Cgs was consistently observed by immunoblotting (see Fig. S1C in
the supplemental material).

The functional role of the amino-terminal region of Cgs (po-
sitions 1 to 418) is not known and this region exhibit no similarity
to proteins with known function; although, previous in silico se-
quence and structural analyses allowed us to predict in this region
a putative protein-protein interaction module (12). Detailed in
silico sequence analysis of this region with the program Coils (27)
predicted the presence of a coiled-coil domain of four heptads
between amino acid residues 185 and 215 (Fig. 3A). A Cgs mutant
with a deletion of this coiled-coil domain (Cgs�coil) was gener-
ated. This mutant was active for the synthesis of C�G, producing
C�G with a high degree of polymerization (DP) and expressed
properly in E. coli (see Fig. S3 in the supplemental material). As
shown in Fig. 3C, no interaction of this mutant with Cgs, Cgt, and
Cgm was observed by BACTH analysis. A similar result was ob-
tained for the pair Cgs�coil-6�His/Cgt-3�FLAG by Co-IP (Fig.
2A, lane 3), indicating that the coiled-coil domain is required for
Cgs-Cgt interaction. However, analysis of the interactions by
Co-IP in cells coexpressing Cgs�coil-6�His/Cgt-3�FLAG/Cgm-
T18 resulted in the coimmunoprecipitation of Cgt and Cgm when
the solubilized proteins were incubated with anti-6�His antibod-
ies (Fig. 2C, lane 3), indicating that other Cgs regions besides the
coiled-coil domain may also be important to sustain the interac-
tions when the three proteins are expressed simultaneously.
Therefore, the coiled-coil domain contained in the amino-termi-
nal region of Cgs is necessary but not sufficient to maintain the
interactions.

Overall, these results indicate that the amino-terminal region
of Cgs (residues 1 to 418) constitutes a noncatalytic domain re-
quired for homotypic and heterotypic interactions.

Localization of Cgs, Cgt, and Cgm proteins in Brucella abor-
tus. In order to analyze the subcellular localization of Cgs, Cgt,
and Cgm and therefore the complex that they form, the three
proteins were fused to different fluorescent proteins, expressed in
B. abortus, and analyzed by fluorescence microscopy. Cgs and
Cgm were fused at the carboxy terminus to EYFP and mCherry,
respectively. For expression of Cgt fused to different fluorescent
proteins, a linker of six amino acid residues was added between the
proteins to enable proper expression. The expression of the fluo-
rescent fusion proteins was analyzed by SDS-PAGE and in-gel
fluorescence detection, as described in Materials and Methods. As
shown in Fig. S4A in the supplemental material, all the fusion
proteins have the expected molecular weight and were correctly
detected in the membrane fraction. Additionally, Cgs-EYFP and

FIG 3 Analysis of Cgs regions involved in the protein-protein interactions.
(A) Schematic representation of Cgs and carboxyl-terminally truncated pro-
teins. Arrows and numbers indicate the amino acid positions of Cgs where the
T18 domain was fused. Cgs truncated proteins were named with the position
number of the last amino acid residue conserved in the truncated protein.
Black rectangles represent the TMSs. Carboxyl-terminal deletions were per-
formed in order to maintain as many TMSs as possible. The mutant Cgs1552
lacks the phosphorylase domain. Cgs999 lacks the phosphorylase and cycliza-
tion domains. Cgs871 conserves the first and second (glycosyltransferase) cy-
tosolic domains. Cgs471 conserves only the first cytosolic domain with the first
and second TMSs. (B) BACTH analysis of Cgs-T25, Cgt-T25, or Cgm-T25
when coexpressed with the carboxyl-terminal truncated versions of Cgs fused
to the T18 domain. (C) BACTH analysis of the Cgs coiled-coil deletion mu-
tant. The efficiency of functional complementation of the selected pair con-
structs was quantified by measuring the �-galactosidase activity. Results are
representative of three independent experiments. Error bars indicate standard
deviations. Under the same assay conditions, the positive control [strain
BTH101(pKT25-zip, pUT18C-zip)] yielded a value of 4,500 Miller units.
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Cgm-mCherry fusion proteins were active in complementation
assays (see Fig. S4B in the supplemental material).

