
Abstract A β-galactosidase isoenzyme, β-GalI, from 
Bifidobacterium infantis HL96, was expressed in 
Escherichia coli and purified to homogeneity. The mo-
lecular mass of the β-GalI subunit was estimated to be
115 kDa by SDS-PAGE. The enzyme appeared to be a
tetramer, with a molecular weight of about 470 kDa 
by native PAGE. The optimum temperature and pH for
o-nitrophenyl-β-D-galactopyranoside (ONPG) and lac-
tose were 60°C, pH 7.5, and 50°C, pH 7.5, respectively.
The enzyme was stable over a pH range of 5.0–8.5, and
remained active for more than 80 min at pH 7.0, 50°C.
The enzyme activity was significantly increased by re-
ducing agents. Maximum activity required the presence
of both Na+ and K+, at a concentration of 10 mM. The
enzyme was strongly inhibited by p-chloromercuriben-
zoic acid, divalent metal cations, and Cr3+, and to a 
lesser extent by EDTA and urea. The hydrolytic activity
using lactose as a substrate was significantly inhibited by
galactose. The Km and Vmax values for ONPG and lactose
were 2.6 mM, 262 U/mg, and 73.8 mM, 1.28 U/mg, re-
spectively. β-GalI possesses strong transgalactosylation
activity. The production rate of galactooligosaccharides
from 20% lactose at 30 and 60°C was 120 mg/ml, and this
rate increased to 190 mg/ml when 30% lactose was used.

Introduction

Bifidobacteria constitute one of the major classes of or-
ganisms in the intestine of healthy humans, and are help-
ful in maintaining a normal intestinal flora (Mitsuoka

1990). The reduction or disappearance of bifidobacteria
in the intestine often coincides with poor health status. In
order to maintain high bifidobacteria counts and protect
the intestinal tract from the proliferation of harmful bac-
teria, live bifidobacteria or certain selective compounds
defined as “prebiotics” (Gibson and Roberfroid 1995)
have been used as dietary supplements. For instance,
prebiotics such as galactooligosaccharides (GaOS), when
administered orally, were proved to result in increases of
bifidobacteria counts in human fecal flora (Ohtsuka et al.
1989; Ito et al. 1993).

GaOS can be synthesized either by classical organic
methods, by glycosyltransferases or by β-galactosidases
(Schmidt 1986; Ichikawa et al. 1992; Farkas and Thiem
1999). Using the transgalactosylation activity of β-galac-
tosidase to synthesize GaOS from lactose could be very
efficient and inexpensive if the enzyme chosen possesses
strong transgalactosylation activity. The formation of
GaOS by β-galactosidases from yeast, bacteria, and fun-
gi has been reported by several investigators (Burvall et
al. 1979; Asp et al. 1980; Greenberg and Mahoney 1983;
Mozaffar et al. 1985; Toba et al. 1985; Onishi and 
Tanaka 1995, 1996). However, yields of product were
less than 80 mg/ml. β-GalI, one of the three β-galactosi-
dase isoenzymes (β-Gal-I, -II, and -III) in Bifidobacteri-
um infantis HL96, has revealed higher GaOS production
activity in our previous studies, with a major trisaccha-
ride identified as 3′-galactosyl-lactose (Hung et al.
2001). Two β-galactosidase isoenzyme genes, β-galI and
β-galIII from this strain have been cloned in Escherichia
coli, and their nucleotide sequences determined (Hung
and Lee 1998; Hung et al. 2001). In this paper, we de-
scribe the purification and characterization of β-GalI.

Materials and methods

Chemicals and reagents

All chemicals used in this study were of analytical reagent grade
and were purchased from Sigma or from other suppliers as speci-
fied. Bacto-tryptone, yeast extract and agar were from Difco.
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Over-expression of β-GalI and preparation of cell extracts

The gene encoding β-GalI from B. infantis HL96, a strain isolated
at the Food Research and Development Center of Agriculture and
Agri-Food Canada (Ste-Hyacinthe, Quebec), was cloned into
pET24(+) (Novagen) by PCR using pBIG1 (Hung et al. 2001) as
template, and the overexpression plasmid, pEBIG1, was intro-
duced into E. coli ER2566. ER2566 (pEBIG1), ER2566 (pET24),
and JM109 (pBIG1) cell extracts were prepared for SDS-PAGE
analysis by the method described in Hung et al. (2001). For purifi-
cation of β-GalI, the cell extract of ER2566 (pEBIG1) was pre-
pared by the same method, except that the cells were washed twice
and suspended in Z buffer (100 mM Na2HPO4, 100 mM NaH2PO4,
10 mM KCl, 1 mM MgSO4, 50 mM 2-mercaptoethanol, pH 7.5)
before sonication treatment.

