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Two genes encoding b-galactosidase isoenzymes, b-galI and b-galIII, from Bifidobacterium infantis HL96 were
revealed on 3.6- and 2.4-kb DNA fragments, respectively, by nucleotide sequence analysis of the two fragments.
b-galI (3,069 bp) encodes a 1,022-amino-acid (aa) polypeptide with a predicted molecular mass of 113 kDa. A
putative ribosome binding site and a promoter sequence were recognized at the 5* flanking region of b-galI.
Further upstream a partial sequence of an open reading frame revealed a putative lactose permease gene
transcribing divergently from b-galI. The b-galIII gene (2,076 bp) encodes a 691-aa polypeptide with a
calculated molecular mass of 76 kDa. A rho-independent transcription terminator-like sequence was found 25
bp downstream of the termination codon. The amino acid sequences of b-GalI and b-GalIII are homologous
to those found in the LacZ and the LacG families, respectively. The acid-base, nucleophilic, and substrate
recognition sites conserved in the LacZ family were found in b-GalI, and a possible acid-base site proposed for
the LacG family was located in b-GalIII, which featured a glutamate at residue 160. The coding regions of the
b-galI and b-galIII genes were each cloned downstream of a T7 promoter for overexpression in Escherichia coli.
The molecular masses of the overexpressed proteins, as estimated by polyacrylamide gel electrophoresis on
sodium dodecyl sulfate-polyacrylamide gels, agree with their predicted molecular weights. b-GalI and b-GalIII
were specific for b-D-anomer-linked galactoside substrates. Both are more active in response to ONPG
(o-nitrophenyl-b-D-galactopyranoside) than in response to lactose, particularly b-GalIII. The galacto-oligo-
saccharide yield in the reaction catalyzed by b-GalI at 37°C in 20% (wt/vol) lactose solution was 130 mg/ml,
which is more than six times higher than the maximum yield obtained with b-GalIII. The structure of the major
trisaccharide produced by b-GalI catalysis was characterized as O-b-D-galactopyranosyl-(1-3)-O-b-D-galacto-
pyranosyl-(1-4)-D-glucopyranose (3*-galactosyl-lactose).

Bifidobacterium spp. are immobile gram-positive anaerobic
bacteria that were originally isolated by Tissier in the feces of
breast-fed infants in 1899 (3). They were once considered
bacteria of other genera, such as Bacillus or Lactobacillus, due
to their morphological and physiological similarities (3). How-
ever, the enzymatic characteristics and molecular genetics of
this group are distinct enough to exclude bifidobacteria from
other genera (9, 52). Currently, a total of 32 species are in-
cluded in this genus (25). Bifidobacteria are not only unique in
taxonomic terms but also well known for their beneficial pro-
biotic effects, which were initially investigated by Manciaux in
1958. The application of bifidobacteria to food products
started in Japan in the 1980s and has become popular world-
wide in recent years. Bifidobacterium infantis is one of the
species frequently used in bifidobacterium-containing probi-
otic products. There is an increasing interest in exploiting the
enzymatic characteristics and the molecular biology of B. in-
fantis.

b-Galactosidases (EC 3.2.1.23) catalyze both hydrolytic and
transgalactosylation reactions (44, 63). Hydrolytic activity has
been applied in the food industry for decades for reducing
lactose content in milk. However, transgalactosylation activity,

which yields galacto-oligosaccharides (GaOS), has been less
well studied than the hydrolytic reaction. GaOS synthesized via
b-galactosidases have shown beneficial effects on the promo-
tion of the growth of bifidobacteria (38, 56). This has prompted
interest in studying other b-galactosidases. The electrophoretic
analysis of b-galactosidases from Bifidobacterium species re-
vealed that most of the strains contain more than one b-galac-
tosidase isoenzyme (46). Our own previous studies showed the
presence of three isoenzymes (b-GalI, -II, and -III) in B. in-
fantis HL96, which possesses high transgalactosylation activity
compared with that of 29 selected strains of bifidobacteria
(unpublished data). To identify an enzyme with powerful trans-
galactosylation activity and to reach a better understanding of
the molecular organization of the genes coding for lactose
utilization in a useful probiotic strain, b-galactosidase genes of
HL96 were cloned in a previous study (22). The molecular
properties and enzymatic characteristics, as well as the struc-
ture of a main GaOS product, are reported in this study.