Fluorescence microscopy analysis showed that Cgm-mCherry
is mostly distributed throughout the Brucella membrane, with a
slight accumulation at both cell poles (Fig. 4A). It is interesting
that, despite the small size of Brucella, fluorescent signals at the
plasma membrane and the cytoplasm are clearly contrastable, as
observed when Cgm-mCherry is coexpressed with soluble EYFP
(Fig. 4F). For Cgs-EYFP we observed that the fluorescence signal is
mostly concentrated in foci of high fluorescence intensity and less
extensively distributed in the plasma membrane. In most cases, at
least one of these foci was located at the cell poles (Fig. 4B). For
Cgt-EYFP and Cgt-ECFP, both fusion proteins displayed the same
localization pattern and almost all the fluorescence signal has a
polar accumulation; in many cases, there was only one focus of
high fluorescence intensity at one cell pole, but in some cases,
there were two foci, one at each cell pole (Fig. 4C; also data not
shown). As expected, mCherry, EYFP, and ECYFP displayed a
cytoplasm distribution independently of the expression vector
used (Fig. 4D and E; also, see Fig. S5 in the supplemental material).

Coexpression experiments with the pair Cgt-ECFP/Cgs-EYFP

revealed a clear colocalization of both signals with a distribution
pattern similar to that observed with Cgs alone, suggesting that
Cgt is recruited to Cgs accumulation foci (Fig. 5A). When Cgm-
mCherry was coexpressed with Cgs-EYFP, we observed for each
protein the same distribution pattern of fluorescence that it had
when expressed separately, showing the superposition of fluores-
cence signals in foci of Cgs accumulation (Fig. 5B). Finally, coex-
pression of Cgm-mCherry with Cgt-EYFP resulted in the same
distribution of fluorescence as when the proteins were expressed
separately, with some superposition of the fluorescence signals,
since Cgm is distributed all over the membrane (Fig. 5C).

Taken together, these results are consistent with the interac-
tomic data indicating that Cgs, Cgt, and Cgm form a C�G biosyn-
thetic complex in the plasma membrane of Brucella located pref-
erentially at the cell poles.

DISCUSSION

Biosynthesis of C�G is predicted to require strict coordination of
the initiation, elongation, phosphorolysis, and cyclization reac-
tions as well as for its export to the periplasm and succinylation.
One putative mechanism to maintain the fidelity of polysaccha-

FIG 4 Fluorescence microscopy analysis of Cgs, Cgt, and Cgm. Exponential-phase cultures of Brucella abortus 2308 expressing Cgm-mCherry (A), Cgs-EYFP
(B), Cgt-ECFP (C), mCherry (D), or EYFP (E) or coexpressing Cgm-mCherry/EYFP (F) were placed on a microscope slide layered with a pad of 1% agarose in
PBS. The subcellular localization of proteins was analyzed by confocal fluorescence microscopy. Panels on the right show the superposition of white-field and
fluorescence microscopy images.
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ride biosynthesis is to contain the essential machinery within a
membrane-associated biosynthetic complex. We hypothesize that
the multimodular nature of Cgs, by which all the enzymatic activ-
ities required for the synthesis of C�G are contained within the
same polypeptide in discrete domains, together with the forma-
tion of a Cgs-Cgt-Cgm membrane complex could serve as a mech-
anism to maintain the fidelity of cyclic �-1,2-glucans biosynthesis
and coordinate the synthesis with its transport and modification.

