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Abstract: We recently characterized a 3-0-a-D-galactosyl-a-L-arabinofuranosidase (GAfase) for the
release of a-D-Gal-(1—-3)-L-Ara from gum arabic arabinogalactan protein (AGP) in Bifidobacterium
longum subsp. longum JCM7052. In the present study, we cloned and characterized a neighboring a-
galactosidase gene (BLGA_00330; bl4ga3). It contained an Open Reading Frame of 2151-bp nucleotides
encoding 716 amino acids with an estimated molecular mass of 79,587 Da. Recombinant BlAga3
released galactose from a-D-Gal-(1—3)-L-Ara, but not from intact gum arabic AGP, and a little
from the related oligosaccharides. The enzyme also showed the activity toward blood group B liner
trisaccharide. The specific activity for o-D-Gal-(1—3)-L-Ara was 4.27- and 2.10-fold higher than
those for melibiose and raffinose, respectively. The optimal pH and temperature were 6.0 and 50 °C,
respectively. BlIAga3 is an intracellular a-galactosidase that cleaves a-D-Gal-(1—3)-L-Ara produced by
GAfase; it is also responsible for a series of gum arabic AGP degradation in B. longum JCM7052.
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Galactosyl saccharides with a-linkage are present in
natural oligosaccharides, polysaccharides and glycoconju-
gates, including raffinose, melibiose, stachyose, loliose,
galactomannan, arabinogalactan, and blood group B anti-
gens. a-D-Galactosidase (EC 3.2.1.22), which catalyzes
terminal a-galactose hydrolysis, has been classified into
six glycosyl hydrolase (GH) families based on amino acid
sequence similarity: GH4, GH27, GH36, GH57, GH97,
and GH110. In particular, GH36 a-galactosidases are wide-
ly distributed in archaea,” bacteria,® fungi,¥®”® and
plant. 291 To date, several bifidobacterial a-galactosidases
belonging to GH36 were cloned and characterized from Bi-
fidobacterium longum subsp. longum NCC2705,'» B. lon-
gum DIO10A,'™ B. bifidum NCIMB41171,% B. adolescen-
tis DSM20083,'9' and B. breve 203.% These enzymes are
possibly required for the assimilation of a-galactosyl oligo-
saccharides in the human intestine. Gum arabic is a kind
of arabinogalactan protein (AGP) used for food additive
and has been reported to increase bifidobacteria, especial-
ly in B. longum.'9'"®9 Gum arabic AGP is composed
of type II arabinogalactan chains with a [1,3-galactan
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backbone and B1,6-galactan side chains and are modified
by a-D-Gal-(1—3)-0-L-Araf~(1—3)- and B-L-Arap-(1—3)-
a-L-Araf~(1—3)- in terminus.?”?Y?? Previously, Saisin et
al. purified an intracellular a-galactosidase from B. lon-
gum JCM7052 induced by gum arabic AGP.>® However,
the role of a-galactosidase in the gum arabic AGP as-
similation remained unclear. We recently characterized a
key enzyme, 3-O-a-D-galactosyl-a-L-arabinofuranosidase
(BLGA _00340; GAfase), that releases a-D-Gal-(1—3)-L-
Ara from gum arabic AGP in B. longum JCM7052.2Y The
a-galactosidase gene (BLGA _00330; blAga3) was flanked
by GAfase gene. In this study, we characterized BIAga3
as an intracellular enzyme for the degradation of o-D-
Gal-(1—3)-L-Ara released by GAfase.

