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Abstract

Human milk oligosaccharides (HMO) are prominent among the functional components of human
breast milk. While HMO have potential applications in both infants and adults, this potential is
limited by the difficulties in manufacturing these complex structures. Consequently, functional
alternatives such as galacto-oligosaccharides are under investigation, and nowadays, infant
formulae are supplemented with galacto-oligosaccharides to mimic the biological effects of HMO.
Recently, approaches toward the production of defined human milk oligosaccharide structures
using microbial, fermentative methods employing single, appropriately engineered
microorganisms were introduced. Furthermore, galactose-containing hetero-oligosaccharides have
attracted an increasing amount of attention because they are structurally more closely related to
HMO. The synthesis of these novel oligosaccharides, which resemble the core of HMO, is of great
interest for applications in the food industry.
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Introduction

Certain oligosaccharides are considered to be beneficial for human and animal hosts due to
their ability to stimulate selectively growth and/or activity of one or a limited number of
bacteria in the colon. They are classified as ‘prebiotics’, new functional food ingredients that
are of considerable interest. The prebiotic compounds are typically oligosaccharides of
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various compositions, and galacto-oligosaccharides (GOS), the products of
transgalactosylation reactions catalyzed by B-galactosidases when using lactose as the
substrate, are nondigestible carbohydrates meeting the criteria of ‘prebiotics’ (Roberfroid et
al., 2010). GOS are of special interest to human nutrition because of the presence of
structurally related oligosaccharides together with different complex structures in human
breast milk (Sangwan et al., 2011). Several different functions are attributed to these human
milk oligosaccharides (HMO). With respect to the influence on the intestinal microbiota, the
neutral fraction of HMO seems to be a key factor for the development of the intestinal
microbiota typical for breastfed infants and hence for the prebiotic effect. GOS together with
inulin/fructo-oligosaccharides (FOS) and lactulose are among the most important and best-
studied groups of prebiotic oligosaccharides. At present, these commercially important
oligosaccharides with prebiotic status are available mainly in the Japanese, European and
USA markets. A mixture of GOS and long-chain FOS was introduced in the market
especially for the use in infant formula. This mixture can mimic HMO to some extent and
shows a pronounced prebiotic effect; in that it stimulated the development of intestinal
microbiota comparable with those found in breastfed infants (Boehm et al., 2008). Hence,
biocatalytically produced GOS can be of significant interest for the nutrition of infants. 8-
galactosidases have also been used to produce hetero-oligosaccharides (HOS) with
potentially extended functionality in addition to GOS. Mannose, fructose, N-
acetylneuraminic acid, glucuronic acid and a number of aromatic compounds have been
shown to act as galactosyl acceptor for p-galactosidases (Ganzle, 2012). The choice of
suitable acceptor and enzyme allows the formation of “tailor-made’ HOS of high interest for
applications in the food industry. This article highlights the recent progress on research in
microbial production of GOS. The emerging trends in the biosynthesis of the novel
oligosaccharides, which are structurally more closely related to HMO, will be reviewed as
well.

Microbial production of GOS

Transgalactosylation of lactose using p-galactosidases

B-galactosidases (B-gal; EC 3.2.1.23) catalyze the hydrolysis and transgalactosylation of p-o-
galactopyranosides (such as lactose). GOS are the products of transgalactosylation reactions
catalyzed by B-galactosidases when using lactose or other structurally related galactosides as
the substrate. -galactosidases undergo a two-step mechanism of catalysis. First, this
mechanism involves the formation of a covalently linked galactosyl-enzyme intermediate.
Subsequently, the galactosyl moiety linked to the nucleophile in the active site is transferred
to a nucleophilic acceptor. Water, as well as all sugar species present in the reaction mixture,
can serve as a galactosyl acceptor. Hence, the resulting final mixture contains hydrolysis
products of lactose, which are glucose and galactose, unconverted lactose as well as di-, tri-
and higher oligosaccharides. Scheme 1 illustrates possible lactose conversion reactions
catalyzed by B-galactosidases, and structures of some GOS are given in Fig. 1.

