THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 27, pp. 22910-22918, June 29, 2012

© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Structural Insights into the Substrate Specificity of
Streptococcus pneumoniae [3(1,3)-Galactosidase BgaC*

Received for publication, March 28,2012, and in revised form, May 12,2012 Published, JBC Papers in Press, May 16, 2012, DOI 10.1074/jbc.M112.367128

Wang Cheng', Lei Wang', Yong-Liang Jiang, Xiao-Hui Bai, Jun Chu, Qiong Li, Ge Yu, Qiu-Ling Liang,

Cong-Zhao Zhou’, and Yuxing Chen’

From the Hefei National Laboratory for Physical Sciences at Microscale and School of Life Sciences, University of Science and

Technology of China, Hefei, Anhui 230026, China

and N-acetylglucosamine.

galactosyl bond.
\_

(Background: Streptococcus pneumoniae BgaC is a GH-35 B-galactosidase of specific activity toward 8(1,3)-linked galactose

Results: Three aromatic residues, Trp-240, Trp-243, and Tyr-455, determine the substrate specificity of BgaC.
Conclusion: BgaC and other GH-35 $-galactosidases adopt a similar domain organization and catalytic mechanism.
Significance: Provided is the first structural insight into the substrate specificity of -galactosidase toward the (1,3)-linked

J

The surface-exposed f3-galactosidase BgaC from Streptococ-
cus pneumoniae was reported to be a virulence factor because of
its specific hydrolysis activity toward the 3(1,3)-linked galactose
and N-acetylglucosamine (Galf(1,3)NAG) moiety of oligosac-
charides on the host molecules. Here we report the crystal struc-
ture of BgaC at 1.8 A and its complex with galactose at 1.95 A. At
pH 5.5- 8.0, BgaC exists as a stable homodimer, each subunit of
which consists of three distinct domains: a catalytic domain of a
classic (/a)g TIM barrel, followed by two all- 3 domains (ABDs)
of unknown function. The side walls of the TIM f-barrel and a
loop extended from the first ABD constitute the active site.
Superposition of the galactose-complexed structure to the apo-
form revealed significant conformational changes of residues
Trp-243 and Tyr-455. Simulation of a putative substrate en-
trance tunnel and modeling of a complex structure with
GalB(1,3)NAG enabled us to assign three key residues to the
specific catalysis. Site-directed mutagenesis in combination
with activity assays further proved that residues Trp-240 and
Tyr-455 contribute to stabilizing the N-acetylglucosamine moi-
ety, whereas Trp-243 is critical for fixing the galactose ring.
Moreover, we propose that BgaC and other galactosidases in the
GH-35 family share a common domain organization and a con-
served substrate-determinant aromatic residue protruding
from the second domain.

The Gram-positive human pathogen Streptococcus pneu-
moniae is the major causative agent of acute pneumonia, otitis
media, meningitis, and septicemia, which lead annually to mil-
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lions of deaths worldwide (1). In the human host, S. pneu-
moniae encounters a variety of glycoconjugates, including
mucin, host defense molecules, and glycans exposed on the epi-
thelial surface. Like other pathogenic microbes, S. pneumoniae
produces a series of secreted or surface-associated glycosidases
to modify the host glycoconjugates (2—4). Genome sequencing,
in combination with exploration of new virulence factors, sug-
gests that a large number of glycosidases are necessary for the
full virulence of S. pneumoniae (5, 6). For instance, three sur-
face-exposed glycosidases, neuraminidase NanA, (3-galactosi-
dase BgaA, and N-acetyl-hexosaminidase StrH, have been iden-
tified to sequentially hydrolyze the glycoconjugates necessary
for the colonization and pathogenesis of S. pneumoniae (7, 8).
The action of deglycosylation is believed not only to expose the
binding sites for further invasion but also to supply an abundant
carbon source from the hydrolysis products (9).

Recently, a novel surface-exposed glycohydrolase, BgaC, was
identified and shown to have an effect on S. pneumoniae adhe-
sion and virulence to the human host (10, 11). BgaC is a classic
B-galactosidase (EC 3.2.1.23) and shows specific hydrolysis
activity toward the terminal GalB(1,3)NAG®* moiety of oligo-
saccharides (10, 11). Sequence comparison suggests that BgaC
falls into the glycosidase family 35 (GH-35), which mainly exists
in higher eukaryotes (12). BgaC adopts a sequence and struc-
tural organization pattern similar to [-galactosidases from
higher eukaryotes (such as mammalian lysosomal 3-galactosi-
dase) and microbial pathogens rather than typical prokaryotic
B-galactosidases (12). The GH-35 B-galactosidases, which exist
widely in all living organisms from bacteria to plants and ani-
mals (13-16), hydrolyze B(1,3)- or B(1,4)-galactosyl bonds in
poly- and oligosaccharides. Some B-galactosidases are grouped
in the glycosidase families GH-1, GH-2, and GH-42 in addition
to GH-35 (12, 17-20). All of these families belong to a super-
family (or clan) termed GH-A, all members of which possess a
catalytic domain of (a/B)g TIM barrel fold. Two glutamic acid