Bifidobacterium longum JCM7052 encoded three GH36
o-galactosidase candidate genes: BLGA 00330 (bl4Aga3),
BLGA 18610 (blAga2), and BLGA 18750 (blAgal).>>
Based on previous study, BlAgal is likely for the assimila-
tion of raffinose, melibiose, and stachyose having a-(1—06)-
galactosyl linkages.?9?72® BlAga2 is likely for the degra-
dation of a-galactobioses linked through a-(1—4)- and/or
0-(1—3)-glycosidic bonds, based on the previous study for
MelE (99 % identity with BlAga2) of B. breve UCC2003.2”
BlAga3 exhibited 39.9 % sequence identities with BlAgal
at 83 % coverage; however, it is not significantly similar
with BIAga2. BlAga3 exhibited 47.0 % sequence identity
at 84 % coverage with a previously characterized GH36
a-galactosidase from Streptomyces sp. S27 ACCC41168
(GenBank ID: ACN78885.1).2” According to the signalP
4.1 and InterPro servers, the three o-galactosidase candi-
dates lack the putative signal peptide and terminal trans-
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Fig. 1.  The phylogenetic relationships of bifidobacterial GH36 a-galactosidases.

The phylogenetic tree of BIAga3 with homologous proteins from bifidobacteria was constructed by the neighbor-joining method using the
aligned sequences; for the construction, the program Clustal W was implemented in the MEGA7 software. The protein names or locus tags
are shown alongside Bifidobacterium strains as follows: B. adolescentis DSM 20083 Aga (GenBank ID: AAD30994.2), B. bifidum NCIMB
41171 MelA (ABD96085.1), B. breve 203 Aga (AAK96217.2), B. breve 203 Aga2 (ABB76662.1), B. longum DJO10A GalAl (ACD98928.1), B.
longum NCC2705 AgA (AAN25312.1), B. longum VMKB44 AglL (AAG02023.1), B. breve UCC2003 RafA (ABE96531.1), B. breve UCC2003
MelE (ABE96518.1), B. longum JCM1217 BLLJ_1872 (BAJ67536.1), B. longum JCM1217 BLLJ_1885 (BAJ67549.1), B. longum JCM7052
BlAga3 (BBV22622.1), B. longum JCM7052 BlAgal (BBV24464.1), and B. longum JCM7052 BlAga2 (BBV24450.1). BlAga3 characterized in

this study is enclosed in the dashed-line box.

membrane domain, suggesting that they are intracellular
enzymes. According to previous research that proposed the
classification of subfamily in GH36, BlAgal and BlAga2
were classified into GH36 subfamilies I and II, respectively
(Fig. 1).39 Except for Aga from B. breve 203 and MelE
from B. breve UCC2003, almost all characterized bifido-
bacterial o-galactosidases were classified into subfamily
I. The alignment of these enzymes exhibited that the cat-
alytic nucleophile (D452), acid/base catalyst (D519), and
residues involved in substrate binding (D340 and D341)
were conserved in BIAga3, as well as other characterized
GH36s'> (Fig. S1 ; see J. Appl. Glycosci. Web site). Fur-
thermore, BlAga3 conserved C-x-x-G-x-x-R motif in the
catalytic domain that was characteristic of subfamily I
a-galactosidase.’® Because BlAga3 is somewhat differenti-
ated from previously characterized bifidobacterial a-galac-
tosidases classified into GH36 subfamily I, BlAga3 was
further divided into subfamily Ib.

The genomic DNA of B. longum JCM7052 (GenBank
Accession No. AP022379) was extracted using a Fast Pure
DNA Kit (Takara Bio Inc., Otsu, Japan). The blAga3 gene
was amplified by PCR using genomic DNA as a template.
The forward (5'-AGGAGATATACCATGITTCCTTCCG-
TATCGGT-3") and reverse (5-GTGGTGGTGCTCGAG-
GACTTTGACGATTTCAA-3") primers were designed
from nucleotides 7-23 and 2132-2148, respectively. The
underlined letters represent the nucleotides complementary
to the template. Subsequently, the amplicon was cloned into
the pET-23d vector (Novagen, Inc., Madison, WI, USA)
using an In-Fusion HD Cloning Kit (Clontech Laboratories
Inc., Palo Alto, CA, USA). The plasmid was transformed
into Escherichia coli BL21 (ADE3) cells (Genlantis, Inc.,

San Diego, CA, USA) and then grown at 37 °C using the
Overnight Express Autoinduction System (Novagen). The
cell culture was subsequently centrifuged, and the resultant
pellet was then resuspended in the BugBuster Protein Ex-
traction Reagent (Novagen). The His-tagged BlAga3 pro-
tein was purified with a column containing the TALON
metal affinity resin (Clontech). The 50 mM imidazole frac-
tion containing the eluted protein was desalted and con-
centrated using an ultrafiltration membrane with a 10-kDa
cutoff (Millipore Co., Billerica, MA, USA). The purified
recombinant BlAga3 migrated as a single band with an
apparent molecular mass of 80 kDa on SDS-PAGE, which
corresponded to its calculated molecular mass of 80,490 Da
(Fig. S2 ; see J. Appl. Glycosci. Web site).