[3-galactosidases can be obtained from different sources including microorganisms, plants
and animals. Microbial B-galactosidases have been isolated and characterized from yeasts,
fungi and bacteria. The major industrial enzymes are obtained from Aspergillus spp. and
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Kluyveromyces spp. where Kluyveromyces lactis is probably the most widely used source
(Kim et al., 2004). Microbial sources of -galactosidase are of great biotechnological
interest because of easier handling, higher multiplication rates and production yield. Table 1
presents some of the commercially available bacterial, fungal and yeast f-galactosidases. An
extensive list of bacterial and fungal sources of p-galactosidases, as well as the lactose
conversion reaction conditions and GOS vyields, are given in the review by Torres et al.
(2010).

B-galactosidases from different species possess very different specificities for building
glycosidic linkages and therefore produce different GOS mixtures. For example, the -
galactosidase from K. lactis produced predominantly 3-(1—6)-linked GOS, the 3-
galactosidase from Aspergillus oryzae produced mainly -(1—3) and p-(1—6) linkages,
Bacillus circulans f-galactosidase forms mainly -(1—4)-linked GOS (Rodriguez-Colinas et
al., 2014), whereas B-galactosidases from Lactobacillus spp. showed preference to form -
(1—6) as well as B-(1—3) linkages in transgalactosylation mode (Splechtna et al., 2006;
Nguyen et al., 2012).

Production of GOS

Microbial sources of B-galactosidases for GOS production include crude enzymes, purified
enzymes, recombinant enzymes, immobilized enzymes, whole-cell biotransformations,
toluene-treated cells and immobilized cells. The enzyme sources, the process parameters as
well as the yield and the productivity of these processes for GOS production are summarized
in detail in recent reviews (Torres et al., 2010; Sangwan et al., 2011). The highest GOS
productivity, 106 g L™1 h~1, was observed when B-galactosidase from A. oryzae immobilized
on cotton cloth was used for GOS production in a packed-bed reactor (Albayrak & Yang,
2002).

Bifidobacteria and lactobacilli have been studied intensively with respect to their enzymes
for various different reasons, one of which is their ‘generally recognized as safe’ status and
their safe use in food applications. It is anticipated that GOS produced by these -
galactosidases will have better selectivity for growth and metabolic activity of these
bacterial genera in the gut and thus will lead to improved prebiotic effects. A number of
studies report the presence of multiple f-galactosidases, for example, in Bifidobacterium
infantis, Bifidobacterium adolescentis or Bifidobacterium bifidum (Hung & Lee, 2002; Hinz
et al., 2004; Goulas et al., 2009). It was shown that these enzymes are very different with
respect to substrate specificity and regulation of gene expression. Furthermore, these reports
described the cloning and characterization of these enzymes and studied their
transgalactosylation activity in detail; for example, B-galactosidase Bgbll from B.
adolescentis showed high preference toward the formation of $-(1—4) linkages, while no B-
(1—6) linkages were formed (Hinz et al., 2004). In contrast, the B-galactosidase Bgbll from
B. bifidum showed a clear preference for the synthesis of -(1—6) linkages over 3-(1—4)
linkages (Goulas et al., 2009). A recombinant B-galactosidase from B. infantis (Hung & Lee,
2002) is an excellent biocatalyst for GOS production giving the highest GOS yield of 63%
(mass of GOS of the total sugars in the reaction mixture). f-galactosidases of lactobacilli
play an important role in a number of commercial processes, for example, milk processing
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or cheese making. Recent studies of f-galactosidases, especially with respect to their
enzymatic and molecular properties, from Lactobacillus reuteri or Lactobacillus bulgaricus
showed that these enzymes are very well suited for the production of GOS (Splechtna et al.,
2006; Nguyen et al., 2012). Maximum GOS yields at 30 °C were c. 40% when using
purified B-galactosidases from L. reuteri with initial lactose concentration of 205 g L1 and
at c. 80% lactose conversion (Splechtna et al., 2006). Purified B-galactosidase from L.
bulgaricus gave the highest yield of 50% for the lactobacillal enzymes at 90% lactose
conversion (Nguyen et al., 2012). To reduce enzyme costs, a crude B-galactosidase extract
from Lactobacillus sp. directly obtained after cell disruption and separation of cell debris by
centrifugation was used in lactose conversion for GOS production (Splechtna et al., 2007b).

