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Streptococcus pneumoniae is a causative agent of high morbidity and mortality. Although sugar moieties have
been recognized as ligands for initial contact with the host, only a few exoglycosidases have been reported to
occur in S. pneumoniae. In this study, a putative �-galactosidase, encoded by the bgaC gene of S. pneumoniae,
was characterized for its enzymatic activity and virulence. The recombinant BgaC protein, expressed and
purified from Escherichia coli, was found to have a highly regiospecific and sugar-specific hydrolysis activity for
the Gal�1-3-GlcNAc moiety of oligosaccharides. Interestingly, the BgaC hydrolysis activity was localized at the
cell surface of S. pneumoniae, indicating that BgaC is expressed as a surface protein although it does not have
a typical signal sequence or membrane anchorage motif. The surface localization of BgaC was further
supported by immunofluorescence microscopy analysis using an antibody raised against BgaC and by a
reassociation assay with fluorescein isothiocyanate-labeled BgaC. Although the bgaC deletion mutation did not
significantly attenuate the virulence of S. pneumoniae in vivo, the bgaC mutant strain showed relatively low
numbers of viable cells compared to the wild type after 24 h of infection in vivo, whereas the mutant showed
higher colonization levels at 6 and 24 h postinfection in vivo. Our data strongly indicate for the first time that
S. pneumoniae bgaC encodes a surface �-galactosidase with high substrate specificity that is significantly
associated with the infection activity of pneumococci.

The human pathogen Streptococcus pneumoniae (the pneu-
mococcus) is a gram-positive coccus and a member of the lactic
acid bacterium group. S. pneumoniae is the major causative
agent of lobar pneumonia, otitis media, and meningitis and is
carried in the nasopharynx of healthy individuals, a major
reservoir for pneumococcal infections (16). In the human host,
S. pneumoniae encounters a variety of glycoconjugates, includ-
ing host defense molecules, mucin, and binding sites exposed
on the epithelial surface. Similar to other pathogenic microbes,
S. pneumoniae produces both secreted and surface-associated
glycosidases that may modify glycoconjugates in the host envi-
ronment (2, 6, 41). Oligosaccharides are recognized as recep-
tors for invasion or as dietary substrates for the maintenance of
colonial microflora. Recent studies have shown that deglyco-
sylation of human glycoconjugates by the sequential actions of
exoglycosidases, including neuraminidase (NanA), �-galacto-
sidase (BgaA), and N-acetylglucosaminidase (StrH), is essen-
tial for S. pneumoniae colonization and pathogenesis (19, 33).
Furthermore, S. pneumoniae can utilize monosaccharides lib-
erated from human glycoconjugates to sustain growth by se-
quential deglycosylation of host glycoconjugates through the

activities of these exoglycosidases (NanA, BgaA, and StrH)
and another neuraminidase (NanB) (5).

The enzyme �-galactosidase, classified as EC 3.2.1.23, hy-
drolyzes the terminal nonreducing galactose from oligosaccha-
rides. It is ubiquitous and present in all living organisms, rang-
ing from bacteria to plants and mammals. Most prokaryotic
�-galactosidases are large proteins (more than 120 kDa) that
are primarily homologous to Escherichia coli �-galactosidase
LacZ and involved in lactose metabolism (4, 26, 27). On the
other hand, mammalian lysosomal �-galactosidases are smaller
proteins capable of cleaving both �1,3- and �1,4-linked galac-
toses from glycoproteins and glycolipids and function optimally
at acidic pHs (9). In contrast to typical �-galactosidases, which
are generally cytoplasmic proteins, the bgaA gene of S. pneu-
moniae encodes a surface-associated �1,4-galactosidase with
hydrolysis activity for N-linked glycans from glycoproteins. The
S. pneumoniae bgaA product is synthesized as a �-galactosidase
precursor composed of 2,235 amino acid residues and has been
studied extensively for its expression and regulation, physio-
logical function, and application for glycan analysis (5, 17, 19,
41). S. pneumoniae BgaA has a putative signal sequence at its
N terminus and is surface exposed by anchoring to the cell wall
via sortase-mediated cleavage at the LPXTG motif (41). The
expression of bgaA is modulated via regulation of an upstream
phosphotransferase system (PTS)-encoding operon and is im-
portant for S. pneumoniae adherence during colonization of
the nasopharynx, on which no glucose is normally available
(17).

The whole-genome sequence of S. pneumoniae R6 (13) has
suggested the presence of another putative �-galactosidase
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gene, bgaC, which was annotated to encode a putative �-ga-
lactosidase 3 protein composed of 595 amino acid residues.
Currently, whole-genome sequences of seven S. pneumoniae
strains, S. pneumoniae ATCC 700669, S. pneumoniae G54, S.
pneumoniae CGSP14, S. pneumoniae Hungary19A-6, S. pneu-
moniae D39, S. pneumoniae R6, and S. pneumoniae TIGR4,
are available in public databases (13, 21, 32). Even though both
bgaA and bgaC genes exist in all of these strains, the biochem-
ical characteristics and function of the bgaC product have not
yet been reported. Furthermore, the bgaC genes in these
strains share similar genomic contexts in which the bgaC gene
is clustered with putative genes involved in sugar transport
(Fig. 1A). Here, we found out for the first time that S. pneu-
moniae BgaC is a surface-associated �-galactosidase with a
specific hydrolysis activity for the Gal�1-3GlcNAc moiety of
oligosaccharides that could contribute significantly to the ad-
herence and invasion of pneumococci in vivo and in vitro.
These features may provide a foundation for evaluating the
role of BgaC relative to the physiology and pathogenesis of
pneumococcus.

MATERIALS AND METHODS

Bacterial strains and cell culture conditions. The bacterial strains used in this
work are presented in Table 1. S. pneumoniae encapsulated strain D39 (type 2)
and its nonencapsulated strain R6 were grown in brain heart infusion broth or
Todd Hewitt-yeast extract (THY) broth as described previously (20). To create
an insertion-deletion mutation of bgaC (�bgaC::ermB) in S. pneumoniae, an
860-bp ermB cassette (nucleotides [nt] 117 to 976) (37) was amplified with a set
of primers, comprising prs3 (5�-CCGGGCCCAAAATTTGTTTGAT-3�) and
prs4 (5�-AGTCGGCAGCGACTCATAGAAT-3�), from chromosomal DNA of
erythromycin-resistant E. coli and used to disrupt bgaC. A 245-bp fragment

(bgaC-up; nt 771 to 1015) containing part of bgaC and the 5� end of ermB was
amplified with a set of primers, comprising keh3 (5�-GGAATTGGCAGATGC
AGT-3�) and keh1 (5�-ATCAAACAATTTTGGGCCCGGGTGGTTCCAACT
GCGGATAC-3�), from S. pneumoniae D39 chromosomal DNA. A 321-bp frag-