MATERIALS AND METHODS

Bacterial strains and media. Escherichia coli DH10B (Gibco-BRL) was used
as the recipient in all transformation experiments involving the subcloning of
pBIG1 and pBIG4. E. coli ER2566 (New England BioLabs Inc.), providing a T7
RNA polymerase, was used as the host for the overexpression of b-galI and
b-galIII genes from the T7 promoter. E. coli strains, except for b-galactosidase
gene transformants of ER2566, were grown in Luria broth containing the anti-
biotics required for maintaining the plasmid. X-Gal (5-bromo-4-chloro-3-indolyl-
b-D-galactopyranoside) plates for the detection of b-galactosidase activity in the
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transformed E. coli were prepared with Luria broth supplemented with 5-bromo-
4-chloro-3-indolyl-b-D-galactopyranose (Roche Diagnostics) at 40 mg/ml.

Plasmid preparation. pBIG1 and pBIG4 (22) contain b-galI and b-galIII
genes, respectively, of B. infantis HL96, which is a strain isolated at the Food
Research and Development Center, Agriculture and Agri-Food Canada (Ste-
Hyacinthe, Québec). Plasmid pBluescript SK(2) (Stratagene Inc.) was used for
subcloning the DNA fragments from pBIG1 and pBIG4. pET24(1) (Novagen
Inc.) containing a T7 promoter was used for overexpression of b-galI and b-ga-
lIII. The double-stranded plasmid DNA used for subcloning and DNA sequenc-
ing was prepared by following the Qiagen plasmid purification method.

Subcloning and sequencing. Restriction maps of pBIG1 and pBIG4 were
generated (22), and subclones of pBIG1 and pBIG4 were constructed. Two of
the subclones, pG1Bg and pG4B, were constructed by deleting two BglII sites of
pBIG1 and by deleting the entire fragment from the right end to the first BamHI
site of pBIG4, respectively. Fragments of pG1Bg and pG4B, 3.6 and 2.4 kb,
respectively, were subcloned into pBluescript for nucleotide sequence determi-
nation; the latter was performed by the dideoxy chain termination method of
Sanger et al. (48) using the Sequenase sequencing kit (U.S. Biochemicals). T3
and T7 primers or synthetic oligonucleotides were used as sequencing primers.

Sequence analysis. Nucleotide sequences were analyzed using the Wisconsin
package (version 10.1) from the Genetics Computer Group. Proteins homolo-
gous to the deduced amino acid sequences of b-GalI and b-GalIII were retrieved
from the nonredundant protein database using the BlastP program, which is
available from the National Center for Biotechnology Information. The compar-
ison of b-GalI and b-GalIII with homologous proteins was carried out using the
BestFit program (version 1.1) (16), which is available from SeqWeb.

Enzymatic assay and HPLC. b-Galactosidase activity was measured by incu-
bating enzymes with 10 mM o-nitrophenyl-b-D-galactopyranoside (ONPG;
Sigma) in 50 mM sodium phosphate buffer (pH 7.5) at 37°C for 10 min and
stopping the reaction by adding an equal volume of 1.0 M Na2CO3. The released
o-nitrophenol was quantitatively determined by measuring the A420 of the reac-
tion solution. One unit of activity was defined as that amount of enzyme liber-
ating 1 mmol of o-nitrophenol per min, as described previously (22). The hydro-
lytic activities of the enzymes using various substrates (purchased from Sigma)
were studied under the same experimental conditions. Hydrolytic activities in
response to lactose, maltose, sucrose, raffinose, and melibiose were determined
by analyzing the amount of glucose formed or the amount of substrate utilized in
the reaction mixture by high-performance liquid chromatography (HPLC) (Wa-
ters system) including a differential refractometer (type R401) and a polymeric
column (ION-300). The flow rate was adjusted to 0.5 ml/min, with 0.02 N H2SO4

as the mobile phase, and the elution time was programmed to be 20 min.
Overexpression of b-GalI and b-GalIII. Overexpression plasmids pEBIG1

