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Facile Pretreatment of Bacillus circulans f-Galactosidase
Increases the Yield of Galactosyl Oligosaccharides in Milk and
Lactose Reaction Systems
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The commercially available preparation of (-galactosidase from Bacillus circulans, known as
Biolacta FN5, has been extensively used in the production of prebiotic galactooligosaccharides
(GOS). This study focuses on characterizing the production of GOS in two reaction systems: 10%
lactose (w/v) in buffer and skim milk. Analysis of the temperature dependence of the GOS yield
along with the relative rates of GOS synthesis and degradation leads to the finding that GOS
degradation activity was selectively decreased in Biolacta FN5 above 40 °C. Facile heat treatment
of Biolacta FN5 solution prior to use allowed for GOS yields to be significantly increased in both

reaction systems.
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INTRODUCTION

Galactooligosaccharides (GOS) are nondigestible carbohy-
drates comprised of one glucose and one to nine galactose
molecules linked by glycosidic bonds. GOSs are produced by
the activity of the enzyme f-galactosidase (EC 3.2.1.23) on lactose
(see ref / for a review). GOS are prebiotic, selectively stimulating
the proliferation of beneficial colonic microflora, and impart
physiological benefits to the consumer (2). These established
health effects have resulted in a growing commercial interest in
GOS as a functional food ingredient, particularly in Japan and
Europe (3, 4).

GOS can be produced in situ within a dairy product (such as
whole or skim milk) by the direct addition of f-galactosidase.
This treatment lowers the lactose concentration of the products,
which can be beneficial to lactose intolerant consumers (5), and
can be considered a processing consolidation step that combines
both GOS synthesis and lactose reduction. Alternatively, GOS
can be synthesized from pure lactose preparations or lactose-
enriched solutions (such as whey), although the high costs of
lactose purification associated with the former are a considerable
disadvantage.

The reaction mechanism of -galactosidase activity on lactose
is well understood (6). It involves the galactosyl moiety of lactose
covalently binding to the active site of the enzyme, while glucose is
released, as shown in Figure 1. Many nucleophiles containing
hydroxyl functionality can act as an acceptor for this galactosyl
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moiety. When the acceptor is water, the reaction is hydrolysis.
When the acceptor is a carbohydrate, the reaction is galactosyl
transfer and a GOS molecule is formed. GOS also serves as a
substrate for both hydrolysis and as an acceptor for galactosyl
transfer; therefore, complex mixtures result. The yield of a GOS
reaction will be a function of both the rate of galactosyl transfer
and the rate of hydrolysis.

Previous research on the f-galactosidase-catalyzed transfor-
mation of lactose has typically focused on model systems employ-
ing lactose buffer solutions at moderate or elevated temperatures,
where enzyme activity is often high (7—9). While these model
buffer systems allow insight into the fundamental characteristics
of the system, these findings do not necessarily translate to more
complex systems, such as the direct treatment of dairy products
with f-galactosidase. Low-temperature treatment is also indust-
rially relevant because these conditions minimize milk protein
denaturation and vitamin degradation (10).

A small number of reports in the literature describe -galacto-
sidase treatment of milk systems at lower temperature (//—13),
but these reports focus on the hydrolytic activity of S-galactosi-
dase rather than the production of GOS. This may be due to the
perception that GOS yield will potentially be reduced in milk at
low temperatures relative to in a lactose buffer system. Indeed,
three factors can affect the yield under these conditions: first, the
GOS yield correlates with the lactose concentration (/), which is
lower in milk compared to typical reported buffer systems [~5%
(w/v) in milk cf. 15% (w/v) in buffer systems; see ref /4 for a
tabulation of yields obtained at different lactose concentrations];
milk also contains substances such as calcium, which are

©2009 American Chemical Society
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Figure 1. Reaction mechanism of 3-galactosidase activity with lactose as
the substrate. (1) Lactose enters the active site of 3-galactosidase. (2)
Galactose becomes covalently bound to /3-galactosidase, while glucose
diffuses away. (3a) Water enters the active site to act as the galactosyl
acceptor as part of the hydrolysis pathway. (4a) Free galactose is released
from the enzyme. (3b) A saccharide enters the active site to act as the
galactosyl acceptor as part of the transfer pathway. (4b) A GOS molecule is
released from the enzyme. (5) 5-Galactosidase, cleared of substrate, is
ready for another catalytic cycle.

inhibitory for many f-galactosidases (/5); and finally, the GOS
yield is reported to be higher at elevated temperatures (9, 16, 17).