FIG. 1. Schematic representation of the genomic context around the bgaC gene on the S. pneumoniae R6 chromosome and construction of a
�bgaC::ermB mutant allele. (A) (Top) Shaded boxes represent genes and the directions of their transcription. The genes are as follows: strH, encoding
�-N-acetylhexosaminidase; spr0058, encoding a hypothetical protein homologous to the GntR transcriptional regulator; bgaC, encoding �-galactosidase
3; PTS-EIIB, encoding PTS component IIB; PTS-EIIC, encoding PTS component IIC; PTS-EIID, encoding PTS component IID; and PTS-EIIA,
encoding PTS component IIA. (Bottom) To construct �bgaC::ermB mutant strains, an 860-bp ermB cassette was inserted between the upstream and
downstream fragments of the bgaC gene by sequential PCR and introduced into the chromosome of the S. pneumoniae R6 or D39 strain by homologous
recombination as described in Materials and Methods. (B) The �bgaC::ermB deletion mutants were identified by PCR. After selection of erythromycin-
resistant colonies, colony PCR was used to confirm insertion of the ermB cassette. A set of primers used for PCR amplification is shown by asterisked
arrows in panel A. The wild type shows a 929-bp PCR product, whereas the �bgaC::ermB mutant product is 1,426 bp. MW, molecular weight size marker.

TABLE 1. Bacterial strains, plasmids, and cell lines used in this study

Strain, plasmid, or
cell line

Genotype or relevant
characteristic(s)a

Reference or
source

E. coli strains
DH5� recA1 endA1 gyrA96 thi1

hsdR17 supE44 relA1
lacZ�M15

Laboratory stock

BL21(DE3) F� ompT gal dcm lon
hsdSB(rB

� mB
�) �(DE3

�lacI lacUV5-T7 gene 1
ind1 Sam7 nin5	)

Novagen

S. pneumonia
strains
D39 Encapsulated, type 2 3
R6 Nonencapsulated, type 2 13
KEH001 D39; �bgaC::ermB Err This study
KEH002 R6; �bgaC::ermB Err This study

Plasmid pET28a� 5.4 kb; Kanr Novagen

Cell lines
A549 Lung carcinoma epithelial

cell (adherent)
ATCC CCL-185

HEp-2 Larynx carcinoma
epithelial cell

ATCC CCL-23

a Err, erythromycin resistance.
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ment (bgaC-down; nt 1380 to 1700) containing part of the bgaC sequence and the
3� terminus of ermB was amplified with keh2 (5�ATTCTATGAGTCGCTGCC
GACTAGCGGATACGCAACGTAAGG-3�) and keh4 (5�-ATGATACGGTT
GGCACCTTCC-3�) from S. pneumoniae D39 chromosomal DNA. The three
PCR products were used as a mixed template for PCR with keh3 and keh4 to
produce a 1.42-kb fragment with a 365-bp deletion of bgaC (nt 1015 to 1380) that
was replaced by the ermB gene. The tripartite 1.42-kb fragment was subsequently
introduced into the S. pneumoniae R6 or D39 strain by transformation, and
recipient bacteria that had integrated the recombinant fragment into the chro-
mosome by homologous recombination were selected by resistance to erythro-
mycin. Transformants were screened for the correct deletion by PCR and im-
munoblot analysis. The D39 and R6 �bgaC mutants (KEH001 and KEH002,
respectively) contained the correct deletion within bgaC and were used for
further studies. Competence was controlled by appropriate addition of the com-
petence-specific peptide and quantitated as erythromycin-resistant transformants
obtained after exposure of cells to DNA in culture medium, as described previ-
ously (20). For selection of pneumococcal transformants, erythromycin was
added to growth medium at a concentration of 2.5 
g/ml.

The human lung epithelial carcinoma A549 cell line and the larynx carcinoma
epithelial HEp-2 cell line were obtained from the American Type Culture Col-
lection. A549 and HEp-2 cells were cultured at 37°C in the presence of 95%
air-5% CO2 in Dulbecco’s modified Eagle’s medium with 4.5 g/liter glucose, 10%
fetal bovine serum (Gibco BRL), 100 U/ml penicillin G, and 100 
g/ml strep-
tomycin.

Overexpression and purification of recombinant BgaC. To construct the plas-
mid expressing the His6-tagged version of BgaC, chromosomal DNA of S. pneu-
moniae R6 was used as the template in PCRs with the primer pair comprising
BgaC-f (5�-CGCTAGCATGACACGATTTGAGATACGAG-3�) and BgaC-r
(5�-GGAAGCTTTCATAAGTTTTCCCCCTTTATATG-3�). The 1.8-kb PCR
product was digested with NheI and HindIII and ligated with NheI-HindIII-
digested plasmid pET28a� (Novagen), yielding pET28a-bgaC. For expression of
recombinant BgaC, an overnight culture of E. coli BL21(DE3) cells transformed
with pET28a-bgaC was reinoculated into LB broth supplemented with kanamy-
cin (40 
g/ml) and grown at 37°C. At the mid-exponential phase (A600, �0.7), the
expression of the His6-tagged BgaC protein was induced by the addition of 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG). The cells were then incubated at
18°C for 24 h after induction to avoid inclusion body formation. Cells were
harvested by centrifugation, and the cell pellet was resuspended in lysis buffer (50
mM Tris-HCl [pH 8.0], 500 mM NaCl) for disruption by sonication. All purifi-
cation steps were carried out at 4°C, and BgaC was purified by Ni-nitrilotriacetic

acid affinity chromatography with the ÄKTA prime fast protein liquid chroma-
tography system (Amersham Pharmacia Biotech, Sweden).

�-Galactosidase activity assay. The �-galactosidase activity assay was initiated
by adding BgaC (0.33 nmol) into the reaction mixture (50 mM NaPO4 [pH 6.5],
10 mM p-nitrophenyl-�-galactopyranoside [PNPG], 10 mM MgCl2, 45 mM
�-mercaptoethanol [BME]), and the mixture was incubated for 30 min at 30°C.
Reactions were stopped by adding 500 
l of 1 M sodium carbonate solution, and
the amount of p-nitrophenol (PNP) released was determined by measuring the
increase in absorbance at 420 nm. To determine the pH dependence of the
enzymatic release of PNP from PNPG, enzyme activity was measured between
pH 5 and 8 by using acetic acid (50 mM, pH 5.0 and 5.5) and sodium phosphate
(50 mM, pH 6.0 to 8.0) buffers. The temperature dependency of the enzyme
activity was measured by assaying the enzymatic release of PNP over the tem-
perature range of 10 to 70°C. To evaluate the effects of various divalent cations
on BgaC activity, enzyme reactions in the reaction mixture (90 mM NaPO4 [pH
6.5], 10 mM PNPG, 45 mM BME) were carried out in the presence of a 10 mM
final concentration of various cations (MgSO4, MnCl2, CaCl2, ZnCl2, FeSO4,
NiSO4, or CuSO4) or EDTA.