and pEBIG4 were constructed by cloning the b-galI and b-galIII genes from
PCR-amplified fragments into EcoRI/HindIII and BamHI/NotI sites of pET24,
respectively. Upstream and downstream primers pG1UE and pG1DH (59-CTC
TTCCATAATAGAATTCACAACGAGG518 and 59-AGGCGCCAGCAAGCT
TACCTGTGGCGC, respectively) and pG4UB and pG4DN (59-TGCGTACAA
GGATCCTATCGATGCAATG92 and 59-CGACAGGTGCGGCCGCTGTTG
ACCCATGAGTG2341, respectively) were used in PCR to amplify b-galI and
b-galIII genes from pBIG1 and pBIG4, respectively. These primers annealed
with the respective genes at the positions indicated by the numbers showing the
39 end nucleotides, except pG1DH, which annealed with the BamHI downstream
region of pBR322. The numbers are counted from the initial nucleotides of the
inserts of pG1Bg and pG4B. Both nucleotide sequences are available in Gen-
Bank (see below). The primers created a cloning site (underlined) at each end of
the b-galI and b-galIII gene fragments for their cloning into pET24. E. coli
ER2566(pEBIG1) and ER2566(pEBIG4) were grown in 2YT medium (1.5%
tryptone, 0.75% yeast extract, 0.5% NaCl, 0.5% glycerol) until an optical density
at 600 nm of 1.0 was reached. Isopropyl-b-D-thiogalactopyranoside (IPTG;1 mM;
Roche Diagnostics) was then added to the culture medium, and incubation at
37°C continued for 2 h. The induced cells were harvested and disrupted by
sonication using a microtip set at power level 4 at 30% duty for 2 min with 30-s
cooling intervals. The disrupted cells were boiled in sample buffer for 10 min
before loading onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels. The supernatant after centrifugation at 15,000 3 g for 20 min
(4°C) was used for enzymatic assays and nondenaturing PAGE.

PAGE and activity staining. In accordance with the method of Laemmli (28),
proteins were analyzed by SDS-PAGE using 10% (wt/vol) nondenaturing poly-
acrylamide gel and staining by Coomassie blue or activity staining; the latter was
performed by incubating the gel in 4-o-methylumbelliferyl-b-D-galactoside
(4MeUmG) solution as previously described (22).

GaOS synthesis. Cell extracts were incubated with 20% (wt/vol) lactose solu-
tion in sodium phosphate buffer (pH 7.5) for 30 h at 37°C, with continuous

agitation at 100 rpm in a shaker incubator to facilitate hydrolysis. Samples were
withdrawn at 5-h intervals and immediately heated at 90°C for 10 min to stop the
reaction. The samples were diluted appropriately, filtered, and injected into the
HPLC system for GaOS analysis. The rate of production of GaOS was estimated
from the total amount of saccharides eluted at retention times between those for
standard saccharides lactose and stachyose in the reaction solution. Residual
enzyme activities were monitored during the reaction by recovering the enzymes
from the reaction mixtures at 5-h intervals and assaying for ONPG hydrolytic
activity. Enzymes were recovered by centrifugation (Centricon YM-100; Milli-
pore).

Purification of GaOS. To identify the GaOS produced via the b-GalI reaction,
an activated-charcoal column equilibrated with water was used for separating the
monosaccharides from the GaOS mixture. This mixture was derived from the
lactose hydrolysis reaction using cell extract of ER2566(pEBIG1). The reaction
was carried out by incubating the cell extract (;100-U activity strength) in 20%
lactose solution (40 ml in sodium phosphate buffer, pH 7.5) at 37°C for 15 h. The
reaction mixture was applied to the column, the column was washed with 300 ml
of 3% ethanol, and the GaOS was subsequently eluted using an ethanol gradient
(5 to 20%). The collected GaOS fraction was concentrated and further purified
by HPLC on an ION-300 column as previously described. GaOS fractions are
eluted at a flow rate of 0.5 ml/min, and 200-ml fractions corresponding to the
GaOS (see Fig. 5, peak 6) were collected. Fractions from 20 HPLC runs were
pooled and freeze-dried for nuclear magnetic resonance (NMR) analysis.

NMR spectroscopy. NMR experiments were performed on a Varian Unity 500
NMR spectrometer. Samples were prepared by suspending the GaOS purified
from HPLC in D2O (15 mM). Standard two-dimensional techniques including
DQF-COSY, TOCSY, ROESY, HSQC, and HMBC were employed, and resid-
ual water signals were presaturated with a low-power continuous wave. Proton
chemical shifts were referenced with external DSS, and for 13C the relative
reference was to external dioxane. In all experiments, spectral windows in the
proton dimension were 1,845 Hz and in the carbon dimension were 7,542 Hz. A
1-s relaxation delay was used for all experiments. Quadrature detection was
achieved with the States method (54) in indirect dimension, with a spin locking
time for ROESY spectra of 500 ms. All the spectra were zero filled to 2,048 by
1,024 points and processed with a squared cosine-bell function in both dimen-
sions for phase-sensitive spectra; for HMBC spectra were processed with an
unshifted squared sine-bell function. All the NMR data were acquired with
Varian’s standard pulse sequence and processed with NMRPipe (8). Spectral
assignment was largely facilitated by the use of ANSIG (26, 27).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the b-galI and b-galIII genes are AF192265 and AF192266, respectively.

