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Abstract: β-galactosidase [EC 3.2.1.23] is an enzyme that cat-
alyzes the hydrolysis of O-glycosidic linkages in galactosides. It
has biotechnological applications in the dairy industry for the
production of milk with a low content of lactose and galacto-
oligosacharides for use in healthy food. The transgalactosy-
lation activity of β-galactosidase can be used in the synthesis
of alkyl galactopyranosides. Due to the fact that conditions
of technological milk processing require refrigeration tempera-
ture, scientists search for cold-active enzymes that display an
attractive alternative to industrially applicable β-galactosidase
derived from mesophilic yeast Kluyveromyces lactis. Three cold-
active β-galactosidases from psychrotolerant, rod-shaped and
Gram-negative bacteria classified as Pseudoalteromonas halo-
planktis TAE79, Pseudoalteromonas sp. TAE 79b and Pseudoal-
teromonas sp. 22b were found and characterized. These enzymes
can be potentially used in the industrial hydrolysis of lactose and
in alkyl galactopyranosides synthesis.

1. Introduction

Organisms capable of living at low temperatures are currently the subject of studies
as potential cold-active enzyme sources. Proteins produced by psychrophilic microor-
ganisms have unique properties which can be used in many industries, including the
dairy industry. Enzymes that are efficient catalysts in the range 0-20◦C can reduce
costs related to thermal energy requirement and to improve process parameters in
which the effect of temperature is adverse. β-galactosidase [EC 3.2.1.23] is an enzyme
that catalyzes the hydrolysis of O-glycosidic linkages in β–galactosides. A natural
substrate for enzyme activity is lactose, a disaccharide present in milk. The hydroly-
sis of β-1-4-glycosidic bonds in lactose into its components D-glucose and D-galactose
is a result of the reaction catalyzed by the enzyme. Furthermore, some β–galactosides
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exhibit transglycosylation activity. It is the capacity for synthesis of a glycosidic bond,
leading to the formation of the oligosaccharide chains.

2. Applications of β-galactosidase

β-galactosidase is used mainly in the dairy industry, for the production of milk with a
reduced lactose content. The demand for this product is associated with lactose intol-
erance occurring in humans and animals. Furthermore, after the enzyme treatment,
lactose-free milk has a higher sweetness because products of hydrolysis (glucose and
galactose) are sweeter than disaccharide. This property is used for the production
of yogurt, so that there is no need for additional sweetening of a product (Wanarska
and Kur, 2005). A technological problem in the production of condensed milk and ice
cream is associated with the major milk carbohydrate. Cooling of the products re-
sults in lactose crystallization, which occurs in organoleptic defects. β-galactosidases
active at low temperatures are potentially best enzymes that can be applied in order
to solve the problem. The β-galactosidase enzyme is also used for the production of a
glucose-galactose syrup which is obtained by the hydrolysis of lactose contained in the
whey (Wanarska and Kur, 2005). The transglycosilation activity of β-galactosidase is
used in the production of galacto-oligosaccharides. There are many types of oligosac-
charides, and four of them have the FOSHU (Food for Specified Health Use) status,
the food exerting a positive influence on human health. The main advantage of these
compounds is stimulating the growth of beneficial bacteria, Bifidobacterium and bac-
teria of the Lactobacillus genus, that inhabit the gastrointestinal tract. In addition,
they have anti-adhesive and inhibitory properties to pathogens (Demczuk et al., 2004).

Alkyl glycosides are amphipathic compounds with hydrophilic and hydrophobic
moieties by which they exhibit surface active properties. They are built by the sugar
residues and fatty alcohol, therefore they are readily biodegradable (Chotipanang
et al., 2011). Alkyl glycosides are used as biosurfactants in the cosmetic industry, the
manufacture of shampoos, hair conditioners, toothpaste and skin washing cosmetics.
Furthermore, they are used as additives for household cleaning agents (e.g. deter-
gents), and preparations for cleaning apparatus and equipment in the meat industry
and other food industries. What is more, alkyl glycosides have been used in phar-
maceutical and molecular biology, and agriculture as additives for plant-protection
products (Makowski et al., 2009). Due to the absence of toxicity and rapid pace of
decomposition, alkyl glycosides are harmless to the environment. Efficient chemical
synthesis of these compounds has been developed, however the method is based on
the use of toxic and expensive reagents. Moreover, the process is a multi-stage syn-
thesis, and leads to products of α- and β-configuration (Chotipanang et al., 2011). In
the production of pharmaceuticals, the synthesis of compounds with appropriate op-
tical purity is necessary. Chemical synthesis of pure anomers alkyl glycosides, which
requires drastic reaction conditions, has been developed. Furthermore, it includes
additional steps of introducing protecting groups and their removal. Potentially, the
best method for the synthesis of alkyl galactosides is enzymatic catalysis that can be
carried out with high regio- and enantioselectivity (Makowski et al., 2009).
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3. Properties of β-galactosidases isolated from bacteria of the

