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Abstract: Enzymes from extremophiles, especially psy-
chrophiles and psychrotolerant microorganisms are currently in-
tensively studied because of their unusual structural and func-
tional properties. One of these enzymes is a cold-adapted β-
galactosidase (EC 3.2.1.23) which catalyzes the hydrolysis of β-
1,4-glycosidic bonds in β-galactosides. The most common β-
galactoside is lactose, a disaccharide which makes up 2-7% of
milk. The majority of adult people are lactose intolerant, which
is an impulsion for the production of a low lactose milk with
the use of β-galactosidase. Among over twenty isolated enzymes
with β-galactosidase, the activity of nine was derived from a psy-
chrotolerant bacteria of the Arthrobacter genus. These enzymes
are members of three different glycoside hydrolases families: 2,
35 and 42.

1. Introduction

Enzymes from extremophiles, especially psychrophiles and psychrotolerant microor-
ganisms are currently intensively studied because of their unusual structural and func-
tional properties. One of these enzymes is cold-adapted β-galactosidase (EC 3.2.1.23).
This enzyme is a member of the glycoside hydrolase group and catalyzes the hydrol-
ysis of β-1,4-glycosidic bonds in β-galactosides. Not only do some β-galactosidases
exhibit hydrolytic activity, but they are also able to synthesize glycosidic bonds. How-
ever, this activity has been poorly studied. The transglycosylation activity of cold-
adapted β-galactosidase from Arthrobacter sp. C2-2 (Karasová-Lipovová et al., 2003),
Arthrobacter psychrolactophilus F2 (Nakagawa et al., 2006) and Pseudoalteromonas
sp. 22b (Turkiewicz et al., 2003) has been described in literature so far.

2. Applications of β-galactosidases

A β-galactosidase, generally called lactase, is produced in mammalian digestive sys-
tem, (i.e. lactase phloritzin hydrolase, LPH (EC 3.2.1.23/26)). The enzyme hy-
drolyzes lactose, the non-absorbed disaccharide, from milk, into monosaccharides glu-
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cose and galactose, which can be absorbed. Lactose, comprising 6.9-7.2% of human
milk, is known as the main source of energy for infants (Jennes, 1979; Tuula et al.,
2000). Therefore, LPH is expressed at high level during the suckling period and after
weaning most mammals loose LPH activity, which is genetically determined (Troelsen
et al., 1997). Adults with a little lactase activity are described as non-persistent (also
called lactose intolerant), while people with high levels of the enzyme through their
whole life are said to be lactase persistent. The prevalence of the adult-type lactose
intolerance (hypolactasia) is associated with races and populations and it varies from
less than 5% to almost 100%. Persistence is widespread in populations which tra-
ditionally consume a large amount of milk or milk products. Frequency of lactose
intolerance in Europe varies from 4% in Denmark to 81% in the Mari population in
Russia (Sahi, 2001). In South America the prevalence is above 50% and in the United
States it varies from 15% among Whites to 80% in Black population. It can be as-
sumed that two thirds of the world adult population suffers from hypolactasia (Tuula
et al., 2000). Commonness of this disorder results in the production of low-lactose milk
on an industrial scale in many countries around the world. In Poland this kind of milk
is produced by Polmlek. Hypolactasia also affects other mammals, therefore Whiskas
and OSM Łowicz produce low-lactose milk for cats. Milk treated with β-galactosidase
is also used for yoghurt production. Hydrolysis of lactose makes milk sweeter than
regular milk, because glucose has a greater sweetening power than lactose. Caloricity
of yoghurt is reduced, because there is no need to add extra saccharides. Furthermore,
simple sugars obtained by hydrolysis, stimulate growth of lactic acid bacteria, which
reduces the time of fermentation. In the food industry the transglycosilation activity
of β-galactosidase is used in the production of galactooligosaccharides (GOS) which
are valuable food supplements. GOS are not digested in the human alimentary tract,
but stimulate growth and nourish natural intestinal microflora. Bacteria colonizing
the colon, Bifidobacterium sp. and Lactobacillus sp., ferment oligosaccharides into
short-chain fatty acids such as acetic, propionic and butylic. The pH of the environ-
ment is lowered, which prevents the growth of pathogenic bacteria (Wanarska and
Kur, 2005). Moreover, heterooligosaccharides and glycoside derivatives have many
different applications. Lactulose, a disaccharide produced from lactose and fructose
is used as a medicine for hepatic encephalopathy, constipation and is also applied in
the diagnosis of colonic disorders. On the other hand, lactulose is used in the food
industry as a low-calorie sweetener and a sugar substitute (Seki and Saito, 2012).
Using the transglycosylation activity of β-galactosidase glycoconjugates, which are
a combinations of carbohydrates and other molecules, can be synthesised. For in-
stance long-chain alkyl glycosides are used as nonionic surfactants because of their
good emulsifying and wetting properties (Kouptsova et al., 2001). Furthermore, the
glycosylation of some drugs can increase therapeutic efficiency and for this reason
many drugs are glycoconjugates (Shimizu et al., 2006; Bridiau et al., 2006).