RESULTS

Nucleotide sequences of b-galI and b-galIII genes. Sub-
clones of pBIG1 and pBIG4 with deletions were constructed
for locating the genes and for analyzing their nucleotide se-
quences. b-GalI activity was not affected by deletion of the
BglII fragment but was abolished by deletion of the XhoI frag-
ment (22), indicating that the b-galI gene is located within the
insert of pG1Bg. pBIG4 subclone pG4B, containing a 2.4-kb
DNA fragment, was found to possess b-galactosidase activity.
The DNA sequences of the fragments cloned in pG1Bg and
pG4B revealed two open reading frames (ORFs). The corre-
sponding deduced amino acid sequences suggested that each
encodes a b-galactosidase. We designated them b-galI and
b-galIII, respectively. Part of the nucleotide sequence of the
insert of pG1Bg is shown in Fig. 1. The coding region of b-galI
(3,069 bp) was determined to start with ATG at nucleotide 541
and end with TGA at nucleotide 3609. The putative ribosome
binding sequence (RBS) AGAAAG (Fig. 1) was found nine
bases upstream from the b-galI translation start site. The ORF
of b-galIII (2,076 bp) was found to start with ATG at nucleo-
tide 114 and end at TAA at nucleotide 2189. The putative RBS
AAGGAA was found 10 bases upstream from the translation
start site. Analysis of the nucleotide sequence upstream of
b-galI revealed the presence of a coding region, transcribing
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divergently from b-galI (Fig. 1). The deduced amino acid se-
quence encoded by this partial ORF showed some similarity
with the sequences encoded by the 59 regions of the lactose
permease genes of Leuconostoc lactis (59), Lactococcus lactis
(29), Lactobacillus bulgaricus (30), and Streptococcus ther-
mophilus (43). A rho-independent transcription terminator-
like region (AACGGCTCCCTTGCTGCTCATCGTAG
CAGGGGAGTCGTTTTCGTTT; stem region underlined)
was found 25 bp away from the termination codon of b-galIII.
The nucleotide sequence between b-galI and the putative lac-
tose permease coding region is AT rich (G1C content: 43%).
In contrast, the G1C content of the b-galI coding region is
64.6%. Using NNPP (promoter prediction by neural network)
(45), we located two promoter sequences within this AT-rich
region (Fig. 1). Further experiments are required to analyze
these possible promoters.

Comparison of amino acid sequences. The alignments of the
deduced amino acid sequences of b-GalI and b-GalIII with
other homologous b-galactosidases are summarized in Table 1.
b-GalI features some sequence homology with b-galactosi-
dases from various microorganisms, including the LacZ and
EbgA of E. coli (Table 1). However, b-GalIII appears homol-
ogous to other microbial b-galactosidases (Table 1), some of
which have been assigned to a new b-galactosidase family,
LacG, which includes the Arthrobacter sp. strain B7 b-galacto-
sidase of fragment 12, Bacillus stearothermophilus BgaB, and
Bacillus circulans BgaA (14). Bacillus stearothermophilus BgaB
was classified as a member of glycosyl hydrolase family 42
based on amino acid sequence, while E. coli LacZ belongs to
glycosyl hydrolase family 2 (17). b-GalIII was 52 and 47.6%

FIG. 1. Partial nucleotide sequence of the insert fragment of pG1Bg. The coding region of b-galI starts from base 541 and ends at base 3609.
A putative lactose permease 59 coding region transcribing divergently from b-galI is located upstream of b-galI; its start codon, ATG, is boxed. The
deduced amino acid sequence is shown below the nucleotide sequence. The predicted ribosome binding sites (r.b.) for b-galI and permease are
underlined. Possible 11 to 240 sequences for b-galI and permease genes are highlighted. Also indicated is an EcoRI site, upstream of the b-galI
gene, created by primer pG1UE in PCR.

TABLE 1. Comparison of b-GalI and b-GalIII of B. infantis
with other b-galactosidases

Enzyme source No. of
aab

Similarity
(%)

Identity
(%) Referencea

B. infantis b-GalI 1,022 100 100
Streptococcus thermophilus 1,026 55.7 46.3 51
Lactobacillus bulgaricus 1,007 54.8 45.8 50
Clostridium acetobutylicum 897 53 44.6 15
Bacillus megaterium 1,034 49 43.3
Thermotoga maritima 1,087 44 35.2 37
E. coli EbgA 1,031 43 32.7 55
Arthrobacter sp. strain B7,

fragment 15
1,015 43 34.8 58

Lactococcus lactis 998 42.9 34.3 29
Klebsiella pneumoniae 1,034 42.6 34.6 6
Enterobacter cloacae 1,028 42.2 34.5 36
E. coli LacZ 1,024 41.7 34 24
Kluyveromyces lactis 1,025 41.7 32 42