Pseudoalteromonas genus

In 2001, cold active β-galactosidase isolated from a Gram-negative bacterium Pseu-
doalteromonas haloplanktis TAE 79 was purified to homogeneity. Under non-denaturing
conditions the enzyme with a molecular mass greater than 300 kDa is probably a
tetramer. β-galactosidase shows stability at pH 6.5-10, and the optimum activity
was observed at pH 8.5. An addition of EDTA to the reaction mixture results in
a decrease of the enzyme activity, which is due to chelation of divalent metal ions.
Cations Mg2+, Mn2+, Li+ and Ca2+ stimulate the function, and the presence of
Zn2+, Cu2+ and Ni2+ inhibits the enzyme. It was also shown that the presence of
a thiol-containing compound which is 2-mercaptoethanol increases the activity of β-
galactosidase. The optimum temperature for P. haloplanktis TAE 79 activity, that
was assayed with ONPG as a substrate, was found to be 10◦C lower than for E. coli
β-galactosidase. Furthermore, after 50 minutes of incubation at 4◦C the enzyme was
able to hydrolyze 33% of the lactose present in milk, whereas using the same concen-
tration of commercially available enzyme from K. lactis 12% degree of hydrolysis of
the disaccharide was obtained. The expression of a gene encoding β-galactosidase P.
haloplanktis was carried out in E. coli as a host. The recombinant enzyme had similar
properties to the enzyme isolated from the natural producer. Both enzymes showed
a similar half-lives of activity, and exhibit much lower thermal stability compared to
the stability of mesophilic β-galactosidase of E. coli. What is more, melting points
of wild-type and the recombinant enzymes are similar (48 and 49.8◦C respectively)
whereas the mesophilic enzyme showed a higher value (56.5◦C). A comparison of β-
galactosidase P. haloplanktis and E. coli showed that both enzymes have a similar
optimum pH of activity. The same dependence also applies to the presence of 2-
mercaptoethanol in the reaction mixture and the Mg2+binding constants, which are
essential for their activity. Probably, in each monomer of the psychrophilic enzyme
two bound magnesium cations are displayed, as in the case of E. coli β-galactosidase
(Hoyoux et al., 2001).

An Antarctic, cold-active β-galactosidase was isolated from bacteria adapted to
grow at low temperature Pseudoalteromonas sp. TAE 79b. The enzyme was puri-
fied in a three- step scheme involving extraction in an aqueous two-phase system,
hydrophobic interaction chromatography and ultrafiltration. SDS-PAGE assay of the
denatured enzyme demonstrated the estimated molecular mass of 110 kDa. The
molecular mass of native protein was 513 kDa, which suggest that the enzyme is
tetrameric. Activity assays performed using ONPG as substrate, showed that the
optimal conditions for the enzyme activity is 26◦C and pH 9. At 30◦C strong inhi-
bition was observed, and the total inhibition occurred at 40◦C. Cations Na+, K+,
Mg2+ and Mn2+ are activators of β-galactosidase isolated from Pseudoalteromonas
sp. TAE 79b, whereas Ca2+, Hg2+, Cu2+ and Zn2+ are inhibitors of the enzyme. An
addition of H2O2 also lead to a decrease of activity. The enzyme showed specificity
only in towards galactose-derived chromogenic substrates. KM and Vmax of ONPG
hydrolysis were 0.16 mM and 11.7 µmol o-nitrophenol/min/mg respectively. PAPTG
(p-aminophenyl-β-D-thiogalactopyranoside), lactose, and galactose decreased activ-
ity of Pseudoalteromonas sp. TAE 79b β-galactosidase in the reaction with ONPG.
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The purified enzyme in concentration of 1 U/ml was able to hydrolyze 57% lactose
dissolved in the buffer pH 7.6 for 8 hours at 10◦C. In milk, the degree of hydrolysis un-
der the same conditions was lower (40-50%). It was shown, that the enzyme stability
during storage at 4◦C may be enhanced by the addition of 0.1% polyethyleneimine.
Furthermore, the enzyme immobilization increased stability, without affecting the
ability of lactose hydrolysis (Fernandes et al., 2002).

