Differences in the Hydrolysis of Lactose and Other

Substrates by B-D-Galactosidase
from Kluyveromyces lactis

ABSTRACT

The hydrolysis of o-nitrophenyl galactopyranoside
and lactose by 3-D-galactosidase from Kluyveromyces
lactis was enhanced by the addition of Mg?* and
Mn2*, but the rates of activation by each metal on
both substrates were not the same. The Co?*, Zn2*,
and Ni2* activated the o-nitrophenyl galacto-
pyranoside-hydrolyzing activity of the enzyme, but
these same metals inhibited the lactose-hydrolyzing
activity. The addition of Mg2* and EDTA to the assay
buffer increased the hydrolysis of o-nitrophenyl galac-
topyranoside and lactose at different rates. The
responses of o-nitrophenyl galactopyranoside and lac-
tose to the enzyme activity were different as a func-
tion of pH. The hydrolyzing activity toward both sub-
strates also was influenced by the concentration of
the phosphate in the assay buffer. However, the pro-
file of the enzyme activity toward each substrate was
different as a function of concentration. Because the
assay of (-galactosidase using o-nitrophenyl galac-
topyranoside is fast and convenient, the estimation of
lactose-hydrolyzing activity of the enzyme has fre-
quently been made based on the assay of o-
nitrophenyl galactopyranoside hydrolysis. As shown
in this study, a slight change in the conditions of the
assay system and the enzyme application may cause
changes in the ability of the enzyme to hydrolyze both
lactose and o-nitrophenyl galactopyranoside. The
change in o-nitrophenyl galactopyranoside-
hydrolyzing activity is not always consistent with
that of the lactose-hydrolyzing activity under the
given condition, which may cause an inaccurate esti-
mation of the enzyme activity in the enzyme prepara-
tion as well as in actual applications of the enzyme.
(Key words: -D-galactosidase, metal effects, sub-
strate specificity)
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INTRODUCTION

The hydrolysis of lactose in dairy products by lac-
tase ((3-D-galactosidase; EC 3.2.1.23) can be benefi-
cial in many regards. First, lactose-hydrolyzed dairy
products can help lactose malabsorbers, who lack lac-
tase in the intestine and suffer from gastrointestinal
disorders such as cramps, flatulence, and diarrhea (9,
14). Second, the hydrolysis of lactose alleviates
problems and improves processes for dairy products.
The low solubility and lack of sweetness that are
often experienced in concentrated milk products and
ice cream can be overcome by lactose hydrolysis (19,
20). Cheese that has been manufactured from hydro-
lyzed milk ripens more quickly than that made from
normal milk (4). Third, the use of lactase could also
reduce the amount of the lactose in whey which can
cause environmental pollution when discharged in
large quantities (4, 19, 20).

In the application of lactase, determination of the
correct §-D-galactosidase activity is important to ob-
tain the desired final products. The enzyme activity is
primarily expressed as color development caused by
the hydrolysis of o-nitrophenyl galactopyranoside
(ONPG) to o-nitrophenol by the enzyme (17). Be-
cause of its relatively fast enzyme turnover rate, good
stability in aqueous buffers, and the relative ease by
which it can be synthesized or commercially obtained,
ONPG is preferred as the substrate for the assay (8).
However, a number of reports (1, 5, 16) have sug-
gested discrepancies in the §-D-galactosidase activity
to various substrates. The sensitivity of g-D-
galactosidase to different substrates has varied. The
substrate specificity of the 3-D-galactosidase from
bacteria and yeasts including Kluyveromyeces lactis (7,
10), Escherichia coli (1, 5), and Bifidobacterium
longum (16), have also been reported. Rahim and
Lee (12) have shown that hydrolyzing activity
toward various substrates differs. The conditions of
the assay also influence the enzyme activity. Various
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metals and ions stimulate or inhibit the activity of 8-
D-galactosidase (1, 6, 10, 12, 13, 15, 17, 18). The pH,
concentration, and type of buffer could change the 3-
D-galactosidase activity significantly (10, 17). There-
fore, the ONPG-hydrolyzing activity (ONPGA) of g3-
D-galactosidase, which is the assay method widely
used to estimate the lactose-hydrolyzing activity
(LHA) of the enzyme in the actual application in
dairy products, may not be appropriate to represent
the true LHA.

The objectives of this study are to show LHA and
ONPGA of a commercial yeast lactase under various
conditions that demonstrate the inappropriateness of
the assay for ONPG hydrolysis as an estimation of
LHA of g-D-galactosidase in actual application.