B. infantis b-GalIII 691 100 100
Bacillus stearothermophilus 672 52 41.3 19
Caldicellulosiruptor sp.

strain 14B
678 49.4 39

Thermotoga maritima 672 48.2 36.8 37
Bacillus circulans BgaA 675 47.6 35.5
Bacillus subtilis 687 46 33.1
Clostridium perfringens 676 46 36.3
Thermus sp. strain T2

BgaA
645 43.9 35.7 60

a Bacillus megaterium, GenBank accession no. L03424; Caldicellulosiruptor sp.
strain 14B, EMBL accession no. CAA10365; Bacillus circulans BgaA, GenBank
accession no. L03424; Bacillus subtilis, GenBank accession no. Z94043; Clostrid-
ium perfringens, EMBL accession no. BAA08485.

b aa, amino acids.
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similar to Bacillus stearothermophilus BgaB and Bacillus circu-
lans BgaA, respectively, whereas its homology with the Arthro-
bater b-galactosidase was calculated at only 35%. The align-
ment of b-GalIII with b-GalI or with other b-galactosidases
homologous to E. coli LacZ (LacZ family) using the BestFit
program failed to provide any significant homology (data not
shown). Our study suggests that b-GalIII is a new member of
glycosyl hydrolase family 42 and of the LacG family, the mem-
bers of which have molecular masses ranging between 70 and
80 kDa. Three regions of the E. coli LacZ, two flanking a
glutamate molecule at residues 461 and 537 and one flanking a
glycine at residue 794, were reported to be the acid-base,
nucleophilic, and substrate recognition sites (7, 12, 32). These
three regions are well conserved in almost all b-galactosidases
of the LacZ family. Similarly, these three conserved regions
were revealed in b-GalI, with two glutamates located at resi-
dues 469 and 536 and a glycine located at 793 (Fig. 2A). The
active sites of LacZ have been well studied. On the other hand,
an acid-base site with a glutamate as the key amino acid has
been proposed for the LacG family (14, 18). Conservation of
this region among b-GalIII and seven other b-galactosidases
(Fig. 2B) is not high, as observed by the alignment of the LacZ
family. However, a conserved WH-SNEY sequence was re-

vealed in our study. Whether or not Glu160 is involved in
enzyme catalysis remains to be determined. The codon usages
of b-galI and b-galIII genes are different from that of E. coli,
specifically the codons for Gly, Glu, Val, Ala, and Lys. There
appears to be a preference for G and C residues in the third
bases of codons in B. infantis genes.

Overexpression of b-galI and b-galIII genes in E. coli. To
further investigate the two b-galactosidase gene products, we
made use of the T7 RNA polymerase expression system for
overexpressing b-galI and b-galIII genes in E. coli. The coding
regions of b-galI and b-galIII were cloned into pET24, under
the control of a T7 promoter. Gene expression in E. coli was
induced by IPTG and analyzed by both SDS-PAGE and non-
denaturing PAGE. A protein with an apparent molecular mass
of approximately 115 kDa was overproduced from pEBIG1
(Fig. 3A), in close agreement with the predicted molecular
weight of b-GalI. The apparent molecular mass of the protein
overproduced from pBIG4 is estimated at 76 kDa (Fig. 3A),
also in agreement with the predicted molecular weight of
b-GalIII. Activity staining of the nondenaturing PAGE with
4MeUmG (Fig. 3B) confirmed the presence of b-GalI and
b-GalIII.

Substrate specificity. The hydrolytic activities of b-GalI and
b-GalIII in response to various glycosides were analyzed and
compared with the hydrolysis of ONPG (Table 2). b-GalI and
b-GalIII were highly active in response to ONPG, which is a
b-D-anomer-linked galactoside. Other substrates having an a-D

linkage or not having a galactose in the glycon moiety were not
hydrolyzed or were slightly hydrolyzed by b-GalIII in the case
of p-nitrophenyl-b-D-galacturonide. Under identical reaction
conditions, b-GalI hydrolyzed lactose at a rate approximately
60% that of ONPG. In contrast, hydrolysis of lactose by b-
GalIII proceeded at a rate less than 10% that of ONPG hy-
drolysis. Maltose, sucrose, raffinose, and melibiose were appar-
ently not hydrolyzed by b-GalI or by b-GalIII.