Linkage specificity assay. To determine the linkage specificities of both BgaC
and BgaA, enzyme activities were assayed with the sugar chains listed in Table 2.
Each 50-pmol 2-pyridylamine(PA)-labeled glycan was reacted with 2 mU BgaC
or BgaA in a 50-
l reaction mixture (50 mM NaPO4 [pH 6.5], 10 mM MgCl2, 45
mM BME) for 20 h at 30°C. Release of terminal galactose from specific sugar
was detected by high-performance liquid chromatography (HPLC; Waters) or
matrix-assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS; Bruker, Germany). After the reaction, protein was removed
with Microcon YM-10 (Millipore) and the product was analyzed using an HPLC
device connected to a model 2475 multi-� fluorescence detector (Waters) with an
Asahipak amine NH2P-50 4E column (4.5 by 250 mm; Shodex, Japan). Product
sugar chains were separated by an isocratic mobile phase (200 mM acetic acid-
triethylamine [pH 7.3]-acetonitrile [25:75, vol/vol]) with a 1-ml/min flow rate.
MALDI-TOF MS was performed in the reflector-positive and linear negative-ion
mode, using 2,5-dihydroxybenzoic acid (DHB) and 6-aza-2-thiothymine (6ATT)
as a matrix. DHB and 6ATT were prepared as a saturated solution in 25%
acetonitrile-0.1% trifluoroacetic acid, equally mixed. All samples were irradiated
with UV light (337 nm) from an N2 laser at a 20-kV accelerating voltage.

Localization of BgaC activity of S. pneumoniae R6. To investigate the local-
ization of BgaC in S. pneumoniae R6, enzyme activity against the sugar chain in
growth medium, soluble cell lysates, and intact cells was measured. Cells were
inoculated into 5 ml brain heart infusion (Becton Dickinson) broth and incu-

TABLE 2. Hydrolysis of terminal galactose from various sugar chains by BgaC and BgaAa

Sugar chain Structure
Hydrolysis

BgaC BgaA

Lacto-N-tetraose (PA-sugar chain 042) � �

Asialo GM1-tetrasaccharide (PA-sugar
chain 028) � �

Asialo galactosyl biantennary (sugar
chain NA2) � �

Lacto-N-fucopentaose I (PA-sugar
chain 043) � �

Lacto-N-fucopentaose II (PA-sugar
chain 044) � �

N-Acetyllactosamine type,
tetrasialylated triantennary
(PA-sugar chain 025)

� �

a Fifty picomoles of each substrate was incubated with 2 mU BgaC or BgaA in a 50-
l reaction mixture (50 mM NaPO4 �pH 6.5	, 10 mM MgCl2, 45 mM
�-mercaptoethanol) for 20 h at 30°C. Release of the terminal galactose from substrates was analyzed by HPLC or MALDI-TOF. The sugar chains 025, 028, 042, 043,
and 044 were purchased from Takara (Japan). The sugar chain NA2 was from Sigma.
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bated for 24 h up to stationary phase under anaerobic conditions. Cells were
harvested by centrifugation at 2,000 � g, washed once with 50 mM sodium
phosphate buffer (pH 6.5), and then resuspended in 500 
l sodium phosphate
buffer (pH 6.5). The culture supernatant was concentrated 10-fold by using an
Amicon Ultra-15 device with a molecular weight cutoff of 10,000 (Millipore). The
soluble cell lysates were obtained by centrifugation after treatment of cells with
200 
l of 1 mg/ml lysozyme solution for 1 h and sonication. The BgaC activity for
the sugar chain was determined according to linkage specificity assay methods.
Twenty-five microliters of the culture supernatant, the cell suspension, or the cell
lysates was added into the 55-
l reaction mixture (50 mM NaPO4[pH 6.5], 10
mM MgCl2, 45 mM BME, and 20 
g lacto-N-tetraose [LNT]) and incubated for
120 h at 30°C. Cleavage of galactose was analyzed by thin-layer chromatography
(TLC). A small volume of product (4 to 5 
l) was spotted in a tight band on a
model 60 silica gel aluminum-backed TLC plate (Merck). The bands were com-
pletely dried in dry oven at 60°C for 15 min. The plate was developed in an
ethylacetate-acetic acid-H2O (2:1:1, vol/vol/vol) solution. The spots were visual-
ized with 2% orcinol reagent dissolved in 25% sulfuric acid.

Western blot and immunofluorescence analyses. The cell wall fraction of S.
pneumoniae was obtained as previously described (38), but with a slight modifi-
cation. Briefly, the wild-type strain of S. pneumoniae R6 grown overnight in THY
broth was harvested, disrupted by lysozyme treatment and sonication, and sep-
arated by centrifugation to obtain the soluble cell lysate. The remaining cell
debris pellet was then dissolved in 4% sodium dodecyl sulfate (SDS) solution,
boiled for 15 min, and centrifuged to obtain the cell wall fraction. Each frac-
tionated sample was separated by 12% SDS-polyacrylamide gel electrophoresis
(PAGE) and analyzed by Western blotting with a 1:500 dilution of rabbit anti-
serum, which was raised against the purified recombinant BgaC protein, as a
primary antibody. The goat anti-rabbit immunoglobulin G (IgG) conjugated with
alkaline phosphatases was used at a 1:2,000 dilution as a secondary antibody, and
then BgaC was detected by color development of a 5-bromo-4-chloro-3-in-
dolylphosphate (BCIP)–nitroblue tetrazolium substrate. For immunofluores-
cence microscopy analysis, pneumococci were reacted with anti-BgaC antiserum,
which was preadsorbed to heat-killed S. pneumoniae R6 �bgaC mutant cells to
eliminate cross-reactivity, counterstained with fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit IgG antibodies (Sigma), and inspected by confo-
cal microscopy (Carl Zeiss LSM 510 META). To examine the reassociation of
soluble BgaC protein to the surfaces of streptococci, purified BgaC was labeled
by using an FITC antibody-labeling kit (Pierce Biotechnology, Rockford, IL)
according to the manufacturer’s instructions. The wild-type strain of S. pneu-
moniae R6 was grown overnight in THY broth and harvested by centrifugation
at 1,500 � g for 5 min. Cell pellets were washed with phosphate-buffered saline
(PBS; pH 7.4) twice and resuspended in PBS at a concentration of approximately
5 � 108 bacteria/ml. The bacterial suspension (100 
l) was mixed with 33 
g of
FITC-labeled BgaC and incubated at room temperature for 1 h. For the com-
petition experiment, the bacterial suspension was mixed with 120 
g of nonla-
beled BgaC and incubated at room temperature for 30 min prior to treatment of
FITC-labeled BgaC. Unbound FITC-labeled BgaC was removed by washing it in
PBS with centrifugation before being inspected by confocal microscopy.