Enzyme purification

The cell extract was precipitated at 4°C with ammonium sulfate
(20–50%), the pellet was resuspended in 20 ml of Z buffer and di-
alyzed overnight against the same buffer. Portions (500 µl) of the
concentrated sample were applied to an anion-exchange column
(Mono Q HR 5/5, Pharmacia) using a FPLC system (Pharmacia)
equilibrated with Z buffer. Elution was performed using a linear
gradient of 0.5 M salt in Z buffer at a flow rate of 0.5 ml/min, and
1 ml fractions were collected. Active β-galactosidase fractions
collected from several chromatographic runs were pooled, desalt-
ed and further concentrated using the Centriplus system (Milli-
pore). The active fraction (200 µl) obtained from ion-exchange
chromatography was applied to a Superose-12 HR 10/30 column
(Pharmacia) equilibrated with Z buffer. Elution was performed at a
flow rate of 0.2 ml/min, and 1 ml fractions were collected. Frac-
tions exhibiting β-galactosidase activity were pooled and assayed
for protein and enzymatic activity.

Enzyme and protein assays

β-Galactosidase activity was measured and one unit of activity
was defined by previously described methods (Hung et al. 2001)
with slight modification. Enzyme samples were incubated with 
o-nitrophenyl-β-D-galactopyranoside (ONPG) in Z buffer (pH 7.5),
at 60°C for 10 min; the o-nitrophenol released was subsequently
quantitatively determined using a spectrophotometer. The specific
activity of the enzyme was expressed as units per milligram of
protein. Protein concentration was determined by the method of
Bradford (1970) using bovine serum albumin as standard.

Gel electrophoresis and activity staining

To study the over-expression and the molecular mass of β-GalI,
10% SDS-PAGE was carried out following the method of 
Laemmli (1970). To determine the purity and the molecular mass
of native β-GalI, 8% non-denaturing PAGE was performed using
marker proteins [thyroglobulin (669 kDa), ferritin (440 kDa), cata-
lase (232 kDa), and lactate dehydrogenase (140 kDa)] (High Mo-
lecular Weight Calibration Kit, Pharmacia), and the gels were
stained with Coomassie Brilliant Blue R-250. Activity staining
was carried out as previously described (Hung and Lee 1998).

Enzyme kinetics

The Km and Vmax of the purified enzyme were determined using
the substrate ONPG at 60°C in Z buffer without MgSO4. Initial re-
action rates (U/ml of enzyme) were measured at a series of ONPG
concentrations between 0.1 and 10.0 mM. The kinetics with lac-
tose as substrate were studied by measuring released glucose using
HPLC chromatography. Initial rates of lactose hydrolysis were de-
termined at 50°C with lactose concentrations in the range

5.0–50.0 mM in Z buffer without MgSO4. After adding an equal
volume of cold H2SO4 (1.2 M) to stop the reaction, each sample
was filtered and injected onto the HPLC column. The kinetic con-
stants were computed from the slope and intercept of the regres-
sion line on Lineweaver-Burk plots.

Effect of pH and temperature

Three buffer systems, citrate buffer (50 mM, pH 4.5–6.0), sodium
phosphate buffer (50 mM, pH 6.5–7.5), and boric acid–borax buff-
er (50 mM, pH 8.0–9.0) were used for measuring the optimal pH
for enzyme activity. To estimate the pH stability, enzyme samples
were preincubated in different buffers at room temperature for 3 h
before adding the substrate. Temperature optimum was determined
over the range of 28–70°C by incubating for 10 min in Z buffer.
Thermal stability was estimated by incubating the enzyme at the
desired temperature, and residual activity was measured at 60°C
under standard assay conditions.

