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Table 1. Summary of purification of the B-galactosidase from A. psychrolactophilus strain F2.

Total protein Total activity ~ Specific activity  Purification

(mg) (Units) (U/mg) (Fold)
Crude extract 1470 75.3 0.0511 1
(NH,),SO, (40%) 695 297 0.427 8.37
DEAE-Cellulose DE52 30.7 63.1 2.05 40.2
Butyl TOYOPEARL 650S 0.474 10.2 21.6 423
HW-75F 0.131 4.37 33.3 652
1 2
(kDa)
200 |
130kDa
116 | -«
97.4 [
66.2 = e
45.0 |

Fig. 1. SDS-PAGE analysis of the purified B-galactosidase from A. psychrolactophilus strain F2. Lanes: 1,
molecular standard high-range markers (Bio-Rad Laboratories, Hercules, CA); 2, purified B-galactosidase.
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Fig. 2. Effects of temperature on the activity (A) and stability (B) of the purified B-galactosidase. In the stability test,



the enzyme was incubated under the indicated conditions and remaining activity was assayed under the
optimum conditions for B-galactosidase. ~ Symbols for the stability test (B): @, 30°C; O, 35°C; A, 40°C;
A 45°C; and M, 50°C.
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Fig. 4. Hydrolysis of lactose in raw milk after 24h at 5°C.
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Abstract In this study, we purified and molecularly
characterized a cold-active (3-galactosidase from Arthro-
bacter psychrolactophilus strain F2. The purified (-
galactosidase from strain F2 exhibited high activity at
0°C, and its optimum temperature and pH were 10°C and
8.0, respectively. It was possible to inactivate the [3-
galactosidase rapidly at 45°C in 5 min. The enzyme was
able to hydrolyze lactose as a substrate, as well as o-
nitrophenyl-3-p-galactopyranoside (ONPG), the K, values
with ONPG and lactose being calculated to be 2.8 mM and
50 mM, respectively, at 10°C. Moreover, the bgl4 gene
encoding the (3-galactosidase of strain F2 was cloned and
analyzed. The bgl4 gene consists of a 3,084-bp open
reading frame corresponding to a protein of 1,028 amino
acid residues. BglAp, the gene product derived from bgiA,
had several conserved regions for glycosyl hydrolase
family 2, e.g., the glycosyl hydrolase 2 (GH2) sugar
binding domain, GH2 acid-base catalyst, GH2 triosephos-
phate isomerase barrel domain, GH2 signature 1, and
several other GH2 conserved regions. From these facts, we
conclude that the (3-galactosidase from A. psychrolacto-
philus strain F2, which is a new member of glycosyl
hydrolase family 2, is a cold-active enzyme that is
extremely heat labile and could have advantageous
applications in the food industry.

Introduction

In low temperature environments, many microorganisms
adapt to the cold conditions and can grow. Among cold-
adapted microorganisms, a psychrophile is a microorgan-
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ism exhibiting optimal growth at low temperature (Morita
1975). Therefore, it is possible that psychrophiles produce
cold-adapted enzymes, which exhibit high catalytic
activities at low temperature, to adapt to cold habitats,
and thus, psychrophiles have attracted attention as sources
of enzymes with potential for low-temperature catalysis
(Hoyoux et al. 2004). Indeed, a variety of cold-active
enzymes have been found in psychrophiles (Feller et al.
1996; Gerday et al. 2000; Marshall 1997), and our group
has reported a variety of psychrophiles and their cold-
active enzymes (Nakagawa et al. 2002, 2003, 2004b,
2005a,b, 2006).

Cold-active enzymes could have important applications
in food processing, biomass conversion, molecular biolo-
gy, environmental biosensors, bioremediation, cleaning of
contact lenses, and several other processes. In particular,
they are attractive for the food industry, e.g., for the
processing of fruit juices and milk, because (1) there is an
increasing industrial trend to treat food stuffs under mild
conditions to avoid spoilage and changes in taste and
nutritional value at ambient temperature, and (2) cold-
active enzymes can be inactivated at moderate tempera-
tures without heating treatment (Margesin and Schinner
1994; Russell 1998). Among cold-active enzymes, f3-
galactosidase (EC 3.2.1.23), which hydrolyzes lactose to
glucose and galactose, is one of the important food—
industrial enzymes. It can be used to degrade lactose for
several purposes: e.g., (1) removal of lactose from
refrigerated milk for people who are lactose intolerant,
(2) conversion of lactose to glucose and galactose, which
are more fermentable sugars than lactose, in whey, and (3)
removal of lactose from pollutants of the dairy industry
(Triveni 1975).