The optimal pH for enzyme activity was determined
using 1 mM p-nitrophenyl (pNP)-a-Gal as a substrate be-
tween pH 5.0 and 8.0 using the following buffers: 50 mM
sodium acetate (pH 5.0—6.0), sodium phosphate (pH 6.0—
7.0), and Tris-HCI (pH 7.0-8.0) at 40 °C. The optimal tem-
perature of enzyme activity was determined using 50 mM
sodium acetate buffer (pH 6.0) at 30-55 °C. In both cases,
samples were preincubated at each temperature for 5 min
before adding enzyme, then incubated with enzyme for 20
min at each temperature. The optimal pH and temperature
for pNP-a-Gal were 6.0 and 50 °C, respectively (Fig. 2).

Substrate specificity toward pNP substrates was assayed
by incubating 5 mM substrates with recombinant BlAga3
(2.0 pg/mL at final concentration) in 40 uL of 50 mM
sodium acetate buffer (pH 6.0) at 37 °C for 19 h. Almost all
pNP substrates were obtained from Sigma-Aldrich Corp.
(St. Louis, MO, USA). pNP-B-Araf was synthesized as
previously described.’” Reaction products were analyzed
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Fig.2. Optimal pH and temperature of BIAga3.

A, pH dependence of BlAga3 activity in various buffers at 40 °C
for 20 min. Sodium acetate buffer (closed circle and solid line), so-
dium phosphate buffer (closed square and dashed line), and Tris-HCI
buffer (closed triangle and dotted line) were used. Enzyme activities
are expressed as a percentage of the activity in sodium acetate buffer
at pH 6.0. B, the temperature dependence of BlAga3 activity at pH
6.0 for 20 min. The enzymatic activities are expressed as the percent-
age of the activity at 50 °C.

by thin-layer chromatography (TLC) using silica gel 60
aluminum plates (Merck KGaA, Darmstadt, Germany) with
a 7:1:2 (v/v/v) l-propanol/EtOH/water solvent mixture,
and the separated sugars were visualized by spraying orci-
nol-sulfate reagent on the plates.® Thus, BlAga3 exhibited
activity to pNP-a-Gal and weak activity to pNP-B-Arap, but
not to other pNP substrates tested (Fig. 3).

To determine the substrate specificity of BlAga3, we
used several oligosaccharides containing al,3 galactosyl,
al,6 galactosyl, and B1,3 arabinopyranosyl linkages, as
shown in Table 1. The blood group B-related oligosacchar-
ides (liner B-2 trisaccharide, blood group B trisaccharide,
and blood group B pentasaccharide) were obtained from
Dextra Laboratories Ltd. (Reading, UK) and gum arabic
AGP-related oligosaccharides (S3GA and S5GA) were pre-
pared using previously described method.?” The reaction
mixture consists of 50 mM sodium acetate buffer (pH
6.0), and substrates were incubated with BlAga3 at 45 °C
for a suitable time, as shown in the legend of Table 1.
The reaction was terminated by adding 5 % trichloroace-
tic acid (TCA) to one-fifth of the reaction mixture, and
the diluted products were analyzed by high-performance
anion-exchange chromatography with pulsed amperometric
detection (HPAEC-PAD) using a CarboPac PA-1 column (¢
4 x 250 mm; Dionex Corp., Sunnyvale, CA, USA) that was
eluted at a flow rate of 1.0 mL/min using the following gra-
dient: 0—-5 min, 100 % eluent A (0.1 M NaOH); 5-30 min,
0-100 % eluent B (0.5 M sodium acetate in 0.1 M NaOH);
and 30-35 min, 100 % eluent B. One unit of enzyme activ-
ity was defined as the amount of enzyme required to pro-

LR N
v s eove " - " »

Ara—
Gal—™ .

abababababababab
12 3 4 5 6 7 8 9 10

Fig.3. TLC analysis of BlAga3 reactions to pNP substrates.