Choice of process technology

The choice of process technology either for lactose hydrolysis or GOS production depends
on the nature of the substrate and the characteristics of the enzyme. The primary
characteristic, which determines the choice and application of a given enzyme, is the
operational pH range. Acid pH enzymes, which are mainly from fungi, are suitable for
processing of acid whey and whey permeate, while the neutral pH enzymes from yeasts and
bacteria are suitable for processing milk and sweet whey. Depending on the enzyme source,
the pH value of the reaction mixture can be acidic when using, for example, the -
galactosidase from A. oryzae with an optimum GOS yield at pH 4.5 (Iwasaki et al., 1996).
The p-galactosidase from an acidophilic fungus, Teratosphaeria acidotherma AlU BGA-1,
is stable over the pH range of 1.5-7.0 with optimal activity at pH 2.5-4.0 and 70 °C (Isobe
et al., 2013). In contrast, the maximum yield of GOS was observed at neutral pH for most
bacterial and fungal B-galactosidases. The highest GOS vyields are generally observed when
the reaction proceeds to 45-90% lactose conversion (Torres et al., 2010).

Studies of thermostable glycoside hydrolases have been conducted in pursuit of GOS
production at high temperatures. These include B-glycosidases from Alicyclobacillus
acidocaldarius, Thermus thermophilus KNOUC202 or L. bulgaricus, to name a few (Di
Lauro et al., 2008; Nam et al., 2010; Nguyen et al., 2012). Cold-active B-galactosidases
have also attracted attention because their applications in the industrial processes of lactose
hydrolysis and oligosaccharides synthesis can lower the risk of mesophiles contamination.
Cold-active B-galactosidases were isolated from different sources such as Paracoccus sp.
32d, Halorubrum lacusprofundi and Thalassospira frigidphilosprofundus (Wierzbicka-Wo$
et al., 2011; Karan et al., 2013; Pulicherla et al., 2013). Soluble cold-active 3-galactosidase
from Paracoccus sp. 32d was found to efficiently hydrolyze lactose in milk at 10 °C
(Wierzbicka-Wos et al., 2011). There has been relatively little research on GOS synthesis at
low temperatures by these psychrophilic enzymes.

Reactor set-up is an important factor that can influence both the yield and the composition of
the GOS mixtures formed. Continuous GOS production using a continuous stirred tank
reactor (CSTR) with an external cross-flow membrane was compared with the batch-wise
mode of conversion using B-galactosidase from L. reuteri. Marked differences were detected
for the two reactor setups. Above 65% lactose conversion, the GOS yield was lower for the
CSTR due to a lower content of tri- and tetrasaccharides in the reaction mixture. In the
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CSTR, B-gal from L. reuteri showed up to twofold higher specificity toward the formation of
B-(1—6) linked GOS with B-0-Galp-(1—6)-0-Glc and p-o-Galp-(1—6)-0-Gal being the main
GOS components formed under these conditions (Splechtna et al., 2007a). A rotating disk
membrane bioreactor was compared over batch mode to obtain purified GOS with high
yield. It was found that GOS yield and purity were 32.4% and 77%, respectively, in batch
mode followed by diafiltration-assisted nanofiltration, while in the immobilized state, they
were 67.4% and 80.2% at 105 rad s~} membrane speed. Retention of the monosaccharides
that inhibit the enzyme in the reaction volume of batch mode reduced the yield of GOS. On
the contrary, simultaneous production and purification of GOS in the rotating disk
membrane bioreactor led to a high yield of GOS (Sen et al., 2012).