GaOS synthesis. We also monitored the time course of
GaOS production during lactose hydrolysis by b-GalI and
b-GalIII (Fig. 4). Results showed that the maximal concentra-
tion of GaOS produced by b-GalI was 130 mg/ml, this being

FIG. 2. (A) Multiple alignment of the possible acid-base, nucleo-
philic, and substrate recognition sites of b-GalI and of 12 listed b-ga-
lactosidases. Abbreviations: ec, Enterobacter cloacae; e, E. coli LacZ; k,
Klebsiella pneumoniae; la, Lactococcus lactis; s, Streptococcus ther-
mophilus; clo, Clostridium acetobutylicum; l, Lactobacillus bulgaricus;
bif, B. infantis b-GalI; bm, Bacillus megaterium; t, Thermotoga mari-
tima; ee, E. coli EbgA; kl, Kluyveromyces lactis; art, Arthrobacter sp.
strain B7 fragment 15. (B) Multiple alignment of the possible acid-base
site of b-GalIII and seven other b-galactosidases. Abbreviations: bsu,
Bacillus subtilis; cp, Clostridium perfringens; cal, Caldicellulosiruptor sp.
strain 14B; bc, Bacillus circulans BgaA; tm, Thermotoga maritima; bs,
Bacillus stearothermophilus; bif, B. infantis b-GalIII; t, Thermus sp.
strain T2 BgaA. Conserved amino acids are highlighted. 2, amino
acids proposed to be the key residues in the active sites. Multiple
alignment was done using the PrettyBox program of the Genetics
Computer Group.

FIG. 3. (A) SDS-PAGE analysis of b-galI and b-galIII genes over-
expressed in E. coli ER2566 under 1 mM IPTG induction. Lane 1,
marker proteins (molecular masses are indicated); lanes 2, 3, and 4, 1
mM IPTG-treated whole-cell lysates of E. coli ER2566 containing
pET24 (control), pEBIG1, and pEBIG4, respectively. Arrows, over-
expressed proteins of b-GalI and b-GalIII. (B) Activity staining on
nondenaturing polyacrylamide gel. Lane 1, commercial E. coli b-ga-
lactosidase (positive control); lanes 2 and 3, soluble fractions of IPTG-
induced E. coli ER2566 containing pEBIG1 (lane 2) or pEBIG4 (lane
3) from sonication treatment.
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obtained after a 15-h incubation period. On the other hand,
the maximum concentration of GaOS produced by b-GalIII
was 21 mg/ml. Three different types of GaOS with retention
times of 8.08, 8.82, and 9.69 min (Fig. 5) were eluted between
lactose and stachyose (retention time was 7.95 min for the
latter). Oligosaccharides larger than stachyose were not ob-
served under the HPLC conditions described in Materials and
Methods. The ONPG hydrolytic activities of b-GalI and b-
GalIII were constant throughout the reactions (Fig. 4), which
suggested that both enzymes remained active during the reac-
tion in 20% lactose at 37°C for 30 h.

NMR analysis of GaOS. The GaOS of peak 6 (Fig. 5) was
further purified and determined by a two-dimensional NMR

technique to be O-b-D-galactopyranosyl-(1-3)-O-b-D-galacto-
pyranosyl-(1-4)-D-glucopyranose. Since the sample contains
minor di- and tetrasaccharide impurities, which substantially
obscured the spectral assignment, reference trisaccharide O-b-
D-galactopyranosyl-(1-4)-O-b-D-galactopyranosyl-(1-4)-D-glu-
copyranose (49-galactosyl-lactose) was used in the analysis.
Proton assignments were verified from standard homonuclear
experiments DQF-COSY and TOCSY, and 13C assignments
were then verified from the HSQC experiment, which detects
the C-H correlation. Due to the weak J couplings between H4
and H5 of galactose (J , 1 Hz) (20), the assignments of H5 and
H6 on the galactose units were deduced from the HMBC
spectrum. NOE experiments were primarily used for sequenc-
ing the sugars. The largest NOE is usually observed on the
linkage protons, although other NOEs can also occur for pro-
tons near the linkage site. Since the NOE sizes at 500 MHz for
trisaccharides are usually negative and small, ROESY spectra
were collected instead. All the chemical shifts are tabulated in
Table 3.

The linkage site between two galactoses (Gal1-Gal2-Glu)
was determined by comparing the 13C chemical shifts of the
GaOS and of the reference compound, since the linkage site
often exhibits a dramatic chemical shift (47); this was also
confirmed by the NOE experiments. The significant drift of the
13C chemical shift at C3 of 2-Gal together with the large NOE
size between the H1 of 1-Gal and the H3 of 2-Gal unambigu-
ously established the presence of a 1,3 link. On the other hand,
no significant 13C chemical shift variations were observed for
the Glu unit of GaOS when comparison with the reference
compound was made. Clear NOE was detected between H1 of
2-Gal and H4 of Glu. We therefore concluded that the linking
between 2-Gal and Glu occurs at the 1,4 sites. Figure 6 sum-
marizes all the important NOEs for the determination of link-
ing sites in the GaOS.