The pNP substrates were incubated in the absence (lane a) or
presence (lane b) of the recombinant BlAga3 at 37 °C for 16 h. Lane
1, galactose standard; lane 2, L-arabinose standard. pNP-a-Gal (lane
3), pNP-B-Gal (lane 4), pNP-a-Arap (lane 5), pNP-B-Arap (lane 6),
pNP-0-Xyl (lane 7), pNP-B-Xyl (lane 8), pNP-a-Glc (lane 9), and
PNP-B-Glc (lane 10) were used as substrates.

duce 1 pumol of galactose or arabinose per minute. BlAga3
hydrolyzed oa-D-Gal-(1—3)-L-Ara in reducing form as the
most suitable substrate in naturally occurring oligosacchar-
ides (Table 1). Although BlAga3 acted to a-D-Gal-(1—3)-
a-L-Araf~OMe in non-reducing form, the activity was 4.48-
fold lower than that for a-D-Gal-(1—3)-L-Ara. It indicated
that the structural degree of freedom of Ara at subsite
+1 was important for the enzymatic activity. Furthermore,
BlAga3 exhibited a little activity to S3GA and S5GA, and
not to gum arabic AGP or larch AGP (Fig. S3; see J. Appl.
Glycosci. Web site). The enzyme also reacted to blood
group B liner trisaccharide with 5.85-fold lower activity
than a-D-Gal-(1—3)-L-Ara but showed little reaction to
blood group B branched trisaccharide, indicating that a
branched form hindered the access of the enzyme to the
terminal Gal. The enzyme also exhibited a little activity for
B1,3-L-arabinopyranosyl linkages. However, the enzymat-
ic activity for B-L-Arap-(1—3)-L-Ara was 156-fold lower
than a-D-Gal-(1—3)-L-Ara. The bifunctional property was
due to structural similarity between D-Gal and L-Arap as
known in GH36 and GH27 enzymes.?¥*® BlAga3 is an
a-galactosidase that mainly cleaves a-D-Gal-(1—3)-L-Ara.

Although BlAga3 also exhibited the activity to meli-
biose, raffinose, and stachyose, as is the case for most
other bifidobacterial GH36 a-galactosidases, the specific
activities were 4.27-fold, 2.10-fold, and 29.8-fold lower
than that for o-D-Gal-(1—3)-L-Ara, respectively (Table
1). The kinetic parameters of BlAga3 were determined
using 0.1-10 mM o-D-Gal-(1—3)-L-Ara and 1.0-50 mM
raffinose as substrates. The reaction mixture of 40 uL con-
taining 50 mM sodium acetate buffer (pH 6.0) and 0.20
or 0.79 pg/mL BlAga3 was incubated at 45 °C for 20
min in the case of a-D-Gal-(1—3)-L-Ara and raffinose,
respectively. The reactions were terminated by adding 10
pL of 5 % TCA, and the products were analyzed using
HPAEC-PAD. The comparison of kinetic parameter study
showed that K, of BlAga3 for a-D-Gal-(1—3)-L-Ara was
38.2-fold lower than that for raffinose, and k,/K,, value for
o-D-Gal-(1—3)-L-Ara was 15.0-fold higher than that for
raffinose (Table 2). It suggested that the difference of sub-
strate affinity between a-D-Gal-(1—3)-L-Ara and raffinose
contributed to the activities.

The transglycosylation reactions were performed using
pNP-0-Gal as the donor and 1-alkanols as acceptors (Fig.
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Table 1. Substrate specificities of BlAga3.

Conc. Specific activity Relative activity®

Substrate Structure .