In this work, we used a bacterial two-hybrid system and coim-
munoprecipitation techniques to study the interaction network
between Cgs, Cgt, and Cgm. Our results indicate that Cgs, Cgt,
and Cgm maintain homotypic and heterotypic interactions, dem-
onstrating that these three proteins form a complex in the bacte-
rial membrane responsible for the synthesis, transport, and succi-
nylation of C�G. This complex may contain more than one copy
of Cgs, Cgt, and Cgm, as these proteins are able to establish ho-
motypic interactions. Cross-linking and blue-native gel electro-
phoresis experiments were performed in order to evaluate the
stoichiometry of the complex with no satisfactory results, proba-
bly due to the high molecular weight of the complex and the high
hydrophobicity of the proteins. Alternative experiments are under

way to resolve this issue. Analyses carried out with Cgs carboxyl-
terminally truncated proteins revealed that the minimal region
necessary to maintain Cgs-Cgs interactions is the Cgs region from
positions 1 to 871 and that the region from 1 to 476 is the minimal
region required for the interaction of Cgs with Cgt and Cgm.
Additionally, a coiled-coil motif located between amino acid res-
idues 185 and 215 is required to sustain the interactions of Cgs
with Cgt and Cgm as well as with itself, although other regions
may also be implicated. As expected, the three proteins displayed a
membrane localization by fluorescence microscopy in Brucella.
While Cgt and Cgs presented a focal distribution, mainly at the cell
poles, Cgm seemed to be more homogeneously distributed in the
membrane, although a slightly accumulation at the cell poles was
also evident. When coexpressed, all three proteins showed regions
where colocalization was evident, particularly with Cgs and Cgt.
These observations are compatible with the protein-protein inter-
action results obtained by BACTH and Co-IP, supporting the ex-
istence of a Cgs-Cgt-Cgm protein complex in Brucella.

On the basis of past work and the evidence presented here, we
propose that Cgs is a polyfunctional modular protein in which
catalytic and noncatalytic discrete domains can be recognized.

FIG 5 Fluorescence microscopy analysis of pairwise combinations of Cgs, Cgt, and Cgm. Exponential-phase cultures of Brucella abortus 2308 coexpressing
Cgt-ECFP/Cgs-EYFP (A), Cgt-EYFP/Cgm-mCherry (B), or Cgs-EYFP/Cgm-mCherry (C) were placed on a microscope slide layered with a pad of 1% agarose in
PBS. The subcellular localization of proteins was analyzed by confocal fluorescence microscopy.
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The Cgs region from amino acid residues 1 to 1544 constitutes the
minimal region required for catalysis of the initiation, elongation,
and cyclization reactions; thus, it is a polyfunctional region by
itself in which each reaction is catalyzed by a different discrete
domain (14). In this region, we previously identified the glycosyl-
transferase domain GT-84 (Cgs positions 475 to 818), which
catalyzes the initiation and elongation reactions (12), and the cy-
clization domain (Cgs positions 991 to 1544) (14). The carboxyl-
terminal region (residues 1545 to 2867) displays the �-1,2-glucoo-
ligosaccharide phosphorylase activity through which Cgs controls
the DP of the glucooligosaccharide protein-linked intermediate
(13). In this work, we have demonstrated that the amino-terminal
region of Cgs (residues 1 to 418) constitutes a noncatalytic do-
main of Cgs required to maintain the protein-protein interactions
with Cgs, Cgt, and Cgm.

In the biosynthesis of C�G, elongation, phosphorolysis, and
cyclization reactions occur on the same substrate, which is the
nonreducing end of the polyglucose chain linked to the Cgs pro-
tein. In Cgs, the presence of multiple functional domains within
the same polypeptide ensures that all catalytic activities required
for the synthesis of C�G are confined near the substrate and may
be one of the mechanisms that allow a proper coordination among
the initiation, elongation, phosphorolysis, and cyclization reac-
tions required for the synthesis of C�G. In agreement with this
hypothesis and from both in vitro and in vivo experiments, we
previously demonstrated that the carboxyl-terminal phosphory-
lase domain of Cgs must be part of the same polypeptide chain to
be able to catalyze glucan phosphorolysis and hence to control the
degree of polymerization of C�G (13). Intraprotein interactions
may also occur between distinct domains of Cgs, setting another
level of coordination among the different reactions catalyzed by
this protein. A piece of evidence supporting this hypothesis is the
change in the size of C�G observed in the coiled-coil deletion
mutant located at the amino-terminal region of Cgs. This mutant
not only is affected in its interaction pattern with Cgs, Cgt, and
Cgm but also produces C�G with a high DP, indicating that the
C�G size control mechanism is affected (see Fig. S3A in the sup-
plemental material). In agreement with these results, we previ-
ously obtained and characterized Cgs mutants with in-frame
pentapeptide insertions at positions 160 and 302, flanking the
coiled-coil domain identified in this work, that also produced
C�G with a high DP (14). These results suggest that the Cgs
amino-terminal region may interact with the cyclization and/or
phosphorylase domains located at the carboxy terminus, thus al-
lowing the enzyme to acquire a proper spatial conformation suit-
able for catalysis and control of C�G DP. Transport and succiny-
lation of C�G could be coordinated in an analogous way by the
establishment of protein-protein interactions among Cgs, Cgt,
and Cgm and thereby through the formation of a protein complex
in the inner membrane of the bacteria. Further work will be re-
quired to establish the biological importance of Cgs-Cgt-Cgm in-
teractions for the synthesis, transport, and modification of C�G as
well as for the intracellular survival and virulence of Brucella.