Effects of inhibitors and activators

Enzyme samples were incubated with 10 mM of various carbohy-
drates and 1 mM and 10 mM of reducing agents, a thio-binding
agent, EDTA, and urea, individually, in 10 mM ONPG solution
(Na-phosphate buffer, pH 7.5) at 60°C for 10 min. Enzyme activi-
ty without effectors was used as control. The effect of carbohy-
drates on the rate of lactose hydrolysis was determined by incubat-
ing the enzyme with 10 mM of carbohydrate and 20 mM of lac-
tose in Na-phosphate buffer at 50°C for 10 min; the extent of lac-
tose hydrolysis was analyzed by HPLC. To study the effect of var-
ious cations, the enzyme was dialyzed against 10 mM Tris-HCl,
pH 7.5 for 24 h, concentrated by Centriplus (Millipore), and cat-
ions (final concentration 1.0, 10, or 100 mM; chloride or sulfate
form) were then incubated with enzyme and 10 mM ONPG in
10 mM Tris-HCl buffer (pH 7.5, with or without 10 mM Na+) at
60°C for 10 min. Enzyme activity measured without added cations
was used as control.

Transgalactosylation activity assay and HPLC

The time-course synthesis of GaOS carried out under specified
conditions was used to measure transgalactosylation activity. 
β-GalI enzyme (25 U) was incubated with 10 ml of either 20% or
30% (w/v) lactose solution in 50 mM Na-phosphate buffer
(pH 7.5) at 30°C or 60°C for 30 h under constant agitation
(100 rpm) in a shaker incubator. Samples were withdrawn at 5 h
intervals and analyzed by HPLC following the method previously
described (Hung et al. 2001). The GaOS yield (mg/ml) was calcu-
lated from the total amount of saccharides eluted at the retention
times between standard sugars, lactose and stachyose.

Results

Purification

The recombinant plasmid pEBIG1 significantly in-
creased the expression level of β-GalI. Figure 1 shows
that a protein band corresponding to β-GalI was apparent
in the lane containing the sample of ER2566(pEBIG1),
whereas this band was invisible in lanes corresponding
to pET24 and pBIG1. The cell extract from IPTG-
induced ER2566 (pEBIG1) cells was purified to homo-
geneity, and the results are summarized in Table 1. The
specific activity of purified β-GalI was 568.7 U/mg,
which is about 15.5-fold higher than that of the crude ex-
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tract. The purification sequence allowed for the recovery
of 46% of the original crude enzyme activity. The homo-
geneity of purified β-GalI was verified on SDS-PAGE
and native PAGE, which showed a single band coincid-
ing with the activity band developed by activity staining
(Fig. 1). 
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Table 1 Purification of β-galactosidase-I (β-GalI) from ER2566 (pEBIG1)

Purification step Total Total activity Specific activity Purification Recovery 
protein (mg) (units) (units/mg) factor (%)

Crude extract 219.0 8,035 36.7 1.0 100
Ammonium sulfate precipitation 87.6 6,200 70.8 1.9 77.2
Mono Q ion-exchange 13.2 5,231 396.3 10.8 65.1
Superose-12 gel filtration 6.5 3,697 568.7 15.5 46.0

Fig. 1 A SDS-PAGE analysis of the over-expressed β-galactosi-
dase-I (β-GalI) in Escherichia coli ER2566, and purified β-GalI.
Lanes: 1 marker proteins (molecular masses are indicted); 
2, 3, 4 cell extracts of JM109(pBIG1), ER2566(pET24), and
ER2566(pEBIG1), respectively; 5 purified β-GalI. B Native
PAGE analysis and activity staining of the purified β-GalI. Lanes:
1 marker proteins, 2 purified β-GalI, 3 activity staining

Fig. 2 Lineweaver-Burk plots of β-GalI activity with A o-nitro-
phenyl-β-D-galactopyranoside (ONPG) or B lactose



Molecular mass

The molecular mass of the denatured β-GalI was esti-
mated to be 115 kDa by SDS-PAGE, as shown for the
purified protein or the over-expressed protein from the
cell extract (Fig. 1A). The molecular mass of native 
β-GalI was estimated by using gel filtration chromato-
graphy on a Superose-12 (HR 12/30) column. Thyro-
globulin, ferritin, catalase (Pharmacia), and E. coli β-
galactosidase (Boehringer Mannheim) were used as ref-
erence proteins. β-GalI eluted at a retention time similar
to that of E. coli β-galactosidase, corresponding to the
450–500 kDa range. The molecular mass of the native
enzyme was also estimated to be about 470 kDa on na-
tive PAGE (Fig. 1B).