In a previous study, we isolated several psychrophilic
microorganisms that produce cold-active 3-galactosidase,
from soil from Hokkaido, Japan, for application to the food
industry (Nakagawa et al. 2003, 2006). Among the strains
isolated, strain F2, which was identified as Arthrobacter
psychrolactophilus, was able to hydrolyze lactose at below
5°C, and there was only one type of cold-active f3-
galactosidase in intracellular fractions of strain F2, although



some other strains have at least two [3-galactosidase
isozymes (Nakagawa et al. 2003). Moreover, a cell-free
extract of the F2 strain exhibited an optimum temperature of
10°C and showed high specific activity of 3-galactosidase at
0°C, although cold-active [3-galactosidases previously
reported exhibited optimum temperatures of around 20 to
35°C and practically low activities at 0°C (Cieslinski et al.
2005; Coker et al. 2003; Fernandes et al. 2002; Hoyoux et
al. 2001; Karasova-Lipovova et al. 2003; Loveland et al.
1994). Therefore, it seems that strain F2 has a novel type of
cold-active [3-galactosidase, and that the [3-galactosidase
from strain F2 can be applied to the food industry.

The present study was conducted for enzymatic and
molecular characterizations of the cold-active (3-galactosi-
dase from A. psychrolactophilus strain F2. Therefore, we
attempted purification of the cold-active (3-galactosidase
from an intracellular fraction of strain F2 and cloning of the
bglA gene encoding the enzyme from genomic DNA of
strain F2.

Materials and methods
Bacterial strain and cultivation conditions

Arthrobacter psychrolactophilus strain F2 was cultivated
in a mineral synthetic medium (Nakagawa et al. 2002;
Sakai et al. 1998) containing 1% (w/v) lactose as the sole
carbon source. The initial pH of the medium was adjusted
to 7.0. Cultivation was performed aerobically at 5°C with
rotary shaking at 150 rpm in Erlenmeyer flasks, and growth
was followed by measuring the optical density at 660 nm.

Escherichia coli DH5«, which was used for plasmid
propagation, was grown at 37°C in 2x tryptone—yeast
medium, when necessary, being supplemented with
ampicillin (50 pg/ml).

[3-Galactosidase assay

[3-Galactosidase activity was determined by measuring the
rate of hydrolysis of 20 mM o-nitrophenyl-{3-p-galactopy-
ranoside (ONPG) or 5 mM lactose in 50 mM borate buffer,
pH 8.0. The reaction mixture was incubated at 10°C for
10 min, and the enzyme reaction was stopped by using 1 M
Na,CO5. With the ONPG method, the increase in absor-
bance at 415 nm was followed, and one unit of activity was
defined as the amount of enzyme that produced 1 pmol of
ONP per minute. On the other hand, hydrolysis of lactose
was measured with a glucose-detection kit (Glucose B-test
Wako; Wako Pure Chemical Industries, Osaka, Japan), and
one unit of activity was defined as the amount of enzyme
that produced 1 pumol of glucose per minute.

Protein was determined by the method of Bradford with
a protein assay kit (Bio-Rad, Hercules, CA, USA) using
bovine serum albumin as the standard.
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Purification of {3-galactosidase
from A. psychrolactophilus strain F2

Lactose-grown cells of 4. psychrolactophilus strain F2
were harvested and then washed with 5 mM sodium
phosphate buffer, pH 7.0. The cells were disrupted with a
Sonifier 450 (Branson Ultrasonics, Danbury, CT, USA),
and then the cell debris was removed by centrifugation at
20,000xg. The extract was fractionated by the addition of
solid ammonium sulfate (40% saturated). The resultant
supernatant was applied to a DE52 (Whatman Internation-
al, Maidstone, UK) column (¢ 33 by 270 mm), and was
eluted with a stepwise increase in NaCl from 210 to
390 mM. The (3-galactosidase-active fraction was applied
to a Butyl Toyopearl 650S (Tosoh, Kanagawa, Japan)
column (¢33 by 270 mm), and eluted with a linear gradient
of 450 mM to 350 mM (NH4),SO,4. Next, the active
fractions were applied to a HW75F (Tosoh) column (¢ 25
by 1,110 mm). After the HW75F column chromatography,
the fraction containing 3-galactosidase gave a single band
on sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) (Laemmli 1970).

Determination of the NH,-terminal amino acid
sequence

The NH,-terminal amino acid sequence of the purified (3-
galactosidase was determined by automated Edman deg-
radation using an Applied Biosystems protein sequencer
(ABI, Foster City, CA, USA).