The cold-adapted β-galactosidase was purified from psychrotolerant Gram-negative
bacteria isolated from the alimentary tract of Antarctic krill Thyssanoessa macrura.
The organism was identified as Pseudoalteromonas sp. 22b. The molecular weight of
the native protein is 490 kDa. The active enzyme is composed of four subunits with
molecular weight close to 115 kDa. β-Galactosidase activity was examined using var-
ious chromogenic substrates (nitrophenol derivatives of mono- and disaccharides). It
was shown that the preferred substrate for the enzyme activity is PNPG, hydrolyzed
with 50% higher activity than the ONPG. Pseudoalteromonas sp. 22b β-galactosidase
also showed a weak hydrolytic activity against p-nitrophenyl-β-D-galacturonide. This
enzyme maintains a high activity and stability in the pH range of 6-8. Maximum
activity was observed at 40◦C, whereas at temperatures higher than the optimal,
the activity of the enzyme rapidly decreased. In contrast to Pseudoalteromonas sp.
TAE 79b β-galactosidase, the enzyme isolated from Pseudoalteromonas sp. 22b does
not lose its activity during the 30 days of storage at 4◦C without the addition of
stabilizers. The presence of Na+, K+ and Mn2+ cations in the reaction mixture
stimulates the activity of the enzyme. Furthermore, weak activation was observed
with the addition of Mg2+, whereas Ca2+ ions do not influence its activity. It was
also shown that the Pb2+, Ni2+ and Zn2+ ions are strong inhibitors of the enzyme,
and the total inactivation of Pseudoalteromonas sp. 22b β-galactosidase occurs in
the presence of Cu2+ ions. Moreover, the thiol group-containing compounds, such as
dithiotreitol, 2-meraptoethanol, glutathione and cysteine enhance the activity of the
glycoside hydrolase, suggesting that the cysteine residues of the protein are neces-
sary for its activity. This fact is confirmed by the activity reduction in the presence
of PCMB (4-chloro-mercury-benzoic acid), that is an inhibitor of cysteine proteases
(Turkiewicz et al., 2003). Two years later, a gene encoding Pseudoalteromonas sp.
22b β-galactosidase was cloned, expressed in Escherichia coli, purified, and charac-
terized. Due to the nucleotide sequence of the gene, that was isolated and sequenced
based on the genomic DNA library construct, the number of amino acid residues was
established as 1028. The calculated molecular mass of one subunit was 117.070 kDa
and the total protein mass was 490 kDa, which confirms that the enzyme is a tetramer.
Its properties were similar to those established for wild-type protein isolated from a
natural producer. The optimum pH and temperature for the activity were 6-8 and
40◦C, respectively. Furthermore, the enzyme showed 20% of maximum activity at
10◦C, and the total inactivation occurred after a 10-minute incubation at 50◦C. The
presence of Na+, K+, Mn2+ and Mg2+ ions in the reaction mixture resulted in an
increase of activity, whereas the Zn2+, Pb2+ and Ni2+ were inhibitors, and Cu2+