DISCUSSION

Two b-galactosidase isoenzymes of B. infantis HL96, termed
b-GalI and b-GalIII, each of which possesses unique genetic
and biochemical properties, were characterized. Although the
physiological significance of isoenzymes is not generally under-
stood, isoenzymes with different properties have been identi-
fied in several bacteria, such as Arthrobacter spp. (31), Ther-
motoga maritima (33), and Bacillus circulans (34). The first two
were reported to have b-galactosidase isoenzymes homologous
to those from different families of b-galactosidases, and two
b-galactosidases from Bacillus circulans differed considerably
in terms of their GaOS-producing activity. This is but one of a
limited number of comparisons of transgalactosylation activi-
ties among b-galactosidase isoenzymes. The advantages of hav-
ing isoenzymes with different properties in terms of gene ex-
pression and of hydrolytic and synthetic activities may provide
the microorganisms with improved adaptability in changing
growth conditions. Alternatively, each isoenzyme may be re-
sponsible for a particular hydrolytic or synthetic reaction, such
as those involved in the metabolism of lactose or other carbo-
hydrates. Another possibility is that b-galactosidase isoenzyme
genes may have arisen through transfer or evolution of genetic
material among microorganisms. This may explain the high
homology among b-galactosidases from different sources. The

FIG. 4. Time course of GaOS production during lactose hydrolysis
by b-GalI (A) and b-GalIII (B). Symbols: L, glucose; M, galactose; Œ,
lactose; F, GaOS. 3, residual ONPG hydrolytic activities of the re-
covered enzymes compared with the original activities (defined as
100%) at 0 h.

TABLE 2. Relative hydrolytic rates of various substrates
by b-GalI and b-GalIII

Substratea

Relative hydrolytic rate
(%)b for:

b-GalI b-GalIII

ONPG 100 100
Lactose 62 9.3
PNP-b-D-galacturonide 0c 2.4
PNP-b-D-glucopyranoside 0 0
PNP-b-D-glucuronide 0 0
ONP-a-D-galactopyranoside 0 0
PNP-a-D-glucopyranoside 0 0

a PNP, p-nitrophenyl.
b The ONPG hydrolytic activities of the crude b-GalI and b-GalIII were 102

and 236 U/mg, respectively. They were defined as 100% and were used for
comparison with those of other substrates.

c Zero activity means no activity was detected or the activity was lower than 1%
of that of ONPG.
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cloning and sequencing of b-galI and b-galIII genes of B. in-
fantis HL96 is a logical starting point for exploring the molec-
ular biology of B. infantis. Gene isolation allows reverse genetic
analysis of the physiological significance of each isoenzyme. It
becomes possible to knock out b-galI or b-galIII in B. infantis
to observe how the mutation would affect cell metabolism. This

may provide clues to the importance of b-GalI and b-GalIII in
B. infantis.

Comparison between b-GalI and the b-galactosidase from
Bifidobacterium longum (GenBank accession no. AJ242596)
revealed a homology of 98%. A difference of only 35 amino
acids was found. The high similarity between b-galactosidases
from B. infantis and from B. longum is not surprising. Immu-
nological and DNA-DNA hybridization approaches have dem-
onstrated that B. infantis and B. longum have a close phyloge-
netic relationship (49, 53).

FIG. 5. HPLC chromatogram of lactose hydrolysis products of b-GalI (peak 1, galactose; peak 2, glucose; peak 3, impurity present in lactose;
peak 4, lactose; peaks 5 to 7, GaOS).

FIG. 6. Identification of the glycosidation site from the ROESY
spectrum of GaOS. The interresidue cross peaks are circled. The
spectrum was collected with the mixing time of 500 ms at 500 MHz.

TABLE 3. Proton and carbon-13 chemical shifts for GaOS and the
reference compound