Cloning and sequencing of the bg/4 gene
from A. psychrolactophilus strain F2

According to the NH,-terminal amino acid sequence of the
[3-galactosidase from strain F2, an F1 primer, 5'-
gCggCCgCTAYATHACNgAYCARggNCCNgg-3',  was
designed and synthesized. On the other hand, an R1
primer, 5'-gCggCCgCggCggTTgACgCCgTggAA-3', was
designed from a high homology region in other (-
galactosidase genes from Arthrobacter strains (Coker et
al. 2003; Trimbur et al. 1994). The ca. 1.0-kb PCR
fragment that was amplified from the genomic DNA with
the F1 and R1 primers was subcloned into the pT7Blue T-
vector (Novagen, Madison, WI, USA).

The bglA coding and 3’ flanking regions were amplified
by means of the homologous PCR method and the cassette
PCR method (Isegawa et al. 1992; Nakagawa et al. 2004a),
using a Takara LA PCR in vitro cloning kit (Takara, Kyoto,
Japan). The strain F2 genomic DNA was digested
completely with EcoRI and then ligated with an EcoRI
cassette (Takara). The first PCR was performed with the
Cassette C1 Primer (Takara) and an N-SI1 primer, 5'-
ggCACTCACCCTgCgCTTTg-3". The second PCR was
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performed with the Cassette C2 Primer (Takara) and an N-
S2 primer, 5'-CACCggATggACggCTgACACC-3'. After
the second PCR, the amplified ca. 1.0-kb fragment was
subcloned into the pT7Blue T-vector. On the other hand,
the next bgl4 coding region was amplified with an F3
primer, 5-ACgCCATgggCAACggCC-3’, and an R3 prim-
er, 5'-TgCAAAgTCCggCCATACAT-3’, designed from a
high homology region in other (3-galactosidase genes from
Arthrobacter strains (Coker et al. 2003; Trimbur et al.
1994). Moreover, the 3" outside of the cloned bgl4 gene
was amplified by means of the cassette PCR method. The
strain F2 genomic DNA was digested completely with
EcoRI and then ligated with an EcoRI cassette (Takara).
The first PCR was performed using the Cassette C1 Primer
(Takara) and a C-S1 primer, 5-gCACACggCACAg
CAggTCA-3". The second PCR was performed with the
Cassette C2 Primer (Takara) and a C-S2 primer, 5'-
CgTCAAgCCACAgCTACCTg-3". After the second PCR,
the amplified ca. 0.5-kb fragment was subcloned into the
pT7Blue T-vector. The DNA fragments were sequenced
with DNA sequencers, models 377 and 3130 (ABI).

The nucleotide sequence of bgl4 has been submitted to
GenBank and assigned accession number AB243756.

Fig. 2 Effects of temperature
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Results

Characterization of the {3-galactosidase
from A. psychrolactophilus strain F2

In a previous study, we showed that 4. psychrolactophilus
strain F2, which did not have any [3-galactosidase
isozymes, exhibited high specific (3-galactosidase activity
at 0°C (Nakagawa et al. 2003). Because we thought that the
enzyme from strain F2 may be a novel type of cold-active
[3-galactosidase, we attempted to purify the (3-galactosi-
dase from strain F2. The (3-galactosidase was purified until
a single band was obtained on SDS-PAGE, which
corresponded to a molecular mass of ca. 130 kDa
(Fig. 1). On the other hand, the determination of molecular
mass of the native protein appeared to be ca. 548 kDa on
native PAGE (data not shown). Therefore, it seems that the
[3-galactosidase from A. psychrolactophilus strain F2 is a
tetrameric protein. The purification procedure for the [3-
galactosidase is summarized in Table 1.

At first, we examined the effect of temperature on the
activity of the (3-galactosidase from A. psychrolactophilus
strain F2. The optimum temperature of the (3-galactosidase
was 10°C, and the specific activity of the purified enzyme
was 33.3 U/mg for ONPG at 10°C. Moreover, the enzyme
exhibited ca. 80% of the maximal activity even at 0°C. On
the other hand, the (3-galactosidase activity decreased with a
further increase in temperature until it was undetectable
above 60°C (Fig. 2a). To determine its thermostability, the [3-
galactosidase was incubated at a particular temperature
before measuring the residual activity under standard
conditions. Although the enzyme was very stable at 5°C, a
drastic decrease in stability was observed above 30°C, and
the (3-galactosidase was inactivated within 5 min at 50°C
(Fig. 2b). Judging from these findings, the (3-galactosidase
from A. psychrolactophilus strain F2 is a cold-active enzyme
that is extremely heat-labile. One attribute of cold-active
enzymes is their thermolability; i.e., they can be inactivated

on the activity (a) and stability
(b) of the purified [3-galactosi-
dase. In the stability test, the
enzyme was incubated under the
indicated conditions, and re-
maining activity was assayed
under the optimum conditions
for (3-galactosidase. Symbols
for the stability test (b): black
circles, 30°C; white circles,
35°C; black triangles, 40°C;
white triangles, 45°C; and black 20
squares, 50°C