MATERIALS AND METHODS

Chemicals and Enzyme

All chemicals were reagent grade and were ob-
tained from Sigma Chemical Co. (St. Louis, MO)
except for MgCl, and MnCl,, which were purchased
from Mallinkrodt (Paris, KY). A commercially availa-
ble neutral 3-D-galactosidase (lactase; EC 3.2.1.23)
from K. lactis in 50% glycerin was used for the en-
zyme preparation.

Assay for ONPG Hydrolysis

The hydrolysis of ONPG was assayed by the
method of Food Chemical Codex (3). The assay mix-
ture contained 4 ml of preequilibrated 8.29 mM of
ONPG solution and 1 ml of properly diluted enzyme
preparation in PEM buffer (0.2 M potassium phos-
phate, 0.1 mM EDTA, and 0.1 mM MgCly; pH 6.5).
To study the effects of the metals, they were added to
a final concentration of 0 to 400 umol/g of original
enzyme preparation. At the end of incubation (15 min
at 37°C), 1 ml of the reaction mixture was added to 1
ml of 10% sodium carbonate solution to terminate the
reaction. After the solution stood for 5 min to develop
the color, absorbance was measured at 420 nm. One
lactase unit is defined as the quantity of enzyme that
liberates 1 umol of ONPG/min.

Lactose Hydrolysis Assay

The enzyme hydrolysis of lactose and the resulting
liberation of glucose and galactose were detected by
an HPLC method. The mobile phase was 0.01 N
H>SO4, which was filtered through a 0.45-um filter
before use. An IC Pak ion-exclusion (Waters 50A; 7
pm; Millipore Corporation, Milford, MA) conditioned
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at 40°C by a column heater was equilibrated with the
mobile phase. The carbohydrates were detected by
refractive index (Waters 410 differential refractome-
ter; Millipore Corporation); flow rate was 0.9 ml/min.
The retention times and the peak area were recorded
and analyzed by a Waters 746 data module or Millen-
nium software (Millipore Corporation). Injections
were made with a Rheodyne (Cotati, CA) 20-ul injec-
tion loop.

The enzyme reaction mixture contained 1 ml of
suitable diluted enzyme preparation (7.0 ml of 175
mM lactose solution in 2.0 ml of 0.02 M potassium
phosphate buffer; pH 7.5). The metals were added to
a final concentration of O to 400 umol/g of original
enzyme preparation. After incubation of this mixture
for 15 min at 37°C, the reaction was stopped by
boiling for 5 min. The precipitated coagulant was
removed by centrifugation (12,000 x g for 5 min;
Biofuge 13; Baxter, McGaw Park, IL). The superna-
tant was collected and diluted properly with the mo-
bile phase for HPLC injection. One unit of enzyme is
defined as the amount of enzyme required to hydro-
lyze 1 umol of lactose into glucose and galactose/min
under the assay condition.

Effects of pH and Phosphate
Concentration

To study the effects of pH, the reaction mixture
was made with the described phosphate buffer for
each assay method; each buffer was adjusted to the
appropriate pH (6.0 to 8.5). For the reactions in the
reconstituted milk, 6.0% nonfat milk solids were dis-
solved in phosphate buffer at proper pH.

The effect of phosphate concentration was deter-
mined by varying the phosphate concentration (0 to
200 mM) in the buffer while all other conditions
remained the same in each assay method.

RESULTS

Effects of Metals on ONPGA

The effects of metal ions on the ONPGA of 3-D-
galactosidase were determined. As shown in Figure 1,
all of the metals tested acted as activators on
ONPGA. The addition of Mg2* and Zn2* caused a
steady increase in the activity over the range of metal
concentrations tested. The Mg2* and Zn2* enhanced
activity 29 and 32%, respectively, at the concentra-
tion of 400 umol/g of enzyme preparation. The Co?*
and Mn2* also caused steady increases in ONPGA
initially. At 200 umol/g of enzyme solution, the addi-
tion of Co2* and Mn2* resulted in a sudden increase in
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Figure 1. Effects of Co2* (e), Mn2+ (A), Mg2* (9), or Zn2+ (x)
on o-nitrophenyl galactopyranoside-hydrolyzing activity (ONPGA)
of B-D-galactosidase.

activity, followed by a steady increase thereafter. The
ONPGA was 66 and 100% higher with Co?* and
MnZ2*, respectively, at 400 umol/g of enzyme prepara-
tion than the initial activity. The Ni2* also activated
ONPGA, and 3.6-fold more activity was detected at
400 pmol/g than in the absence of Ni2* (data not
shown).