3. β-galactosidases isolated from Arthrobacter species

Over twenty β-galactosidases active at low temperatures have been isolated and char-
acterized to date and almost half of them where derived from the Arthrobacter species.
It is not surprising, due to the fact that these isolates in a great majority were derived
from soil samples, and bacteria of the Arthrobacter genus are known as an indigenous
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bacterial flora of soils from different regions of the world (Jones and Keddie, 2006).
The most characteristic feature of the Arthrobacter genus is a distinct change of form
that appears during the growth cycle. Cultures in the expotential phase are mainly
composed of Gram-negative rods while cultures in the stationary phase largely con-
sist of Gram-positive coccoid cells. Tab. 1 and 2 present biochemical properties of
β-galactosidases active in low temperature isolated from Arthrobacter sp.

Tab. 1. Cold-active β-galactosidases from Arthrobacter sp.

Enzyme
origin

Subunit
molecular

mass [kDa]
GH Family

Temperature
optimum

[◦C]

pH
Opti-
mum

References

Arthrobacter
sp. B7 gene

15
111 2 40 7.2 (Trimbur

et al., 1994)

Arthrobacter
sp. B7 gene

12
71 42 45-50 6.6 (Gutshall

et al., 1995)

Arthrobacter
sp. B7 gene

14
52 35 - 6.5 (Gutshall

et al., 1997)

Arthrobacter
sp. C2-2

izosyme 1
111 2 40 7.5

(Karasová-
Lipovová

et al., 2003)

Arthrobacter
sp. 20B

116 2 25 6.0-8.0 (Białkowska
et al., 2009)

Arthrobacter
sp. SB

114 2 15-20 7.0
(Coker and
Brenchley,

2006)

Arthrobacter
sp. 32c

76 42 50 6.5 (Hildebrandt
et al., 2009)

Arthrobacter
psychrolac-
tophilus F2

112 2 10 8.0 (Nakagawa
et al., 2006)

Arthrobacter
sp. ON14

111 2 15 8.0 (Xu et al.,
2011)



44 PhD Interdisciplinary Journal

Tab. 2. Biochemical properties of β-galactosidases from Arthrobacter sp.

Enzyme origin Activators Inhibitors
Thermo-
stability

Enzymatic
activity

(0-20◦C)

References

Arthrobacter
sp. B7 gene

15

Mg2+, Mn2+,
β-mercapto-

ethanol
Cu2+, Ca2+ 10 min at

50◦C
25% (10◦C) (Trimbur et al.,

1994)

Arthrobacter
sp. B7 gene

12

Co2+, Ca2+,
Mg2+, Mn2+

β-mercapto-
ethanol

Cu2+ < 15 min
at 50◦C

- (Gutshall et al.,
1995)

Arthrobacter
sp. B7 gene

14
- - 10 min at

65◦C
- (Gutshall et al.,

1997)

Arthrobacter
sp. C2-2

izosyme 1

Dithiothreitol,
Mg2+

Cu2+, Al3+,
Tris

10 min at
50◦C

20% (10◦C)
(Karasová-

Lipovová et al.,
2003)