Compared with soluble B-galactosidases, immobilized B-galactosidases may provide
advantages such as high enzyme reusability, higher cell densities in bioreactors, improved
enzyme stability, reutilization and continuous operation, and easier separation of the
products (Verma et al., 2012). Higher activity but lower thermostability was reported for 3-
galactosidase immobilized on chitosan nanoparticles than that bound onto macroparticles
(Klein et al., 2012). B-galactosidase immaobilized in polyvinyl alcohol lenses was more
stable and converted more lactose than when immobilized in solgel carriers (Jovanovic-
Malinovska et al., 2012). Compared with the corresponding free enzyme systems,
immobilization resulted in less product inhibition by glucose and a higher stability at
denaturing temperatures (Klein et al., 2012; Verma et al., 2012).

Prediction of GOS production by modeling techniques

Several kinetic mechanisms, either mechanistic, empirical or a combination of both, have
been proposed to account for the transgalactosylation reactions and to subsequently define
strategies to optimize GOS production. A six-parameter model was developed to describe
oligosaccharide production from lactose hydrolysis by (-galactosidase from B. circulans; the
model considered glucose inhibition, but ignored the formation of tetra- and higher
oligosaccharides (Boon et al., 2000). A model of K. lactis $-galactosidase describing both
hydrolysis and transgalactosylation reactions with glucose and lactose as acceptors fitted
well to the experimental data of the time course reactions at various concentrations of
lactose (Kim et al., 2004). A pseudo steady-state model for the kinetically controlled
synthesis of GOS with A. oryzae $-galactosidase was presented by Vera et al. (2011). This
model predicted substrate and product profiles during GOS synthesis in the temperature
range between 40 and 55 °C, providing a useful tool for process scale-up and optimization.
The model accounts for the total GOS production and its composition, which is a definite
advantage over previously existing models. However, the model tends to underestimate
disaccharides consumption and penta-GOS (GOS-5) formation and to overestimate glucose
production.

Leveraging the power of protein engineering for GOS production

Protein engineering is a powerful approach to favor transgalactosylation over hydrolysis and
hence to improve transgalactosylation yields. A truncated B-galactosidase from B. bifidum
enhanced the transgalactosylation activity of the enzyme toward lactose, and as a result, a
normal, hydrolytic f-galactosidase was converted to a highly efficient transgalactosylating
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enzyme (Jgrgensen et al., 2001). A mutagenesis approach was applied to the galactosidase
BgaB of Geobacillus stearothermophilus KVE39 to improve its enzymatic
transglycosylation of lactose into oligosaccharides. Exchange of one single amino acid,
arginine Arg109, in p-galactosidase BgaB to either lysine, valine or tryptophan improved
significantly the formation of the main trisaccharide, that is, 3’-galactosyl-lactose. The yield
of this trisaccharide increased from 2% to 12%, 21% and 23%, respectively, for these
different variants compared with that of the native enzyme (Placier et al., 2009).
Enhancement of the production of GOS was also achieved by mutagenesis of Sulfolobus
solfataricus -galactosidase, LacS. The GOS yield obtained from two mutants of Lacs,
F441Y and F359Q, was increased by 10.8% and 7.4%, respectively (Wu et al., 2013).
Although protein engineering strategies were successfully applied to enhance
transgalactosylation activities of different B-galactosidases, this approach has not yet been
reported to alter the linkage type of the GOS products as well.