“The abbreviations used are: GalB(1,3)NAG, B(1,3)-linked galactose and
N-acetylglucosamine; NAG, N-acetylglucosamine; GH, glycosidase; RMSD,
root mean square deviation; ABD, all-B domain; PNPG, 4-nitrophenyl-3-p-
galactopyranoside; PDB, Protein Data Bank; Gy,,, monosialotetrahexosyl.

VOLUME 287 +NUMBER 27+JUNE 29, 2012

€102 ‘8T Areniga- uo ‘Ausianiun piojuels 1e Blo agl mmm woly papeojumoq


http://www.pdb.org/pdb/explore/explore.do?structureId=4E8C
http://www.pdb.org/pdb/explore/explore.do?structureId=4E8D
http://www.rcsb.org/
http://www.jbc.org/

TABLE 1
The B-galactosidases of known structure
GH PDB
Protein family code Reference
S. solfataricus B-gal GH-1 1UWQ  Ref. 27
E. coli B-gal GH-2 1BGM Ref. 22
Arthrobacter sp. C2-2 C221 B-gal ~ GH-2 1YQ2 Ref. 23
K. lactis B-gal GH-2 30BA Ref. 24
Penicillium sp. B-gal GH-35 1TG7 Ref. 28
B. thetaiotaomicron B-gal GH-35 3D3A Unpublished”
T. reesei 3-gal GH-35 30G2 Ref. 29
H. sapiens B-gal GH-35 3THC Ref. 30
T. thermophilus A4 B-gal GH-42 1KWG  Ref. 25
B. circulans sp. alkalophilus B-gal ~ GH-42  3TTS Ref. 26

“ K. Palani, D. Kumaran, S. K. Burley, and S. Swaminathan, unpublished results.

residues emanating from strands B4 and B7 of the barrel act as
proton donor and nucleophile, and thus, this clan is sometimes
referred to as the 4/7 superfamily (21). To date, several crystal
structures of B-galactosidases have been deposited in the Pro-
tein Data Bank (PDB) database. These include Escherichia coli
B-gal (22), Arthrobacter sp. C2-2 C221 B-gal (23), Kluyveromy-
ces lactis B-gal (24), Thermus thermophilus A4 B-gal (25), Bacil-
lus circulans sp. alkalophilus 3-gal (26), Sulfolobus solfataricus
B-gal (27), Penicillium sp. B-gal (28), Bacteroides thetaiotaomi-
cron B-gal,5 Trichoderma reesei 3-gal (29), and Homo sapiens
B-gal (30) (Table 1). Most of these enzymes possess specific
hydrolysis activity toward B(1,4)-galactosyl bond, whereas
H. sapiens -gal shows hydrolysis activity toward both B(1,3)-
and 3(1,4)-galactosyl bonds (31-33), and the substrate specific-
ity of B. thetaiotaomicron [3-gal remains unknown. E. coli 3-gal,
as a member of GH-2, is one of the most widely investigated
B-galactosidases. The structure-based catalytic mechanism of
E. coli B-gal has been elucidated (22, 34, 35). However, the
mechanism of the substrate specificity toward the 3(1,3)-galac-
tosyl bond remains unknown.

Here we present the crystal structure of BgaC at 1.8 A and its
complex with galactose at 1.95 A. BgaC is composed of 595
amino acid residues, sharing a significant sequence homology
with other GH-35 members. It contains three domains: a typi-
cal TIM barrel catalytic domain, similar to other B-galactosi-
dases, followed by two all-B domains of unknown function.
This pattern of domain organization is quite similar to that of
B. thetaiotaomicron B-gal (PDB code 3D3A) and H. sapiens
B-gal (30). The galactose is stabilized at the center of the cata-
lytic domain by residues conserved in all GH-35 members. A
couple of residues at the center of the TIM barrel and a loop
extended from the second domain make up the active site.
In addition, a putative substrate entrance tunnel identified
two important loops surrounding the manually constructed
GalB(1,3)NAG at the active site. Subsequent enzymatic activity
assays enabled us to characterize three key residues, Trp-240,
Trp-243, and Tyr-455, that contribute to the substrate specific-
ity toward GalB(1,3)NAG.