Tissue culture assays. Invasion assays were performed as described previously
(35). Briefly, A549 or HEp-2 cells were grown to confluence in 12-well tissue
culture plates and washed three times with PBS (140 mM NaCl, 3 mM KCl, 10
mM NaH2P04, 1.5 mM KH2P04, pH 7.2), after which 1 ml of culture medium
(without antibiotics) was added per well. Exponential-phase cultures of D39 and
its isogenic �bgaC mutant derivatives were harvested by centrifugation, washed
with PBS, and resuspended in Dulbecco’s modified Eagle’s medium. Monolayers
were infected with 2 � 107 bacteria (bacterium/cell ratio [multiplicity of infection
{MOI}], 100:1), followed by 1, 2, and 3 h of incubation at 37°C. Fresh medium
containing 10 
g/ml penicillin and 200 
g/ml gentamicin was added to each well
to kill extracellular bacteria. After an additional 1 h of incubation, the mono-
layers were washed with PBS, and the cells were detached from the plates by
treatment with 0.25% trypsin-0.02% EDTA and then lysed with Triton X-100
(0.025% in H2O). Appropriate dilutions were plated on blood agar to determine
the numbers of viable bacteria. To determine the total numbers of adherent and
intracellular bacteria, infected monolayers were washed as described above and
then trypsinized, lysed, and plated quantitatively without antibiotic treatment.
All samples were assayed in triplicate, and each assay was repeated at least three
times.

Intranasal challenge. The intranasal challenge was carried out essentially as
described previously (20). Before the challenge, bacteria were cultured at 37°C
overnight on blood agar (supplemented with erythromycin where appropriate)
and then grown in THY broth for approximately 4 h at 37°C to give ca. 4 � 107

CFU/ml (A600, 0.1). Each bacterial culture then was adjusted in THY broth to ca.
109 CFU/ml. Groups of five CD1 mice (5 weeks old) were infected intranasally

with 10 
l of either D39 or D39 �bgaC at ca. 2 � 107 CFU/mouse. Survival of
mice was monitored four times daily for the first 5 days, twice daily for the next
5 days, and then daily until 21 days after challenge. To enumerate bacteria in
different organs after intranasal challenge, mice were sacrificed at 6, 12, and 24 h
postinfection, and blood samples, nasopharynxes, and lungs were collected asep-
tically and then washed three times with PBS (pH 7.3). Samples were then
homogenized in PBS with a tissue homogenizer (model 200, double insulated;
PRO Scientific, Inc., Oxford, CT) on ice, serially diluted as appropriate in sterile
PBS, and plated in duplicate on blood agar containing the appropriate antibiotic(s).
Subsequently, plates were incubated for approximately 16 h at 37°C in an atmo-
sphere of 95% air-5% CO2, after which colonies were counted and averaged
between replicates.

Statistics. Statistical analysis was performed using paired or unpaired Student
t tests. Data presented are means  standard deviations from the mean for two
to four independent experiments. Differences in median survival times between
groups were analyzed by the Mann-Whitney U test (two tailed), and differences
in overall survival rate between groups were analyzed by the Fisher exact test.

RESULTS

Sequence analysis and comparison of S. pneumoniae BgaC.
S. pneumoniae bgaC was predicted to encode a protein showing
sequence homology with �-galactosidases of glycosyl hydrolase
family 35, which mainly includes enzymes from higher eu-
karyotes (12). Thus, S. pneumoniae BgaC more closely resem-
bles �-galactosidases of higher eukaryotes (such as mammalian
lysosomal �-galactosidases) and those of microbial pathogens
than typical prokaryotic �-galactosidases in sequence and
structural organization. The BgaC protein of S. pneumoniae
shows 47%, 43%, 36%, and 41% identity and 64%, 63%, 54%,
and 57% similarity to those of Carnobacterium piscicola, Ba-
cillus circulans, Homo sapiens, and Xanthomonas axonopodis
pv. manihotis, respectively (Fig. 2). The sequence homology
comparison between BgaC and other homologs reveals that S.
pneumoniae BgaC has seven highly conserved domains, com-
prising two amino-terminal domains (domains 1 and 2), a clus-
ter of three small central domains (domains 3, 4, and 5), and
two small carboxy-terminal domains (domains 6 and 7), similar
to those reported in previous studies of the X. axonopodis pv.
manihotis �-galactosidase (31) and of the NHL (NCL-1,
HT2A, and LIN-41) repeat homologous domain (29) (Fig. 2).
Interestingly, to date, the known prokaryotic NHL domain-
containing proteins have all been found in prokaryotes that are
human pathogens (28).

Expression and biochemical characterization of recombi-
nant BgaC. In order to investigate its biochemical properties,
S. pneumoniae BgaC was overexpressed as a His6-tagged pro-
tein in E. coli and purified by Ni-nitrilotriacetic acid affinity
chromatography (Fig. 3A). The molecular mass of the dena-
tured recombinant BgaC protein was estimated to be �69 kDa
by SDS-PAGE analysis, which is in good agreement with the
molecular mass deduced from the amino acid sequence. The
native molecular mass of the enzyme, as determined by size
exclusion chromatography, was also �69 kDa, suggesting that
BgaC is a monomeric enzyme (data not shown).

The �-galactosidase activity of the purified recombinant
BgaC protein was analyzed by using PNPG as a chromogenic
substrate. The pH optimum for the BgaC reaction was deter-
mined over the range of pH 5.0 to 8.0. The enzyme exhibited
maximum activity at pH 6.5 (Fig. 3B). The enzyme activity
decreased sharply at pH 5.5 or 7.5 to less than 20% of that
observed at the optimum pH. The optimum temperature for
the reaction was determined by incubating the assay mixture at
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various temperatures, ranging from 10 to 70°C. The enzyme
showed the highest activity at 30°C, while at 40°C, the activity
decreased sharply to about 20% of that at 30°C (Fig. 3C). The
effects of various divalent cations on BgaC activity were tested
at final concentrations of 10 mM. In the presence of Zn2� and
Cu2�, the enzyme exhibited less than 5% of the activity ob-
served in the absence of any added metal ion. In the presence
of Fe2� and Ni2�, the enzyme showed about 50% activity (Fig.
3D). In contrast, addition of Mg2�, Mn2�, and Ca2� did not
affect the enzyme activity and resulted in no significant change
compared with the activity in the control, implying that BgaC
activity does not require divalent cations, in contrast to E. coli
LacZ (14). Furthermore, the enzyme activity was rather in-
creased, about 60%, in the presence of EDTA, compared to
that observed in the absence of any metal ion.