Biosynthesis of oligosaccharides structurally related to those found in

human milk

Mature human milk contains c. 7-12 g L™ of free oligosaccharides in addition to lactose,
which typically is present in concentrations of 55-70 g L™ (Wu et al., 2011). Currently, up
to 200 unique oligosaccharide structures varying from 3 to 22 sugar units have been
identified (Kobata, 2010). HMO are composed of the five monosaccharide building blocks
o-glucose (Glc), o-galactose (Gal), N-acetylglucosamine (GIcNAC), .-fucose (Fuc) and sialic
acid (N-acetylneuraminic acid). They can be grouped into neutral and charged
oligosaccharides, the latter being sialylated and comprising c. 20% of all HMO (Wu et al .,
2011). The structures of HMO show typical patterns. Lactose (Gal-B-1,4-Glc) is found at the
reducing end of HMO. This terminal lactose is typically elongated by lacto-N-biose units
(LNB; Gal-B-1,3-GIcNAC) in type | or N-acetyl-lactosamine units (LacNAc; Gal-p-1,4-
GIcNAC) in the rarer type 11 structures. Both LNB and LacNAc are attached via a B-1,3-
linkage to the galactosyl moiety of the terminal lactose, with an additional -1,6-linkage in
branched HMO.

These LNB and LacNAc units can be repeated up to 25 times in larger HMO, forming the
core region of these oligosaccharides. A further variation results from the attachment of
fucosyl and sialic acid residues (Fig. 2). Thus, the simplest structures following this general
scheme (apart from certain trisaccharides such as galactosyl-lactose, fucosyl-lactose and
sialyl-lactose) are the tetrasaccharides lacto-N-tetraose, Gal-$-1,3-GIcNAc-$-1,3-Gal-B-1,4-
Glc (type 1), and lacto-N-neo-tetraose, Gal-p-1,4-GlcNAc-B-1,3-Gal-p-1,4-Glc (type II; Fig.
3). Urashima listed an HMO classification based on their 13 core structures; of which, the
most abundant components are 2’-fucosyllactose (Fuc-a-1,2-Gal-$-1,4-Glc), lacto-N-
tetraose (Gal-B-1,3-GIcNAc-B-1,3-Gal-p-1,4-Glc) and lacto-N-fucopentaose (Fuc-a-1,2-Gal-
f-1,3-GlcNac-p-1,3-Gal-p-1,4-Glc) (Urashima et al., 2013). Despite recent modern
analytical techniques, HMO identification remains a challenge for researchers.

The composition and content of HMO can vary significantly between different mothers. It
varies depending on both their blood group type and the time/length of lactation (Totten et
al., 2012). Nevertheless, mono- and difucosyl-lactose, lacto-N-tetraose and its fucosylated
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derivatives as well as sialyl-lactose and the sialylated forms of lacto-N-tetraose are major
HMO in human milk. The presence and absence of a-(1,3/4)- and a-(1,2)-fucosylated
oligosaccharides indicate the activity of the Lewis (Le)- and secretor (Se) gene of the
mother, with the latter being responsible for the expression of a-(1,2)-fucosyl transferase.
Totten et al. (2012) described the four possible phenotypes expressed in HMOs and reported
that West African populations have higher abundance of Lewis negative and nonsecretors
than in European and American populations.

Approaches to biosynthesis of related HMO structures

Considerable interest exists in the efficient production of HMO, which is albeit hampered by
the structural complexity as well as the complex mixture of HMO. Many manufacturers are
trying to emulate HMO; however, essential ingredients are mostly absent from infant
formula due to the lack of industrial production methods. Most often, GOS and/or FOS are
added to infant formulas to mimic the effect of HMOs.