(mM) (unit/mg) (%)

GA®? aGal-(1—3)-L-Ara* 2.0 101 100
pNP-a-Gal* aGal-pNP 5.0 337 335
Melibiose® aGal-(1—6)-Glc* 5.0 23.6 234
Raffinose® aGal-(1—6)-aGlc-(12)-BFruf 5.0 48.0 47.7
Stachyose® aGal-(1—6)-aGal-(1—6)-aGlc-(1<>2)-BFruf 5.0 3.38 3.36
GA-Me® aGal-(1—3)-a-L-Araf~-OMe 2.0 224 22.3

AA=T B-L-Arap-(1—3)-L-Ara* 2.0 0.647 0.643
AA-Me* B-L-Arap-(1—3)-a-L-Araf~OMe 2.0 Trace Trace
pNP-B-Arap® B-L-Arap-pNP 5.0 1.06 1.06

Liner B-2 trisaccharide? aGal-(1—-3)-BGal-(1—4)-GlcNAc* 0.5 17.2 17.1
Blood group B trisaccharide® aGal-(1—-3)-[aFuc-(1—2)]-Gal* 0.5 0.610 0.607
Blood group B pentasaccharide® aGal-(1—-3)- [aFuc-(1—2)]-fGal-(1—4)- [aFuc-(1—3)]-Glc* 0.05 Trace Trace
S3GA® aGal-(1—3)-a-L-Araf~(1—3)- [a-L-Araf-(1—4)]-Gal-(1—6)-Gal* 0.5 0.643 0.639

" aGal-(1—3)-a-L-Araf~(1—3)-[aRha-(1—4)-fGlcA-(1—6)]-[a-L- 0.5 0.514 0.511

Arafo(1—4)]-pGal-(1—6)-Gal*

*Represents reducing end of the oligosaccharide. #0.099 pg/mL BlAga3 was incubated for 20 min. ®0.099 pg/mL BlAga3 was incubated for 2 h.
©0.099 pg/mL BlAga3 was incubated for 6 h. 40.020 pg/mL BlAga3 was incubated for 1 h. ¢0.020 pg/mL BlAga3 was incubated for 5 h. fThe
specific activity was calculated on the value for released L-arabinose by one-half. ¢ Relative activity is expressed as the percentage of the activity

toward a-D-Gal-(1—3)-L-Ara.

Table 2. Kinetic parameters of BlAga3.

Km kcal kcal /Km
(mM) (sh (s'*mMT)
a-D-Gal-(1—3)-L-Ara 0.774+£0.014 107+ 21 138
Raffinose 29.5+1.0 270+ 6 9.17

S4; see J. Appl. Glycosci. Web site). The 40 pL reaction
mixture containing 12.5 mM pNP-a-Gal was incubated at
40 °C for 30 min or 2 h with 2.0 pg/mL of BIAga3 in 50
mM sodium acetate buffer (pH 6.0) with 10 % methanol,
ethanol, or 1-propanol as the acceptor. TLC analysis of the
reaction products revealed that BIAga3 exhibited transgly-
cosylation activity similar to other characterized GH36 en-
zymes.

In conclusion, BlAga3 is an intracellular o-galacto-
sidase that preferentially cleaves a-D-Gal-(1—3)-L-Ara
rather than B-L-Arap-(1—3)-L-Ara in GAfase-releasing
disaccharides. Therefore, it suggests that o-D-Gal-(1—3)-
L-Ara is transported through ABC transporter modules
(BLGA 00300, 00310, 00320, and 00350) encoded in
the same gene cluster after acting of GAfase, but B-
L-Arap-(1—3)-L-Ara may not be internalized based on
our recent study that B. longum JCM7052 assimilated
a-D-Gal-(1—3)-L-Ara but not B-L-Arap-(1—3)-L-Ara.?
Therefore, BIAga3 and GAfase mediate a series of gum
arabic AGP degradation in B. longum JCM7052. Bifidobac-
terium longum JCM7052 may have three GH36 a-galacto-
sidases with different roles. The difference in the substrate
specificity of GH36 a-galactosidases in B. longum is con-
sidered to reflect the variety of a-galactose-containing car-
bohydrates that can be encountered by B. longum living in
the human intestine.
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