Arthrobacter
sp. 20B

Dithiothreitol,
β-mercapto-

ethanol, Na+,
K+, Mn2+

Pb2+, Zn2+,
Cu2+, Ca2+

1 min at
60◦C

52-85% (Białkowska
et al., 2009)

Arthrobacter
sp. SB

Mg2+, Mn2+,
K+

EDTA 10 min at
37◦C

50-100%
(Coker and
Brenchley,

2006)

Arthrobacter
sp. 32c

-
Zn2+, Cu2+,
Fe2+, Ni2+,
Co2+, Ca2+,

Mg2+

-

15%
(0◦C)
65%

(25◦C)

(Hildebrandt
et al., 2009)

Arthrobacter
psychrolac-
tophilus F2

- - 5 min at
45◦C

100% (10◦C) (Nakagawa
et al., 2006)

Arthrobacter
sp. ON14

Na+, K+,
Mg2+, Mn2+ Zn2+, Cu2+ 20 min at

50◦C
30-100% (Xu et al.,

2011)

The majority of Arthrobacter cold-active β-galactosidases belong to the glyco-
side hydrolases family 2 (GH2). However, the Arthrobacter sp. B7 strain produces
three cold-active β-galactosidases which are members of three different families GH2,
GH35 and GH42. Optimal temperatures of the activity of β-galactosidases derived
from the Arthrobacter species are in the wide range from 10◦C for the enzyme from
Arthrobacter psychrolactophilus (Nakagawa et al., 2006) to 50◦C for Arthrobacter sp.
32c β-galactosidase (Hildebrandt et al., 2009).

Enzymes isolated from organisms living at low temperatures are widely adapted
for catalysis in such conditions. Adaptation to cold is based on the connection be-
tween their stability, activity and flexibility. Previous research revealed, that the high
specific activity of the cold-active enzyme is due to high plasticity. However, the elas-
tic structure of the enzyme influences its thermostability negatively (Gerday et al.,
2000). Therefore, cold-active β-galactosidases lose their activity at the temperature
around 50◦C. Apart from a great specificity for lactose, high activity in the cooling
conditions is the most desirable feature of the β-galactosidase used for the production
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of a low-lactose milk. The Arthrobacter psychrolactophilus F2 enzyme shows 80-100%
of activity in the temperature range of 0-20◦C (Nakagawa et al., 2006), which is the
highest result of all enzymes described below. Other very effective β-galactosidases
are those derived from Arthrobacter sp. SB having an optimal temperature between
15-20◦C (Coker and Brenchley, 2006) and from Arthrobacter sp. 20B exhibiting 52%
of activity at 0◦C (Białkowska et al., 2009).

However, an enzyme for the production of a low lactose milk should not be inhib-
ited by calcium or sodium ions. Furthermore, such an enzyme should exhibit a high
activity in milk pH which ranges 6.6-6.8. Four of the β-galactosidases described below
have an optimal pH around this value, whereas enzymes derived from Arthrobacter
psychrolactophilus F2 (Nakagawa et al., 2006) and Arthrobacter sp. ON14 (Xu et al.,
2011) are most active in an alkaline pH.

It should be noted that biochemical characteristics for these enzymes were indi-
cated using an o-nitrophenyl-β-galactopyranoside as a substrate with an exception of
Arthrobacter sp. C2-2 β-galactosidase, where lactose was used.

4. Conclusions

The main potential of use of cold-active β-galactosidases is the production of a low-
lactose milk for lactose intolerants. Taking into account the process conditions a
perfect β-galactosidase should exhibit high activity at 10-12◦C and also should be
most active in milk pH, which is 6.7-6.8. Furthermore, the enzyme should not be
inhibited by calcium or sodium ions present in milk. Finally, a perfect β-galactosidase
for low-lactose milk production should be specific for lactose and not inhibited by
glucose or galactose. Among nine β-galactosidases from the Arthrobacter isolates, the
enzyme derived from Arthrobacter sp. SB theoretically satisfies these basic conditions.
However, to confirm the capacity of this enzyme for industrial use comprehensive
research must be done.
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