EXPERIMENTAL PROCEDURES

Overexpression and Purification of BgaC and Mutants—The
coding sequence of BgaC/Sp_0060 was amplified from the
genomic DNA of S. pneumoniae TIGR4 and cloned into a

® K. Palani, D. Kumaran, S. K. Burley, and S. Swaminathan, unpublished results.
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pET28a-derived expression vector with an N-terminal His, tag.
The construct was transformed into E. coli strain BL21-RIL
(DE3) (Novagen), growing at 37 °Cin 2X YT culture medium (5
gofNaCl, 16 g of Bacto-tryptone, and 10 g of yeast extract/liter)
containing 30 pg/ml kanamycin and 34 ug/ml chlorampheni-
col. When the Ay, ., reached about 1.0, expression of the re-
combinant proteins was induced with 0.2 mm isopropyl B-p-1-
thiogalactopyranoside (IPTG) for another 20 h at 16 °C before
harvesting. Cells were collected and resuspended in 40 ml of
lysis buffer (20 mm Tris-Cl, pH 7.5, 100 mm NaCl). After 20 min
of sonication and centrifugation at 12,000 X g for 30 min, the
supernatant containing the soluble target protein was collected
and loaded onto a nickel-NTA column (GE Healthcare) equil-
ibrated with the binding buffer (20 mm Tris-Cl, pH 7.5, 100 mm
NaCl). The target protein was eluted with 500 mm imidazole,
and further loaded onto a Superdex 200 column (GE Health-
care) pre-equilibrated with 20 mm Tris-Cl, pH 7.5, 100 mm
NaCl. Fractions containing the target protein were combined
and concentrated to 10 mg/ml for crystallization. Samples for
enzymatic activity assays were collected at low concentrations
(1 mg/ml). The purity of protein was assessed by SDS-PAGE,
and the protein sample was stored at —80 °C. The mutants were
expressed, purified, and stored in the same manner as the wild-
type protein.

Dynamic Light Scattering—Dynamic light scattering was car-
ried out on a DYNAPRO-99 (Wyatt Technology Corp.) with a
532-nm green laser. Each sample was measured in single-use
UV-plastic cuvettes (Wyatt Technology Corp.), first equili-
brated for 2 min at 25 °C, after which a time scale of the scat-
tered light intensity fluctuations was measured. The molecular
weight was analyzed with the use of the software Dynamic V6
(Wyatt Technology Corp.).

Enzymatic Activity Assays—The enzymatic activity assays of
recombinant BgaC and its mutants were conducted using 4-ni-
trophenyl-B-p-galactopyranoside (PNPG) (Sangon) as sub-
strate and following the previous procedures (36) with minor
modifications. The reactions were performed at 37 °C in buffer
containing 50 mm Na,HPO,/NaH,PO,, pH 6.5, and initiated
by the addition of BgaC. Using a DU800 spectrophotometer
(Beckman Coulter), the changes in absorption at 420 nm were
monitored continuously, and the increase of chromogenic
product 4-nitrophenol was calculated subsequently according
to a standard curve of 4-nitrophenol. The final Michaelis-Men-
ten parameters (V.. and K,,,) were extracted from these data
by nonlinear fitting to the Michaelis-Menten equation with the
program Origin 7.5.

Preparation of 1-Phenyl-3-methyl-5-pyrazolone Derivatives
of Saccharides—1-Phenyl-3-methyl-5-pyrazolone derivation of
saccharides complied with the previously reported procedures
(37, 38) with minor changes. Briefly, 10 ul of reaction system
was mixed with an equal volume of 0.3 M NaOH and 0.5 M
methanol solution of 1-phenyl-3-methyl-5-pyrazolone, respec-
tively. A total volume of 30 ul of mixture was placed at 70 °C to
react for 35 min and then cooled to room temperature and
neutralized with 10 ul of 0.3 M HCL The obtained solution was
dissolved in 100 ul of chloroform. After vigorous shaking and
centrifugation, the supernatant containing derivatives was
carefully transferred to another 100 ul of chloroform, and this

JOURNAL OF BIOLOGICAL CHEMISTRY 22911

€102 ‘8T Areniga- uo ‘Ausianiun piojuels 1e Blo agl mmm woly papeojumoq


http://www.jbc.org/

Substrate Specificity of 3(1,3)-Galactosidase BgaC

extraction process was repeated three times; then the aqueous
layer was diluted to 80 ul with water before HPLC analysis.