Effects of Metals on LHA

In contrast to ONPGA, the LHA had different pat-
terns (Figure 2). The Zn2* acted as an inhibitor to
LHA. At 10 umol/g, > 50% of LHA was inhibited, and,
as addition of Zn2* increased, LHA was inhibited
further. The LHA was completely inhibited at 200
pmol/g. Characteristics of activity changes were
different with Co?*. Initially, the addition of Co?*
enhanced the LHA slightly, followed by the inhibition
of the activity at a higher level of Co?*. The LHA was
almost completely inhibited at 200 pmol/g of Co?*. A
result similar to Co?* addition was obtained with
Ni2*, which increased the LHA initially by 20% and
then slowly decreased it until the activity was com-
pletely inhibited at 300 pmol/g of enzyme prepara-
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tion. Both Mn2* and Mg?2*, however, revealed a differ-
ent pattern: the LHA was steadily increased to the
200 pmol/g of enzyme solution, which resulted in
increases in LHA of 35 and 13% for Mg2* and Mn2*,
respectively. However, Mg2* caused a slow decrease
in LHA at higher metal concentration.

Effects of pH

The effects of pH on enzyme activity are shown in
Figure 3. Both ONPGA and LHA were low pH < 6.0 or
pH > 8.5. The pH needed for maximum activity was
different for each substrate. The ONPGA was max-
imal at pH 7.5, but LHA was maximal at pH 6.5.

The effects of Mg2* and EDTA additions were
tested over the range of pH because the ONPG assay
method based on Food Chemical Codex (3) employs
PEM buffer with Mg2* and EDTA (Figure 3). In the
presence of Mg2* and EDTA in the assay buffer,
ONPGA at its highest activity increased 6.4-fold more
than the highest activity without Mg2* and EDTA.
The pH at maximal activity was shifted from pH 7.5
to 8.0 in the absence of Mg2* and EDTA. The in-
creases in LHA were also observed when Mg?* and
EDTA were added to the reaction mixture. However,
the degree of the increase at the maximal activity was
much smaller (1.5-fold) than that of ONPGA (6.4-
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Figure 2. Effects of Co2+ (®), Mn2* (A), Mg2* (9), Ni2* (A), or
Zn2t (x) on lactose-hydrolyzing activity (LHA) of g-D-
galactosidase.
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Figure 3. Effects of pH on o-nitrophenyl galactopyranoside-
hydrolyzing (ONPGA) and lactose-hydrolyzing activity (LHA) of
B-D-galactosidase in the presence or absence of Mg2* and EDTA:
ONPGA with Mg2* and EDTA (e), ONPGA without Mg2* and
EDTA (m), LHA with Mg2* and EDTA (0), and LHA without Mg2*
and EDTA (0).

fold). The pH at maximal activity remained at pH
6.5.

The LHA was measured in the reconstituted milk
solution in order to simulate the actual application of
lactase (Figure 4). When compared with the LHA
that was assayed in the phosphate buffer, the LHA in
the reconstituted milk was higher and more stable
over the pH range tested. The LHA was similarly
enhanced in the presence of Mg2* and EDTA in the
milk solution. Interestingly, the pH at maximal ac-
tivity increased from pH 6.5 to 7.0 in the presence of
Mg2* and EDTA.

Effects of Potassium
Phosphate Concentration

Because a preliminary experiment had shown that
the concentration of the potassium phosphate ap-
peared to influence the enzyme activity on both sub-
strates, the concentration effects of potassium phos-
phate were tested. As shown in Figure 5, both LHA
and ONPGA increased up to a certain level of potas-
sium phosphate and decreased thereafter. The LHA
was maximum at 40 mM of phosphate, and the
ONPGA was maximum at 80 mM. The maximal LHA
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at 40 mM was 4.3-fold greater than the LHA at 200
mM potassium phosphate; ONPGA was only 1.8-fold
greater at the maximum concentration of 80 mM than
at 200 mM.

DISCUSSION

The use of lactase in dairy products can benefit
lactose malabsorbers (9, 14) and the dairy industry
(4, 19, 20). In most cases, lactase activity is
represented by the assays using ONPG as a substrate
for convenience (8, 17). This study showed that slight
modifications in assay conditions and in application of
the enzyme influenced ONPGA and that these
changes were not always consistent with the changes
in LHA.