Linkage specificity and localization of BgaC activity at the
cell surface. To identify the linkage specificities of BgaC, sugar
chains 028 (asialo GM1-tetrasaccharide), 025 (N-acetyllac-
tosamine type, tetrasialylated triantennary), 042 (lacto-N-
tetraose), 043 (lacto-N-fucopentaose I), 044 (lacto-N-fucopen-
taose II), and NA2 (asialo galactosyl biantennary) were used as
substrates (Table 2). Each sugar chain was treated with BgaC
and analyzed by HPLC or MALDI-TOF MS to determine
whether BgaC was able to liberate galactose moiety from the
substrates. BgaC was shown to catalyze the hydrolysis of ga-
lactose from sugar chain 042, which contains Gal�1-3GlcNAc.
However, BgaC was not able to release galactose from sugar
chains 028 and NA2, which contain Gal�1-3GalNAc and
Gal�1-4GlcNAc, respectively (Fig. 4). Moreover, BgaC was
not able to hydrolyze the Gal�1-3GlcNAc linkage of sugar

FIG. 2. Sequence comparison of BgaC homologs of various organisms. Identical and similar amino acids are shaded in dark and faint gray. The
BgaC protein of S. pneumoniae (NP_357763) shows 47%, 43%, 36%, and 41% identity and 64%, 63%, 54%, and 57% similarity to those of
Carnobacterium piscicola (AAL27306), Bacillus circulans (BAA21669), Homo sapiens (P16278), and Xanthomonas axonopodis pv. manihotis
(AAC41485), respectively. S. pneumoniae BgaC has seven highly conserved domains, two amino-terminal domains (domains 1 and 2), a cluster of
three small central domains (domains 3, 4, and 5), two small carboxy-terminal domains (domains 6 and 7), and the NHL repeat homologous
domain. Alignment of amino acid sequences was carried out by Vector NTI (version 9.0).
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chain substrates 043, 044, and 025, which contain galactose or
N-acetylglucosamine residues modified by fucosylation or
sialylation. In contrast, when these sugar chains were treated
with recombinant BgaA, expressed and purified from E. coli,
only NA2 was hydrolyzed (data not shown). Our data indicate
that BgaC is highly specific for the terminal Gal-GlcNAc moi-
ety with a �1,3-glycosidic bond without any modification.

Because BgaC hydrolyzed the galactose from LNT, which is
a lacto structure in the host glycosphingolipid (1, 25), we spec-
ulated that BgaC might be secreted or exposed on the S.
pneumoniae surface to act on the host oligosaccharides. To test
this hypothesis, LNT was treated with the culture supernatant,
intact cells, or soluble cell lysates of the wild-type strain of S.
pneumoniae R6, and the resultant products were analyzed by
TLC (Fig. 5). While purified BgaC completely released termi-
nal �(1,3)-galactose from LNT to produce trisaccharide (lane
3), other fractions did not. Interestingly, the intact cells and
culture supernatant converted LNT to disaccharide, which had
a migration pattern similar to that of lactose (lanes 4 and 6),
but the soluble cell lysate did not cleave LNT to tri- or disac-
charide (lane 5). Presumably, the generation of disaccharide as

a final product by the intact cells and culture supernatant is due
to the action of another active glycosidase, hexosaminidase,
which is a product of strH. The cell surface-associated hex-
osaminidase of S. pneumoniae is involved in sequential degly-
cosylation of human glycoconjugates (19). In contrast, when
LNT was treated with the fractions of a �bgaC mutant strain of
S. pneumoniae R6, no cleavage was observed (Fig. 5, lanes 7 to
9). These results suggest that BgaC might be located on the cell
surface and thus involved in the cleavage of terminal galactose
in the lacto structure of host glycosphingolipids.

Construction of bgaC deletion mutants and analysis of BgaC
expression. To further study the expression and function of
BgaC, bgaC deletion (�bgaC) mutations in both nonencapsu-
lated R6 and encapsulated D39 strains were generated by
replacing a 365-bp internal fragment of bgaC with an ermB
erythromycin resistance cassette by homologous recombina-
tion (Fig. 1A). The correct deletion of bgaC was confirmed by
PCR (Fig. 1B). Moreover, the absence of BgaC protein ex-
pression was confirmed by immunoblot analysis using anti-
BgaC antibody. No signal was detected in the �bgaC strains in
either the R6 or the D39 background, whereas a single 69-kDa

FIG. 3. Purification and biochemical characterization of recombinant BgaC protein. (A) Overexpression and purification of BgaC. BgaC
protein was overexpressed and purified as His6-tagged protein from E. coli as described in Materials and Methods. M, molecular mass markers;
lane 1, crude extracts of E. coli transformed with pET28-bgaC; lane 2, purified BgaC. Results are shown for optimal pH (B) and temperature
(C) analyses. �-Galactosidase activity was measured at various pHs (5.0 to 8.0) and temperatures (10 to 70°C) as described in Materials and
Methods. (D) Analysis of effects of divalent cations on BgaC activity. The respective divalent cations or EDTA (10 mM final concentration) was
added to the BgaC reaction mixture, and the enzyme activity was determined as described in Materials and Methods.
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protein was clearly detected in the total cell lysate from both
wild-type strains (Fig. 6A). This result also indicates that BgaC
is expressed not only in the nonencapsulated avirulent R6
strain but also in the encapsulated virulent D39 strain when

cultivated under normal laboratory conditions. However, the
�bgaC mutant strains did not exhibit detectable changes in
growth or morphology (data not shown).

Since the linkage specificity analysis of BgaC-mediated

FIG. 4. Linkage hydrolysis specificity of BgaC. To determine the linkage specificity of BgaC-catalyzed hydrolysis, sugar chains 042, 028, and
NA2 were treated with purified recombinant BgaC at 30°C for 20 h and analyzed by HPLC or MALDI-TOF MS. (A) HPLC chromatogram of
PA-labeled sugar chain 042 before and after BgaC treatment; (B) HPLC chromatogram of PA-labeled sugar chain 028 before and after BgaC
treatment; (C) MALDI-TOF mass spectrum of sugar chain NA2 before and after BgaC treatment. a.u., arbitrary units.