cations completely inhibited the activity. In both wild-type protein and recombinant
Pseudoalteromonas sp. 22b β-galactosidase the presence of Ca2+ in the reaction mix-
ture had no effect on the activity, and a free thiol group stimulated the enzymes. The
catalysis efficiency of the recombinant enzyme was approximately twice lower in the
presence of dithiotreitol than for native protein. 2-mercaptoethanol, and glutathione
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increased the activity by 32% and 27%. Cysteine had no effect on the catalysis effi-
ciency, whereas it had a minor stimulatory effect on wild-type protein. PCMB, due
to its binding properties of thiol compounds, had inhibitory effects on the recombi-
nant β-galactosidase, as well as EDTA chelating divalent metal ions. In addition, the
recombinant β-galactosidase added in an amount of 7.5 U/g of sugar could hydrolyze
up to 90% of the lactose contained in milk for 6 h at 30◦C and 28 h at 15◦C. Similar
results were also obtained in the case of the enzyme isolated from its natural host. Due
to the fact that both enzymes have nearly identical characteristics, it is much more
efficient to use E. coli as a host, because it can produce 1500 U Pseudoalteromonas
sp. 22b β-galactosidase from 1 liter of culture for 16 h, whilst 23 U of the enzyme
may be received from 1 liter culture of natural producer only after 8 days in culture
(Cieśliński et al., 2005). Pseudoalteromonas sp. 22b β-galactosidase was immobilized
on glutaraldehyde-treated chitosan beads. It has been shown that the immobilization
has some impact on the enzyme activity. The immobilized β-galactosidase was opti-
mally active at 50◦C and pH 6-9. Furthermore, it showed increased stability at 50◦C,
whereas immobilization did not affect the stability of the enzyme, depending on the
pH. The immobilized preparation of the β-galactosidase compared to the free enzyme
did not change the activity with the increased concentration of NaCl, in the presence
of Ca2+ and galactose. Furthermore, glucose ceased to be an inhibitor of the enzyme.
It has been shown that the activity of the immobilized β-galactosidase in the hydrol-
ysis of lactose at 15◦C is maintained for 40 days. In addition, the enzyme is stable at
4◦C for at least 12 months. The immobilization of the recombinant enzyme resulted
in 53% hydrolysis of the lactose in milk for 48 h at 4◦C. Moreover, in a continuous
system, the enzyme hydrolyzed 93% of the lactose in the temperature range of 4-30◦C
(Makowski et al., 2007). For comparison, the immobilized enzyme of K. lactis is less
effective, and hydrolyzes 70% of lactose in milk for 3 h at 37◦C (Zhou & Chen, 2001).
Pseudoalteromonas sp. 22b β-galactosidase also shows a transgalactosylation activ-
ity. It has been shown that with a suitable modification of the reaction conditions, it
catalyzes the formation of glycosidic bonds between the aliphatic alcohols containing
a hydrocarbon chain within the range of C3-C6 and galactoside, with alkyl galac-
topyranosides synthesis (Makowski et al., 2009). Basic properties of β-galactosidases
originated from bacteria of the Pseudoalteromonas genus are summarized in Tab. 1.

Tab. 1. Characteristics of the low temperature active β-galactosidase derived from
bacteria of the Pseudoalteromonas genus. r - recombinant enzyme, i - immo-
bilized enzyme

Source of
enzyme

P. haloplank-
tis TAE79

Pseudo-
alteromonas
sp. TAE 79b

Pseudo-
alteromonas
sp. 22b

Pseudo-
alteromonas
sp. 22b (r)

Pseudo-
alteromonas
sp. 22b (i)

Molecular
mass [kDa]

>300 513 490 490 -

Optimum
temperature
[◦C]

45 26 40 40 50

pH optimum 8.5 9 6-8 6-8 6-9

References (Hoyoux
et al., 2001)

(Fernandes
et al., 2002)

(Turkiewicz
et al., 2003)

(Cieśliński
et al., 2005)

(Makowski
et al., 2007)
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4. Conculsions

Industrial lactose hydrolysis is carried out under cooling conditions, which prevents
the appearance of undesired bacteria and maintains the appropriate organoleptic
properties of the products. Taking it into account, a perfect β-galactosidase should
exhibit a high activity in the temperature range of 10-12◦C and in milk pH (6.7-6.8).
Furthermore, the enzyme should be specific for lactose and glucose or galactose should
not affect its activity. Finally, a perfect β-galactosidase should not be inhibited by
calcium and sodium ions present in milk.

The synthesis of alkyl glycosides can be carried out with the use of glycosyl-
transferases; however, since they require supplementation with cofactors, using β-
galactosidase for the synthesis is more reasonable. Furthermore, lactose, which is a
cheap and easily available substrate can be used for β-galactosidase-catalyzed synthe-
sis of alkyl galactopyranosides (Makowski et al., 2009).

Cold-adapted β-galactosidases from Pseudoalteronomas sp. can be potentially
used for lactose removal from dairy products. Furthermore, the biochemical prop-
erties of Pseudoalteromonas sp. 22b β-galactosidase suggest that it can be used for
the industrial synthesis of alkyl galactopyranosides, however, comprehensive research
must be done.
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