The most promising approach toward the production of defined HMO structures seems to be
microbial, fermentative methods employing single, appropriately engineered
microorganisms. This in vivo approach was introduced by the group of Eric Samain. They
used a B-galactosidase-negative Escherichia coli strain over-expressing a -1,3-N-
acetylglucosaminyl-transferase gene from Neisseria meningitidis. When feeding lactose to
this engineered strain, this disaccharide was taken up by the indigenous p-galactoside
permease of E. coli. The recombinantly synthesized p-1,3-N-acetylglucosaminyl transferase
then utilized the intracellular pool of UDP-GIcNAC to transfer GICNAC residues
regiospecifically to lactose, resulting in the formation of the trisaccharides GlcNac-$-1,3-
Gal-p-1,4-Glc. This compound was released into the extracellular medium in yields of 6 ¢
L~1 (Priem et al., 2002). In a similar manner, an engineered E. coli strain, over-expressing
an a-1,3-fucosyltransferase from Helicobacter pylori and genetically engineered to provide
sufficient GDP fucose as the intracellular substrate for the glycosyltransferase, was used to
produce various fucosylated HMO from lactose added to the medium (Dumon et al., 2001).
An engineered E. coli strain over-expressing the a-2,3-sialyltransferase gene from N.
meningitidis, together with an engineered pathway to provide the activated sialic acid donor
CMP-Neu5Ac as the substrate for the glycosyltransferase, produced 3’-sialyl-lactose in
concentrations of up to 25 g L™ in high cell density cultivations with continuous lactose
feed (Fierfort & Samain, 2008). 6’-sialyl-lactose was efficiently produced when employing
a-2,6-sialyltransferase from Photobacterium sp. again in metabolically engineered E. coli
(Drouillard et al., 2010). In a very recent study, a recombinant Pasteurella multocida
sialyltransferase exhibiting dual trans-sialidase activities catalyzed trans-sialylation using
either 2-O-(p-nitrophenyl)-a-o-N-acetylneuraminic acid or casein glycomacropeptide (whey
protein) as the sialyl donor and lactose as the acceptor, resulting in production of both 3’-
sialyl-lactose and 6’-sialyl-lactose. The enzyme was capable of catalyzing the synthesis of
both 3’- and 6’-sialylated GOS when GOS served as acceptors (Guo et al., 2014). A mutant
of the sialidase from the nonpathogenic Trypanosoma rangeli expressed in Pichia pastoris
after codon optimization has been reported to exhibit transsialidase activity. The enzyme
catalyzed the transfer of sialic acid from cGMP (casein glycomacropeptide) to lactose at
high efficiency, giving a yield at the 5 L scale of 3.6 g 3’-sialyl-lactose. The estimated molar
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trans-sialylation yield was 50% for the 3’-sialyl residues in cGMP without substantial
hydrolysis of 3’-sialyl-lactose. Lacto-N-tetraose and lacto-N-fucopentaoses also functioned
as acceptor molecules demonstrating the versatility of this trans-sialidase for catalyzing
sialyl-transfer toward different HMO (Michalak et al., 2014).

LNB is a key disaccharide component of HMO such as lacto-N-tetraose and lacto-N-
fucopentaose. LNB can be produced in a purely enzymatic approach, making use of the
synthetic capacity of sugar phosphorylases. LNB phosphorylase, together with sucrose
phosphorylase, UDP-glucose-hexose-1-phosphate uridylyltransferase and UDP-glucose 4-
epimerase produced LNB from sucrose and GIcNAc in the presence of phosphate and
catalytic amounts of UDP-Glc in yields of 85% (Nishimoto & Kitaoka, 2007). Recent
development to enhance thermostability of galacto-N-biose/lacto-N-biose phosphorylase by
directed evolution yielded a mutant that exhibited 20 °C higher thermostability than the wild
type, which is suitable for industrial production of LNB at temperatures higher than 50 °C
for faster reaction and prevention of microbial contamination (Koyama et al., 2013).

Galactose-containing HOS

An approach that has received some interest is the synthesis of HOS; of which, some are
expected to resemble HMO-like structures, using B-galactosidases. This approach is based
on B-galactosidase-catalyzed transglycosylation with lactose as donor (thus transferring
galactose onto suitable acceptors) and GIcNAc as acceptor, thus obtaining N-acetyl-
lactosamine (LacNAC) and its regioisomers. Using this approach and a hyperthermophilic 8-
galactosidase from S. solfataricus, Gal-p-1,6-GIcNAc together with an unidentified sugar
were the main products starting from a mixture of 1 M lactose and 1 M GIcNAc, while
LacNAc and Gal-B-1,3-GIcNAc were formed as well, yet in lower concentrations (Reuter et
al., 1999). This reaction was also optimized for using B-galactosidase from B. circulans as
the biocatalyst. This enzyme is known for its propensity to synthesize 3-1,4-linkages in its
transgalactosylation mode, and hence the main reaction product here was LacNAc together
with smaller amounts of GIcNAc-containing higher oligosaccharides (one tri- and one
tetrasaccharides) and Gal-B-1,6-Glc-NAc. The total yield was 40% for these GIcNAc-
containing oligosaccharides when starting from 0.5 M lactose and GIcNAc each (Li et al.,
2010). Crude cellular extracts of L. bulgaricus and Lactococcus lactis MG1363 expressing
LacLM of Lactobacillus plantarum were used as sources of 3-galactosidases for the
formation of HOS by galactosylation of N-acetylglucosamine (GIcNAc) and fucose with the
main products identified as Gal-p-(1—4)-GIcNAc, Gal--(1—6)-GIcNAc, Gal-p-(1—6)-
Gal-B-(1—4)-Glc-NAc and Gal-p-(1—6)-Gal-B-(1—6)-GIcNAc (Géanzle, 2012).