FIG. 5. Localization of BgaC activity in S. pneumoniae R6. To localize the BgaC activity, culture broths of wild-type (lanes 4 to 6) and �bgaC
mutant (lanes 7 to 9) strains of S. pneumoniae R6 were fractionated into culture supernatant, intact cell pellets, and soluble cell lysates, and then
each fraction was incubated with lactose-N-tetraose (LNT) for 120 h at 30°C. The reaction mixtures were separated by TLC and visualized as
described in Materials and Methods. The arrows in lanes 3 and 4 indicate trisaccharide and disaccharide, respectively. Lanes: 1, lactose plus
glucose; 2, LNT; 3, LNT plus purified recombinant BgaC; 4, LNT plus intact cell pellets; 5, LNT plus soluble cell lysates; 6, LNT plus culture
supernatant; 7, LNT plus intact cell pellets; 8, LNT plus soluble cell lysates; 9, LNT plus culture supernatant.
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FIG. 6. Expression of BgaC on the surface of S. pneumoniae R6. (A) Total cell lysate analysis. Wild-type and �bgaC mutant S. pneumoniae R6
and D39 strains grown overnight at 37°C in THY broth were harvested by centrifugation, lysed by lysozyme treatment, boiled for 15 min in 4%
SDS solution, and then analyzed by SDS-PAGE (left) and Western blotting (right). M, molecular mass markers; lane 1, R6 wild type; lane 2, R6
�bgaC mutant; lane 3, D39 wild type; lane 4, D39 �bgaC mutant. An arrow indicates a signal corresponding to BgaC. (B) Cell wall fractionation
analysis by Western blotting. The wild-type strain of S. pneumoniae R6 grown overnight in THY broth was fractionated into the soluble cell lysate
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sugar chain hydrolysis suggested that BgaC is located on the
surface of S. pneumoniae, the localization of BgaC was fur-
ther analyzed by fractionation experiments and immunoflu-
orescence microscopy. Since it is difficult to fractionate the
cell wall from the encapsulated D39 strain because of the
thick capsule, the nonencapsulated R6 strain was used for
the fractionation study. Pneumococci were fractionated into
cell wall and cytosol fractions and subjected to immunoblot-
ting analysis using anti-BgaC polyclonal rabbit IgG (Fig.
6B). The appearance of an immunoblotting band in the cell
wall fraction strongly indicated that BgaC was located on

the cell surface; this was further supported by immunoflu-
orescence microscopy analysis (Fig. 6C). The S. pneumoniae
R6 wild-type and bgaC-deleted mutant strains were treated
with anti-BgaC rabbit polyclonal antibody and FITC-conju-
gated anti-rabbit secondary antibody. Fluorescence signals
surrounding cells were detected in the S. pneumoniae R6
wild-type strain treated with primary and secondary anti-
bodies, whereas no signal was detected in the �bgaC mutant
strain. In order to investigate whether soluble BgaC protein
could bind back to the cell surfaces of streptococci, FITC-
labeled BgaC was treated with a suspension of S. pneu-

and the cell wall fraction, separated by SDS-PAGE, and then analyzed by Western blotting as described in Materials and Methods. M, molecular
weight markers; lane 1, culture supernatant; lane 2, soluble cell lysates; lane 3, cell wall fraction; lane 4, purified recombinant BgaC. (C)
Immunofluorescence microscopy analysis for localization of BgaC on the surface of S. pneumoniae R6. Wild-type (top) and �bgaC mutant (bottom)
strains were incubated with anti-BgaC antibodies, counterstained with FITC-conjugated anti-rabbit IgG antibodies, and inspected by confocal
microscopy. Images of binding of anti-BgaC antibody to bacteria (left), differential interference contrast (DIC) microscopy images of same bacteria
(middle), and merged pictures of the two (right) are shown. Bars, 5 
m. (D) Fluorescence microscopy analysis for reassociation of the recombinant
BgaC protein on the surface of S. pneumoniae R6. The wild-type strain was incubated with FITC-labeled BgaC protein (top) or preincubated with
unlabeled BgaC prior to incubation with FITC-labeled BgaC protein (bottom). Bacterial suspensions were washed in PBS by centrifugation to
remove unbound proteins and inspected by confocal microscopy. Images of binding of FITC-labeled BgaC to bacteria (left), differential
interference contrast microscopy images of same bacteria (middle), and merged pictures of the two (right) are shown. Bars, 5 
m.

FIG. 7. No attenuated virulence but higher colonization levels of the bgaC deletion mutant at the early phase of infection in vivo. (A) Effect
of the bgaC deletion mutation on virulence. Groups of 10 CD1 mice were challenged intranasally with approximately 4 � 107 CFU of D39 or 3.5 �
107 CFU of the isogenic bgaC mutant. Each datum point represents one mouse. Solid line, wild-type D39; dotted line, �bgaC mutant. (B) Effect
of the bgaC deletion mutation on bacterial recovery from nasopharynxes, lungs, and blood samples of CD1 mice after intranasal challenge.
Twenty-four CD1 mice/group were challenged intranasally with either wild-type D39 or the �bgaC mutant at 1 � 107 CFU/mouse. At 6, 12, and
24 h postinfection, eight mice from each group were sacrificed and the number of recovered bacteria was determined by plating on blood agar.
The figure shows the standard deviations for three independent experiments. Asterisks denote values significantly different from that for the wild
type (*, P � 0.05; **, P � 0.01).
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moniae R6 and inspected by confocal microscopy. As shown
in Fig. 6D, FITC-labeled BgaC protein was able to reasso-
ciate to the surfaces of bacteria (top panels). When unla-
beled BgaC was challenged as a competitor prior to treat-
ment of FITC-labeled BgaC, no fluorescence signal was
detected (bottom panels). Along with the biochemical frac-
tionation analysis, the immunofluorescence microscopy
analysis and reassociation assay strongly indicate that BgaC
is expressed on the outer surface of S. pneumoniae.