HPLC Analysis—The assays toward specific substrate were
performed at 37 °C in a 10-ul system containing a buffer of
50 mMm Na,HPO,/NaH,PO,, pH 6.5, and the disaccharide
GalB(1,3)NAG (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) at various concentrations. The reactions were initiated by
the addition of enzymes and terminated by mixing with an
equal volume of 0.3 M NaOH. After 1-phenyl-3-methyl-5-py-
razolone derivatization as described above, the mixture was
centrifuged at 12,000 X g for 10 min, and 10 ul of supernatant
was applied to the HPLC system (Agilent 1200 Series). Buffer
composed of 20% acetonitrile and 80 mm Na,HPO,/NaH,PO,,
pH 7.0, was used for equilibration of the column (Eclipse XDS-
C18 column, 4.6 X 150 mm; Agilent) and separation of the
components at a flow rate of 1 ml/min. The sugar components
of the reaction system were determined by comparison with the
retention time of standard monosaccharides. The NAG stand-
ard curve was made by quantitative analysis of HPLC with a
series of concentrations ranging from 0.1 to 5 mm. The final
enzymatic kinetic parameters were calculated based on the
yield of NAG.

Crystallization, Data Collection, and Processing—The apo-
form BgaC was concentrated to 10 mg/ml by ultrafiltration
(Millipore Amicon) for crystallization. Crystals were grown at
289 K using the hanging drop vapor diffusion method, with the
initial condition of mixing 1 ul of protein solution with an equal
volume of the reservoir solution (30% polyethylene glycol 3350,
0.2 M ammonium acetate, 0.1 M sodium citrate tribasic dehy-
drate, pH 5.6). The crystals were transferred to cryoprotectant
(reservoir solution supplemented with 25% glycerol) and flash-
cooled with liquid nitrogen. The crystal of its complex with
galactose was obtained by quick cryo-soaking technique. The
crystal was immersed in the solution containing 100 mm galac-
tose for about 300 s and mounted in a rayon loop. The diffrac-
tion images of the apo-form and galactose-binding form were
recorded at 100 K in a liquid nitrogen stream using the beam-
line at the Shanghai Synchrotron Radiation Facility. The data
sets were integrated and scaled with the program HKL2000.

Structure Solution and Refinement—The structure of BgaC
was determined by molecular replacement with MOLREP
using the coordinates of 38% sequence-identical B. thetaiotao-
micron (3-galactosidase (PDB code 3D3A) as the search model.
The initial model was further refined by using the maximum
likelihood method implemented in REFMACS5 as part of the
CCP4 program suite and rebuilt interactively by using the
o ,-weighted electron density maps with coefficients mF, —
DF_ and mF, — DF, in the program COOT. The galactose com-
plex structure was refined with the Refinement program from
PHENIX and rebuilt interactively with COOT. The final model
was evaluated with the programs Molprobity and Procheck.
The data collection and structure refinement statistics are
listed in Table 2. All structure figures were prepared with the
program PyMOL (39).

RESULTS AND DISCUSSION

Overall Structure—Each asymmetric unit contains two mol-
ecules of BgaC, which are quite similar to each other with an

22912 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2
Crystal parameters, data collection, and structure refinement
statistics

Data processing BgaC BgaC + galactose

Data collection
Space group P2, P2,
Unit cell (A) 79.97,79.30, 99.39 80.35, 82.37, 99.60
Unit cell (degrees) 90.00, 106.94, 90.00  90.00, 106.84, 90.00

Resolution range (A) 50.00-1.80 50.00-1.95
Unique reflections 108,735 (10,964)* 88,435 (8,053)
Completeness (%) 98.8 (100.0) 96.8 (88.7)
{1/ (D) 14.3 (5.4) 13.3(3.7)
Riprerge” (%) 7.0 (24.1) 6.2 (27.2)
Average redundancy 3.1(3.0) 2.4 (2.3)
Structure refinement
Resolution range (A) 46.98-1.80 41.26-1.95
R-factor/R-free® (%) 17.37/20.99 20.49/24.30
No. of protein atoms 9,697 9,718
No. of water atoms 887 597
RMSD* bond lengths (A) 0.005 0.006
RMSD bond 0.929 0.941
angles (degrees)
Mean B-factors (A?) 19.6 40.6
Ramachandran plot
(residues)”
Most favored (%) 96.8 96.9
Additional allowed (%) 3.2 3.1
PDB entry 4E8D 4E8C

“ The values in parentheses refer to statistics in the highest bin.

P Renerge = S ili(kl) — (I(HkD))|/2),1,> 1 (hkl), where I,(hkl) is the intensity of
an observation and (I(/kl)) is the mean value for its unique reflection. Summa-
tions are over all reflections.

¢ R-factor = > ,|F,(h) — F.(h) />,F,(h), where F, and F, are the observed and cal-
culated structure-factor amplitudes, respectively.

@ R-free was calculated with 5% of the data excluded from the refinement.

¢ Root mean square deviation from ideal values.