The choice of the S-galactosidase employed can address some
of these caveats, because GOS yield is highly enzyme-depen-
dent (/). For example, the f-galactosidase preparation Biolacta
FNS5, derived from Bacillus circulans, gives high GOS yields (18).
This enzyme preparation is also of interest for the industrial
treatment of dairy-based products because it is commercially
available at food grade and not inhibited by calcium (/9). Biolacta
FNS5 consists of f-galactosidases I, II, and III (20) each with
different properties: f-galactosidase I produces little GOS;
f-galactosidase I1 produces much GOS (21); and -galactosidase
IIT produces 1—3 galactosides (22). It appears that S-galactosi-
dase II contributes most significantly to GOS synthesis, because
the Biolacta FN5 preparation is known to produce predomi-
nately f1—4 galactosides (23).

In this study, the feasibility of GOS production in milk at low
temperatures is examined. A second aim is to characterize the
activity of the Biolacta FN5 enzyme preparation to better under-
stand the increase in GOS yield reported at high temperatures (/6)
and to further optimize the GOS yield for a range of processing
conditions.

MATERIALS AND METHODS

Enzymes and Chemicals. Biolacta FN5 was kindly supplied by
Vitachem, Sydney, Australia. A commercial pasteurized skim milk pro-
duct (Skinny Milk, Parmalat Foods, Rowville, Australia) was used as a
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reaction medium. Supplier data indicated that the milk had the following
composition: protein, 3.8% (w/v); fat, 0.1% (w/v); lactose, 5.4% (w/v);
sodium, 0.063% (w/v); and calcium, 0.138% (w/v). The pH of the milk was
6.7. Lactose, p-glucose (Chem Supply, Gillman, Australia), and p-galac-
tose (Sigma-Aldrich, Sydney, Australia) standards were analytical-grade,
as well as the organic solvents (Merck, Kilsyth, Australia). Milli Q water
(resistivity < 18.2 Q) was used.

P-Galactosidase Reactions. Reactions were performed in two media:
milk and a 10% (w/v) lactose solution in 100 mM sodium acetate buffer at
pH 6.6. Rather than use the same lactose concentration as the milk
reaction system (5.4%, w/v), 10% (w/v) lactose was selected because this
gave GOS yields that more closely matched those from the milk system.
Reaction solutions were pre-equilibrated to the required temperature
(£0.1 °C) in a circulating water bath.

A unit of para-nitrophenol galactoside (pNPG) activity was defined as
previously described (22). A total of 0.1 pNPG unit of Biolacta FNS5
enzyme preparation was added for every 1 g of lactose to initiate the
reaction.

A solvent extraction procedure based on a published method (24) was
used to prepare reaction samples for analysis. This extraction served the
dual purposes of stopping the reaction and removing fat and protein,
which could interfere with high-performance liquid chromatography
(HPLC) analysis. In this procedure, 150 uL samples withdrawn from
reactions at measured time intervals were added to 600 L of methanol. A
total of 150 uL of chloroform was then added to the sample, followed by
450 uL of Milli Q water. After vigorous mixing, the samples were
centrifuged at 13000g for 3 minutes. The aqueous phase was then removed
for HPLC analysis.

The Biolacta FNS preparation was heat-treated in selected experiments
by incubating a 0.45 pNPG unit/mL enzyme solution at 60 (+1) °C for
20 minutes in a water bath. The enzyme was then cooled in an ice bath
before use for kinetic experiments.

Quantification of Saccharides and Data Analysis. HPLC analysis
of carbohydrates was performed using a Shimadzu Prominence system
equipped with a RID-10A refractive index detector and a 300 x 7.8 mm
Rezex RCM-Monosaccharide Ca>* column (Phenomenex). The mobile
phase was Milli Q water, delivered at a flow rate of 0.5 mL/minute. The
column and detector cell were maintained at 80 °C and 40 °C, respectively.

Galactose, glucose, and lactose were quantified against external stan-
dards, also prepared by the solvent extraction procedure above.

The concentration of total GOS was calculated by mass balance (e.g.,
the difference between the initial concentration of lactose and the
concentration of lactose, galactose, and glucose measured at each reaction
time point). The maximum GOS yield was defined as the highest
concentration of GOS achieved during the reaction per unit concentration
of initial lactose. The initial rates of glucose or galactose formation were
also found by the linear regression function of Microsoft Excel using a
minimum of three data points from the very start of the reaction.

Statistical significance was calculated using the paired ¢-test function
within Microsoft Excel, with a significance of p < 0.05.