100

80

60

40

Relative activity (%)

100

80

60

40

Relative activity (%)

20

I | | | I O
0 10 20 30 40 50 0
Temperature (°C)

20 40 60 80 100
Time (min)

120



100 -

80 |-

60 -

40 -

Relative activity (%)

20 -

1
10 1

pH

Fig. 3 Effects of pH on the activity and stability of the purified (3-
galactosidase. Symbols: black circles, activity, and white circles,
stability of the purified (3-galactosidase

at moderate temperatures close to those at which the
enzymes from mesophiles are functional (Russell 2000).

[3-Galactosidase showed optimum activity at pH 8.0, it
exhibited above 80% of the optimum activity at pH 7.0 and
9.0, and its pH stability range was 6.0-10.0 (Fig. 3). On the
other hand, {3-galactosidase substrate specificity was deter-
mined by assaying it with several chromogenic substrates
(Table 2). The enzyme exhibited about 26.5% of the ONPG
activity when p-nitrophenyl-(3-p-galactopyranoside was used
as the substrate, but it showed less than 1% of the ONPG
activity with any of the other substrates tested (Table 2).
Moreover, the [3-galactosidase was able to hydrolyze lactose,
as well as ONPG; although the K, values with ONPG and
lactose were calculated to be 2.8 mM and 50 mM,
respectively, at 10°C. On the other hand, the K, values of
the enzyme with ONPG and lactose were calculated to be
93.5 S and 18.0 S™', respectively, at 10°C. d

Judging from these results, the [3-galactosidase from A.
psychrolactophilus strain F2 is a cold-active enzyme that
exhibits the lowest optimum temperature and is the most
heat labile among the (3-galactosidases reported so far.
Moreover, 1 U of the enzyme was able to hydrolyze about
80% of the lactose in 1 ml of milk at 10°C in 24 h (data not
shown). Therefore, it seems that the 3-galactosidase from
A. psychrolactophilus strain F2 exhibits good potential for
uses as an industrial cold-active enzyme.

Table 1 Summary of purification of the (3-galactosidase from A.
psychrolactophilus strain F2

Total Total Specific  Purification
protein activity activity  (fold)
(mg) (units) (U/mg)
Crude extract 1,470 75.3 0.0511 1
(NHy4)>SO04 695 297 0.427 8.37
(40%)
DEAE-cellulose 30.7 63.1 2.05 40.2
DES2
Butyl TOYO 0474 10.2 21.6 423
PEARL 650 S
HW-75 F 0.131 437 333 652

723

Table 2 Activity of the purified (-galactosidase with various
nitrophenyl-derived chromogenic substances

Substrate Relative activity (%)
o-nitrophenyl-3-p-galactopyranoside 100
p-nitrophenyl-3-p-galactopyranoside 25.6
p-nitrophenyl-x-p-galactopyranoside <1
p-nitrophenyl-3-p-glucopyranoside <1
p-nitrophenyl-3-p-xylopyranoside <1
p-nitrophenyl-3-p-mannopyranoside <1
p-nitrophenyl-3-p-alabinopyranoside <1
p-nitrophenyl-3-p-fucopyranoside <1

Primary structure of the (3-galactosidase
from A. psychrolactophilus strain F2

The NH,-amino acid sequence of the purified (3-galacto-
sidase was NH,-MTPADVSYITDQGPGSGLRYV, which
was very similar to those of the (3-galactosidases from
Arthrobactor sp. strain C2-2 (identity of 17/20 amino
acids) (Karasova-Lipovova et al. 2003) and 4. psychro-
lactophilus strain B7 (identity of 15/20 amino acids)
(Loveland et al. 1994).

Using information of the NH,-amino acid sequence of
the purified enzyme, we attempted to clone the bg/4 gene
encoding [3-galactosidase from A. psychrolactophilus
strain F2 and determined the complete primary structure
of the enzyme. The bgl4 gene consists of a 3,084-bp open
reading frame (ORF) corresponding to a protein of 1,028
amino acid residues. This ORF was identified as the gene
encoding (3-galactosidase from strain F2 based on (1) the
identity of the N-terminal amino acid sequence determined
with that of the purified (3-galactosidase protein, and
(2) agreement of the calculated molecular weight of this
protein (111,666 Da) with that of the purified [3-galacto-
sidase determined by SDS-PAGE (130 kDa). Moreover,
the deduced amino acid sequence encoding the bgl4 gene
showed high similarity to those of the (-galactosidases
from Arthrobacter sp. strain C2-2 (79.0% identity)
(Karasova-Lipovova et al. 2003), strain B7 (77.5% iden-
tity) (Loveland et al. 1994), and strain SB (63.9% identity)
(Coker et al. 2003).