/ Categories were defined by Molprobity.

overall root mean square deviation (RMSD) of 0.2 A over 540
Ca atoms. These two molecules do not form a dimer because of
their small, buried interface area of 566 A% However, symmet-
ric operation enabled us to define a homodimer of BgaC in the
crystal structure with a total buried interface area of 2874 A>
(Fig. 1A). In fact, BgaC also exists as a dimer in solution, as
confirmed by gel filtration chromatography and dynamic light
scattering (data not shown). Two subunits in the homodimer
are related by a noncrystallographic 2-fold symmetry axis run-
ning parallel to the depth direction of each molecule. The dimer
interface is composed of two loops and a6 from the catalytic
domain in addition to four loops and two B-strands of the first
all-B domain (ABD-1). This face-to-face dimer form is quite
different from that of H. sapiens B-gal, which forms a back-to-
back dimer with an interface made up of the catalytic domain,
linker, and ABD-2 (30). Upon increasing the pH to 8.5, the BgaC
dimer will dissociate, resulting in the inactivation of the enzyme
(data not shown), in agreement with a previous report (11).
Further investigation showed that BgaC exists as a stable
homodimer at a pH range of 5.5— 8.0, indicating the physiolog-
ical condition to make BgaC active.

Each subunit of BgaC is composed of three distinct domains,
a catalytic domain patched on one side by two all-B domains
(ABDs) (Fig. 1A4). The catalytic domain (Thr-2 to Glu-342)
adopts a typical (8/a)g TIM barrel with some distortions. Fol-
lowing the catalytic domain, a stretch of residues, Ser-337 to
Ser-365, containing a short B-strand passes through the second
ABD (Leu-489 to Lys-591), prior to joining the first ABD (Ser-
366 to Pro-488). Both ABDs, which were previously described
as a jellyroll fold (40), share a quite similar overall structure,
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Catalytic

FIGURE 1. Overall structure of BgaC and its comparison with the other two GH-35 -galactosidases. A, BgaC homodimer. The dimer is viewed along the
noncrystallographic 2-fold axis. The three domains are colored in cyan, red, and yellow, respectively. The linker between the first and second domain is colored
in blue. B, structural comparison with H. sapiens 3-gal and Penicillium sp. B-gal. H. sapiens B-gal and Penicillium sp. B-gal are shown in the same view as BgaC.
The corresponding domains are colored as those of BgaC, whereas the second domain and the third domain of Penicillium sp. 3-gal are colored in green and

orange, respectively.

with an RMSD of 6.4 A over 56 Ca atoms. However, each ABD
adopts a B-sandwich composed of a five-stranded [B-sheet
against a three-strand one, which is somewhat different from
the regular B-sandwich with two layers of four-stranded
B-sheets. In addition, the stretch linking the catalytic domain
and the first ABD contributes a -strand to the second ABD
(Fig. 1A).

Structural Comparison with Other GH-35 B-Galactosidases—
To date, four crystal structures of B-galactosidase in the GH-35
family have been deposited in the PDB. Two of them,
B. thetaiotaomicron B-gal (PDB code 3D3A) and H. sapiens
B-gal (30), possess an overall structure of three domains similar
to the 595-residue BgaC, with an RMSD of 1.8 A and 1.7 A over
Ca atoms, respectively. By contrast, the other two structures,
the 1011-residue Penicillium sp. B-gal (28) as well as the 1003-
residue T. reesei 3-gal (29), are composed of five domains, a
catalytic domain wrapped by four ABDs. Structural superposi-
tion shows that the first and second ABDs of Penicillium sp.
B-gal or T. reesei B-gal are missing in BgaC and replaced by a
long stretch connecting the catalytic domain and the last two
domains (Fig. 1B). Superposition of the catalytic domain of
BgaC against that of Penicillium sp. (3-gal and T. reesei (3-gal

JUNE 29, 2012 +VOLUME 287+NUMBER 27

yields the same RMSD of 1.9 A over 312 Ca atoms and 314 Ca,
respectively. The two ABDs of BgaC could be aligned to the last
two domains of Penicillium sp. B-gal and T. reesei 3-gal, yield-
ing an RMSD of 2.9 and 2.8 A over 220 and 218 Ca atoms,
respectively.

The Active Site—In the 1.95 A galactose-complexed structure
of BgaC, a molecule of galactose fit well into the active site
within the TIM barrel (Fig. 2A4). The galactose adopts a chair
conformation with its O1 in the B-anomer configuration. Four
aromatic residues, Tyr-52, Trp-240, Tyr-275, and Tyr-305 form
a hydrophobic pocket to accommodate the hexose ring of
galactose through stacking interactions. In addition, residues
Tyr-52, Ile-95, Cys-96, Ala-97, Glu-98, Asn-155, Glu-156, Glu-
238, and Tyr-305 form a hydrogen bond network to fix the
hydroxyl groups of galactose.