Effect of bgaC deletion mutation on virulence and adher-
ence. If BgaC degrades galactosides of the host cells upon
contact with the pneumococci, adherence of pneumococci to
the host cells could be affected by the absence of BgaC protein.
Therefore, the effect of the bgaC deletion on virulence was
investigated by determining survival time for mice after infec-
tion with pneumococci via the intranasal route. However, the
encapsulated �bgaC mutant did not significantly attenuate the
virulence, compared to the wild-type D39 strain (Fig. 7A),
indicating that the expression of the bgaC gene, which could be
induced during invasion from the nasopharynx to the lungs and
blood, may not play a critical role in host damage. To assess the
effect of the bgaC deletion on colonization after intranasal
infection, numbers of viable cells of the encapsulated �bgaC
mutant in mice were determined. At 6 h postinfection, the
numbers of viable cells of the �bgaC mutant in the nasophar-
ynxes (P � 0.05) were significantly higher than those of the
parental strain. Consistent with this, at 12 and 24 h postinfec-
tion, the numbers of viable cells of the �bgaC mutant in the
nasopharynxes, lungs, and blood samples were always higher
than those of the parental strain (Fig. 7B), indicating that the
�bgaC mutant could colonize more efficiently than the wild
type at the early phase of infection. Moreover, when the non-
encapsulated R-type �bgaC mutant was used for the coloniza-
tion experiment, the bgaC mutant could colonize more effi-
ciently than the encapsulated �bgaC mutant (data not shown).
To test the possibility that the �bgaC mutant might compete
out the wild type at earlier time points, thus showing the higher
colonization level, an in vitro coinfection experiment was per-
formed. When A549 cells were infected with 2 � 107 CFU
(MOI � 100) of the wild type alone or in combination with 2 �
107 CFU of the �bgaC mutant for up to 3 h, the number of
viable cells of the wild type was not decreased in the presence
of the �bgaC mutant (data not shown), demonstrating that the
higher adherence and colonization levels of the �bgaC mutant
were not due to the slower growth of the wild-type strain. To
investigate the mechanism underlying the higher numbers of
viable cells in the �bgaC mutant at the early stage of infection
in vivo, human lung epithelial carcinoma A549 cells and laryn-
geal Hep-2 cells were infected in vitro with the �bgaC mutant
for 2 and 3 h and, numbers of viable cells were determined.
Consistent with the in vivo results, the �bgaC mutant showed
significantly higher adherence and invasion than the wild-type
D39 strain in both cell types (Fig. 8). These results clearly
demonstrate that the �bgaC mutant can adhere and subse-
quently invade the host cells more efficiently in the early phase
but that it becomes subsequently more vulnerable to the host
immune system, resulting in lower viability than the wild-type.

Adherence of pneumococci could be affected by the poly-
saccharide capsule, and nonencapsulated strains adhere more
efficiently than encapsulated strains (30). Therefore, the higher

adherence level of the �bgaC mutant could be ascribed to the
lower capsular polysaccharide level. However, measuring poly-
saccharide in the �bgaC mutant by Western blotting using type
2 antiserum revealed almost the same amount as that in the
wild type (data not shown), demonstrating that the bgaC de-
letion did not decrease capsular polysaccharide.

In an effort to confirm that BgaC is directly involved in the
adherence of pneumococci to A549 cells, BgaC antibody was
used to block BgaC on the surface of wild-type D39 for 30 min,
and adherence of the pneumococci on A549 cells was then
determined. Adherence of the wild type treated with anti-
BgaC antibody was significantly increased compared with that
of the wild type treated with normal serum (before immuniza-
tion); however, adherence of the �bgaC mutant treated with
anti-BgaC antibody was not increased, and there was no ap-
parent difference from the treatment with normal serum (Fig.
9A). We determined the effect of anti-BgaC antibody on the
enzyme activity of recombinant BgaC and observed that the
enzyme activity was decreased in the presence of anti-BgaC
antibody (data not shown). These results support our hypoth-
esis that BgaC is present on the pneumococci surface and that

FIG. 8. Increased adherence and invasion of the �bgaC mutant
into host cells in vitro. Adherence to and invasion of A549 cells (A and
C) or HEp-2 cells (B and D) were analyzed by infecting cells with 2 �
107 CFU (MOI � 100) of wild-type D39 or the �bgaC mutant. For
adherence, the monolayer was washed after infection and the total
number of bacteria in each well was determined by a viable-cell count.
For invasion, extracellular bacteria were removed by treatment with
penicillin and gentamicin after infection. The monolayer was then
washed extensively and the number of intracellular bacteria was de-
termined by a viable-cell count. *, P values of �0.05; ***, P values of
�0.001 for comparison with the wild-type-infected group. The figure
shows the standard deviations for three independent experiments.
Black bars, wild-type D39 strain; gray bars, �bgaC mutant strain.
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the enzyme activity of BgaC is important in determining ad-
herence.

To corroborate further the possibility that surface-associ-
ated exoglycosidase BgaC can hydrolyze and remove the host
cell ligand, purified BgaC protein was added onto the naso-
pharynxes of mice and incubated for 30 min, and then each
mouse was infected with the bgaC mutant and the colonization
level was determined. Consistently, when mice were pretreated
with the BgaC protein, the colonization of the mutant was
decreased in comparison to that of the nontreated control (Fig.
9B), indicating that surface-associated exoglycosidase BgaC
can hydrolyze and remove the host cell ligand so that binding
of pneumococci to the host would be decreased in vitro.

DISCUSSION

Exoglycosidases in pathogenic bacteria are important en-
zymes for infection and colonization of host cells. The essential
role of BgaA, a surface-associated �1,4-galactosidase of S.
pneumoniae, was demonstrated in degalactosylation of human
glycoconjugates for colonization and/or pathogenesis (19). In
contrast to typical �-galactosidases that comprise approxi-
mately 1,000 amino acids and are cytoplasmic proteins, S.
pneumoniae bgaA encodes a 2,235-amino-acid polypeptide
with a putative signal sequence at the N terminus (41). In S.
pneumoniae BgaA, 365 residues located in the N-terminal half
of the protein show homology to the E. coli and Streptococcus
thermophilus �-galactosidases, but the remainder of the pro-
tein displays no homology to the other proteins. Interestingly,
the complete genome sequencing of S. pneumoniae (13) re-
veals that S. pneumoniae has another �-galactosidase of 595

amino acids, BgaC, which shows relatively high homology to
eukaryotic �-galactosidases as well as to pathogenic microbial
enzymes.

In the present study, we showed that the �-galactosidases
encoded by bgaA and bgaC of S. pneumoniae R6 differ in their
substrate specificities. While S. pneumoniae BgaA releases a
terminal galactose �1,4 linked to GlcNAc in sugar chains of
glycoproteins, BgaC shows high substrate specificity only for
Gal�1-3GlcNAc (Table 2). It was previously reported that
BgaC proteins of B. circulans and X. axonopodis pv. manihotis
could cleave terminal galactoses of Gal�1-3GlcNAc or Gal�1-
4GlcNAc, but the specific hydrolysis of Gal�1-3GlcNAc was
1,000-fold more efficient than that of Gal�1-4GlcNAc (11, 15,
40). Moreover, BgaC proteins from C. piscicola and B. circu-
lans had specificity for galactose linked to both GalNAc and
GlcNAc with a �1,3-glycosidic bond (15, 40). In addition, BgaC
of B. circulans also has activity for galactose linked to GlcNAc
modified with Neu5Ac or Fuc (11). In contrast, BgaC of S.
pneumoniae cleaved only the terminal galactose linked to
GlcNAc that was not modified with Fuc or Neu5Ac (Table
2). The analysis of BgaC activity with various sugar chains
indicates that S. pneumoniae BgaC is a �-galactosidase with
high oligosaccharide specificity for the �1,3-glycosidic bond
rather than the �1,4-glycosidic bond with GlcNAc.