All of the metals examined activated ONPGA un-
der tested conditions. Only Mg2* and Mn2* activated
LHA slightly, but other metals (Co2*, Ni2*, and Zn2*)
inhibited the LHA partially or completely. Mahoney
and Whitaker (10) reported that lactase from K.
fragilis was activated by Mn2*, Mg?2*, Co?* Zn2* in
potassium phosphate buffer, but not in Tris buffer,
which indicated that the same metals can have a
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Figure 4. Effects of pH in the reconstituted milk on lactose-
hydrolyzing activity (LHA) of §-D-galactosidase in the presence or
absence of Mg2+* and EDTA: LHA in the absence of Mg2*and EDTA
(0), and LHA in the presence of Mg2* and EDTA (m).
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different effect depending on conditions. However,
those researchers assayed the enzyme activity using
ONPG and did not compare the metal effects directly
on lactose or other substrates. Some reports (7, 10,
18) showed the substrate specificity of lactase from
Kluyveromyces and Saccharomyces spp., but none re-
vealed the possible contradictory effects of metal addi-
tion on enzyme activity toward lactose and other sub-
strates. The effect of various metals on g-D-
galactosidase from E. coli was studied by Cohn and
Monod (2). All metals enhanced ONPGA, but the
same metal ions, including Mn2*, inhibited LHA to
various degrees; Mg2* was an exception. The addition
of Cu2* and Zn2* inactivated LHA completely at 1
mM. Even though the results of Cohn and Monod (2)
were similar to those of this study, the results may
not be comparable because 1) those researchers
tested only one concentration, and 2) the enzyme
came from different origin. Nakano et al. (11) stated
that enzymes from different origins showed different
activity toward the same substrate.

The ONPG assay method based on Food Chemical
Codex (3) used PEM buffer. The addition of Mg2* and
EDTA in the buffer increased both ONPGA and LHA,
but ONPGA increased much more than LHA (Figure
3). These results indicated that the degrees of activa-
tion or inhibition of ONPGA and LHA are different
under the same condition even if both activities are
activated or inhibited concurrently. The pH of max-
imal ONPGA shifted from 8.0 to 7.5 with the addition
of Mg?* and EDTA, but maximal pH for LHA re-
mained unchanged. In a review, Wallenfels and Weil
(17) indicated that the pH dependence of lactase
activity (ONPGA) is strongly influenced by divalent
ions and suggested the presence of two active groups
that are protonated at different pH. However, their
theory (17) cannot explain why the maximal pH of
LHA remained the same in the presence of Mg2* and
EDTA.

Other evidence of differences in activity was the
response to the concentration of potassium phosphate
in the buffer. The ONPGA and LHA were maximal at
different phosphate concentrations. Wendorff and
Amundson (18) showed activation of lactase from
Saccharomyeces fragilis by K* but only in the presence
of Mn2* as a cofactor for the enzyme. However, the
activation profile of the enzyme in response to the
change in potassium phosphate concentration toward
different substrates has not been reported.

Numerous investigations on (-galactosidase have
been performed, and many modifications of assay
methods with ONPG or other substrates have been
made (17). Those investigations have employed vari-
ous concentrations of phosphate and other types of
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buffer for the assay for ONPGA, and various amounts
and types of metal ions were added, especially Mg2*
and Mn2*, to the assay system. Some reports (10, 17)
have suggested the stimulation or activation of §-D-
galactosidase in modified conditions to improve lac-
tase performance. However, those reports estimated
LHA based on ONPGA that was assayed under
greatly modified conditions. As shown in this study,
slight changes in the concentrations of metal and
buffer may change the ONPGA of 3-D-galactosidase,
and changes in the ONPGA do not always coincide
with the changes in LHA.

Many studies have been carried out to determine
the effects of various conditions on the g-D-
galactosidase activity toward different substrates.
Few of the reports, however, have emphasized the
direct comparison between LHA and hydrolyzing ac-
tivity of other substrates, including ONPG, under the
same conditions. Little is found in the literature
about the importance of the differences in hydrolyzing
activity of substrate in actual application of the en-
zyme in the industry and academia.

The use and the study of commercial lactase to
benefit lactose malabsorbers and the dairy industry
are increasing (11). In most cases, lactase activity is
represented by the assay using ONPG as a substrate.
Because the enzyme may have different hydrolyzing
activity toward different substrate under certain con-
ditions, it may not be appropriate to use an activity
unit based on the ONPGA as an estimation of LHA
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Figure 5. Effects of phosphate concentration in the buffer on
lactose-hydrolyzing activity (LHA; 0) and o-nitrophenyl galac-
topyranoside-hydrolyzing activity (ONPGA; e) of p-D-galacto-
sidase.
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under identical conditions or actual application.