Superposition of the complex structure to the apo-form
yields an RMSD of 0.20 A over 551 Ca atoms, indicating no
significant conformational changes of the overall structure
upon galactose binding. Despite the fact that the galactose-
binding residues do not undergo conformational shifts, two
residues, Trp-243 and Tyr-455, close to the active site exhibit
different conformations (Fig. 2B). As a result of induced fit, the
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Tyr305

Y365

E238 E299'

Y455

66°

FIGURE 2. The active site. A, the galactose binding site of BgaC. The galactose molecule is superimposed with an omit electron density map (mF, — DF_, ¢..ic)
contoured at 1 0. The active site residues are shown as sticks. The polar interactions are indicated by dashed lines. B, induced fit upon galactose binding. The
active site residues in the apo-form and galactose-binding form are colored in red and cyan, respectively. The side chains of Trp-243 and Tyr-455 rotate toward
galactose, at an angle of 75° and 66°, respectively. C, superposition of the active sites of BgaC (cyan) and Penicillium sp. B-gal (salmon).

side chains of Trp-243 and Tyr-455 rotate toward galactose, at
an angle of 75° and 66°, respectively. Furthermore, assays of
enzymatic activity toward the general substrate PNPG showed
that the mutants W243A and Y455A have a much higher K,
(200- and 20-fold, respectively) but a similar V., value com-
pared with the wild type (WT) (Table 3). We also deleted the
two ABDs to check whether the catalytic domain alone could
execute the hydrolysis activity. Results showed that deletion of
the two ABDs completely abolished the activity toward PNPG,
which might result from the breaking of the dimer interface
and/or the integrity of the active site pocket.

Most active site residues of BgaC could be superimposed to
those in the structure of Penicillium sp. B-gal in complex with
galactose (28). The proton donor Glu-200" and the nucleophile
Glu-299' of Penicillium sp. 3-gal could be well superimposed to
Glu-156 and Glu-238 of BgaC, respectively (Fig. 2C). In addi-
tion, Tyr-52, Ile-95, Glu-98, Asn-155, Tyr-275, and Tyr-305
took the same conformations as their counterparts in Penicil-
lium sp. B-gal. Nevertheless, there are some differences at the
active site between the two structures. For instance, Asn-140’
of Penicillium sp. 3-gal is substituted in BgaC by Cys-96, which

22914 JOURNAL OF BIOLOGICAL CHEMISTRY

forms a hydrogen bond with the O4 of galactose via the thiol
group. In addition, Tyr-261" in Penicillium sp. B-gal is posi-
tioned at the loop following the sixth 8-strand of the TIM bar-
rel, and its hydroxyl group hydrogen bonds with the Oe€l of
Glu-299'. However, the counterpart Trp-240 in BgaC comes
from the end of the seventh B-strand, and the Nel of Trp-240
hydrogen bonds with the Oel of Glu-238 (Fig. 24). To verify the
role of Trp-240 in hydrolysis reaction, we constructed three
single mutants, W240A, W240F, and W240Y. The activities
toward the general substrate PNPG of both W240A and W240F
mutants were not detectable, whereas the W240Y mutant
retained 5% hydrolysis activity (Table 3). Multiple-sequence
alignment showed that Trp-240 in BgaC is substituted by an
aromatic residue, Tyr-270 in H. sapiens [3-gal or Tyr-303 in
Arabidopsis thaliana B-gal (Fig. 3). Moreover, in the structure
of H. sapiens B-gal, the hydroxyl group of Tyr-270 also hydro-
gen-bonds with the Oel of the nucleophile Glu-268 (30). We
suggest that Trp-240 not only contributes to the hydrophobic
pocket but also maintained, via a hydrogen bond, the orienta-
tion of the acetyl group of Glu-238, which is crucial for the
hydrolysis activity.
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TABLE 3

Kinetic parameters of BgaC and mutants towards PNPG and GalB(1-3)NAG
Substrate PNPG GalB(1-3)NAG
enzyme K, Keat keat! Koy K., Keat Keat! K,y

M s1 X105 Lot mm min~! min” Lo

WwWT 749 £ 2.3 3.69 £ 0.0 493 = 18 1.66 = 0.2 54.0 £ 1.9 32.6 £2.0
Y455A 1370 = 100 2.07 £0.0 152 =09 ND“ ND ND
W240A ND ND ND ND ND ND
W240F ND ND ND ND ND ND
W240Y 832 * 68 2.23 £0.0 269 £ 1.7 ND ND ND
W243A 15,100 = 700 4.67 = 0.1 3.31 £0.0 ND ND ND