Localization analysis of BgaC indicated that it is expressed
on the cell surface, even though BgaC does not have a typical
signal peptide and LPXTG motif or choline-binding repeats on
its amino or carboxyl terminus, which are required for anchor-
age of proteins on the cell surface. Recently, it was reported
that there was a new class of virulence factors that did not have
anchors but rather underwent surface-located adhesion and

FIG. 9. Adherence of pneumococci altered by availability of BgaC on the surface. (A) Increased adherence of the wild type to the host cells
by pretreatment with anti-BgaC antibody in vitro. Wild-type D39 or the �bgaC mutant was preincubated with anti-BgaC antibody for 30 min at
37°C. Subsequently, A549 cells were infected with 2 � 107 CFU (MOI � 100) of the wild type or the �bgaC mutant. For adherence, the monolayer
was washed after infection, and the total number of bacteria in each well was determined by a viable-cell count. *, P values of �0.05; **, P values
of �0.01; ***, P values of �0.001 for comparison with the control group. The figure shows the standard deviations for three independent
experiments. Black bars, wild-type D39 strain; gray bars, �bgaC mutant strain. (B) Colonization of the �bgaC mutant decreased by pretreatment
with BgaC protein in vivo. Mice (five mice/group) were treated with BgaC enzyme (225 
g/50 
l) intranasally for 30 min and infected with the
�bgaC mutant (5 � 108 CFU/10 
l). The colonization level was determined at 12 h postinfection. The mice pretreated with BgaC protein showed
lower colonization levels than the control in vivo.
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invasions (7). Expression of BgaC on the cell surface may
belong to this new class of virulence factors and play a role in
adherence to the host cell by exposing GlcNAc in glycolipid.
Amino acid sequence alignment and motif scanning of BgaC
revealed an interesting motif, homologous to the NHL repeat
sequence (28), located at amino acids 562 to 573. NHL is
defined by amino acid sequence homologies among Ncl-1,
HT2A, and Lin-41 proteins (28) and is a conserved structural
motif present in a large family of growth regulators. According
to structural model analysis, the NHL domain is expected to be
involved in protein-protein interaction (28). Bacterial NHL
repeat domains are homologues of the YWTD repeat family of
proposed �-propeller domains, which are widespread in eu-
karyotic extracellular proteins (29).

Adherence is an initial stage of the pathogen invasion into
the host cells and involves a number of ligands, such as oligo-
saccharides and protein adhesins. In S. pneumoniae, NanA,
BgaA, and StrH act sequentially to remove sialic acid, galac-
tose, and N-acetylglucosamine and expose mannose on human
glycoproteins for binding by pneumococci, suggesting that S.
pneumoniae deglycosylates host airway defense glycoproteins,
thereby enhancing adherence of S. pneumoniae to airway com-
ponents (18, 19, 33, 34). Interestingly, although adherence of
nonencapsulated nanA and bgaA mutants to epithelial cells
was decreased in vitro, in vitro results revealed no decrease in
the colonization of bgaA nanA strH triple exoglycosidase mu-
tants (19). The surface-anchored pullulanases of S. pneu-
moniae recognize and bind multivalently to host glycogen, thus
increasing interaction with alveolar type II cells in mouse lung
tissue (36). Moreover, sugar moieties such as lacto-N-neo-
tetraose and asialoganglioside GM1 can contribute to the adher-
ence of pneumococci to host cells (33). These results suggest that
exoglycosidases can unmask receptors upon hydrolysis of targets.

It was reported that the disaccharide unit of a glycoconju-
gate receptor for pneumococci attaching to human pharyngeal
epithelial cells was Gal�1-3GlcNAc (1, 2). Adherence inhibi-
tion tests with neolactotetraose and lactotetraose indicated
that pneumococci prefer binding to the lactotetraose structure
(1). This lactotetraose structure is one of the major core struc-
tures of vertebrate glycosphingolipids, suggesting that BgaC
can remove galactose from �1,3-linked GlcNAc in lacto-N-
tetraose of the glycolipid that could serve as a possible binding
site for S. pneumoniae infection. If that is the case, absence of
BgaC protein caused by gene deletion or by antibody treat-
ment would increase adherence rather than decrease adher-
ence, as observed in Fig. 7 and 9.

Notably, we report for the first time that surface-associated
exoglycosidase BgaC can hydrolyze and remove the host cell
ligand so that binding of pneumococci to the host is decreased
in vivo and in vitro. This appears to be analogous to the
function of influenza virus sialidase, which causes release from
host cells by cleaving sialic acid, the sugar residue important
for binding to host receptor (8). On the other hand, the bgaC
deletion mutant could adhere more efficiently than the wild-
type by some other factors. For example, galactoside hydrolysis
by BgaC might trigger mucin synthesis; this would inhibit bind-
ing of pneumococci to the epithelial cells since infection with
bacteria induces mucin synthesis in epithelial cells as an anti-
microbial response of the innate immune system to protect the
host (10, 16, 22, 23, 24). More work is required for investiga-

tion of key factors that might play a role in BgaC-mediated
adherence.

During the progression from colonization to invasive dis-
ease, adaptation to different environmental niches in the host
is mediated by changes in the expression of key virulence
factors. Modulation of gene expression for a few virulence
factors in S. pneumoniae has been reported, although the exact
mechanisms involved in S. pneumoniae are not well character-
ized (17, 39). Through microarray analysis, we also observed
that the bgaC gene was induced 2.54-fold and slightly de-
creased to 0.91-fold in A549 human lung cells infected with
wild-type D39 after 10 min and 2 h of infection, respectively
(data not shown). This suggests that BgaC is immediately in-
duced upon contact with the host cells, indicating the involve-
ment of BgaC during host cell invasion.

The present study showed that BgaC could hydrolyze the
host galactoside moiety and thus affect adherence to the host
cells and viability in phagocytes. The results indicate that BgaC
is localized on the outer surface to hydrolyze �-galactosides on
the surfaces of host cells and subsequently to remove ligands
responsible for pneumococcal binding to the host cells. The
underlying mechanism of BgaC expression and its role in
pathogenesis should be investigated. This study will provide
further insight into one of the diverse microbial strategies
employed during pathogenesis.
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