The hypothesis that multienzymatic membrane complexes are
implicated in the coordination of the biosynthesis (initiation,
elongation, and termination) and transport of O polysaccharides
and other bacterial polysaccharides is currently being strength-
ened experimentally (15, 17, 18, 29). Some of these polysaccha-
rides and the lipopolysaccharides (LPS) are important virulence
factors in a wide spectrum of bacterial infections. Examples of

polysaccharide biosynthetic complexes include those responsible
for the synthesis of teichoic acid in Bacillus subtilis (18), E. coli LPS
O9a antigen (15), and the complex responsible for the synthesis of
E. coli group 2 capsular antigen (17). It was demonstrated that in
LPS O9a antigen biosynthesis, the glycosyltransferase activity of
WbdA is dependent on protein-protein interactions with WbdD,
the terminator enzyme, which recruits the polymerase to a func-
tional complex on the cytoplasmic membrane (15). Recent studies
of the glycosyltransferases involved in the synthesis of the K5 cap-
sular polysaccharide have demonstrated that protein-protein in-
teractions were essential for activity. In this large transenvelope
complex, the glucuronyltransferase activity of KfiC is dependent
on physical association with the N-acetylglucosaminyltransferase
KfiA (29). Moreover, it has been demonstrated that this complex
has a polar localization, consistent with the site where the biosyn-
thesis and export of this polysaccharide occur (17). A working
model, where the enzymes necessary for backbone synthesis,
transport, and modification could work coordinately in a protein
complex in the bacterial inner membrane, has been proposed for
the biosynthesis of the linear highly branched E. coli OPGs, but
until now no experimental evidence has supported this model (1).
In this work, we have demonstrated that the three proteins in-
volved in the synthesis, transport, and succinylation of C�G in-
teract, forming a complex located mainly at cell poles of Brucella
organisms. This is the first experimental evidence of the existence
of a multienzymatic complex involved in OPG metabolism.

Brucella organisms are polarized bacteria that grow unidirec-
tionally from the new pole generated after cell division. This grow-
ing characteristic generates two different cells after cell division: a
mother cell inheriting the old envelope material and a daughter
cell having a newly synthesized envelope (30). Recent reports sug-
gest that the polar distribution of certain proteins and the asym-
metry of Brucella growth have a functional role. Recently de-
scribed cell cycle progression in Brucella highlights the functional
relevance for subcellular specific localization in or near cell poles
of the chromosome I centromere-binding protein ParB and the
RepABC chromosome II partitioning system for chromosome
replication and segregation (31). Additionally, the localization of
the essential PdhS histidine kinase and its response regulator DivK
in the old pole of the cell seems to be important for cell cycle
progression (32). In B. suis, the polar localization of the BtaE and
BmaC adhesins defines an adhesive pole, consistently associated
with the new cell pole, suggesting that the new cell pole is func-
tionally differentiated for adhesion to host (26, 33). In this work,
we observed that the proteins involved in C�G metabolism, par-
ticularly Cgs and Cgt, are located mainly at the cell poles, arguing
for another example of pole differentiation in Brucella. The loca-
tion of the complex during the intracellular infection phase as well
as whether this location also corresponds to the sites of active C�G
biosynthesis, transport, and modification remains to be deter-
mined.
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