Unit
Reference compound GaOS

Proton shift Carbon shift Proton shift Carbon shift

3-Glu-a-(1) 5.179 92.87 5.207 92.92
3-Glu-a-(2) 3.533 72.44 3.567 72.11
3-Glu-a-(3) 3.791 72.45 3.825 72.43
3-Glu-a-(4) 3.605 72.42
3-Glu-a-(5) 3.903 71.18 3.945 71.13
3-Glu-a-(6) 3.827 60.99 3.856 61
3-Glu-b-(1) 4.618 96.81 4.647 96.83
3-Glu-b-(2) 3.236 74.86 3.266 74.85
3-Glu-b-(3) 3.594 75.44 3.630 75.38
3-Glu-b-(4) 3.709 75.53 3.731 76.04
3-Glu-b-(5) 3.551 75.84 3.605 75.85
3-Glu-b-(6) 3.760, 3.911 61.1 3.792, 3.945 61.11
2-Gal-(1) 4.438 103.93 4.490 103.61
2-Gal-(2) 3.581 72.43 3.692 71.22
2-Gal-(3) 3.734 74.02 3.825 82.96
2-Gal-(4) 4.150 78.22 4.185 69.5
2-Gal-(5) 3.611 79.43 3.669 79.21
2-Gal-(6) 3.788 61.8 3.826–3.704 62.05
1-Gal-(1) 4.556 105.25 4.594 105.34
1-Gal-(2) 3.529 72.43 3.589 72.11
1-Gal-(3) 3.616 73.85 3.655 73.63
1-Gal-(4) 3.862 69.67 3.913 69.63
1-Gal-(5) 3.633 76.21 3.677 76.14
1-Gal-(6) 3.720 62.03 3.826–3.704 62.05
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b-Galactosidase genes are commonly in the same operon
with genes encoding permeases, such as the lac genes of E. coli
(4), Klebsiella pneumoniae (6), and Lactobacillus bulgaricus
(30). b-galI is unlikely to be in the same operon with a per-
mease gene; instead a permease-gene-like gene transcribing
divergently from b-galI was found upstream of b-galI. Al-
though the 39 flanking region of b-galI was not analyzed in this
study, according to the nucleotide sequence of b-gal from B.
longum, a tRNA-Pro is located at the downstream region.
There is a possibility that the permease gene may be linked
with the b-galIII gene and transcribed in an operon using a
promoter different from that for the b-galI gene. So far, not
enough nucleotide sequence data are available to exclude this
possibility.

The formation of GaOS during lactose hydrolysis by b-ga-
lactosidases from yeast, bacteria, and fungi has been studied by
several investigators (1, 5, 13, 21, 35, 41, 57, 61). Those studies
showed that the yields of GaOS were mainly affected by en-
zyme sources and substrate concentrations. We found that
b-GalI produced much higher GaOS than b-GalIII. The yield
of GaOS could not be significantly improved by increasing the
amount of b-GalIII in the reaction or by varying conditions
such as reaction temperature, pH, and lactose concentration.
On the other hand, GaOS production using b-GalI was in-
creased 40-fold when the lactose concentration was increased
from 1 to 20% (data not shown). The yield of GaOS by b-GalI
was higher than those reported using the b-galactosidase of
Thermus aquaticus (2), B. bifidum (10), Bacillus circulans (34),
Aspergillus oryzae (44), and Kluyveromyces lactis (23), which
were less than 42 mg/ml. The total concentration of GaOS
(mainly tri- and tetrasaccharides) produced by the yeast
Rhodotorula minuta b-galactosidase was about 78 mg/ml (40),
which was lower than the total GaOS but higher than the
concentration (66 mg/ml) of tri- and tetrasaccharides (Fig. 5,
peaks 6 and 7) produced by b-GalI.

The major trisaccharide produced with b-GalI was 39-galac-
tosyl-lactose. The trisaccharide produced by b-galactosidase
from B. bifidum was also identified as 39-galactosyl-lactose
(11). However, 49-galactosyl-lactose and 69-galactosyl-lactose
were reported to be preferentially formed during the trans-
galactosylation reactions (1, 39, 40, 62), and several b-galacto-
sidases were found to produce more than one type of GaOS (1,
57, 62). Comparing the prebiotic effects of 39-galactosyl-lac-
tose, 49-galactosyl-lactose, and 69-galactosyl-lactose is essential
to determine their relative values as nutraceutical additives for
humans or animals. If saccharides with b(1-3) linkages are the
only transgalactosylation reaction products obtained with
b-GalI, such high enzyme stereoselectivity would be beneficial
for synthesizing certain specific valuable compounds. The char-
acterization of other GaOS produced with b-GalI and the
optimization of reaction conditions to increase GaOS yield are
under way.

b-GalIII exhibits lower hydrolytic activity in response to
lactose than in response to ONPG. It is unclear whether the
b-galactosidases of the LacZ family are more active in hydro-
lyzing lactose and whether they possess higher transgalactosy-
lation activity than those of the LacG family. More b-galacto-
sidases belonging to the LacZ and LacG families are being
characterized, and this should provide more knowledge of the
catalytic mechanism of b-galactosidases. A full understanding

of the catalytic mechanisms of LacZ and LacG is especially
valuable to clarify the correlation of structure and function of
such an industrially useful enzyme.
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