“ND, not determined.
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FIGURE 3. Multiple-sequence alignment of BgaC against other GH-35 B-galactosidases from different organisms. The multisequence alignment was per-
formed with the programs Multalin (45) and Espript (46). The secondary structural elements of BgaC and H. sapiens B-gal are displayed above and below the
sequences, respectively. The residues participating in galactose binding are labeled with red triangles. Residues Trp-240, Trp-243, and Tyr-455 in BgaC are
marked with black asterisks. The two loops L, and Lg are indicated with green arrows. All sequences were downloaded from the NCBI database. The sequences
are as follows (NCBI accession numbers in parentheses): S.pneumoniae BgaC (NP_344609.1), Coriobacterium glomerans PW2 [-galactosidase
(YP_004373450.1), Lactobacillus paracasei subsp. paracasei 8700:2 glycosyl hydrolase (ZP_04672354.1), Haemophilus parasuis 29755 [-galactosi-
dase (ZP_02478970.1), Atopobium vaginae PB189-T1-4 B-galactosidase family protein (ZP_07319975.1), B. thetaiotaomicron VPI-5482 B-galactosidase
(NP_809203.1), Streptomyces sp. Mg1 B-galactosidase (ZP_04999740.1), A. thaliana B-galactosidase 17 (NP_565051.1), A. melanoleuca hypothetical protein
PANDA_005062 (EFB12921.1), H. sapiens B-p-galactosidase precursor (AAA51819.1).
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FIGURE 4. A putative model of GalB(1,3)NAG binding to BgaC. A, a putative substrate entrance tunnel calculated by the program CAVER denoted in brown
mesh. Residues Trp-240, Trp-243, and Tyr-455 are shown as sticks. B, a simulated model of GalB3(1,3)NAG in the binding pocket.

Key Residues in the Substrate Specificity toward Galf3-
(1,3)NAG—To date, all B-galactosidases of known structure are
reported to specifically catalyze the B(1,4)-galactosyl bond,
with the exceptions of S. solfataricus B-gal from GH-1 and
H. sapiens B-gal from GH-35. S. solfataricus 3-gal was reported
to have a broad spectrum of B-glycosidase substrate specificity
toward galactose, glucose, fucose, or xylose (41), whereas
H. sapiens B-gal showed hydrolysis activity toward both B(1,3)-
and B(1,4)-galactosyl bonds (31).

In the best studied 8(1,4)-galactosidase, E. coli 3-gal, the sub-
strate-binding site was dissected into two subsites, termed sub-
site —1 and +1, respectively (42). The aromatic residues at the
+1 site were proposed to be critical for substrate specificity.
Taking E. coli B-gal as an example, Trp-999 at the +1 site was
reported to contribute to stabilizing the direction of +1 glucose
by stacking interactions, to facilitate the cleavage of the 3(1,4)-
galactosyl linkage (43). In the other two GH-2 members, C221
B-gal and K. lactis B-gal, Trp-999 of E. coli 3-gal is substituted
by Cys-999 and Cys-1001, respectively, which were proposed to
have an influence on substrate binding and activity (23, 24). As
for A4 B-gal and B. circulans sp. alkalophilus B-gal from
GH-42, residues Trp-320 and Trp-315 were proposed to act as
the counterpart of Trp-999 in E. coli B-gal (25, 26).

However, the catalytic mechanism of B(1,3)-galactosidases
remains unclear, although the structures of H. sapiens [-gal
(30) and B. thetaiotaomicron B-gal (PDB code 3D3A) are
known. To decipher the structural basis of the substrate
specificity toward the B(1,3)-galactosyl bond, we attempted to
solve the complex structure of BgaC with the substrate
GalB(1,3)NAG, but we did not succeed. As an alternative, we
calculated a putative substrate entrance tunnel with the pro-
gram CAVER (available on the World Wide Web). As shown in
Fig. 44, a dumbbell-shaped tunnel from the surface to the active
site pocket was guarded by two loops, L, (Trp-240 to Asp-255)
and Ly (Glu-448 to Ala-461). Loop L, between 10 and a8
came from the catalytic domain, whereas Ly connecting 821
and n12 protruded from the first ABD (Fig. 3). A close look
enabled us to find three aromatic residues, Trp-240, Tyr-455,
and Trp-243, at the gorge of the tunnel (Fig. 44).

Furthermore, by superimposing the Gal moiety of GalB-
(1,3)NAG onto the galactose molecule in the BgaC-galactose
complex structure and docking the NAG moiety at subsite +1
in an optimal steric geometry, we manually constructed a
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model of GalB(1,3)NAG at the active site (Fig. 4B). The model
shows that the hexose ring of the NAG moiety was almost in the
same plane of the galactose moiety, sandwiched by residues
Trp-240 and Tyr-455 on two sides, respectively. The nitrogen
atom of the N-acetyl group formed a hydrogen bond with Oe2
of Glu-156. The distances from +1 NAG to Trp-240 and Tyr-
455 were about 3.0 and 4.5 A, respectively.