RESULTS AND DISCUSSION

Activity of Biolacta FNS Preparation. The Biolacta FNS5 pre-
paration was first characterized using lactose as a substrate, as
shown in Figure 2. The -galactosidase reaction kinetics show two
distinct phases: the initial stage (0—3 h for a reaction at 40 °C) and
the remainder of the reaction. GOS accumulates in the initial
stage, indicating that the rate of galactosyl transfer is higher than
the rate of GOS hydrolysis. As expected, the lactose sub-
strate concentration decreases rapidly, generating glucose at an
approximately linear rate and a smaller quantity of galactose,
consistent with galactose incorporation in GOS. In the second
stage of the reaction, the concentration of GOS begins to decline
as the rate of GOS hydrolysis becomes greater than the rate of
galactosyl transfer.

Increasing the GOS Yield with Increased Temperature. The
Biolacta FN5 f3-galactosidase preparation was successfully used
to produce GOS in milk as well as a buffered lactose solution for a
range of temperatures from 4 °C to 60 °C, as shown in Figure 3.



11572  J. Agric. Food Chem., Vol. 57, No. 24, 2009

Concentration (% wiv)

10.0 §

35
Time {hours)

Figure 2. Typical time course of /3-galactosidase-catalyzed reaction in a
10% (w/v) lactose solution in buffer at 40 °C. Lactose (O), glucose (OJ),
galactose (a), and GOS (). The error bars indicate an interval of two
standard deviations of the mean of triplicate measurements. Lines are for
guidance only.
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Figure 3. GOS yield as function of the temperature in 10% (w/v) lactose in
buffer (<) and milk (O). The error bars depict 0.4% (w/v) GOS, the typical
standard deviation of GOS measurements. The maximum concentrations
of GOS were observed at a lactose conversion (%) of 53, 45, 53, 59,
and 52 in milk and 44, 47, 50, 66, and 69 in lactose in buffer at 4 °C, 6 °C,
20 °C, 40 °C, and 60 °C, respectively.

A reasonable yield of between 20% and 30% was achieved for milk
and a buffered lactose solution at temperatures less than 10 °C.
These GOS yields are equivalent or better than those of 25% or
14% obtained from other industrially produced f-galactosidases
from Streptococcus thermophilus (25) and Kluyveromyces lactis (19)
in milk at 37 °C and 25 °C, respectively, and they illustrate the
feasibility of S-galactosidase treatment at low temperatures.

The GOS yield obtained from the Biolacta FN5 S-galactosi-
dase increased with temperature. For the temperatures examined,
the highest yield was achieved at 60 °C for both the milk and
buffered lactose solution. This finding is consistent with the
reported temperature dependence of the maximum GOS yield
for other S-galactosidases (9, 16, 17).

Relationship of the GOS Yield to Hydrolytic and Transfer
Activity. The initial rate of glucose and galactose formation was
examined as a function of the temperature, because these rates
and the reaction mechanism (Figure 1) can together provide
further insight into the enzymatic activity of Biolacta FN5. The
change in the galactose concentration over time VE} estimates
the total rate of hydrolytic activity on all species present, because
free galactose is generated by the hydrolysis of a glycosidic bond,
regardless of whether the substrate is lactose or GOS. In contrast,
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Figure 4. Galactosyl transfer V&5_ga and hydrolysis V&Y rates as a
function of the temperature. V&2 g in 10% (w/v) lactose in buffer (<>) and
milk (). V&5 in 10% (w/v) lactose in buffer (O) and milk (2). Lines are for
guidance only.

free glucose is formed by f-galactosidase activity on lactose and is
the sum of the rates of hydrolysis and transfer activities on
lactose. An estimate of the rate of galactosyl transfer
VAR _Ga can therefore be obtained when the initial rate of
galactose formation is subtracted from the initial rate of glucose
formation.

As a check, the ratio of the initial galactosyl transfer and
hydrolysis rates VE&iR_g.i/ Ve was calculated at different reaction
temperatures. As expected, this ratio increases with temperature
in a manner similar to the maximum GOS yield (Figure 3). This
ratio is also analogous to other transfer and hydrolysis ratios used
to characterize f5-galactosidase-based reaction systems (26 —28).

At low to moderate temperatures between 4 °C and 40 °C, the
estimated galactosyl transfer VEiE_g. and hydrolysis VR rates
in both milk and buffer reaction systems increased as a function of
the temperature, as shown in Figure 4. The temperature depen-
dence observed for the buffered lactose and milk system was well-
described by the Arrhenius relationship [R* > 0.95 for an
Arrhenius plot of In(k) versus 1/T, where k is the rate constant
and T is the absolute temperature]. In both reaction systems, the
difference between the galactosyl transfer and hydrolysis rates
explains the temperature dependence of the maximum GOS yield
between 4 °C and 40 °C (Figure 3).