Enzyme kinetics

The kinetic constant (Km) and maximum reaction veloci-
ty (Vmax) of β-GalI were calculated to be 2.6 mM and
262 U/mg for ONPG, and 73.8 mM and 1.28 U/mg for
lactose, respectively (Fig. 2).

Effect of pH and temperature

The optimal pH of β-GalI was determined to be pH 7.5
for both ONPG and lactose hydrolysis (Fig. 3A). Prein-
cubation of the enzyme in different buffers (pH 4.5–9.0)
had no effect on the pH optimum profile. The enzyme re-
tained more than 90% of its activity in the range of
pH 5.0–8.5 after 3 h incubation (data not shown). Opti-
mum temperature for the activity with ONPG was 60°C
(Fig. 3B), and 50°C for lactose hydrolysis. After pre-in-
cubation in Z buffer at 37°C or 50°C for 80 min, the en-
zyme retained over 90% of its activity, whereas only
about 50% of the activity remained after pre-incubation
at 60°C for 20 min (Fig. 4). 

Effect of cations, carbohydrates and other reagents

The enzyme was significantly activated by Na+ and 
K+, and required both ions at 10 mM for maximum 
activity, which was 25 times higher than the control 
(Table 2). All the divalent cations tested, as well as Cr3+,
markedly inhibited the enzyme activity. In the presence
of 10 mM Mg2+, the activation by 10 mM Na+ dropped
by about 55%, and complete inhibition was observed
when 10 mM of Zn2+, Hg2+, or Cu2+ were added along
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Fig. 3 Optimal pH (A) and temperature (B) of the purified β-GalI
using ONPG (black circles) or lactose (open circles) as substrate.
The buffers used are citrate buffer (pH 4.5–6.0), Na-phosphate
buffer (pH 6.5–7.5) and boric acid-borax buffer (pH 8.0–9.0)

Fig. 4 Stability of β-GalI at different temperatures: black circles
37°C, open circles 50°C, black triangles 60°C, open triangles
70°C



with Na+. The inhibitory effects of 1 mM of either Mn2+,
Ca2+, Co2+, and Cr3+ were similar in that more than 84%
of the activity was inhibited. Glucose, galactose, lactose,
maltose and raffinose showed no effect on ONPG hy-
drolysis activity (Table 3). With respect to lactose hy-
drolysis, 10 mM galactose in 20 mM lactose was found
to significantly inhibit the activity at 50°C during a
10 min incubation. The enzyme activity was markedly
enhanced by 1 mM or 10 mM of either cysteine, gluta-

thione or mercaptoethanol, while no β-GalI activity was
detected when the thio-binding agent, p-chloromercuri-
benzoic acid (PCMB) was added (Table 4). This enzyme
activity was moderately inhibited by EDTA and urea. 

GaOS synthesis

Three oligosaccharides were produced besides the ex-
pected glucose and galactose from the hydrolysis of lac-
tose by the purified enzyme. Figure 5A shows the time-
course of GaOS production from 20% lactose by β-GalI
at 30°C in Na-phosphate buffer. The maximum amount of
GaOS obtained after 15 h incubation was 120 mg/ml, and
this amount was maintained until the end of the incuba-
tion period. The amount of glucose was twice that of ga-
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Fig. 5A–C Time course of production of galactooligosaccharides
(GaOS) by purified β-GalI. A solution containing β-GalI and 20%
(A, B) or 30% (C) lactose in Na-phosphate buffer was incubated
at 30°C (A) or 60°C (B, C); open diamonds glucose, open squares
galactose, black triangles lactose, black circles GaOS

Table 2 Effects of metallic cations on the activity of the purified
β-GalI

Cationsa Relative activity (%)