Although both residues Trp-240 and Tyr-455 are generally
conserved from bacteria to plants and animals (Fig. 3), Trp-240
of BgaC is substituted by Tyr-270 in H. sapiens B-gal (33) or
Tyr-303 in A. thaliana Bgall7 (A. thaliana B-gal) (44), and
Tyr-455 of BgaC is replaced by Phe-473 in B. thetaiotaomicron.
H. sapiens [3-gal was reported to have hydrolysis activity toward
various substrates, including the GalB3(1,3)NAG moiety of gan-
glioside G,;, and the (1,4)-galactosyl bond in keratin sulfate
(31-33). To verify the putative role of Trp-240 and Tyr-455 of
BgaC, we determined the enzymatic activities toward
GalB(1,3)NAG of several single mutants. The results indicated
that neither mutant W240A nor mutant W240F showed any
activity (Table 3). By contrast, the mutant W240Y retained only
about 15% activity relative to the WT, with the result that the
related kinetic parameters could not be determined (data not
shown). The mutant Y455A completely lost its hydrolysis activ-
ity (Table 3); however, the activity of the Y455F mutant was
comparable with the WT. These results confirmed that both
Trp-240 and Tyr-455 play an important role in the substrate
binding and activity.

Domain Organization—After a comprehensive comparison
of all B(1,3)- and B(1,4)-galactosidases of known structure, we
found that all members from GH-35, no matter whether they
hydrolyze the B(1,3)- or B(1,4)-galactosyl bond, exhibit a simi-
lar domain organization (Fig. 5). Taking BgaC as an example of
B(1,3)-galactosidases, the catalytic TIM barrel domain makes
up the first domain, where the two key residues, Trp-240 and
Trp-243, are located, followed by a long loop that stretches
through the second ABD to the first ABD from where the loop
L extends. Loop Ly not only contains the substrate specificity
determinant residue Tyr-455 but also constitutes a part of the
active site pocket (Fig. 1). Similar to BgaC, H. sapiens 3-gal and
B. thetaiotaomicron [-gal also exhibit an arrangement of three
domains. The key residues (Tyr-270 and Trp-273 in H. sapiens
B-gal or Trp-261 and Trp-264 in B. thetaiotaomicron [3-gal) at
the catalytic domain are structurally conserved. Moreover, Tyr-
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W240 W243
Sp-pB-gal catalytic domain

Y270 W273
Hs-B-gal catalytic domain

W261 W264
Bt-p-gal catalytic domain

W240 W43
Le-B-gal catalytic domain

Y303 W306
At-B-gal catalytic domain

W253 W256
Am-f-gal catalytic domain

Y261 F265 W809
Psp-B-gal catalytic domain

Y260 F264 wsl1
Tr-B-gal catalytic domain

Y260 F264 W806
Ac-B-gal catalytic domain

FIGURE 5. Domain organization of different B-galactosidases from
GH-35. The boundaries of each domain were defined according to the previ-
ous reports or sequence alignment. The key residues Trp-240, Trp-243, and
Tyr-455 of BgaC and their counterparts are labeled. Sp, S. pneumoniae; Hs,
H. sapiens; Bt, B. thetaiotaomicron; Lc, L. casei; At, A. thaliana; Am, A. melano-
leuca; Psp, Penicillium sp.; Tr, T. reesei; Ac, A. candidus.

485 of H. sapiens B-gal and Phe-473 of B. thetaiotaomicron
B-gal, corresponding to Tyr-455 in BgaC, also reside at a loop
that extends from the second ABD. According to the results
of multiple-sequence alignment (Fig. 3), the B-galactosidases
from Lactobacillus casei, Ailuropoda wmelanoleuca, and
A. thaliana could also be divided into three domains with the
same domain organization as BgaC (Fig. 5).

With regard to the 3(1,4)-galactosidases in GH-35, Penicil-
lium sp. B-gal and T. reesei 3-gal also adopt a domain organi-
zation similar to that of BgaC, although they both have two
extra ABDs. As a counterpart to the first ABD of BgaC, the third
ABD of these proteins also extends a loop into the active site.
The corresponding residues, Trp-809 in Penicillium sp. -gal
and Trp-811 in T. reesei 3-gal, were predicted to play the same
roles in the substrate hydrolysis specificity as Tyr-455 in BgaC,
according to the structural superposition. The residues Tyr-
261 and Phe-265 in Penicillium sp. B-gal or Tyr-260 and Phe-
264.in T. reesei B-gal could superimpose well onto Trp-240 and
Trp-243 in the catalytic domain of BgaC, respectively. The
Aspergillus candidus B-galactosidase was predicted to contain
five domains, similar to those of Penicillium sp. B-gal, and three
conserved residues, Trp-260, Phe-264, and Trp-806, in the cat-
alytic domain and the third ABD.
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