At 60 °C, the hydrolysis V&4 rate decreased markedly to near
zero in both reaction systems (Figure 4). The galactosyl transfer
VAR _Ga rate was also reduced, although to a lesser extent
(Figure 4). Because the Biolacta FN5 enzyme preparation is
derived from the mesophilic B. circulans, it seems likely that this
thermally induced change corresponds to the inactivation of one
or more of the 3-galactosidase enzymes.

p-Galactosidase II is the most likely of the three enzymes in
Biolacta FINS to be preserved at 60 °C, leading to the preservation
of some galactosyl transfer activity (Vgih—ga;; Figure 4) and the
increase in the GOS yield observed for both reaction systems at
60 °C (Figure 3). This enzyme is known to be the most stable
against thermal inactivation (20, 21). It also contributes most
significantly to the transfer activity observed in Biolacta FNS5, while
B-galactosidases I and 111 display primarily hydrolytic activity.

GOS Yield Is Enhanced by Heat Treatment of Biolacta FNS5.
Biolacta FNS solutions were next heated at 60 °C for 20 minutes
prior to kinetic analysis to test the hypothesis that elevated
temperatures can selectively inactivate f-galactosidases I and
IIT and effectively enhance enzyme-transfer activity.

These experiments confirmed that the hydrolytic activity of
Biolacta FN5 was reduced by thermal inactivation. The rate of
hydrolysis V&5 measured at 4 °C was vastly reduced for
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Figure 5. Effect of the heat treatment of the Biolacta FN5 enzyme
preparation on galactose formation at 4 °C. Lactose (10%, w/v) in buffer
with heat-treated (M) and untreated (OJ) Biolacta FN5. Milk reaction
system with heat-treated (®) and untreated (O) Biolacta FN5.

Table 1. GOS Concentration in Milk and Buffered Lactose Reaction Systems
after 30 h of Reaction Time at 4 °C

reaction enzyme mean? GOS standard ~ GOS yield
system pretreatment  concentration (% w/v)  deviation (%)
heat treated 4.46 0.19 45
lactose treated 3.82 0.08 38
. heat treated 2.78 0.09 28
milk untreated 2.34 0.08 23
#Mean of triplicate measurements.
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Figure 6. Effect of the heat treatment of the Biolacta FN5 preparation on
the formation of GOS at 4 °C. Lactose (10%, w/v) in buffer with heat-
treated (M) and untreated (OJ) Biolacta FN5. Milk reaction system with
heat-treated (@) and untreated (O) Biolacta FN5.

heat-treated Biolacta FN5 preparations compared to untreated
Biolacta FN5 preparations in both milk and buffered lactose
reaction systems, as shown in Figure 5.

Heat treatment of the Biolacta FN5 preparation also signifi-
cantly increased the GOS yield after 30 h at 4 °C, as shown in
Table 1. An increase of 14% and 18% in the GOS concentration
was measured for the heat-treated enzyme added to buffer and
milk systems, respectively, translating to a 7% and 5% increase in
the GOS yield.

The reaction kinetics for heat-treated Biolacta FN5 at 4 °C in
Figure 6 provide further evidence that GOS degrading hydrolytic
activity has been selectively decreased by heat treatment. Only
subtle differences are observed between the reaction kinetics for
heat-treated and untreated preparations in the first few hours of
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the reaction, with the largest difference occurring in the second
phase of the reaction, where hydrolysis is normally an important
factor (Figure 2). A significant increase in the GOS peak area is
observed by HPLC for heat-treated Biolacta FN5 after 16 h of the
reaction compared to the untreated preparation (p < 0.02),
consistent with the increase in the GOS concentration cal-
culated by the mass balance in Table 1. The reduced hydrolytic
activity observed for heat-treated preparations in Figure 6 is also
consistent with Figure 5. Moreover, the reaction kinetics in
Figure 6 are similar to those reported for purified S-galactosidase
11 (20).

Our experiments show that a simple, cost-effective step of
pretreating the mixed Biolacta FNS enzyme preparation by
heating at 60 °C for 20 minutes prior to use is an effective way
to increase the GOS yield. This treatment is easier, although
possibly as effective as the multiple purification steps previously
used (20) to purify S-galactosidase I1.

In conclusion, we have found that facile heat treatment of the
Biolacta FNS preparation prior to use increases the GOS yield.
Heat treatment reduces the net hydrolytic activity of the prepara-
tion while preserving the galactosyl transfer activity of 5-galacto-
sidase II. Further, GOS production is effective in milk and viable
at low temperatures, suggesting that a variety of processing
conditions can be used to generate GOS in situ within dairy
products or other lactose solutions.

ABBREVIATIONS USED

GOS, galactooligosaccharide; HPLC, high-performance liquid
chromatography; V&R, apparent rate of galactose formation;
VEP_Gan, apparent rate of glucose formation minus the apparent
rate of galactose formation.
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