Conclusion

HMO yet cannot be commercially produced due to their structural and compositional
complexity; however, increased biochemical knowledge on suitable glycosyltransferases
may pave the road to microbial, fermentative methods employing single, appropriately
engineered microorganisms. The presence of structurally related oligosaccharides together
with different complex structures in human breast milk makes GOS attract increasing
interests from researchers and manufacturers. The insights into the structures and the
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production of GOS together with advancement in the area of biotechnology will certainly
result in the enhancement of the production of GOS in the future. The use of lactic acid
bacteria and Bifidobacteria as the sources of f-galactosidases offers substantial potential for
the production of GOS and is an interesting approach for the production of new
carbohydrate-based functional food ingredients that are of interest in applications such as
infant formula. Nowadays, infant formulae are supplemented with GOS to mimic the
biological effects of HMO. Some structures of novel galactose-containing HOS resemble the
core of HMO, and hence, these novel functionally enhanced, prebiotic oligosaccharides
could be of interest for a wide range of applications.
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Structures of some GOS: B-o-Galp-(1— 3)-0-Glc (a), p-o-Galp-(1—4)-0-Gal (b), p-o-Galp-

(1—6)-Lac (c), p-o-Galp-(1—4)-o-Galp-(1—4)-Lac (d).
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Schematic structure of HMO.
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Some simple structures of HMO: tetrasaccharides lacto-N-tetraose, Gal-p-1,3-GIcNAc-
-1,3-Gal-p-1,4-Glc (a), and lacto-N-neo-tetraose, Gal-p-1,4-GIcNAc-B-1,3-Gal-B-1,4-Glc

(b).

FEMS Microbiol Lett. Author manuscript; available in PMC 2014 July 23.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIosNUBIA JouIny sispund JINd 8doin3 g

Intanon et al.

Page 15

Gl c k»'-'ul»:r E + Gal
k\lm /
E + Lac = E - Lac —[E-Gal Gl¢] = E-Gal
kml:a kdlc [GIC]

E+Gal-Gle ™™ E+ Gal-Nu

Scheme 1.
Hydrolysis and galactosyl transfer reactions, both intra- and intermolecular, during the

conversion of lactose catalyzed by -galactosidases. E, enzyme; Lac, lactose; Gal, galactose;
Glc, glucose; Nu, nucleophile.
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Commercial -galactosidases

Table 1

Name

Manufacturer

Microorganism

BioLactase NTL-CONC

Biocon

Bacillus circulans (Rodriguez-Colinas et al., 2014)

Lactozym pure 6500 L

Novozymes

Kluyveromyces lactis (Rodriguez-Colinas et al., 2014)

Lactase F ‘Amano’

Amano Enzyme Inc

Aspergillus oryzae (Rodriguez-Colinas et al., 2014)

Biolacta FN5

Daiwa Fine Chemicals Co., Ltd

Bacillus circulans

LACTOLES L3

Biocon Ltd, Japan

Bacillus circulans

Maxilact

DSM Food Specialties

Kluyveromyces lactis

Tolerase

DSM Food Specialties

Aspergillus oryzae
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