To overcome the discrepancies in the enzyme ac-
tivities toward different substrates, the degree of lac-
tose hydrolysis in the actual application has to be
measured to determine the application level. In addi-
tion, certain minerals and conditions could be op-
timized to obtain the best enzyme performance
without interfering with the product formulation and
processes, which may not be predicted properly by the
ONPG assay alone.

ACKNOWLEDGMENT

The authors thank Connie Jeffries for technical
assistance.

REFERENCES

1 Becker, V. E., and H. J. Evans. 1969. The influence of monova-
lent cations and hydrostatic pressure on B-galactosidase ac-
tivity. Biochim. Biophys. Acta 191:95.

2 Cohn, M., and J. Monod. 1951. Purification et proprietes de la
B-galactosidase (lactase) d’Esherichia coli. Biochim. Biophys.
Acta 7:153.

3 Food Chemical Codex. 3rd ed. 1981. Page 491. Natl. Acad.
Press, Washington, DC.

4 Gekas, V., and M. Lopez-Leiva. 1985. Hydrolysis of lactose: a
literature review. Process Biochem. 20:2.

5 Hartel, D. L., and B. G. Hall. 1974. Second naturally occurring
B-galactosidase in E. coli. Nature (Lond.) 248:152.

6 Hirayama, K. K. 1986. Inhibition of the activities of
B-galactosidase and dehydrogenase of activated sludge by heavy
metals. Water Res. 20:491.

7 Hussein, L., S. Elsayed, and S. Foda. 1989. Reduction of lactose
in milk by purified lactase produced by Kluyveromyces lactis. J.
Food Prot. 52:30.

2269

8 Hwang, D. R., and M. E. Scott. 1993. Synthesis, characteriza-
tion, kinetic parameters, and diagnostic application of a sensi-
tive colorimetric substrate for 8-galactosidase. Bioorgan. Chem.
21:284.

9 Littman, A., and J. B. Hammond. 1965. Diarrhea in adults
caused by deficiency in intestinal disaccharidase. Gastroen-
terology 48:237.

10 Mahoney, R. R., and J. R. Whitaker. 1977. Stability and en-
zymatic properties of §-galactosidase from Kluyveromyces frag-
ilis. J. Food Biochem. 1:327.

11 Nakano, H., S. Takenishi, and Y. Watanabe. 1987. Substrate
specificity of several p-galactosidase toward a series of -1,
4-linked galactooligosaccharides. Agric. Biol. Chem. 51:2267.

12 Rahim, K.AA., and B. H. Lee. 1991. Specificity, inhibitory
studies, and oligosaccharide formation by 3-galactosidase from
psychotropic Bacillus subtilis KL88. J. Dairy Sci. 74:1773.

13 Reithel, F. J., and J. C. Kim. 1960. Studies of the (-galacto-
sidase isolated from Esherichia coli ML 308. I. The effect of
some ions on enzymatic activity. Arch. Biochem. Biophys. 90:
271.

14 Savaiano, D. A., and M. D. Levitt. 1987. Milk intolerance and
microbe-containing dairy foods. J. Dairy Sci. 70:397.

15 Tenu, J. P, O. M. Viratelle, and J. Yon. 1972. Kinetic study of
the activation process of 8-galactosidase from Esherichia coli by
Mg2+. Eur. J. Biochem. 26:112.

16 Tochikura, T., K. Sakai, T. Fujiyoshi, T. Tachiki, and H.
Kumagai. 1986. p-Nitrophenyl glycoside-hydrolyzing activities
in bifidobacteria and characterization of §-D-galactosidase of
Bifidobacterium longum 401. Agric. Biol. Chem. 50:2279.

17 Wallenfels, K., and R. Weil. 1972. g-Galactosidase. Page 617 in
The Enzymes. 3rd ed. Vol. VII. Academic Press, New York, NY.

18 Wendorff, W. L. and C. H. Amundson. 1971. Characterization of
beta-galactosidase from Saccharomyces fragilis. J. Milk Food
Technol. 34:300.

19 Wendorff, W. L., C. H. Amundson, N. F. Olson, and J. C.
Carver. 1971. Use of yeast beta-galactosidase in milk and milk
products. J. Milk Food Technol. 34:294.

20 Zadow, J. G. 1992. Lactose hydrolysis. Page 361 in Whey and
Lactose Processing. J. G. Zadow, ed. Elsevier Appl. Sci., Lon-
don, England.

Journal of Dairy Science Vol. 80, No. 10, 1997