1 mM 10 mM 100 mM

None 100 – –
Na+ 1,050 1,900 1,900
K+ 1,300 1,825 1,825
K+ c 1,574 2,500 2,500
Mg2+ c 1,220 850 –
Fe2+ c 1,750 1,200 –
Mn2+ c 300 225 –
Ca2+ c 279 75 –
Co2+ c 250 50 –
Zn2+ c 75 0 –
Hg2+ c 20 0 –
Cu2+ b, c 50 0 –
Cr3+ c 260 50 –

a Added as chloride
b Added as sulfate
c Tested in the presence of 10 mM Na+

Table 3 Effect of carbohydrates on the activity of the purified 
β-GalI

Carbohydrate Relative activity (%)
(10 mM)

o-nitrophenyl-β-D-galactopyranoside lactose
(ONPG)

None 100 –
Glucose 105 98
Galactose 100 45
Maltose 105 107
Lactose 100 100
Raffinose 108 101
Fructose 83 94

Table 4 Effect of various reagents on the activity of the purified
β-GalI

Reagent Relative activity (%)

1 mM 10 mM

Control 100 100
Cysteine-HCl 315 747
Mercaptoethanol 310 815
Glutathione 374 925
p-Chloromercuribenzoic acid (PCMB) 0 0
EDTA 54 50
Urea 86 60



lactose. Increasing the temperature to 60°C accelerated
lactose hydrolysis, as well as GaOS synthesis (Fig. 5B).
In this case, the maximal amount of GaOS was reached
after 10 h incubation and was identical to that produced
during incubation at 30°C. The effect of lactose concen-
tration on the transgalactosylation activity was signifi-
cant. A yield of 190 mg/ml was obtained from a 30% lac-
tose solution (Na-phosphate buffer) after 15 h incubation,
and a 83% rate of lactose hydrolysis was noted (Fig. 5C).

Discussion

The cloning of β-galI into pET24 significantly increased
the expression level, which facilitates the protein purifi-
cation steps. Our previous studies with crude prepara-
tions of the β-GalI and β-GalIII enzymes revealed that
β-GalI exhibited both higher lactose hydrolysis and
transgalactosylation activity than β-GalIII. Therefore, we
purified and characterized β-GalI, and compared it with
other microbial β-galactosidases.

Although β-galactosidases from B. bifidum had tem-
perature and pH optima for lactose of 37°C and pH 6.5,
respectively (Dumortier et al. 1994), β-GalI of B. infan-
tis presents different characteristics. β-GalI showed a rel-
atively high temperature optimum (50–60°C) that was
similar to that of Pediococcus pentosaceus (45°C,
Bhowmik and Marth 1990), and of Bacillus stearother-
mophilus (65°C, Griffiths and Muir 1978). High temper-
ature optima were also noted for β-galactosidases from
fungi (50–55°C, Park et al. 1979; Ozbaas and Kutsal
1990) and some lactic acid bacteria such as Lactobacil-
lus thermophilus and Leuconostoc citrovorum (55°C and
60°C, respectively; Greenberg and Mahoney 1981).
Most β-galactosidases hydrolyzed ONPG and lactose
with identical optimum temperature, but β-GalI showed
high ONPG hydrolysis activity at 60°C, although at this
temperature the enzyme appeared unstable. This sug-
gests that the binding of ONPG is less affected by
change of structure than the binding of lactose.

The optimum pH (7.5) was slightly higher than for
general microbial β-galactosidases, which range around
pH 3.0–7.2. β-GalI was very stable within a broad range
of pHs at temperatures up to 50°C, but the activity de-
creased by 50% during 20 min of incubation at 60°C,
and complete loss of activity was observed at 70°C. Sim-
ilar features were reported for the enzymes of Bifidobac-
terium bifidum (Dumortier et al. 1994), Bacillus circu-
lans (Mozaffar et al. 1984), and Cryptococcus laurentii
(Ohtsuka et al. 1990).

β-GalI was strongly stimulated by monovalent ions
and was inhibited by various divalent metallic cations, in-
cluding Mg2+, Mn2+, and Ca2+. In contrast, Mg2+ or/and
Mn2+ were found to enhance β-galactosidase activity in
E. coli (Huber et al. 1976), Arthrobacter B7 (Trimbur et
al. 1994), Bifidobacterium bifidum 1901 (Garman et al.
1996), Kluyveromyces lactis (Cavaille and Combes
1995), and Bacillus sp. MTCC 3088 (Chakraborti et al.
2000). β-Galactosidases of Lactobacillus casei 20094, Bi-

fidobacterium bifidum 1901, and Streptococcus thermo-
philus were also activated by Na+ and K+ (Smart and
Richardson 1987; Garman et al. 1996).