BglA had contained glutamic acid residues (446 and
542) involved in catalysis in the E. coli LacZ enzyme
(Fowler and Smith 1983). Moreover, BglA contained
several conserved regions for glycosyl hydrolase family 2,
e.g., glycosyl hydrolase 2 (GH2) sugar binding domain
(29-218), GH2 acid-base catalyst (432—446), GH2 triose-
phosphate isomerase barrel domain (317-618) (Jacobson et
al. 1994), GH2 signature 1 (367-392), and several other
GH2 conserved regions (Fig. 4). From these facts, it seems
that bglA is a member of glycosyl hydrolase family 2.



Fig. 4 Alignment of the deduced amino acid sequence of bg/4 from
A. psychrolactophilus strain F2 with sequences of Arthrobacter sp.
strain C2-2 (GenBank accession number CAD29775), strain B7
(U12334), and strain SB (AAQ19029). White letters indicate

Discussion

In this study, we revealed the enzymatic properties and
primary structure of a 3-galactosidase from A. psychro-
lactophilus strain F2. It has been reported that several
Arthrobacter strains produce cold-active (3-galactosidase
isozymes (Coker et al. 2003; Karasova-Lipovova et al.
2003; Loveland et al. 1994; Nakagawa et al. 2003).
However, A. psychrolactophilus strain F2 has only one
functional (3-galactosidase, bgiAd, and its gene product,
BglA, is the only type of functional (3-galactosidase in
strain F2 because (1) Southern analysis of the genomic
DNA from strain F2 with the bgl4 gene showed only a one-
signal band for genomic DNA digested with Bg/ll, HindIll,
Xbal, and Xhol (data not shown), and (2) the intracellular
fraction of strain F2 grown on lactose gave only one
activity band for 3-galactosidase (Nakagawa et al. 2003).
On the other hand, the amino acid sequence of BglA
exhibits high identity with those of the (3-galactosidases
from other Arthrobacter sp. strains. Moreover, BglA

identical amino acid residues with BglAp from strain F2. Gray
boxes with asterisks indicate glutamic acid residues involved in
catalysis in the E. coli LacZ enzyme

contained several conserved regions for the glycosyl
hydrolase family 2. From these facts, we judged that
BglA from strain F2 belongs to glycosyl hydrolase family
2, like the [3-galactosidases of Arthrobacter sp. strains.
The {3-galactosidase purified from strain F2 was able to
hydrolyze lactose as a substrate, as well as ONPG, and
exhibited high specific activity at 0°C; although its
optimum temperature was 10°C. One [3-galactosidase
from strain SB exhibited an optimum temperature of ca.
18°C and showed ca. 50% of the maximal activity at 0°C
(Coker et al. 2003). Other cold-active [3-galactosidases that
have been reported exhibit optimum temperatures of
around 30 to 50°C and practically lower activities at 0°C
than the activity of strain F2 (Cieslinski et al. 2005;
Fernandes et al. 2002; Hoyoux et al. 2001; Karasova-
Lipovova et al. 2003; Loveland et al. 1994). Moreover, K,
values of the enzyme at 10°C were about tenfold higher
than those of [(-galactosidase from mesophilic E. coli
(Hoyoux et al. 2001); although they had same or slightly
lower levels than those from strains C2-2 or SB (Karasova-



Lipovova et al. 2003; Coker et al. 2003). On the other hand,
the temperature stability of (3-galactosidase from strain F2
is lower than those of the [3-galactosidases of other
Arthrobacter strains. While the activity of 3-galactosidase
from strain C2-2 decreased to 40% on incubation at 45°C
in 10 min, the enzyme from strain F2 lost all its activity
under the same conditions. In short, it was possible to
inactivate the (3-galactosidase rapidly at 45°C in 5 min,
which are mild conditions. Moreover, the enzyme was able
to hydrolyze about 80% of the lactose in milk at 10°C in
24 h (data not shown).

From these facts, we conclude that the [3-galactosidase
from A. psychrolactophilus strain F2 is a cold-active
enzyme that is extremely heat-labile, and that the enzyme
could have advantageous applications in the food industry,
e.g., the treatment of chilled dairy products while avoiding
flavor tainting and the risk of microbial contamination.
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