The pattern of activation by reducing agents and inhi-
bition by heavy metals and PCMB suggests a sulfhydryl
enzyme. The sulfhydryl group has been proposed as im-
portant for enzyme catalysis in Kluyveromyces fragilis β-
galactosidase (Wendorff and Admundson 1971). On the
other hand, PCMB showed no effect towards β-galacto-
sidases from Bacillus circulans (Mozaffar et al. 1984),
Cryptococcus laurentii (Ohtsuka et al. 1990) and Sterig-
matomyces elviae (Onishi and Tanaka 1995). Galactose
is known to be a competitive inhibitor of β-galactosi-
dase. In the present case, the inhibitory effect was ob-
served only during lactose hydrolysis, not with ONPG as
substrate. On the contrary, for the β-galactosidase of
Streptococcus thermophilus, galactose was a stronger in-
hibitor with ONPG than with lactose (Greenberg and
Mahoney 1982; Smart and Richardson 1987). The β-
galactosidase of Crytococcus laurentii was not inhibited
by galactose when ONPG was used as substrate 
(Ohtsuka et al. 1990).

For β-GalI in this study, Kms of 2.6 and 73.8 mM, re-
spectively, were calculated for ONPG and lactose, and
these constants are similar to those (2.4 and 85 mM) of
the β-galactosidase of Aspergillus niger (Widmer and
Leuba 1979), while the B. bifidum enzyme had a Km of
2.0 (with ONPG) and 13 mM (with lactose) (Dumortier
et al. 1994). β-Galactosidases generally have higher Km
values with lactose as substrate than with ONPG.

A high level of GaOS was formed in the reaction with
purified β-GalI, the yield being similar to that obtained
with the crude enzyme (Hung et al. 2001). A maximum
yield of 190 mg/ml (comprising 95 mg/ml of tri- and tet-
ra-saccharide, data not shown) was obtained using a 30%
lactose solution during a 15 h incubation period. Approx-
imately 83% of the lactose was hydrolyzed when the
GaOS yield reached its maximum. The yield was higher
(around 78 mg/ml) than those reported for Sterigma-
tomyces elviae CBS8119 and Rhodotorula minuta
IFO879 (Onishi and Tanaka 1995, 1996), and comparable
to the yield of 136 mg/ml obtained with toluene-treated
cells of Sirobasidium magnum CBS6803 (Onishi et al.
1996), the composition of which was mainly tri- and tet-
ra-saccharides. This study showed that high lactose con-
centrations and high temperatures were preferable for
GaOS synthesis: high temperature favored reaction veloc-
ity and substrate solubility while helping to prevent con-
tamination. Such high substrate concentrations also ap-
peared to protect β-GalI from denaturation at tempera-
tures as high as 60°C. The accumulation of GaOS was
observed as early as 1 h into the incubation period. At the
early stage of the reaction (10 min of incubation) or at
low initial lactose concentration (less than 50 mM), no
oligosaccharides were detected. Work done with E. coli
β-galactosidase suggested that allolactose, a product of
transgalactosylation, was produced along with glucose
and galactose at the early stage of the reaction, and also
when low initial lactose concentrations were used (Huber
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et al. 1976). The relationship between the transgalactosy-
lation activity and the enzyme Km with lactose is not
clear. β-Galactosidases with low lactose Km (<3 mM)
were found to feature high transgalactosylation activity
(Nakao et al. 1994; Onishi and Tanaka 1996).

This study demonstrated that a recombinant β-galacto-
sidase, cloned from B. infantis HL96 possesses several in-
teresting properties for industrial applications. The GaOS
yield in this report is the highest obtained by purified β-
galactosidases. The possibility of increasing the GaOS
yield, as well as the biochemical importance of the β-
galactosidase isoenzyme with high transgalactosylation ac-
tivity are currently under investigation. Further studies on
the β-galactosidase from Bifidobacteria are needed in order
to expand the knowledge on β-galactosidase enzymes as
well on the enzymatic properties of probiotic strains.
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